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The semiconductor industry is transitioning from aluminum to copper as the 

interconnect material for integrated circuits. Diffusion barriers are essential for 

preventing copper migration into silicon in the resulting integrated circuits. Metalorganic 

chemical vapor deposition (MOCVD) is a useful technique for conformal deposition of 

thin barrier films. By manipulating the molecular structure of the MOCVD precursor(s), 

it is possible to control the structure and properties of the deposited film. 

The focus of this work has been to examine novel precursors for use in MOCVD 

of thin film diffusion barriers. To date, the suitability of a variety of novel precursors for 

deposition of tungsten nitride (WNx) for diffusion barrier applications has been tested. 

The WNx precursors were of the form Cl4(CH3CN)WNR, where R represents the 

isopropyl, phenyl, and allyl group, among others. Mass spectrometry fragmentation 

patterns for each precursor were studied to pre-screen candidate precursors. Film 

properties were examined by several different characterization techniques, including 

Vlll 



XRD, AES, XPS, SEM, and 4-Point Probe. Data from these techniques were then 

correlated to pre-screen fragmentation patterns to determine the impact of the imido (R) 

group on film deposition. Apparent activation energies for film growth from the allyl, 

isopropyl and phenyl precursors, for example, were 0.15, 0.84 and 1.41 eV, respectively, 

and were directly related to the strength of the N-R bond in the precursors. 

In addition to experimental testing of new precursors for WNx deposition, 

thermodynamic phase equilibria for the W-N-H-C-Cl deposition system was assessed. 

Modifications were made to the previously reported W-N binary model to include new 

experimental data from the literature on the desired FCC WNx phase as well as the SHP 

WN phase. Once the binary W-N diagram was reassessed, this model was merged with 

the existing W- H- C- Cl database to create an initial model for solid- gas equilibrium in 

our system at our experimental conditions. Using a combination of XRD, AES, and XPS 

data from our films, the W- N- H- C- Cl model was modified to include 

carbon-nitrogen-vacancy interactions in the face- centered cubic (FCC) WNxCy solid 

phase, so that the new model reflected our experimental results. Finally, the 

low- temperature ternary W-C-N phase diagram was predicted. 
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CHAPTER 1 
INTRODUCTION 

1.1 Background 

The semiconductor industry continues to shrink the size of transistors on 

integrated circuits (!Cs) to increase the number of transistors per chip, which translates to 

increased IC device speed. To shrink these transistors, the sizes of the device features 

(trenches, vias, etc.) and the metal interconnects ("wires" that connect the individual 

transistors on the chip) must be decreased. Recent accomplishments have reduced 

feature sizes to 100 nm, yielding more than 400 million transistors per chip. The 

International Technology Roadmap for Semiconductors [ITR02] predicts IC feature sizes 

to shrink continuously over the next several years, in the following steps: 100 nm (in 

2003), 90 nm (2004), 80 nm (2005), 70 nm (2006), 65 nm (2007), 45 nm (2010), 32 nm 

(2013), and 22 nm (2016). 

Aluminum (Al) and Al-based alloys have historically been used as the metal 

interconnect materials on integrated circuits. Al is reaching its usability limit as industry 

continues to shrink IC features. For a given current flow, decreasing the interconnect 

cross-section leads to an increase in current flow density. At high current flow density, 

Al suffers from electromigration, where electrons flowing through the metal interconnect 

impart enough momentum to carry the metal atoms with them. Once current flow density 

rises above the critical value (106 A/cm2 for Al), electromigration leads to voids 

(openings) and hillocks (pileups) in the interconnect wiring (Figure 1-1). Formation of 

1 
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voids in the Al interconnect leads to an open circuit, which causes device failure. Al 

doped with Cu (termed Al(Cu)) was used to increase the electromigration resistance, but 

this scheme is also reaching its usability limit. A different interconnect metal is required 

to meet present and future current flow density demands. 

electrons -----i+ 

electrons ---

Figure 1-1. Before (a) and after (b) electromigration induced hillock and void formation 
in an Al interconnect. 

Industry has already transitioned to copper as the interconnect material for the 

intermediate and upper wiring levels on IC devices, due to copper's higher 

electromigration resistance and 40% lower bulk resistivity (1.67 µ.Q-cm for Cu vs. 2.65 

µ.Q-cm for Al) [Cha89, Kol91] . Copper has ten orders of magnitude higher 

electromigration resistance than Al, which will increase device lifetime [Mur95], and its 

lower resistivity will decrease the resistance-capacitance (RC) time constant, which is a 

large factor in chip performance for ICs with feature sizes below 250 nm [Hu98]. The 

following relation defines the resistance-capacitance time delay: 

(1-1) 

where pis resistivity (.Q-cm), I is the length (cm) of the interconnect line, Eis the electric 

permittivity (CN*cm) of the insulating film, tM is the thickness of the metal interconnect 

(cm) and tILo is the thickness of the neighboring insulator (cm). A decrease in the RC 
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time constant leads to higher device switching speed [Pau87], and the switch from Al to 

Cu may lead to a 15% increase in overall microprocessor speed [IBM97]. While bulk Cu 

has a resistivity of 1.67 µ.Q-cm, the resistivity of IC Cu lines with thickness above 50 run 

ranges from 1.7 to 2.0 µ.Q-cm [KalOO]. In comparison, Cu-doped Al lines Al(Cu) have 

resistivities ranging from 3.0 to 3.5 µ.Q-cm. In addition to resistivity and 

electromigration improvements, Cu is said to provide higher IC production yield than 

Al-based devices with similar design [Sin02a]. Other advantages of switching to Cu 

interconnects include a decrease in the number of interconnect levels, a roughly 30% 

decrease in power consumption for operation at a given frequency, and a cost savings of 

roughly 30% per interconnect level due to integration of dual damascene processing 

[NovOO]. Silver (Ag), which has an even lower bulk resistivity (1.59 µ.Q-cm) than Cu, 

has been considered for interconnect metallization, but it suffers from poor 

electromigration resistance [Mur95], making its use as the metallization material 

unlikely. 

The improved electrical properties of Cu are highly desirable, but with these 

benefits come several drawbacks. These include copper's tendency to corrode under 

standard fabrication conditions, copper's lack of a stable self-passivating oxide (like 

Ah03 on Al), the inability to chemically etch Cu, poor adhesion to low dielectric constant 

(low-k) materials, and rapid diffusion/reaction with Si and Si02 [Hu98, MerOl]. Copper 

diffusion into neighboring layers can cause an increase in contact resistance, a change in 

the barrier height, leaky p-n junctions, embrittlement of the contact layer, deep level 

traps and destruction of electrical connections to the chip [KalOO, Wit80]. Copper 
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contamination levels in Si at and above 1013 cm-3, for example, are believed to reduce 

device yield [lst00]. 

1.2 Comparison of Diffusivities for Al and Cu in Si 

At high temperatures, both Al and Cu diffuse into Si, and when put into direct 

contact with Si, they will intermix rapidly. While Si is non-reactive with Al [RamOO], it 

has a small solubility range in Al (0.25 to 1.5% by weight) [Jae88]. At high temperatures 

(> 1000°C), Al diffuses substitutionally into Si, where Al replaces a Si atom in the Si 

lattice. 

Copper, though, has much higher mobility in Si, and is very reactive with Si and 

SiO2 substrates [Bau97], forming copper silicide compounds, such as Cu3Si and Cu5Si 

[Bau97, Hym98, Kwo95, RamOO, Rei92], which cause strong deterioration of contact 

systems [Wan0lb]. Copper's high mobility in the Si lattice extends over a wide 

temperature range. Cu moves into the Si lattice by substitutional diffusion at high 

temperature (>800°C), but also by interstitial diffusion at low temperature ( <700°C), 

where Cu atoms diffuse between the Si atoms in the lattice (through the interstices). Both 

interstitial and substitutional diffusion of Cu into the Si lattice occur simultaneously, with 

interstitial diffusion dominating at low temperature and substitutional diffusion 

dominating at high temperature. 

While the diffusivity of Al in Si at 500°C is less than 1x10-20 cm2/s [lstOO], the 

diffusivity for Cu in Si depends both on type and concentration of dopants in the Si 

substrate. The nature of p-type silicon is such that acceptor atoms (such as boron, B) 

substituted on Si lattice sites have a negative charge (B-). Since Cu diffuses through Si 

as a positive ion (Cu+) [Bai96, Ist00], the negatively charged B- ions tend to "trap" some 
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of the diffusing Cu ions, giving Cu an apparent diffusivity that is lower than that in 

intrinsic (undoped) Si. In p-type Si with a boron concentration of 5.0 x 1020/cm3
, for 

example, the diffusivity of Cu is 2.0 x 10-6 cm2/sec at 500°C, while that in intrinsic Si is 

2.0 x 10-5 cm2/sec [lst00]. At room temperature, the diffusivity of Cu in p-type and 

intrinsic Si, measured by the transient ion drift method [Hei97], ranged from 3.3 x 10-13 

cm2/s in p-type Si up to 2.7 x 10-7 cm2/s in intrinsic Si [lst98]. This indicates that after 

30 minutes at room temperature, Cu can diffuse a distance of 0.5 µm in p-type Si and 

400 µmin intrinsic Si. 

Since the diffusivity of Al in Si is so small at the processing temperature, the main 

problem with Al arises when it penetrates the barrier material and accumulates at the 

barrier-Si interface. This accumulation can lead to formation of Al spikes at the 

interface, which short out shallow junctions (Figure 1-2a). Copper's high diffusivity in 

Si, however, means that Cu will not build up at the barrier-Si interface until the Si has 

reached its saturation value of Cu. Hence, Cu can diffuse into the bulk of the Si wafer 

and move laterally to contaminate a large area on the wafer [lstOO], as depicted in Figure 

1-2b. 

While Cu has high diffusivity in Si at room temperature, its solubility is very low 

(less than 1 Cu atom per cm3
) [lst00], so formation of a Cu-Si solid solution is unlikely. 

The diffused Cu will therefore form complexes, precipitates and agglomerates with Si. 

Four typical reactions can occur for Cu in Si. These include formation of point 

defects/complexes, copper silicide precipitates, addition to existing defects, and 

outdiffusion to the Si surface. More information on Cu interdiffusion and reaction 

mechanisms in Si is available elsewhere [lst00]. In addition to Si, Cu also diffuses 
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rapidly through SiO2 under thermal and electrical stress, leading to high leakage currents 

and dielectric breakdown [Jai99]. Diffusion of Cu atoms into SiO2 typically occurs due 

to application of an external electric field, which causes Cu to be ionized (to Cu+) and 

accelerated into the SiO2 [Kri0l]. Copper's high diffusivity in Si and SiO2 makes the 

need for a robust thin film diffusion barrier to separate Cu from neighboring layers on the 

IC very critical. Figure l-2c depicts a stable device structure resulting from use of a 

diffusion barrier. 

Diffusion 
Region 

I s~D lc,Ul<,j1 ILDJ 
Diffusion 
Barrier 

Figure 1-2. Metal to silicon contact layers: (a) Al on Si without a diffusion barrier 
suffers from junction spiking. (b) Cu on Si without a barrier suffers from 
massive diffusion (c) Metal to silicon contact with a diffusion barrier 
remains intact. 

1.3 Diffusion Barrier Requirements and Properties 

A diffusion barrier is a material used to separate two layers that, if put in direct 

contact, would interdiffuse and/or react with one another. Diffusion barriers are typically 

classified into one of three types: passive, sacrificial and stuffed. Passive (ideal) barriers 

are inert with respect to the layers that they separate, and have low solubility for the 

neighboring semiconductor and metal. Sacrificial barriers react with one or both of the 

neighboring layers, and are eventually consumed. The rate of reaction between the 

barrier and neighboring layers must be slow enough that the lifetime of the barrier is 

longer than that of the device. If the barrier has a shorter lifetime than the device, the 

sacrificial barrier will be totally consumed and the device will fail prematurely. Stuffed 
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barriers are polycrystalline films that have their grain boundaries stuffed with a material 

that blocks diffusion [Wol86]. By stuffing these boundaries, the dominant 

low-temperature route for diffusion through the barrier is minimized. Stuffing occurs 

due to both physical and chemical effects. The stuffing "agent" should physically reduce 

the amount of pore space in the films and should chemically repel the Cu from diffusing 

through the grain boundary [Par95a]. As an alternative to grain boundary stuffing, high 

temperature annealing has been used to "cure" deposited barrier films, so that 

micro-defects such as grain boundaries are removed. Although this technique does 

decrease the number of grain boundaries in the film, the high temperatures also increase 

diffusivity of Cu in the barrier film, and can cause Cu penetration [Bai96]. The "curing" 

properties of a high temperature thin-film anneal are therefore tempered by the increased 

mobility of Cu in the barrier film at higher temperatures. 

In addition to stuffing the grain boundaries, barrier effectiveness can be further 

enhanced by minimizing the number of grain boundaries in the barrier film. Deposition 

at low temperatures provides this benefit and several more. First, low temperature 

deposition minimizes the number of grain boundaries by favoring amorphous film 

growth. Second, in nitride films, for example, excess nitrogen is retained at lower 

deposition temperature, and is therefore available to stuff any grain boundaries that may 

form during thermal cycling. Third, the likelihood of damaging temperature sensitive 

components (such as low- k dielectric polymers) on the device during barrier deposition 

is minimized, provided that a temperature ceiling of 400°C is maintained [Eis00a, Ele02, 

Hau00, Kim03b, Les02, Sun0lb]. Deposition above 450°C can increase the compressive 

stress in Cu films, which is relieved by formation of Cu hillocks [Jai99]. Fourth, low 
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deposition temperatures require a smaller thermal budget. The advantages provided by 

low temperature deposition can greatly reduce the probability of Cu penetration through 

the barrier and decrease power consumption. In practice, low deposition temperatures are 

desirable, but depositing the barrier films at the lowest possible temperature may not be 

the optimal approach. Depositing the barrier film at the highest allowable processing 

temperature, assuming that the film structure remains amorphous at this temperature, 

would prevent significant changes to barrier film structure during subsequent thermal 

cycling. 

During IC processing, the diffusion barrier material is typically deposited between 

a metal layer (usually Al or Cu) and a semiconductor layer (usually Si or GaAs), a metal 

and a dielectric (e.g., Si02 or low-k), or two metal layers [Lin98a]. The requirements for 

an ideal diffusion barrier are listed below. Film structure, electrical properties, 

conformality and adhesion property requirements will be discussed further in the 

following sections. 

• Barrier must prevent diffusion between and be non-reactive with 
neighboring device layers. 

• Barrier should have amorphous film structure to eliminate grain 
boundaries, which are facile paths for Cu diffusion through the barrier. 

• Barrier should be deposited at low temperature to prevent damage to 
temperature sensitive components on the IC device and to enable 
amorphous film growth. 

• Barrier should have good conformality and uniformity across the wafer, to 
ensure good barrier coverage over small device features and uniform 
barrier deposition on all devices across the wafer. 

• Barrier should have low bulk electrical resistivity and low contact 
resistivity to Cu, to minimize resistance to current flow. 

• Barrier should have good thermal conductivity to minimize heating of the 
barrier layer. 
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• Barrier should have minimal contamination levels; halide impurities can 
cause corrosion of the Cu layer, while oxygen and free carbon impurities 
can increase film's electrical resistivity. 

• Barrier should have minimum thickness to maxnmze copper's 
cross-section in the interconnect and to foster low contact resistance in the 
metallization stack. 

• Barrier should promote adhesion between device layers, as poor adhesion 
leads to electromigration of Cu at the de-adhered interface. 

• Barrier should have high thermal and structural stability, to prevent failure 
of the barrier during exposure to thermal and mechanical stresses at 
processing conditions. 

• Barrier should enable direct Cu electroplating to eliminate the need for a 
Cu seed layer, and promote nucleation of the Cu (111) orientation, which 
has the greatest resistance to electromigration. 

• Barrier should be compatible with chemical mechanical planarization 
(CMP) processes, and act as a good CMP stop layer to eliminate need for 
a separate stop layer deposition step. 

1.3.1 Film Structure 

The ideal diffusion barrier structure is a defect free single crystal film [Nic78]. 

This structure does not contain grain boundaries, which are interface regions 

("micro-defects") between crystal grains in a polycrystalline material. Grain boundaries 

are a "short circuit" path for rapid intermixing of the two neighboring layers, and are the 

dominant cause for barrier failure at low temperature [Bai96]. In a single-crystal barrier 

film, all diffusion occurs through bulk defects (including vacancies and dislocations), 

which is inherently much slower than diffusion through grain boundaries. Deposition of 

single crystal barrier films is impractical, however, due to low growth rates, lattice 

mismatch with the underlying substrate, and deposition temperature limitations [KalOO]. 

The next best solution is to deposit an amorphous, dense, smooth, defect free film [Bai96, 

Kwo95]. Amorphous films have short-range order(~ 5 A), but no long-range order(~ 
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20 A) [Ell90]; therefore no polycrystalline gram boundaries exist to enable rapid 

diffusion. In addition to having an amorphous microstructure, the density of the barrier 

material should be as close to the bulk value as possible, to eliminate voids as possible 

diffusion paths. Polycrystalline films, especially those with a columnar microstructure or 

those with equiaxial grains of size similar to film thickness, are the poorest performers in 

diffusion barrier applications. These films contain grain boundaries that can extend from 

one side of the barrier to the other, meaning an easy diffusion path for Cu through the 

barrier. Nano-crystalline films, which are polycrystalline films with grain size below 

-50 A [KalOO], are more effective than polycrystalline films with larger grains, but are 

not as effective as amorphous diffusion barriers. Examples of single-crystal, 

polycrystalline and amorphous films are shown in Figure 1-3. 

a 

Polycrystals 
Grain 

Boundary 

Polycrystals Grain 
Boundary 

d 

Figure 1-3. Diagram of (a) Single crystal barrier. (b) Polycrystalline barrier with 
equiaxial grains. (c) Polycrystalline barrier with columnar grains. (d) 
Amorphous barrier without grain boundaries. 

Several different methods are used to deposit amorphous films [Siv95]. The first 

1s to deposit films at low temperature, which enhances sticking probability and 

suppresses surface diffusion, forcing films toward a disordered state. The second is to 

deposit films at high nucleation (arrival) rates, so that many small nuclei form on the 

substrate surface, preventing coalescence of small nuclei into larger polycrystals. The 
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third is to add contaminants (such as N, C, etc.) to impede surface diffusion of the metal 

species, imparting disorder and decreasing the ability of nuclei to coalesce and grow. In 

addition to these deposition methods, careful selection of materials can assist formation 

of an amorphous film. A material's composition may be chosen, for example, so that 

several stable phases exist together at equilibrium. In a binary system, a film 

composition should be chosen in a two-phase equilibrium region, while in a ternary 

system, a three-phase equilibrium region should be selected [Ram00]. The competing 

stable phases neighboring these regions should be line compounds (have minimal solid 

solubility regions), have very different compositions, and have complex crystal structures 

[Ram00]. Compared to a broad solid solution phase, line compounds are inflexible to 

stoichiometry deviations, which can disrupt polycrystal formation and trigger amorphous 

growth. In a binary system, then, choosing a film composition in a two-phase 

equilibrium region bounded by two line compounds should increase the likelihood of 

amorphous film deposition. 

1.3.2 Electrical Properties 

To obtain any benefit from the lower bulk resistivity of Cu, the barrier (liner) 

thickness should be less than 10% of the overall linewidth [Hu98]. A thicker barrier 

means decreased cross-sectional area of Cu available to conduct current, which causes an 

increase in the effective resistivity of the Cu line. For a Ti/fiN/Al(Cu)/fi/fiN sandwich 

structure, the effective resistivity was estimated to be 4.1 µ.Q-cm, due to the high 

resistivities of the Ti and TiN layers, as well as that for TiAh, which forms during 

annealing at the Ti-Al(Cu) interface [Hu98]. For Cu lines with widths ranging from 0.1 
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to 1 µm, keeping barrier thickness < 10 % of the overall linewidth results in a constant 

effective resistivity:::; 2.3 µ.Q-cm for the Cu line [Hu98]. 

The barrier material will typically be used in two types of scenarios on the 

integrated circuit, which are depicted in Figure 1-4. In the first case, the barrier runs in 

parallel with the Cu line, as with a trench structure, where the barrier separates the Cu 

trench from neighboring dielectric layers. In this case, the thickness of the barrier must 

be minimized, in order to have maximum cross-sectional area for the Cu conductor line. 

The resistivity of the barrier in this scenario is not critical, however, as electrical current 

will be flowing through the Cu and not directly through the barrier [Tra03]. In the 

second case, the barrier will be separating one metal layer from another, as in a via 

structure, hence the current will pass directly through this intermetal barrier layer. The 

resistance associated with current flowing from one Cu line through a via (and barrier) to 

another Cu line is called the via resistance. The barrier film's thickness and bulk 

resistivity must be minimized to limit the barrier's impact on via resistance. The 

suggested ideal film resistivity is :::; 500 µ.Q-cm [Ele03], and barrier thickness should be 

<30 nm [Bai96]. Specific via resistance (.Q-µm2 or .Q-cm2), defined as the electrical 

resistance through the via multiplied by the via's cross-sectional area, is a common 

measure of barrier impact on current flow through a via. The current, acceptable specific 

via resistance value for the 100 nm device node is 0.1 .Q- µm2 (1 x 10-9 .Q-cm2), and this 

is projected to decrease to <0.01 .Q-µm2 (1 x 10-10 .Q-cm2) for the 22 nm device node in 

2016 [ITR02, Nic95, Tra03]. 

As an example, the change in specific via resistance with ITRS feature diameter 

for a fixed 15:1 via aspect ratio was calculated. The via was treated as a cylinder, with 
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Cu in the center and the barrier layer lining the inside edges of the cylinder. Current is 

assumed to travel in the Cu cross section of the via, which is the path of least resistance, 

and then passes through the barrier layer at the via's bottom, as depicted in Figure 1-5. 

Interrnetal Barrier 

Trench 
Barrier 

Via Barrier 

Figure 1-4. Schematic of trench and via applications for barrier materials. 

a 

Cu 

Barrier 

Figure 1-5. a) Cut away view of Cu trenches with via contact. b) Expanded, 3D view of 
Cu via with barrier layer on sides and bottom. 

The thickness of the barrier layer corresponded to ITRS projections for each device node, 

as follows: 12 nm (in 2003), 10 nm (2004), 9 nm (2005), 8 nm (2006), 7 nm (2007), 5 

nm (2010), 3.5 nm (2013), and 2.5 nm (2016). The results for varying barrier 

resistivities, along with projected requirements from the ITRS Roadmap, are shown in 

Figure 1-6. The diagram indicates that by the 65 nm node (2007), the barrier layer's 
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resistivity must be~ 200 µ.Q-cm to meet ITRS projections. Likewise, this value must be 

~ 25 µ.Q-cm by the 32 nm node (2013). 
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Figure 1-6. Specific via resistance as a function of feature diameter, shown for various 
barrier layer resistivities. Calculation is for a via with a 15: 1 aspect ratio. 

1.3.3 Conformality 

Conformality (or step coverage) in device microstructures, especially in trenches 

and vias, is of utmost importance in barrier design. Highly conformal films (approaching 

100%) have nearly uniform thickness at all points on a substrate surface (on both the 

sidewalls and bottom). Film conformality is determined by measuring the film's 

thickness on the wafer surface (ts), on feature sidewalls (tw) and at feature bottom (tb) 

(Figure 1-7). Conformality on the sidewall and bottom can be calculated by Equations 

1-2 and 1-3, respectively. The feature's aspect ratio, which is the ratio of the feature's 

height to its width, can be calculated by Equation 1-4. 

Sidewallconf ormality (%) ~ ( :: } 100 
(1-2) 
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Bottom conformality (%)=( :: )-100 
(1-3) 

Aspect Ratio = ( ~ J (1-4) 

Substrate 

Figure 1-7. Sketch of film dimensions for calculation of conformality. 

Barrier Film 

Substrate Substrate Substrate 
a b C 

Figure 1-8. Diagram of (a) Ideal barrier conformality. (b) Good barrier conformality. (c) 
Poor barrier conformality. 

Barriers with poor conformality have uneven thickness, with the film being 

thinner in certain spots than others. These thin spots are "weak links" in the barrier, 

which are more susceptible to diffusion than the thicker parts of the layer. Figure l-8a 

shows an ideal barrier with 100% conformality. Figure l-8b shows a practical barrier 

with rounded edges, while Figure 1-8c shows a poor barrier, with a large overhang near 
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the trench opening and sparse coverage at the trench bottom. Cu can easily penetrate to 

the underlying Si substrate through the thin barrier at the bottom of the trench. 

While device dimensions continue to shrink, the aspect ratio continues to 

increase, and the ability to conformally cover the bottom and sidewalls of these features 

becomes even more challenging. Deposition methods and chemistries must be developed 

to accomplish this task. 

1.3.4 Adhesion 

The adhesion of the barrier to both the Cu and the neighboring dielectric or 

semiconductor layers, along with the crystallographic orientation of the deposited Cu 

(which is affected by adhesion issues), all impact copper's electromigration behavior 

[Jai99]. Strong Cu adhesion to the barrier layer contributes to good electromigration 

resistance [Pet03], whereas poor adhesion can cause self-diffusion of Cu along the 

barrier interface. Self-diffusion of Cu along the interface is even more likely than 

diffusion along grain boundaries, because grain boundary self-diffusion has a higher 

activation energy than interface self-diffusion [Llo95]. Copper has an activation energy 

for bulk self-diffusion of 2.19 eV [Mur95], while the values for grain boundary and 

interface self-diffusion are 1.2 and 0.8 eV, respectively [Llo95]. Cu (111) is the 

preferred orientation for the metal, as this plane has minimum surface energy, which 

results in formation of low-angle grain boundaries [Llo95]. These low-angle grain 

boundaries minimize flux divergence of electrons flowing through the metal, and 

therefore minimize electromigration [Jai99]. Aside from the barrier-Cu interface, 

adhesion at the barrier-dielectric interface can be adversely affected by out-gassing of 
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moisture or other organic materials from the dielectric surface, which can lead to 

anomalous Cu removal behavior. 

1.4 Dielectric Material Considerations 

In addition to the changeover to Cu, parallel research is pursuing new, low-k 

materials, which will also decrease the RC time constant. Historically, Si02, with a k 

value ranging from 3.9 to 4.1, was the dielectric material of choice [Hu98]. Transitioning 

from Al/Si02 devices to Cu/low-k based devices (with k-2) may lead to more than a 400 · 

% reduction in RC delay [KalOO]. New films (such as polyimide, SiLK™, SiOC, etc.), 

with dielectric constants below 3.9, are being investigated for use as low-k materials, but 

they cannot tolerate high temperatures during processing [Hu98, Pet03]. The processing 

temperature limit for these materials, along with the need for good adhesion to Cu, are 

factors that must be considered when selecting a barrier material to separate them. 

Another factor influencing barrier material selection is its compatability with 

high-k materials, such as those in MOSFET gates or in DRAM capacitors. Barrier 

materials have been used as top electrodes on high-k gates and DRAM capacitors, and 

their favorable performance may dictate further use in the future. 

1.5 Diffusion Barrier Failure Mechanisms 

Thin films typically have higher diffusivity than thicker bulk films, due to a large 

number of short circuit paths (grain boundaries, dislocations, etc.) distributed over a very 

small volume [Bal75]. Thinning the barrier film increases the likelihood that these short 

circuit paths will extend from one side of the film to the other, making it more susceptible 

to diffusion. Thin film diffusion barriers typically fail in one of two ways. The first is 

metallurgical failure, where the Cu content of the barrier increases to several atomic 
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percent, changing the barrier layer's composition. The second is electrical failure, where 

little intermixing with the barrier occurs, but the Cu penetrates the barrier and is present 

in the semiconductor/dielectric layer in sufficient quantity to alter the characteristics of 

the device [IstOO]. Most barrier testing techniques, such as depth profiling or SECCO 

etch tests [Iva99], are suited for detection of metallurgical failure. Use of XRD to detect 

CuSix compounds, for example, is a fairly insensitive detection method, because the bulk 

concentration of Cu in Si must already be above saturation before the silicide compounds 

will form. 

Measurement of electrical failure is a more sensitive way to determine if Cu has 

penetrated the barrier and intermixed with the underlying substrate. To detect electrical 

failure, the electrical properties of devices such as p-n junctions, Schottky diodes or 

metal-oxide-semiconductor (MOS) capacitors, built under the Cu-exposed barrier or on 

the wafer surface after the barrier has been removed, are measured. Leakage currents 

are measured on p-n junctions and MOS devices and compared to Cu-free ones to 

determine if Cu has penetrated the barrier. Changes in the capacitance and current

voltage (l-V) characteristics of Schottky diodes are measured to determine if Cu has 

penetrated into the active areas on devices. 

Ideally, the performance of different diffusion barrier materials would be tested 

by comparing the diffusivity of Cu in the different barriers. To determine diffusivity, the 

migration of atoms, or diffusive flux (J, atoms/cmLsec), through the barrier material 

should be estimated. The flux can be described by Fick' s law (Equation 1-5): 

J =-D( :~) (1-5) 
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where D is the diffusivity (cm2/sec), C is the atomic concentration (atoms/cm3) and x is 

the diffusion distance (cm). By measuring flux (J) through the barrier for a given 

concentration gradient (dC/dx) across the barrier, the diffusivity can be determined. 

Once this is known, the next level of analysis is to determine whether diffusion through 

the bulk lattice or the grain boundary dominates. To distinguish between diffusion 

through the bulk lattice and the grain boundary, two different expressions for diffusivity 

have been given [Ohr92]. Equation 1-6 gives the expression for lattice diffusivity (DL): 

(-E¼ ) 
DL = DoL exp RT (1-6) 

where EL is energy per mole for atomic diffusion through the lattice, and DoL is the value 

for lattice diffusivity at standard conditions. Equation 1-7 gives the expression for grain 

boundary diffusivity (De): 

(-E1/R) 
DB= DoB exp RT (1-7) 

where Ee is the energy per mole for atomic diffusion through the grain boundary, and D08 

is the value for grain boundary diffusivity at standard conditions. At low temperature, the 

diffusion mechanism through a polycrystalline solid is typically controlled by grain 

boundaries and other defects in the film [Nic78]. Since vacancy-assisted bulk diffusion 

is negligible below about three-tenths of the solid's melting temperature (0.3Tm), 

diffusion through the grain boundary is the path of least resistance at low temperature. 

This is reflected by a lower activation energy for grain boundary diffusion relative to bulk 

diffusion [Cha82, Nic78], with Ee :::: 0.5EL for FCC metal thin films [Bal75]. As 

annealing temperature is increased, a changeover from grain boundary controlled 

diffusion to bulk diffusion occurs. The temperature at which this occurs, called the 
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Tammann temperature, is typically 0.5-0.66Tm [Nic78]. At higher temperature, the 

values for DL and D8 begin to approach each other, and flux through the bulk lattice 

becomes the dominant route for diffusion, due to the much larger cross sectional area of 

the bulk lattice relative to that of the grain boundaries. 

Experimentally, determination of diffusivity from Cu flux measurements is 

impractical. Exact measurement of the Cu flux through the barrier is difficult to 

determine, as failure determination techniques usually focus on qualitative barrier failure. 

Moreover, issues such as defect density can have a large impact on thin film diffusivity, 

and can cloud efforts to distinguish between bulk lattice and grain boundary diffusion. 

Diffusivity in thin barrier films may be estimated with Equation 1-8, which describes 

diffusion from a limited source at a crystal surface [W 0186]: 

C Qo (-d¼ ) 
k = ~exp 4Dt 

v1tDt 
(1-8) 

where Ck is Cu concentration (cm-3
) at distance d (in cm) from the surface, D is the 

diffusivity (cm2/s), t is diffusion time (sec), and Q0 (cm-3
) is the concentration of Cu at 

the surface. Since exact Cu concentrations at the two interfaces can be difficult to 

measure, an apparent diffusivity (Dapp) is defined by Equation 1-9 [lst00]: 

d2 
D =

app 4t (1-9) 

where d is the film thickness (in cm) and t is the time (s) for the Cu to appear at the 

barrier/substrate interface (i.e., the time it takes the barrier to fail). Comparison of 

apparent diffusivities for different barrier films may be done to determine which barrier is 

best. 
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1.6 Diffusion Barrier Deposition Techniques 

Diffusion barrier films have been deposited by a variety of methods, including 

physical vapor deposition (PVD) and chemical vapor deposition (CVD) techniques. The 

required deposition temperature, substrate characteristics and feature size generally 

dictate which deposition method is appropriate for a given application. A discussion of 

some common PVD and CVD techniques to deposit metal nitrides and their inherent 

advantages and/or disadvantages follows. 

1.6.1 Physical Vapor Deposition (PVD) 

Typical physical vapor deposition (PVD) methods to deposit barrier films include 

electron beam evaporation and sputtering. In electron beam evaporation, an electron 

beam is used to heat a small portion of the solid metal above its melting point. While at 

high vacuum (10-3 to 10-4 Torr), the molten metal then evaporates atoms into the gas 

phase. These atoms diffuse through the chamber's atmosphere and deposit on the 

susbtrate. One or more reactive gases, such as NH3 or C~, for example, may be 

introduced into the chamber during evaporation to deposit multi-component films. 

The sputtering process involves the use of a plasma gas (typically argon) to 

physically "knock" atoms off of a metal target and onto a substrate. The sputter chamber 

operates at low vacuum (-100-120 mTorr), and cations from the plasma impact the metal 

target cathode to liberate metal atoms, which then deposit on the substrate. In the 

reactive sputtering process, a reactive gas such as N2, for example, is introduced into the 

sputter chamber along with the plasma gas. Once the atoms liberated from the metal 

target cathode reach the substrate, they can interact with the nitrogen radicals formed by 
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the plasma and deposit either a metal nitride compound or a metal-nitrogen solid 

solution. 

Films produced by PVD processes suffer from high stress, a large number of 

vacancy defects, excess free volume and poor conformality, leaving spots in the barrier 

open to diffusion by neighboring species at via and trench sides/bottoms [Aff85, Bau98, 

Bos91, Kel99, Lee93, Lu98b]. The poor conformality inherent to all PVD processes is 

due to the directionality imparted to the atoms/clusters traveling toward the substrate. 

This directionality causes step shadowing, where parts of the substrate surface are not 

"seen" by the incoming sputter atoms. Step shadowing results in little or no film 

coverage on certain sections of the substrate. These exposed substrate areas are then 

vulnerable to reaction with subsequently deposited Cu atoms. Figure 1-9 depicts step 

shadowing. 

Directional Particles Directional Particles Directional Particles 

\\\ r r t tr 
Substrate Substrate Substrate Substrate Substrate . ' . ,. Substrate 

I 
Barrier 
Film 

/ wall i. wall i Shadowed Barner Barrier 
walls Film Film 

a b C 

Figure 1-9. Step shadowing effects in small device features due to directional particles 
arriving at the substrate. a) At an angle to the surface. b) Perpendicular to 
surface, without resputter. c) Perpendicular, with resputter. 

Three variations on sputtering have been developed to extend its applicability to 

smaller device feature nodes. The first, collimated sputtering, involves the placement of 
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a plate (which contains small holes) between the sputter target and the substrate [Sin02b]. 

The plate collimates the sputtered atoms/clusters, so that only those traveling parallel to 

each other in a direction perpendicular to the plate reach the substrate. Once at the 

substrate, the atoms can deposit or can resputter the metal film at the bottom of a feature 

(Figure 1-9c), moving it up onto the feature walls to ensure sidewall conformality. The 

second variation, long-throw sputtering, improves the performance of the sputter 

deposition system by increasing the distance between the target and substrate, so that 

only sputtered atoms/clusters travelling in parallel (and perpendicular to the substrate) 

reach the substrate [Sin02b]. Ionized-PVD (1-PVD) is the third variation used to extend 

the applicability of sputtering processes beyond the 100 nm device node. 1-PVD 

involves use of a second rf coil to ionize neutral metal atoms that have been liberated 

from the target by sputtering. These ionized atoms are then accelerated toward the 

substrate, which is biased to attract the newly ionized metal atoms [Ros0l]. Impinging 

metal atoms resputter the metal that has already deposited on the substrate, and these 

resputtered atoms can move from the bottom of a feature to the sidewalls and coat them. 

This leads to improved step coverage in small features compared to other PVD methods. 

Conformality improvements within the feature from the 1-PVD resputter effect are 

tempered by resputter thinning (beveling) of the feature's top edges (Figure 1-9c). This 

beveled edge is a weak point in the barrier, and is susceptible to attack by Cu. In 

addition, although resputter associated with 1-PVD improves sidewall coverage, this 

coverage is still tenuous for films in high aspect ratio features [Vij99]. These extended 

sputtering techniques, being directional in nature, also have a limited lifespan [Sin02b], 

and may reach their usability limit at the 45 nm device node in 2010. Among the barrier 
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deposition techniques, only a chemical vapor deposition (CVD) based process offers the 

conformality required for future device generations, with 100% conformality being the 

goal for all barriers [Fal98, Fle98, Lev98, Liu00]. 

1.6.2 Chemical Vapor Deposition 

Chemical vapor deposition (CVD) is a widely used film growth technique. It 

involves the use of one or more gas phase reactants to deposit a solid film on a substrate. 

The reactant flux at the substrate surface is non-directional in nature, eliminating the 

possibility of step shadowing in small device features. The substrate promotes reaction 

between components from the gas phase, and successive reactions lead to film growth. 

CVD processes typically grow highly conformal films at high growth rates, making them 

superior to PVD techniques for deposition on aggressive device features. Unlike PVD 

methods, CVD is capable of area selective growth, which can eliminate a patterning step 

during device fabrication [Gat96]. CVD techniques are also characterized by high 

throughput, minimal downtime and easy source changeout, which makes them very 

attractive for industrial applications. The steps of the CVD process are as follows [Siv95, 

Vos78]: 

• Reactants in the gas phase diffuse through the boundary layer (defined 
below) to the substrate surface 

• Reactants adsorb onto the substrate surface 

• Adsorbed species move around surf ace and settle into available surface 
sites 

• Reactants adsorbed to available surface sites undergo final reactions, 
which are often catalyzed by the substrate surface, and reaction products 
are incorporated into the growing film 

• By-products from the reaction desorb from the substrate surface 
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• Desorbed by-products diffuse through the boundary layer and away from 
the substrate surface 

Conversion of gas phase precursors into deposited film can involve both gas 

phase and surface reactions. Gas phase reactions can involve formation of intermediates 

and by-products as well as parasitic reactions, such as gas phase nucleation. Surface 

reactions can involve adsorption/desorption, film formation, and side reactions, which 

can cause contaminant incorporation into the film. The total pressure in the reactor 

determines the degree of coupling between gas and surface chemistry [Gat96]. At a total 

reactor pressure of 1 Torr or greater, homogenous and heterogeneous processes are 

tightly coupled, while at pressures < 10-4 Torr (where Amtp ~ 50 cm), the probability of 

gas phase collisions becomes negligible and the process becomes strictly surface 

controlled [Gat96]. This surface control at low pressure enables finer control of film 

properties, such as smoothness and thickness. At higher reactor pressures (> 1 Torr), one 

or more of the gas phase precursors may begin to decompose and/or react to form 

intermediate gas phase compounds [Gat96]. These precursors (and/or intermediates) can 

then travel to the substrate surface. 

When the precursor ( or intermediate) molecules first reach the substrate surface, 

they can weakly bind (physisorb) to the surface by van der Waals forces or they can 

immediately react and deposit (chemisorb) [Mas96]. Physisorbed molecules have some 

degree of mobility, and can diffuse along the substrate surface until they either chemisorb 

or desorb back into the gas phase. High surface mobility, coupled with the 

non-directional nature of the reactant flux, are the key CVD features that enable highly 

conformal film deposition on substrates with varying topography. The probability that an 

impinging precursor chemisorbs at the initial point of impact on the substrate surface is 
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known as the reactive sticking coefficient. A precursor with high reactive sticking 

coefficient (approaching unity) and low surface mobility yields a rough film texture, 

while a precursor with a low reactive sticking coefficient (10-3 or less) and high mobility 

yields a very smooth film [Gat96]. Hence, to deposit smooth films by CVD, a low 

reactive sticking coefficient coupled with high surface mobility is desirable. 

Surface mobility and reactive sticking coefficient are highly dependent on 

substrate temperature, which must be controlled closely to ensure deposition of films 

with appropriate structure and properties. Temperature must be high enough to activate 

the reactions leading to CVD, but cannot be increased indiscriminately. At lower 

temperature, the sticking coefficient approaches unity and surface diffusivity is minimal 

[Gat96]. As temperatures increase, the sticking coefficient decreases, while the surface 

diffusivity and deposition rate typically increase. Higher deposition rates are likely on 

the flat surface of the substrate, but aspect ratio dependent effects (ARDE) can inhibit 

deposition in small features. ARDE occur when by-products emanating from the 

sidewalls and bottom of a small feature inhibit in-diffusion of fresh precursor to the 

feature. While increasing temperature increases reaction rate on the flat surface, ARDE 

can lead to a starved condition on the interior walls of the feature. Hence, although 

increased deposition temperature improves surface diffusivity and decreases sticking 

coefficient, it can negatively impact film conformality in small diameter, high aspect ratio 

features (Figure 1-8c). 

In addition to optimizing surface mobility and reactive sticking coefficient, the 

operating regime must be considered when selecting deposition temperature. At lower 

temperature, the deposition rate is exponentially dependent on substrate temperature, 
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which is indicative of the kinetically controlled regime. Increasing temperature in this 

regime causes a large increase in film deposition rate, and the slow step in the deposition 

process is the reaction on the surface. At higher temperature, the deposition rate is 

relatively insensitive to deposition temperature, which is indicative of the gas-phase 

mass transfer controlled regime. In this region, the temperature is high enough that 

essentially all reactants reaching the substrates surface immediately react, and the 

rate-determining step in the deposition process is transport of reactants to the surface. 

While the temperature dependence of the deposition rate in this regime is mild (varying 

from T1.5-
2
·
0
), the lack of kinetic (surface) control in this regime exacerbates conformality 

problems. Moreover, higher deposition temperature can alter film structure, causing a 

shift from amorphous to polycrystalline films, which introduces grain boundaries that can 

kill barrier performance. 

In small features that are to be conformally coated, the surface diffusion length of 

the physisorbed precursor should be the same order of magnitude as the feature diameter 

[Coo89]. In larger features, surface diffusion alone is inadequate for conformal coverage, 

so it must work in tandem with reflection, whereby molecules are reflected back and 

forth from the sides of the feature until they find a place to chemisorb. Decreasing the 

precursor's sticking coefficient increases the chance of reflection in a feature. For good 

coverage, the dimension of the feature should be smaller than the mean free path in the 

gas phase, so higher pressure (which has a shorter mfp) can be used with smaller device 

features [Tsa86]. Pressures at and below 500 Torr would be adequate for deposition in a 

100 nm feature. 
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Molecules designed for use as CVD precursors should have high volatility, 

thermal !ability, and have easily (and cleanly) removable supporting ligands [Kod94]. 

The CVD chemistry should be selected to avoid formation of non-volatile reaction 

by-products, which can cause particle deposition on the substrate surface and high point 

defect density [Jai99]. In addition, selection of precursors with low reactive sticking 

coefficient and high mobility surface species will enhance conformality of the deposited 

film. 

1.6.2.1 Precursor Delivery 

During CVD, one or more gas-phase chemical precursors must be delivered to 

the reactor. The precursors themselves may exist in the gas phase, or they made be put 

into the gas phase by a number of techniques. Liquid source precursors are typically put 

into the gas phase by a liquid bubbler system, where a canister containing the liquid 

precursor sits in a temperature controlled bath (which controls vapor pressure). Carrier 

gas flows into the bottom of the canister, and bubbles up through the liquid. As the gas 

bubbles up through the liquid precursor, it becomes saturated with precursor molecules. 

This carrier gas, saturated with precursor, then flows into the reactor. 

There are two typical methods to convey low volatility solid precursors to the 

reactor: solid source and nebulizer delivery. In a solid source delivery system, the 

precursor is held in a metal or glass tube. The tube and precursor are heated by thermal or 

photon energy, and solid precursor near the top of the tube sublimes and is conveyed to 

the reactor by a carrier gas. As a general rule, a solid precursor must have a vapor 

pressure higher than 10-3 Torr at its melting point to be effectively sublimed and 
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conveyed by a solid source delivery system [Ohr92]. If the vapor pressure is below this 

value at the melting point, minimal precursor delivery and film deposition will occur. 

The second technique, nebulizer deli very, can be used to overcome this vapor 

pressure limitation. This technique requires dissolution of the solid precursor in a liquid 

solvent. The solvated precursor is pumped into the nebulizer, which contains a 

piezoelectric quartz plate. This plate vibrates due to application of a high frequency 

electrical current, and vaporizes the liquid droplets that contact it. Once the droplets are 

vaporized into a mist, carrier gas flows through the nebulizer and conveys the mist into 

the reactor. Figure 1-10 shows a schematic of a nebulizer. 

Solvated Precursor/ 
Carrier Gas to CVD 

Reactor 

Vibrating 
Quartz Plate 

Cable to Power Supply 

Figure 1-10. Schematic of a nebulizer delivery system. 

1.6.2.2 Variants of CVD 

Precursor 
"Mist" 

Dissolved 
Precursor from 
Syringe Pump 

Carrier Gas to 
Nebulizer 

Several variants of CVD are typically used to deposit thin films. The first is 

low-pressure chemical vapor deposition (LPCVD), which typically relies on metal halide 



30 

chemistry (e.g., TiC14, WF6) to deposit films. This technique usually requires high 

deposition temperature (>450°C) and suffers from halide incorporation into the barrier 

films. The presence of halides in the barrier can lead to Cu corrosion, which decreases 

Cu-barrier adhesion and reduces electromigration resistance [Huo02]. 

The same halide chemistries used for LPCVD are typically used for 

plasma-enhanced chemical vapor deposition (PECVD), in which a plasma assists 

fragmentation of the reactants, thereby lowering the deposition temperature. After 

fragmentation by the plasma, the precursor fragments travel to the heated substrate, react 

on its surface and deposit a film. Reduced conformality for PECVD films in high aspect 

ratio trench features is due to the directional nature of the plasma [Tsa96], as shown in 

Figure 1-9. Despite the low resistivity and deposition temperatures that PECVD offers, 

its inability to deposit highly conformal films in high aspect ratio features makes its use 

in future barrier deposition processes unlikely. 

In metalorganic chemical vapor deposition (MOCVD), films are deposited by 

reaction of one or more carbon-containing vapor phase precursor compounds. MOCVD 

precursors typically have some or all of the halide ligands common to LPCVD and 

PECVD replaced with carbon-containing ligands. These precursors afford little or no 

halide incorporation into the deposited films, and MOCVD has been demonstrated to 

deposit a variety of films at_ low temperature. By varying the structure of the precursor 

molecule, the precursor can be optimized to dissociate in a "clean" fashion (i.e., with 

minimal oxygen and carbon contamination) and at relatively low deposition temperature. 

The presence of impurities (0, N, C) is reported to improve stability in contact structures, 

because the impurities tend to stuff grain boundaries and inhibit diffusion [So88]. 
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Oxygen's "stuffing" effectiveness, however, is lower for Cu than Al, because the 

reactivity of Cu with O is less than that for Al with O [Kim99c]. Carbon bound to the 

metal has also been reported to improve thermal stability of the barrier and to foster 

growth of smaller grains [WanOlb], but free carbon in the films can scatter electrons, 

increasing film resistivity. Among the challenges for MOCVD of refractory nitride 

materials are controlling carbon and oxygen contamination, lowering the deposition 

temperature, and minimizing film resistivity. 

1.6.2.3 CVD Reactors 

CVD reactors fall into two broad categories: hot wall and cold wall reactors. Hot 

wall reactors have heated walls, with typically laminar flow profiles. These are preferred 

for exothermic reactions, since the hot wall temperatures discourage or prevent unwanted 

deposition on the reactor walls. In contrast, cold wall reactors have steep temperature 

gradients surrounding the susceptor, which often leads to convection pattern formation in 

the reactor. These are preferred for endothermic reactions, since the reaction will occur 

most readily on the hottest surfaces in the system [Vos78]. 

CVD reactors are typically run in two modes: differential or starved. In a 

differential reactor (similar to a CSTR), the ratio of reactant out to reactant m 1s 

approximately one, so that the composition in the reactor is essentially constant. In a 

starved (feed rate limited) reactor, the ratio of reactant out to reactant is much less than 

one, meaning that there are large concentration gradients in the reactor caused by fast 

reactions [Kod94]. ARDE can cause both differential and starved conditions to exist 

simultaneously on a substrate with aggressive feature topography. Flat surfaces on the 

substrate receive adequate precursor flux, and hence operate in a differential condition, 
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while ARDE in small features prevent good precursor flux, starving the sidewalls and 

bottom. Increasing the deposition temperature increases the concentration disparity 

between the inside of the feature and the flat surf ace of the substrate, further degrading 

the conformality over these features. 

1.6.2.4 CVD Transport Issues 

Heat and mass transport in a cold-wall CVD reactor can be complex, due to large 

temperature gradients. Depending on pressure in the reactor, mass transport may occur 

by fluid flow and/or diffusion [TimOl]. At higher reactor pressures (near atmospheric), 

both fluid flow and diffusion occur simultaneously. In fluid flow transport, gas 

molecules follow streamlines through the reactor, while for diffusion transport, 

concentration gradients drive transport across streamlines. Heat transport occurs by a 

combination of convection, conduction and radiation in the reactor. Near the deposition 

surface, the temperature, velocity and concentration vary significantly [Kod94]. 

Use of an impinging jet to feed reactants onto a small susceptor results m 

stagnation point flow. The stagnation point is at the center (origin) of the surface, where 

flow velocities are zero (where y=O in Figure 1-11). With adequate pressure, a shear 

layer of uniform thickness develops near the surface of the susceptor [Whi91]. The shear 

layer, also called the momentum boundary layer, is the relatively stagnant region between 

the surface of the substrate and the region where the fluid velocity (u) reaches 99 % of 

the free stream velocity (Uxi, cm/sec). Reactants and by-products travel to and from the 

substrate surface, respectively, by diffusing through this layer. This boundary layer (OM) 

displaces the outer inviscid flow away from the substrate surface, as depicted in Figure 1-

11. Thickening of the low-velocity shear (boundary) layer due to viscous diffusion is 
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balanced by thinning of this layer due to acceleration of the outer inviscid stream, which 

leads to uniform boundary layer thickness. 

The momentum boundary layer thickness (OM, cm) in stagnation point flow is 

approximated by Equation 1-10: 

(1-10) 

where vis the kinematic viscosity (cm2/sec) and Ds is susceptor diameter (cm) [Whi91]. 

More information on the dynamics of stagnation point flow may be found elsewhere 

[Whi91]. 

Figure 1-11. Stagnation-point flow [Whi91]. 

In addition to the momentum boundary layer, concentration and thermal boundary 

layers, with thickness denoted &: and &r, respectively, are also defined. The 

concentration boundary layer extends from the substrate surface to a point where 

precursor concentration is 99% of the bulk concentration, and likewise, the thermal 

boundary layer extends to a point where the temperature is 99% of the bulk temperature. 
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The thickness of the boundary layers depends on several process variables, 

including gas velocity, temperature, and pressure. Gas phase species outside of these 

boundary layers (where y > OM, Oc, or o,,) move by both convection and diffusion. 

Within the boundary layer (where y < OM, Oc, or 0,,), velocity, concentration, and 

temperature are non-uniform. As species leave the gas and deposit onto the substrate, 

their gas phase concentration drops near the substrate surface. To compensate for this 

drop in concentration near the surface, a net diffusive flux occurs bringing depositing 

species from regions of higher concentration in the boundary layer to the near-surface 

region. As the surface reaction generates reaction by-products, the concentration of 

by-products near the substrate surface is higher than it is at locations farther from the 

surface. This higher concentration of by-products near the substrate surface leads to a 

net diffusive flux of by-product away from the substrate. Likewise, temperature varies 

from the substrate into the gas phase. The temperature at the substrate is high, and this 

drops steadily through the thermal boundary layer, until it reaches the bulk value. 

Typical CVD temperature and concentration profiles are depicted in Figure 1-12. 

pi,B 

Figure 1-12. Variation of temperature and precursor partial pressure near the substrate in 
a CVD reactor. Note that while &rand Be are shown as being equal, this is 
not always true. 
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Transport to the substrate during CVD is assumed to occur by diffusion of 

reactants through the concentration boundary layer at the surface. This boundary layer 

arises due to consumption of the precursor at the surface, which causes a concentration 

gradient to form between the surface and the bulk. Flux of reactant through this layer (J, 

kgmol/mLsec) is given by Equation 1-11 [Kel91]: 

(1-11) 

where D0 is the diffusion coefficient (m2/sec) at temperature T0 (K), cSc is the thickness of 

the concentration boundary layer (m), Pb and Ps are the bulk and surface partial pressure 

of the reactant (Pa), Tb and Ts are the bulk and surface temperature (K) and R is the gas 

constant (m3-Pa/kgmol-K). Once the reactant species diffuse across the boundary layer, 

they may or may not be incorporated into the growing film surface. The mass transfer 

flux (J1r, kgmol/m2-sec), which is the amount of precursor incorporated at the film 

surface, is defined in Equation 1-12: 

kd(Ps -Peg) 
J =-----

tr RT 
s 

(1-12) 

where kct is the mass transfer coefficient (m/sec) and P eq is the equilibrium precursor 

partial pressure (Pa) at the surface. When the deposition process reaches steady state, the 

diffusion and mass transfer fluxes are equal, and a dimensionless parameter called the 

CVD number, Ncvo, can be defined [Kel91]: 

kd8c T;ln(;{b) 

DoTJTs -Tb) 
(1-13) 
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The denominator on the left-hand side of the equation represents the degree of precursor 

supersaturation at the substrate surface. When the amount of supersaturation is small, 

P5=Peq and Ncvo >>1, hence all reactant reaching the substrate reacts immediately. This 

is known as the mass transfer controlled regime. Conversely, if the supersaturation is 

large, Ps approaches Pb and Ncvo <<1, and the species reaching the substrate react very 

slowly. This is known as the kinetically (or surface reaction) controlled regime. When 

Ncvo >>1, high points on a rough surface have a higher value of Ps, and the growth rate 

at a high point is increased relative to a low point. This causes rough points on the 

surface to be amplified by film growth when operating in the mass transfer controlled 

regime. In contrast, when Ncvo <<1, Ps approaches Pb everywhere along the surface, so 

that the growth rate is similar at all points along the surface. This leads to a smoothing of 

rough spots during film growth when operating in the kinetically controlled regime. 

The type of carrier gas used in the reactor can have a significant impact on the 

films grown during CVD. For fixed bulk and surface temperatures, gases with a lower 

thermal conductivity will have a sharper temperature profile, meaning less upstream 

heating of the precursor species as it approaches the substrate. Using a carrier gas with 

higher thermal conductivity results in a smoother temperature profile, enabling more 

upstream heating of the precursor. Increased upstream heating promotes pyrolysis, or 

gas-phase thermal breakdown of the precursor into the intermediate or final reactant 

species. Increasing the time available for precursors to undergo pyrolysis increases the 

likelihood that the precursors have decomposed into the intermediate components (if 

necessary) for final surface reaction. If the precursors undergo sudden pyrolysis very 
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near the substrate surface, they will not decompose as thoroughly, leaving large 

molecular fragments that can be incorporated into and contaminate the growing film. 

Ideally, transport of reactants to and products from the substrate surface should 

occur in such a way to deposit a "clean" film containing the desired components. In 

reality, this is unlikely, with atoms from reaction by-products and precursor ligand 

fragments typically depositing to some degree in the films. Control of contamination by 

ligand decomposition is extremely important to get films with desirable properties. An 

example of single-source CVD, which has some contamination from precursor ligands, 

is depicted in Figure 1-13. 

e Atom desired in film 

I) Atom not desired in film 

'-
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o e '.1• 
1 ......... ... 
I Substrate 

Figure 1-13. Diagram of the CVD process for a single-source precursor. 

1.6.3 Atomic Layer Deposition (ALD) 

Standard CVD techniques introduce all required precursor gases to the reactor 

simultaneously, making deposition rate and precise thickness control difficult during film 
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deposition. Although the ITRS roadmap suggests that CVD deposition of barriers will be 

important in the near term, atomic layer deposition (ALD) methods will emerge as the 

dominant solutions because of their superior conformality and improved thickness 

control. As barrier thickness drops below 100 A, standard CVD techniques will approach 

their usability limit due to difficulties controlling the deposition rate. Atomic layer 

deposition (aka ALD, ALE or ALCVD) will be necessary to deposit extremely thin films 

on the IC devices [Dan02], and its use in IC production at the 65 nm node is projected 

[Bey02, Cha04]. The highly conformal, ultra-thin barriers afforded by ALD will be 

essential in the future to minimize the barrier's impact on the resistance per unit length in 

Cu interconnects [Kap02]. 

As a variant of CVD, ALD is well suited for deposition of ultra-thin, highly 

conformal films over small device features. ALD enables monolayer addition with 

precise thickness and composition control, irrespective of the underlying substrate's 

topography [Dan02]. ALD has been used to deposit metal, semiconductor, dielectric and 

seed layers [Dan02, KlaOOa-b, Les02]. In particular, ALD has been used to deposit 

high-k gate dielectrics at the front end and diffusion barriers at the back end of the 

process. ALD is a "digital" process, involving the stepwise use of two or more gas phase 

precursors, each of which is self-limiting on the substrate [RosOl]. A single precursor 

gas is present in the reactor at any given time, so that a uniform layer of the precursor 

may chemisorb to the substrate surf ace. Once this chemisorbed layer forms, the chamber 

is evacuated or swept with inert gas [Sun92]. By minimizing chamber volume, rapid 

deposition and quick purge/vacuum steps are promoted. This is important to minimize 

the incorporation of background impurities into the film and also to prevent the process 
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from shifting to CVD mode, which can occur if adpitional reactant from the previous 

pulse is in the reactor's atmosphere during the subsequent pulse. A second precursor gas 

is then introduced to react with the chemisorbed layer from the previous step, forming a 

new monolayer of material. The second precursor gas is also self-limiting, so that 

reaction stops after the monolayer of chemisorbed material from the previous step has 

been consumed. Film thickness is more difficult to control for growth with CVD, which 

has been reported to close extremely narrow vias rather than depositing conformal films 

in them [Hau00]. 

ALD was first reported in 1977 by Tuomo Suntola to deposit ZnS films for 

electroluminescent displays [Goo86]. Since this first report, the utility of ALD to deposit 

a variety of materials has been demonstrated. Materials such as metals (e.g., W, Cu, Ni, 

Co, Ti, Ta, Ru, Pt, Al), metal oxides (e.g., Al20 3, Zr02, Hf02) and metal nitrides (e.g., 

TiN, TaN, WNx) have been deposited using this technique [Les02]. In contrast to the 

thin, flat films typically desired by ALD, the process has also been demonstrated to coat 

porous, high surface area substrates for catalysis [Hau93]. 

ALD exploits the difference in energy between chemisorption and physisorption 

to deposit film layers in a self-limiting fashion [Gat96, Goo86]. Temperature is selected 

so that Echemisorptioo > kT > Ephysisorption· In other words, the temperature is high enough to 

overcome physisorption forces to enable desorption of any physisorbed species, but it is 

also low enough to prevent removal of chemisorbed layers. For an adequate pulse time, 

complete surface reaction occurs and the film composition is determined by 

thermodynamics (stable thermodynamic phase forms for the selected conditions). 
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The precursors must be volatile, thermally stable, self-limiting and highly 

reactive (fast, complete reactions) with each other and with the substrate. They must also 

have sufficient purity, have unreactive by-products, and not undergo self-decomposition 

or cause etching of the film or substrate. The precursors should have a vapor pressure of 

at least 0.1 Torr for delivery during ALD. Desirable ALD reactions should have large 

negative ~G values to ensure rapid surface reaction after the precursor pulse into the 

reactor [Les02]. High reactivity enables rapid saturation of the film surface, which in 

turn enables a good deposition rate. The need for high precursor reactivity is contrary to 

CVD precursors, which require smaller negative ~G values to prevent gas phase 

nucleation and particle formation. The precursor dose must be high enough to saturate 

the substrate surface, which must have reactive adsorption sites [HauOO]. In addition, the 

reaction temperature must be chosen to enable reaction ( chemisorption) between the 

precursor and reactive sites, while also avoiding gas phase decomposition or 

condensation of the precursors [HauOO]. 

The advantages of ALD relative to CVD are excellent conformality (-100% ), 

inherent elimination of pinholes, good thickness uniformity, and elimination of potential 

gas phase reaction/nucleation [Goo86, Rit03, Sun92, Sun93]. The disadvantages of ALD 

include slow growth rate (0.06-0.6 µm/hr) [Goo86, RosOl], the possibility for substantial 

incubation time to deposit the first monolayer of film, contaminant incorporation and the 

potential for surface reconstructions to adversely affect deposition rate [RosOI, Sun93]. 

In the most aggressive applications, a diffusion barrier will need to be deposited on four 

different surface materials simultaneously: two different insulator materials, an etch stop 

layer (such as Si]N4) and Cu [Ele02]. Varying incubation times on the different materials 
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can cause significant deposition difficulty, so choice of precursor and deposition 

conditions is essential to deal with situations like these. Precursor testing should 

therefore be done on all possible underlying substrates, to ensure that a given material 

can be reliably deposited with a given precursor. Another disadvantage is decreased film 

purity relative to CVD grown films. Background contaminants have considerable time to 

incorporate into the film during the pulse and purge steps, which can degrade film 

structure and electrical properties. The purity of purge gases and control of out-gassing 

from reactor walls and seals are critical, because inadequate control can lead to 

considerable impurity incorporation causing modification of film structure and properties. 

Typically, a faster growth rate means less sensitivity to contaminant incorporation 

[Han03]. ALO must compete with the purity of PVD films, whose growth rates are 2 to 

3 orders of magnitude higher in an environment that is 3 to 6 orders of magnitude cleaner 

[Han03]. 

Several adjustable parameters are available for the ALO process. The first 

parameter is the type of ALO reactor system used for deposition. The two main 

categories for ALO systems are the open type (used with molecular beam epitaxy 

(MBE)) and the closed type (used with LPCVD) [Sun93]. In the open type system, 

pressure is fixed, as with an MBE system, which typically operates at ultra-high vacuum 

(UHV). Precursors are introduced from two or more sources (e.g., Knudsen cell), which 

are turned on and off to generate the pulsing action. Desorbed surf ace species collect on 

the cold walls in the reactor system or by the vacuum pump. In the closed type system, 

the atmosphere is turned over between reactant exposures to generate the pulsing action; 

this is done either by evacuating the system (pressure modulation) or by introducing an 
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inert purge gas. In addition to the type of system used, the chamber volume may be 

adjusted to accommodate more substrates (i.e., to increase throughput) or to decrease 

purge/vacuum times. 

The second adjustable parameter is the type of precursors used for the deposition 

process. The precursors must be self-limiting, very reactive with each other and with 

substrate, and generate the desired film structure/stoichiometry. Many precursors have 

been tested in the literature for various materials, with halide chemistry often being used 

due to easy removal of the halide ligands (with H2, NH3, etc.). In addition to precursor 

selection, pre-treatment of one or more of the precursors before introduction to the 

reactor is another adjustable option. For example, Ta films were deposited using 

plasma-enhanced ALD with sequential pulses of TaC15 and H2 [K.im02b]. The H2 was 

cracked to atomic Hin an rf plasma system before being introduced to the reactor. 

The third parameter is substrate temperature, which should be selected to enable 

chemisorption of first layer and desorption of outer, physisorbed layers [Gat96]. A fourth 

parameter is the reactant pulse time. A longer pulse time enables more complete surface 

reaction, and closer approach to thermodynamic equilibrium at the film surface. The last 

parameter, which is unique to closed type systems, is reactor pressure. ALD process 

pressure in closed type systems typically ranges from 1 to 10 Torr [Les02], which can be 

modulated to evacuate the chamber if an inert gas purge is not desired. 

The process is depicted in Figure 1-14. The result of running in ALD mode is a 

linear growth rate with the number of cycles. The number of monolayers grown per 

cycle (normally <1), multiplied by the number of cycles, gives the film thickness, where 

one cycle includes one pulse of each of the precursor gases. Several growth cycles are 
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typically necessary to deposit a monolayer of material, because steric crowding on the 

film surface prevents 100% surf ace coverage for each pulse. In practice, monolayer by 

monolayer growth is unlikely, and there may be two or more monolayer levels growing 

together during deposition. Film growth is dependent on several factors, including 

reactivity of the precursors, the number of reactive sites available on the substrate/film 

surface, and the size of the precursor molecule (larger molecules typically yield lower 

growth rates due to steric hindrance during the reaction cycle) [Hau00]. ALD cycle time 

typically ranges from 0.5 to 5 seconds. 
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Figure 1-14. Diagram of the ALD process. (a) Introduction of first precursor. (b) 
Absorption of first precursor. (c) Introduction of second precursor. (d) 
Complete monolayer deposition of A-B. 

The growth rate for an ALD process should be linear with the number of growth 

cycles. If this is not the case, the process may not be self-limiting. To check this, 

reactant pulse time can be changed to determine if the experiment is self-limiting, or if 
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longer pulse times result in thicker films. ALD growth reportedly occurs by formation of 

islands during nucleation, hence the barrier should have thickness at least equal to that 

required to close the surface of the substrate [Bey02]. This closure thickness depends on 

the deposition conditions and the barrier materials being used. Electrical measurements 

(such as 4-point probe) can be used to determine if the deposited film is continuous. 

Films may have high resistivity until enough cycles have passed that the film is 

continuous; the film' s resistivity will then drop substantially. This is one way to 

determine if the first monolayer has been completely filled in, if depositing a conductive 

layer on Si, for example. Extrapolating from a plot of resistivity vs. the number of 

deposition cycles, one can estimate the deposition cycle after which a continuous film is 

finally deposited. Ion scattering spectroscopy has also been used to determine when the 

surf ace has closed. 

The appeal of ALD to industry lies in its ability to manage line resistance and to 

provide better stress migration performance than PVD films [Pet03]. A thin ALD barrier 

film at the via bottom is instrumental in lowering via resistance. In addition, Cu seed 

layers must be ultra- thin, continuous, and have excellent conformality to ensure 

consistent Cu deposition during ECD, so ALD will be essential for seed deposition. ALD 

is also excellent for varying the composition of the deposited film with thickness 

(composition grading), which can be important to ensure a film's compatibility with 

underlying layers. 

1. 7 Copper Deposition Methods 

Electrochemical deposition (ECD), also known as electrodeposition or 

electroplating, is the technique currently used in industry to deposit void-free bulk Cu 
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layers on ICs with aggressive topographies [ITR02]. This technique has the advantages 

of low deposition temperature, high deposition rate, and low manufacturing cost [Chi98]. 

The ECO process begins with the deposition of a Cu "seed layer" on the barrier surface, 

because the barrier layer's resistivity is typically too high to enable uniform 

electrodeposition. Seed layer deposition is currently done by PVD, which is projected to 

be used down to the 45 nm device node [Pet03]. Once the seed layer is deposited, the 

sample can be immersed in the electrochemical bath and the ECO process can begin. 

During Cu ECO, an electrolyte containing Cu cations and sulfate anions (Cu2
+ and so/-, 

respectively) is put into contact with the desired deposition surface. Electrons are 

introduced to the deposition surface (called the cathode) and reduce the Cu2
+ ions in the 

ECO solution, causing these ions to plate out as metallic Cu. A Cu seed layer deposited 

by PVD (prior to the ECO process) is typically used as the cathode, on which Cu2
+ ions 

plate out to form Cu(0). The plating reaction is: 

Cu2+ + 2e- ~ Cu(0) (1-14) 

To complete the electrical circuit, an anode is placed in the electrolyte solution. 

The anode introduces current to the solution, which replaces positive charges lost by the 

Cu plating reaction, enabling the electrolyte to remain electrically neutral [ReiOO]. Since 

Cu2
+ ions are present in the plating solutions for ECO, backside protection of the Si wafer 

from the bath is essential during deposition. Failure to do this can result in massive Cu 

in-diffusion through the backside of the wafer, which will occur rapidly based on the 

diffusivity of Cu in Si (as discussed above). At the industrial level, the ECO plating tools 

have an o-ring around the edge of the wafer, which allows the device side of the wafer to 

contact the plating solution while preventing the solution from touching the backside. At 
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the research lab level, waxes or glues may be used to protect the backside of the 

substrate. 

The use of special additives enables the ECD technique to fill small features from 

the bottom up with Cu (superfilling). To ensure deposition of a microvoid-free, uniform 

thickness Cu layer by ECD, the plating current (and therefore the seed layer thickness) 

must be essentially constant from edge to center across the wafer [Sin02a]. Hence, high 

uniformity of the Cu seed layer is essential. The seed layer is usually deposited on the 

barrier surface by sputtering, however, which is characterized by poor step coverage in 

small features [And99, Wan03]. A Cu seed layer with poor step coverage leads to poor 

Cu coverage during ECD. To overcome the conformality challenges associated with 

sputtering, several different approaches are being pursued. 

The first approach is to deposit Cu seed layers by CVD [NorOl]. Generally, Cu 

CVD precursors are classified into two categories: Cu(I) and Cu(II) compounds. Cu(I) 

compounds, such as Cu(hfac)(TMVS), where hfac is hexafluoroacetylacetonate and 

TMVS is trimethylvinylsilane, are typically more volatile, and can be used without a 

carrier gas or a reducing agent [NorOl]. These compounds tend to be liquids and are 

capable of deposition below 200°C, but are therefore more reactive and less thermally 

stable, making control of the deposition rate more difficult. Copper(II) compounds, such 

as Cu(hfac)i, are more thermally stable, but typically require a reducing agent (such as 

H2) to remove the ligands during deposition [Kod94]. In addition, these compounds tend 

to be solids, requiring a deposition temperature higher than 250°C [NorOl]. The major 

issue for Cu CVD from both Cu(I) and Cu(II) precursors is incorporation of halides and 

carbon from the precursor ligands into the Cu film, which can have detrimental effects on 
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film properties such as adhesion and resistivity. More detail on Cu CVD precursors and 

deposition is available elsewhere [Kod94]. 

Deposition of a Cu seed layer by CVD followed by PVD and reflow of Cu has 

also been reported [Fri99a, Jai99]. Cu reflow typically involves the deposition of Cu by 

PVD methods, especially sputtering, followed by subsequent annealing of the device. 

The annealing process enhances surf ace diffusion of Cu, which enables Cu transport into 

and filling of small features [Fri99a]. The driving force for this diffusion is the chemical 

potential gradient associated with differences in surface curvature along the surface of the 

deposited Cu. To minimize the total free energy on the Cu surface, Cu atoms diffuse 

along the surface from convex regions to concave ones [Fri99a]. The net result is 

thinning of convex overhang regions at the tops of features and filling of concave parts of 

the features, such as via/trench sidewalls and bottoms. This diffusion-mediated process 

is good for movement of Cu to fill submicron feature sizes. Anneal time can be modified 

by changing the anneal temperature, but the anneal temperature cannot be higher than the 

temperature stability limits for the device, and must be low enough to prevent bulk Cu 

diffusion, which can lead to delamination and a change in Cu texture. Typically, Cu is 

annealed for 13-14 minutes at 450°C during the reflow process [Fri99a]. 

Another approach is to deposit Cu seed layers by ALD. Several different 

precursors have been tested for ALD Cu seed deposition, including Cu(hfac)(TMVS), 

Cu(hfach, Cu(thdh, [Cu(C3H7)NC(CH3)N(C3H7)h, and CuCl, where thd is tetramethyl 

heptanedionate [Kod94, Lim03, NorOl]. The first four compounds are bulky, 

metalorganic sources, which have a very low growth rate per cycle due to steric 

hindrance. In addition, the first two compounds contain F, making the possibility of F 
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incorporation into the deposited Cu film an issue. The last compound, CuCl, is a solid 

with very low vapor pressure, hence transport to the reactor is very challenging. [Huo02, 

Jup97, NorOl]. 

Electroless Cu plating, which deposits Cu without use of a sputtered Cu seed 

layer, may also be used [Wan03]. This technique involves deposition of Cu from an 

ionic solution, where the deposition surface catalyzes a redox reaction, without any 

external electrodes [Sha95]. A specific component from the solution (e.g., glyoxylic 

acid) serves as a reducing agent, and is oxidized on the catalytic surface, releasing one or 

more electrons [Wan03]. These electrons reduce Cu+ ions from the solution, causing the 

Cu to plate out as a film on the deposition surface. While this technique has been used to 

deposit Cu seed layers with good conformality and low resistivity (1.7 µ.Q-cm), and has 

also been used to do Cu filling [Lee98a], control of the deposition rate is not as precise as 

sputtering. More detail on this deposition technique is available elsewhere [Sha95, 

Sha97]. 

The last approach is seedless ECD [ITR02, Sin02a], where Cu is directly 

electroplated onto the underlying barrier material using an external electrode, but without 

any seed layer. This technique is the most technologically and economically promising, 

because it eliminates the seed layer deposition step from the current IC metallization 

process and does not require new equipment expenditures. Selection of a diffusion 

barrier material that enables seedless Cu electrodeposition could result in significant cost 

savings to the metallization process. 
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1.8 Statement of Problem 

The three main challenges of shifting to Cu interconnects on IC devices are: a) Cu 

deposition technique b) patterning method for the Cu layer, and c) which barrier material 

and deposition method will prevent Cu-Si interdiffusion while fostering adhesion to 

neighboring layers [And99]. 

The first challenge has been addressed by use of ECD. Since Cu is resistant to 

chemical etching, the application of standard reactive ion etching (RIB) techniques used 

to pattern Al is not feasible for Cu. The second challenge, patterning of Cu 

interconnects, has therefore been addressed by the dual-damascene deposition process. 

In this process, Cu is deposited across a pre-patterned wafer by one of the 

aforementioned deposition techniques. Chemical mechanical polishing (CMP) uses a 

grinding pad and slurry to remove excess Cu, leaving only the desired spots (e.g., 

trenches and vias) filled with metal. Since the dual-damascene process deposits Cu in 

both trenches and vias, the need for tungsten (W) plugs at the upper levels of the IC, 

which are used to fill vias on Al based devices, is eliminated. Removing this W plug 

lowers the electrical resistance of the device, both because Cu has a lower resistivity than 

W and because the Cu-W interface is eliminated. 

The third challenge, barrier material and deposition technique, is an ongoing issue 

as device features continue to shrink. TiffiN barriers, deposited by sputtering, are still 

used at the contact level with W plugs, where TiN protects the contact from F in the WF6 

precursor and improves W adhesion [ITR02, Kal00]. Ti reacts with Cu to form cuprides, 

making Ti thermodynamically unstable as a diffusion barrier for Cu [RamOO]. Moreover, 

if TiN films are Ti rich, the excess Ti can react with Cu and lead to failure of the TiN 
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barrier. In addition, TiN barriers with thickness below 20 nm reportedly fail to prevent 

Cu diffusion due to grain boundary diffusion [Kal00]. 

A Ta/faN dual layer barrier structure is currently used as the Cu diffusion barrier 

at the intermediate and upper wiring levels on IC devices. Cu has good adhesion to Ta, 

which encourages deposition of low-resistivity Cu (111) on its surface [Pet03], while 

TaN has good adhesion to the dielectric layer [ITR02, Sin02a]. The Ta/faN dual layer 

barriers are deposited by modified sputtering methods [ITR02, Sin02a], however, which 

have a finite lifetime due to aforementioned step shadowing issues. Barrier deposition 

takes place on the industrial scale in a cluster tool, which contains several chambers 

connected by a common vacuum transfer chamber. The barrier is deposited in one 

chamber, and the wafer is then moved in-vacuo to a separate Cu seed layer deposition 

chamber. Once the Cu seed layer is deposited, the wafer is pulled out of the cluster tool 

and put into a separate system for Cu ECD. 

The "holy grail" of diffusion barrier research is a robust material / deposition 

method couple that meets all of the above listed barrier requirements and is extendable to 

future device generations. In addition, a material/deposition pair which would enable Cu 

metallization to extend from the upper levels of the device down to the contact level 

would eliminate the need for Al metallization at the local level and the use of W contact 

plugs, yielding greater device speed. The interconnect structure's features (trenches and 

vias) become increasingly more aggressive (narrower diameter and higher aspect ratio) as 

the wiring levels get closer to the contact level. Research should therefore focus on 

meeting coverage requirements at device level feature dimensions to enable future 

extension of Cu throughout the IC. 
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1.9 Hypothesis 

It is evident that a variant of CVD will be required to meet future demands for 

conformal diffusion barrier deposition on aggressive IC device topographies. New 

precursors will be required to meet the increasingly stringent demands on film properties. 

In an effort to avoid halide incorporation, synthesis and testing of novel WNx and WNxCy 

MOCVD precursors were pursued in this work, for reasons that will become clear in 

Chapter 2. 

Depositing WNx and WNxCy films from novel precursors by MOCVD should 

minimize halide content, have low temperature deposition, enable good adhesion to 

neighboring layers, and enable a single-step CMP process. In addition, these materials 

appear to be useful for direct, seedless electroplating, and have been reported to resist Cu 

diffusion. WNx is also reported to deposit in amorphous form more easily than TaNx 

[RamOO], and the addition of C to form WNxCy should enhance the ability to deposit 

amorphous films even further. 

Eventually, a shift from CVD to ALD will be necessary to meet conformality 

requirements in small device features. Hence, our strategy is to initially pursue WNx and 

WNxCy films by MOCVD and to eventually transition to precursor development and 

testing for ALD. 

The film growth and procedure and characterization techniques used to analyze 

the films will be discussed in Chapter 4. Data, analysis and conclusions for each 

precursor will be presented in a separate chapter, while the thermodynamic analysis for 

the W-N-C-H-Cl system is presented in Chapter 3. Cu diffusion results for barriers 
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deposited with an isopropylimido-based W complex will be discussed in Chapter 8, and 

future work will be discussed in Chapter 9. 



CHAPTER2 
REVIEW OF THE LITERATURE 

From a thermodynamic standpoint, a barrier material must be chosen so that the 

chemical potential (the thermodynamic description of reactivity) at each interface ensures 

little or no reaction. A major thermochemical difference between Al and Cu is their 

reactivity with silicon. Al can exist in equilibrium with Si, while Cu cannot, readily 

reacting to form silicides [Ram00]. This non-equilibrium suggests that the 

thermodynamic driving force for diffusion in the Cu-Si system is larger than that in the 

Al-Si one. An ideal barrier separating Cu from Si must therefore be stable to and 

non-reactive with both Cu and Si. Moreover, the barrier should be stable with other 

potential materials in the IC, such as low-k and high-k dielectrics. 

Many materials have been examined to determine their potential as diffusion barriers 

for Cu metallization schemes. A comprehensive list of various materials tested as 

diffusion barriers can be found in previous review articles [Jai99, KalOO, Kim03b]. 

2.1 Cu-Si Interconnects without a Barrier 

Ideally, the easiest route to IC device fabrication would be to deposit Cu directly 

onto any neighboring layers. Hymes et al. [1998] formed copper silicide compounds by 

sputtering Cu onto thin films of Si, with the goal of using these compounds as passivation 

layers to prevent further Cu-Si interdiffusion and reaction. At room temperature, Cu3Si 

and CusSi formed, while all Cu3Si decomposed to Cu5Si after annealing at only 300°C. 

The Cu5Si compound disappeared after annealing at 500°C, leaving only pure Cu and 
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dissolving the Si into the Cu layer. The inability to form a thermally stable Cu-Si 

passivation layer highlights the instability of the Cu-Si interface and underscores the 

need for a diffusion barrier to separate these materials. 

2.2 Refractory Metal-Based Barriers 

The term refractory refers to a material with a melting point above 1800°C 

[Pie96]. Due to their low self-diffusion coefficients, refractory metal-based materials 

have been frequently studied for use as diffusion barriers [Liu00], with current refractory 

metals of interest for diffusion barrier applications including Ti, Ta, W and Ru. 

2.2.1 Unary Refractory Metal Barriers 

Unary refractory metals have been explored as potential barrier materials, due to 

their low self-diffusivity and low electrical resistivity. Some drawbacks associated with 

these materials include their tendency to crystallize (enabling grain boundary diffusion) 

and to react with Si at temperatures greater than 450°C [JohOOa]. The applicability of 

several unary refractory metals as barriers will be discussed in the following sections. 

2.2.1.1 Ti Barriers 

While Group V and VI transition metals (e.g., Ta and W) are stable and 

non-reactive with Cu, Group IV transition metals such as Ti are unstable, forming 

several cuprides, including Cu4Ti, Cu4Th, CuTi and CuTii [RamOO]. For this reason, Ti 

is not a viable choice for a Cu diffusion barrier, as its reaction with Cu would degrade the 

barrier structure and lead to rapid device failure. 

2.2.1.2 Ta Barriers 

Tantalum (Ta) does not react with Cu [Wan94], and has demonstrated good 

oxidation resistance and enhanced Cu (111) texturing during Cu ECD [Chi02]. Ta 
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generally fails to suppress Cu diffusion, however, because grain boundaries readily form 

during deposition and subsequent thermal cycling of the Ta layer. In addition, Ta reacts 

with Si to form silicides, making the Ta-Si interface unstable, and disqualifying Ta metal 

as a potential single barrier layer material to separate Cu and Si. 

2.2.1.3 W Barriers 

Tungsten (W) is another transition metal that does not react with Cu [Ram00, 

Wan94]. It does, however, react with Si [Ram00]. W reportedly failed as a Cu barrier 

due both to a silicidation reaction above 670°C [Tak:97b] and crystallization, which 

causes grain boundary formation [Cha97c]. Sputtered W barriers have also been reported 

with columnar grains, which extended across the entire barrier thickness and caused 

barrier failure above 700°C [Mer97]. While PECVD W has been reported with very low 

resistivity (10 µ.Q-cm) [Cha97b], films deposited at 350°C had an open grain boundary 

structure, which led to a low activation energy (0.46 eV) for Cu diffusion [Gup95]. 

Metallic W has also been deposited by ALO, using WF6 and Sizllt, precursors over a 

temperature range of 30 to 350°C [Ela0l]. Below 100°C, some Si surface species were 

left on the surface and remained unconsumed by the WF6 precursor exposure. 

2.2.1.4 Ru Barriers 

Ru, like Ta and W, is non-reactive with Cu [Chy03], and has been tested as a Cu 

diffusion barrier material. The tested Ru barriers were deposited by PVD methods, 

however [Jos03], which have a limited lifespan, as mentioned in Chapter 1. In addition, 

Ru silicides are reported to form after annealing at 500°C [Jel03]. A sputtered Ru layer 

sandwiched between two TiN layers reportedly did not enhance the barrier's ability to 

prevent Cu diffusion [Kim03c]. Ru deposited by CVD has been studied for use as the 
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metal electrode for DRAM capacitors [Aoy99, LeeOOa, Mat02], and Ru has also been 

deposited by ALD [Aal03]; reports of CVD and ALD Ru as Cu diffusion barriers, 

however, have not been given. 

2.2.2 Binary Refractory Metal-Based Barriers 

To overcome the limitations associated with unary refractory metal barriers, 

binary compounds containing Ti, Ta and W have been widely studied. The addition of a 

second, nonmetal element to the refractory metal tends to increase the likelihood of 

depositing amorphous films, because the nonmetal element disrupts the crystallization 

process. The non-metal also generally increases film resistivity, however. The 

properties and applicability of several refractory metal carbides and nitrides will be 

discussed in the following sections. 

2.2.2.1 Refractory Metal Nitrides (M-N) 

Adding nitrogen to refractory metals gives rise to refractory metal nitrides, where 

the term nitride refers to compounds formed between nitrogen and other elements with 

equal or lower electronegativity [Pie96]. Three characteristics play a role in the 

formation of metal nitrides: the size ratio of nitrogen to the other element, the 

electronegativity difference between nitrogen and the metal, and the electronic bonding 

characteristics between nitrogen and the metal [Pie96]. Below a N/metal radius ratio of 

0,59, interstitial nitrides form, while above 0.59, covalent nitrides (such as Si]N4) 

typically form [Pie96]. The early transition metals (Groups IV, V and VI) have a large 

enough host lattice to enable formation of interstitial nitrides, where the nitrogen atoms 

sit on interstitial sites in the metal lattice. The atomic radius of N is 0.74 A, while that for 

W, for example, is 1.394 A, yielding a N/W radius ratio of 0.53. The nitrogen and metal 
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atoms have a large electronegativity difference, so the N atoms "nest" in the interstitial 

sites of the metal lattice [Pie96]. Interstitial nitrides have bonding with a combination 

of metallic, covalent and ionic character, high hardness and strength, and high thermal 

and electrical conductivity. These nitrides tolerate nonmetal vacancies, making them 

susceptible to the presence of interstitial impurities such as oxygen. Most early transition 

metals have a BCC structure, which cannot accommodate significant nitrogen levels at 

the interstices. To form an interstitial nitride, the metals switch to a close-packed 

structure, such as FCC or HCP, to ensure adequately sized interstitial sites that can 

accommodate N. Close-packed FCC transition metals have both tetrahedral and 

octahedral interstitial sites, but since the tetrahedral sites are too small to accommodate 

the N atoms, N only occupies the octahedral sites [Pie96]. 

Nitrogen addition suppresses crystallization in the films, and helps to repel the 

advance of Cu through the grain boundaries, due to a repulsive interaction between Cu 

and N [EksOl, Tak97a]. Excess nitrogen in these films migrates from the bulk 

polycrystals to the grain boundaries, where repulsive interactions between Cu and 

nitrogen "stuff' the boundary and halt Cu diffusion [EksOl, Sha89]. Formation of copper 

nitride (Cu3N) by reactive sputtering has been reported, but this compound is unstable, 

decomposing to Cu and N under vacuum at 100°C [Liu98, Mar95]. 

Refractory metal nitrides tend to have high hardness, good chemical stability and 

high conductivity [Lev98, Nag93]. Three nitrides of current interest are FCC titanium 

nitride (TiN), FCC tantalum nitride (TaN), and FCC tungsten nitride (WNx)- While FCC 

TiN and TaN have melting points of 2950 and 3093°C, respectively [Pie96], FCC WNx 

does not melt, but instead decomposes to BCC Wand N2 gas under vacuum at elevated 
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temperature (850°C) [Suh0l]. Since this decomposition temperature is substantially 

higher than the typically processing window for ICs, FCC WNx is a viable diffusion 

barrier candidate material. The barrier properties of TiN, TaN and WNx are discussed in 

more detail below. 

2.2.2.1.1 TiN 

Titanium nitride (TiN) was widely used as a diffusion barrier for the Al-Si 

system, and its reported resistivity ranges from 20 to 2000 µ.Q-cm [Pai96]. PVD has 

dominated TiN barrier deposition, resulting in non-uniform coverage of high aspect ratio 

structures and a columnar grain structure [Gal99, KalOO]. TiN performs poorly with Cu 

metallization due to this columnar microstructure [Nic95], which enables rapid Cu 

diffusion through the barrier [Gal99]. Plasma treatment and exposure to Sil-Li, however, 

have been reported to improve TiN's resistance to Cu diffusion [Jos02]. Another 

difficulty involves the reactivity of Ti rich TiN films with Si and Cu. For TiN films with 

a Ti/N ratio> 1 (i.e., film is unsaturated with nitrogen), the excess Ti will react with Si or 

Cu, leaving the barrier permeable to Cu and the device vulnerable to rapid failure 

[Kim92, Lee94a, Ram00]. 

To avoid the problems associated with PVD TiN, several different CVD 

techniques have been tested. Liu et al. [2000] used LPCVD of TiC14 + NH3 at high 

deposition temperature (630°C), but the resulting films had a columnar grain structure 

and suffered from halide incorporation. MOCVD TiN has shown only 40-50% 

conformality in small contact structures [Fal98], has high impurity incorporation, and 

requires an additional plasma-processing step to stabilize the films in low resistivity 

form [Gal99]. MOCVD TiN films deposited below 450°C were very porous, with low 
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density and high resistivity, and had poor resistance to Cu diffusion [Par95b]. Capping 

the film with an ultra-thin Si3N4 layer has also enhanced performance of porous TiN 

films deposited by MOCVD of tetrakisdimethylamido tantalum (TDMAT). This thin 

capping layer improves barrier capability without significantly increasing the film 

resistivity, but adds another step to the barrier deposition process [Lu98a]. 

While oxygen stuffing of the TiN barrier (due to air exposure) helps it to resist Al 

in-diffusion (due to aluminum oxide formation), it does not prevent Cu in-diffusion, due 

to the lack of a stable, passivating Cu oxide layer [Par95a]. In addition, TiN was not 

suitable for Cu electroless plating, as its redox potential was higher than that of the Cu 

electrode, preventing the initial displacement reaction from occurring at the TiN surface 

[Wan03]. 

2.2.2.1.2 TaN 

TaN is a proven Cu diffusion barrier, and is reportedly stable against Cu-Si 

interdiffusion up to 720°C [Wan94]. Copper with a PVD Ta/TaN dual layer barrier is 

currently used as the interconnect scheme for intermediate and upper level wiring on IC 

devices. The dual layer barrier is required to overcome adhesion difficulties: Cu adheres 

well to Ta, but not to TaN, while SiO2 and most dielectrics adhere well to TaN, but not 

Ta. [ITR02, Sin02a]. In addition, the TaN layer promotes deposition of the low 

resistivity (20-30 µ.Q-cm) a-Ta phase, whereas the high resistivity (180 µ.Q-cm) ~-Ta 

phase forms when Ta deposits directly on SiO2 [Tra03]. But, since PVD TaN has much 

higher resistivity (-200 to 250 µ.Q-cm [Sun98a, Tra03]) than Ta, the TaN layer thickness 

should be held to a minimum. A 7 A thick TaN film was found to foster a-Ta deposition 

and to prevent Cu interdiffusion [Tra03]. The lifespan of this bilayer deposition 
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technique is limited, however, due to the inability of PVD processes to deposit conformal 

films at ever shrinking device dimensions. 

LPCVD routes to TaN deposition have been examined as well, as this deposition 

method provides superior conformality to sputtering techniques, which are projected to 

reach their usability limit at the 65 nm node in 2007 [Han03]. CVD of TaN was reported 

by reacting halide precursors, including TaBr5, TaF5 and TaC15, with NH3 [Kal99, HilOO]. 

Resistivities ranged from 395 to 5000 µ.Q-cm depending on the precursor used, with the 

lowest value corresponding to TaC15 [Kal99, Che99b, HilOO]. Halide incorporation, 

however, ranged from 0.5 to 4.5 at. %, with a value of 1.0 at. % for the TaC15 precursor 

[Kal99, HilOO, Che99b], While plasma assisted CVD reduced the resistivity of films 

deposited by TaBrs + NH3 to 150 µ.Q-cm, an increase in Br content up to 3 at.% occurred 

[Che99a]. 

Attempts to grow TaN by MOCVD resulted in films with high resistivity and 

some carbon contamination. When pentakis(dimethylamido)tantalum (PDMATa) was 

used for MOCVD of TaN, the resulting films contained the insulating Ta3N5 phase 

[Fix93]. Pentakis(diethylamido)tantalum (PDEATa) was also tested, but the films also 

had very high resistivity (7000-60000 µ.Q-cm) [Cho98, Cho99]. MOCVD using 

tert-butylimido-tris(diethylamido)tantalum (TDEATa) has also been tested, resulting in 

good step coverage (-100%) but high deposition temperature (up to 650°C) and 

resistivity (900-2000 µ.Q-cm) [Tsa95]. Low film density and grain boundary formation 

were the typical causes of barrier failure in MOCVD TaN [Kal00]. 

One study of an ALD TaN/PVD Ta barrier has also been given [Ho04]. The 

precursors used in this study were not disclosed, but the barrier scheme was shown to 
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work with a 65 run Cu back-end-of-line (BEOL) interconnect structure. The ALD TaN 

barrier had good yield and reliability, and a 16% reduction in RC time delay over a PVD 

TaN/PVD Ta barrier scheme was demonstrated. 

2.2.2.1.3 WNx 

As mentioned above, N has been added to W to deposit WNx films. These films 

show promise as thermodynamically stable, stuffed barriers for separation of Cu and Si 

and have been demonstrated as excellent glue layers for W/Si and W/SiO2 interfaces 

[Gal97, Kim92]. Many deposition techniques, including ion implantation, sputtering, 

LPCVD, PECVD, MOCVD and ALD have been used to deposit WNx films. A detailed 

discussion of WNx films deposited by these techniques will be deferred until Section 2.7 

below, as we have chosen to focus on this material for our work. 

2.2.2.2 Refractory Metal Carbides (M-C) 

Unlike the nitrides, refractory metal carbides from all three Groups (IV, V and 

VI) tend to be hard, wear-resistant materials with high melting points and good chemical 

resistance [Pie96]. The Group IV, V and VI refractory metals form interstitial carbides, 

with crystal structures similar to those for the nitrides. The electrical resistivity of 

carbides is typically lower than that for nitrides with equivalent crystal structure, due to 

weaker bonding between the metal and C relative to bonding between metal and N 

[Nak87]. While these properties make the carbides interesting diffusion barrier 

candidates, C, unlike N, does not exhibit a repulsive interaction with Cu, making the 

carbides less resistant to Cu diffusion. The barrier properties of TiC, TaC and WCx are 

discussed below. 
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2.2.2.2.1 TiC 

One report of TiC (deposited by sputtering) as a Cu diffusion barrier has been 

given [Wan0la]. While the TiC resisted metallurgical failure at temperatures up to 

650°C, the same films suffered electrical failure after annealing at temperatures just 

above 500°C. 

2.2.2.2.2 TaC 

Sputter deposited TaC films have also been tested as Cu diffusion barriers 

[Ima97, Lau02, Mor98]. While these films had low resistivity (210 µ.Q-cm for 100 nm 

thick film), carbon-rich TaC films contained low-density carbon regions surrounding 

TaC grains [Ima97]. These low-density regions are facile paths for Cu penetration 

through the barrier, with 7 nm TaC films failing to prevent Cu diffusion above 550°C 

[Lau02]. This indicates that C, unlike N, lacks the ability to chemically repel Cu 

diffusion through the film, and is reflected in TaC's lower activation energy for Cu 

diffusion as compared to W2N or TaN [Mor98]. 

2.2.2.2.3 WCx 

The bulk resistivity of ~-WCx is slightly lower than that for ~-WNx, with 

reported values of - 41 µ.Q-cm and -50 µ.Q-cm, respectively [Lee93, Nic78]. MOCVD 

WCx from W(CO)6 + C2Hi has been tested as a Cu diffusion barrier [Sun0lb, VelO0]. 

Deposition temperatures ranged from 250 to 510°C, with 50 nm thick films deposited at 

290°C having resistivity of 250 µ.Q-cm. A 70 nm thick WCx film annealed for 8 hours at 

400°C resisted Cu diffusion. Sputtered WCx with resistivities ranging from 200 to 1000 

µ.Q-cm were also tested as Cu diffusion barriers, with the incorporation of C resulting in 

smaller grain sizes relative to pure W films [VelO0, Wan0lb]. The onset of silicide 
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formation above 700°C, however, indicated the instability of the WCx/Si interface and 

also compromised barrier integrity against Cu diffusion. Kim [2003a] reported 

deposition of tungsten carbide (WCx) films by plasma assisted ALD (PAALD) using the 

bis(tert-butylimido)bis(dimethylamido)tungsten [CBuN)z(Me2N)2]W precursor with H2 

and N2 carrier gas. The films were deposited on SiOi/Si substrates at 250°C, and had 

growth rates ranging from 0.4 to 0.7 Alcycle, 100 % conformality in 0.15 µm features 

with a 15:1 aspect ratio, and resistivities ranging from 295 to 22000 µQ-cm. The films 

contained 63 at.% W, 28 to 42 at.% C, 2 to 7 at.% N, and 1 to 6 at.% 0. Cu barrier 

integrity tests were not reported, however. 

2.2.3 Ternary Refractory Metal-Based Barriers 

The addition of a third element to a binary refractory metal nitride matrix tends to 

further disrupt the microstructure, increasing the likelihood of nanocrystalline or 

amorphous phase formation [lst00, Jai99, Ram00]. C, Si and B are the most examined 

third elements added to metal nitride films. 

2.2.3.1 Refractory Metal Carbonitrides (M-C-N) 

The addition of C to refractory nitrides has two general purposes: to increase the 

likelihood of amorphous film deposition, and to decrease film resistivity relative to the 

binary nitride. The C and N intermix on the interstitial sublattice of the host metal, and 

lattice structures are similar to those for the nitrides and carbides. The advantages of 

adding C to the N on the non-metal sublattice are tempered by the decreased ability of C 

(relative to N) to chemically repel Cu diffusion. The composition and microstructure of 

the films must therefore be carefully controlled to deposit low resistivity films with high 

stability against Cu diffusion. Free carbon (C not bound to W), in particular, should be 
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minimized, as it has minimal impact on Cu diffusion and detrimentally affects film 

resistivity. 

2.2.3.1.1 TiCN 

One report of a TiCN Cu barrier, deposited by MOCVD of 

tetrakis(dimethylamino)titanium (TDMAT), has been given [Eiz94a]. While the films 

resisted Cu in-diffusion after annealing at 600°C, they had high resistivities, ranging 

from 3000 to 20000 µ.Q-cm for 200 A films. 

2.2.3.1.2 

TaCxNy films deposited by sputtering of a TaC target in an Ar/N2 atmosphere 

were also tested as Cu diffusion barriers [Sun0la]. TaCxNy was found to have superior 

thermal stability to the respective binary phases, and its resistance to Cu diffusion was 

greater than TaC due to stuffing of the grain boundaries with N. The films had relatively 

low resistivity (-300 µ.Q-cm), and prevented Cu diffusion after a 30 min anneal at 

600°C. Jun [1996] used pentakis(diethylamido)tantalum to deposit TaCxNy films by 

MOCVD, but resistivity was high (;?: 6000 µ.Q-cm) and the barrier failed after annealing 

for 1 hour at 500°C. MOCVD of TaCxNy films was also done using a mixture of 

pentakis(dimethylamido)tantalum and pentakis(diethylamido)tantalum [HosOO]. These 

films prevented Cu diffusion after a 30 min anneal at 500°C, but had high resistivity (;?: 

4000 µ.Q-cm). 

2.2.3.1.3 

The bulk resistivity of P-WCx is somewhat lower than P-WNx, and as expected, 

the resistivity of P-WNxCy is reportedly lower than that for P-WNx. Carbon and 

nitrogen in these films can deposit at interstitial lattice sites (i.e., bind to W) or as free C 
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or N. Given a choice, free N is more desirable, because although it increases film 

resistivity (as does free C), it also repels Cu diffusion. Free C also increases resistivity, 

but is less effective at preventing Cu diffusion. The difficulty, then, is to minimize or 

eliminate deposition of free C, while encouraging some N to deposit interstitially and 

allowing some to deposit as free N. This should give minimum film resistivity and 

maximum Cu resistance. 

WNxCy films were deposited by non-reactive sputtering of W-C and W-N 

targets, with the resulting films being amorphous, but maintaining some short-range 

order [Vie02]. These films were not tested for Cu barrier reliability, however. 

MOCVD was used to deposit WNxCy as a barrier for Cu metallization in a patent 

application [FukOO]. Amorphous WNxCy films were deposited by reacting a gas 

containing W, such as WF6, W[N(CH3)]6, or W[N(C2H5)]6, with a hydrocarbon gas, such 

as C~, and a nitrogen supply source, such as a nitrogen plasma, at 360°C. X-ray 

diffraction indicated a peak between 36 and 38 20° and a second position between 42 and 

44 20°, both of which are indicative of FCC WNxCy deposition. While resistivities down 

to 275 µ.Q-cm were reported, details of Cu barrier testing were not included. 

Several studies have reported ALD deposition of WNxCy. The deposition used 

sequential reactions of WF6, NH3 and Et3B [Ele03, Kim03d, Li02, Li03, Pet02, Smi02]. 

The lowest reported resistivity was 210 µ.Q-cm for a film deposited at 350°C [Ele03, 

Li02]. One group reported that a 120 A thick WNxCy film was stable for a 30 min anneal 

up to 700°C [Kim03d]. These ternary films had high density and excellent adhesion to 

copper, but contained some amount of F (0.5-1 at.%) [Ele03, Li03]. 
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2.2.3.2 Other Ternary Refractory Metal Compounds 

Several ternary silicide systems, including TiSixNy [Bai96, Chi0l, EisOOb, Jos02], 

TaSixNy [Lee99, Som97], and WSixNy [Bla97, HirOl], have been examined for diffusion 

barrier applications. While the addition of Si promotes amorphous film growth and 

improves Cu adhesion [HarOl], it also increases film resistivity and can decrease failure 

temperature [Kal00]. The ratio of metal/Si must be greater than 1.67 to ensure stability 

with Cu [Nic95]. The failure mechanism in these films tends to be grain boundary 

diffusion after barrier crystallization [Nic95], and the stability of these films is 

questionable due to the potential for Si out-diffusion into and reaction with the 

neighboring Cu layer. These barriers are also reported to have poor adhesion to low-k 

dielectrics [Pet03], and the majority of research on ternary silicide barriers has relied on 

PVD methods, which will have limited use in the future. 

2.2.3.2.1 TiSiN 

TiSiN films were deposited by reactively sputtering a Ta-Si target in an Ar/N2 

gas mixture [Iij95, Rei94]. Reid et al. [1994] deposited amorphous films with a 

stoichiometry of Tio_34Sio.23No.43 and resistivity of 680 µ.Q-cm. These films resisted Cu 

diffusion after a 30 min anneal at 650°C. Iijima et al. [1995] deposited amorphous films 

with a stoichiometry of Tio.31Sio.19No.so and resistivity of 500 µ.Q-cm. These films 

resisted Cu diffusion after a 30 min anneal at 600°C. 

LPCVD of TiC14+Si~+NH3+Hi/Ar at 500°C was also reported [Bla97]. 

As-deposited films were microcrystalline, with a composition of Tio.41SiomNo.46, 

Chlorine and oxygen contamination levels ranged from 3 to 5 at.%. This film prevented 

Cu diffusion after a 600°C anneal for 1 minute. 
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MOCVD of TiSiN films has been reported with multiple precursor schemes, 

including TDMAT +Si~+ NH3 [Chi0l, Jos02] and TDEAT +Si~+ NH3 [Bai96]. A 

50 A thick TiSiN film had good wettability to Cu and low resistivity (350 µ.Q-cm) 

[Chi0l]. The Si was suggested to improve Cu adhesion when thin oxidized layers are 

present on the barrier, and also to reduce Cu agglomeration [Pet03]. TiSiN films 

deposited by a combination of MOCVD and plasma assisted CVD, however, allowed Cu 

to diffuse through after annealing at 500°C [Jos02]. Amorphous TiSiN films deposited at 

400°C contained -3 at.% C and 0, and had high resistivity (>2000 µ.Q-cm) [Bai96]. 

Metalorganic ALD of TiSiN films was reported using TDMAT, NH3 and Si~ at 

180°C [MinOO]. The film contained small crystallites in an amorphous phase, and film 

stoichiometry was Ti0.32Si0.18N0.50, but barrier film resistivity and Cu testing were not 

reported. 

2.2.3.2.2 TaSiN 

Several reports of TaSiN thin films as Cu diffusion barriers have been given. 

TaSiN films were deposited by reactive sputtering of a Ta-Si target in N2 [HarOl] and 

Ar/N2 [Kim97a, Kol91, Lee99] gases. This ternary layer had better barrier performance 

and better adhesion to Cu than a Ta/TaN dual layer barrier, but details of the barrier' s 

performance and electrical properties were not given. Lee et al. [1999] deposited films 

with Tao_43Sio.Q4N°o.s3 stoichiometry, with a failure temperature of 825°C (decomposing to 

Cu3Si +TaNx + TiSii above this temperature) but the film had high resistivity (1419 

µ.Q-cm). Kolawa et al. [1991] deposited 100 nm thick amorphous films with a 

stoichiometry of Tao.36Sio.1~0.so- The films had high thermal stability, preventing 

interdiffusion between neighboring Cu and TiSii layers up to 900°C, had O content 
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below 3 at.%, and had resistivity of 625 µ.Q-cm. Kim et al. [1997a] varied the N content 

of the TaSiN films to determine the impact on barrier performance. Films with N content 

greater than 40 at. % resisted Cu diffusion after an 800°C anneal, while those with lower 

N levels failed after a 700°C anneal. Information on film resistivity was not provided, 

however. 

LPCVD of TaC15+SiHi+NH3+H2/ Ar at 500°C was also used to deposit TaSiN 

[Bla97]. As-deposited films were microcrystalline, with a stoichiometry of 

Tao.35Sio.11N0_54, and contained Cl and O levels ranging from 3 to 5 at.%. The films failed 

to prevent Cu diffusion after a 1 minute, 600°C anneal, however. 

2.2.3.2.3 

Several reports of WSixNy thin films as Cu diffusion barriers have been given. 

Reactive sputtering of a W-Si target in N2/Ar gas was used to deposit amorphous 

WSi0.6N films [Min96, Shi97], which crystallized after annealing at 850°C [Shi97]. Film 

resistivity was 430-450 µ.Q-cm, and the WSio.~ film blocked Cu diffusion after a 30 

min anneal at temperatures up to 600°C. 

WSixNy films were also deposited by N2 plasma nitridation of sputtered WSix thin 

films [Hir98, Hir99, HirOl]. As-deposited films were amorphous, and their effectiveness 

decreased with increasing film crystallinity. A WSiN(6 nm)/WSix(14 nm) bilayer 

resisted Cu diffusion after annealing for 1 hour at 400°C [Hir99]. Electrical properties of 

the barrier film were not reported, however. WSixNy thin films were inadvertently 

formed by annealing a W/WNx/poly-Si structure at 800°C [Nak97]. The resulting 

W/WSixN/poly-Si structure was stable up to 950°C, above which silicidation of the W 
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layer occurred. The ternary film was not tested as a Cu diffusion barrier, however, and 

bulk resistivity of this film was not reported. 

WSixNy films were also deposited by LPCVD of WCl6+Si!LJ+NH3+Hi/Ar at 

500°C [Bla97]. As deposited films had a stoichiometry of Wo.54Sio.12No.34, contamination 

levels of Cl and O ranging from 3 to 5 at.%, and high resistivity (1000 µ.Q-cm). These 

layers prevented Cu diffusion after a 600°C anneal for 1 minute, and crystallized at 

900°c. 

Amorphous WSixNy thin films were also deposited by PECVD of WF6+ N2 + H2 

+ Si!LJ at 380 to 400°C [Eck03]. While film resistivity was low (308 µ.Q-cm), layer 

uniformity and thermal stability was poor, as films crystallized after a 1 hour anneal at 

600°C. Amorphous WSixNy thin films were also deposited by PECVD of 

WF6+Sii~+NH3 at 350°C [Gok99]. Films with compositions of W1.21Si0.1~ and 

W o.%S io.~ were deposited, which crystallized after annealing at 800°C for 30 min. 

Film resistivities below 200 µ.Q-cm were reported after annealing at 450°C, but film 

performance with Cu was not reported. 

2.2.3.2.4 

Several reports of WBxNy thin films as Cu diffusion barriers have been given. 

WBxNy films with a variety of stoichiometries were deposited by reactive sputtering of a 

W-B target in Ni/Ar gas [Rei95]. A Wo.~o.2oNo.16 film showed the best resistance to 

Cu diffusion, preventing it after a 30 min anneal at 800°C. This stoichiometry also had a 

low resistivity of 220 µ.Q-cm. WBxNy films were also deposited by reactive sputtering 

of W and W2Bs targets in N2/Ar gas, with substrate temperature ranging from 25 to 

500°C [Lee0lb, ParOO]. Film stoichiometries ranged from W o.wBo.osNo.os to 
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Wo.s1Bo.osNo.3s, with resistivities as low as 140 µ.Q-cm obtained for the stoichiometry 

with the lowest N content. As-deposited films were amorphous, crystallizing after a 

700°C anneal [ParOO], and resisted Cu diffusion after a 30 min anneal at 800°C [Lee0lb]. 

WBxNy films deposited by reactive sputtering of a W 2B5 target in Nz/ Ar gas at 35°C were 

used to form Schottky contacts to GaAs [Kim98b]. 

WBxNy films were formed by ion implantation of BF2 + into WNx thin films, 

which were deposited by PECVD of WF6 + NH3 + H2 on Si (100) at 300°C [Kim97b, 

Kim99a]. The ternary film was amorphous, and resisted N out-diffusion after annealing 

at 800°C. As-deposited ternary bulk film resistivity was 200 µ.Q-cm, which was slightly 

higher than the value for the binary WNx film, and the ternary film resisted Cu diffusion 

after annealing at temperatures up to 750°C. 

Deposition of WBxNy thin films by PECVD of WF6 + NH3 + B1oH14 + H2 on Si 

(100) at 350°C has also been reported [Kim97b, Kim98a, Kim02a]. As-deposited film 

stoichiometries ranged from Wo.9oBo.osNo.os to Wo.JsBo.42No.20, depending on the B1oH1J 

NH3 ratio, with the optimal film stoichiometry being Wo.~o.2sNo.29. Resistivity ranged 

from 100 to 844 µ.Q-cm, with a value -700 µ.Q-cm for a 2000 A thick film with optimal 

stoichiometry. Films with optimal stoichiometry remained amorphous even after 

annealing at 800°C, and resisted Cu-Si interdiffusion up to this temperature. Tungsten 

rich as-deposited films were polycrystalline, and B atoms reportedly out-diffused even 

faster during annealing that did the N atoms. Both the Wo.wBo.osNo.os and Wo.soBo.1sNo.os 

stoichiometries failed to resist Cu diffusion after annealing above 600°C. 
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2.3 Justification for WNx (and WNxCy) as the Barrier Material 

The microelectronics industry already uses Ti, Ta and W in one form or another 

(such as TiN barriers, TatraN barriers and Ta205 capacitors, and W plugs) for memory 

and processor devices [Jai99] . TiN is used as a barrier for Al based metallization, but 

TiN is unsuitable for Cu metallization, as mentioned earlier. Cu diffusion barrier 

research has focused on TaN and WNx, with WNx appearing to have technological 

advantages over TaN as a Cu diffusion barrier. WNx is known to be an effective 

diffusion barrier against copper penetration at temperatures up to 750 °C [Pok91], and 

adhesion of CVD Cu to WNx is stronger than that to TaN [lva99]. In addition, WNx 

outperforms TaN as a liner material for seedless electrochemical deposition (BCD), as 

ECO Cu shows stronger adhesion to WNx film layers [ITR02, ShaOl, Sin02a]. A suitable 

liner material would enable seedless ECO of Cu. Elimination of the Cu seed layer, 

typically deposited by sputtering, would increase throughput by removing a process step, 

as well as remove the complications associated with sputtering in ever-shrinking device 

features. The combination of these steps would result in cost savings per wafer, higher 

wafer throughput, and higher quality devices for a WNx based system as compared to its 

TaN counterpart [Gal99]. 

In addition, to enable electroless plating of Cu onto the barrier materials, TaN 

barrier layers require a pre-deposition HF etch, while WNx barriers do not. Tungsten 

oxide, present on the WNx surface due to air exposure, is readily dissolved in the 

electroless plating solution, hence the pre-deposition etch step is unnecessary [Wan03]. 

There are also processing advantages for WNx, During chemical mechanical 

polishing (CMP), TaN is removed at a rate 18 times slower than Cu, while WNx is 
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removed 1.5 times faster [Gal99]. One report gives WNx removal rates of -100 Nm.in 

for CMP pressures below 0.5 psi, while comparable removal rates for TaN require 

polishing pressures close to 2 psi [Tak:02]. The slow removal rate of TaN means that the 

pad must be in contact with the Cuff aN surface for an extended period of time to 

planarize the wafer. This extended contact time leads to dishing of the copper, where 

excessive copper is removed from the device. Dishing of both the Cu and dielectric 

layers impacts line resistance and planarity of the device [Jai99]. A time-consuming 

two-step CMP process, which includes a slurry and pad changeout, is required to 

minimize copper dishing during planarization of TaN. 

From the above discussion, it is evident that WNx films are the most promising 

candidates for diffusion barrier materials. The resistivities for these films are reasonably 

low, and WNx has shown good adhesion to Cu and other potential neighboring materials. 

CVD and ALD routes to low-resistivity WNx have been established, although the 

precursors must be optimized to minimize halide contamination and to control carbon 

levels. Recent studies have examined WNxCy for diffusion barrier applications, due to its 

ability to deposit in amorphous form, its lower resistivity relative to WNx, and its 

excellent adhesion to Cu. A review of the properties of WNx, along with a brief 

discussion of WNxCy films, follows. 

2.4 WNx Film Properties 

The four commonly seen phases for tungsten nitride are BCC WNx, FCC ~-WNx, 

HCP WNx, and SHP-WN [Gui93, Nak87, Wri89]. The structure and properties of these 

phases are discussed in more detail in Chapter 3. FCC ~-WNx is the desired phase for 

Cu diffusion barriers because it has the lowest bulk resistivity (-50 µ.Q-cm) of the 
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various tungsten nitride phases [Lee93]. The structure of FCC WNx is NaCl type, with 

W atoms at FCC sites and N atoms at octahedral interstitial sites. The FCC P-WNx 

phase, with x == 0.5 (also called P-WNo.s or P-W2N) has lattice constant a=4.126 A, 

hence it has a lattice mismatch of -24% with Si (a=5.431 A) and -27 % with GaAs 

(a=5.653 A) [JCP88]. The P-WN0_5 stoichiometry is described as a defective NaCl-type 

structure, with half of the octahedral interstitial sites filled with N and half of them vacant 

[Hon00]. Bonding in metal nitrides is complex, with both metallic (valence electrons 

delocalized; non-directional bonding) and covalent (valence electrons shared; highly 

directional bonding) characteristics, due to the combination of metal-metal and 

metal-nonmetal interactions [Tot71]. Hones et al. [2000] described metal-nonmetal 

bonding in NaCl type structures as having n-like and cr-like bands due to overlap of the 

d and 2p orbitals from the metal and nonmetal, respectively. These bands (called pdn 

bands) have ionic character, with bonds having more ionic character when this band is 

populated and more covalent-metallic character when the band is depopulated [HonOO]. 

Shen et al. [2000a], using transmission electron diffraction (TED), found W-N and 

W-W nearest neighbor distances of 2.08 and 2.92 A, respectively, in sputter deposited 

P-W2N films. The P-W2N lattice parameter (4.126 A) represents the distance between 

centers of W atoms at the comers of an FCC unit cell, while the 2.92 A W-W correlation 

represents the distance between centers of the comer and face centered W atoms in the 

FCC unit cell (Figure 2-1 ). The theoretical density of FCC P-WN0_5, based on 4 tungsten 

and 2 nitrogen atoms per unit cell, is 18.0 g/cm3, while experimentally determined 

densities range from 8.0-17.9 g/cm3 [Bos91, Gal97, Hec02, Mar93, Sam80, Sot03]. 
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Figure 2-1 . Distances between W atoms in the FCC face of the J3-W 2N phase. 

Shen and Mai [2000b] have reported that binding energy shifts (per XPS) for W 

and N in polycrystalline J3-WN0_5 films indicate an ionic bonding character in the films 

(consistent with W&+ -~). The apparent binding energy difference between the metal 

and N atom, from XPS, gives an idea of the degree of charge transfer. A large binding 

energy difference infers greater bond ionicity [Pri95]. Moreover, adding more nitrogen 

to the films has been suggested to cause a decrease in the number of free electrons 

provided by W in the solid film [Sot03], which is consistent with increasing film 

resistivity with nitrogen content. At lower N levels, the metal's band structure is 

retained, so that metal nitrides show metallic properties [Muk93]. Matsuhashi and 

Nishikawa [1994] reported FCC J3-WNx films to have a work function before annealing 

of 5.0 eV, where work function is a measure of the energy required to remove an electron 

from the material to a state of rest outside the material (i.e., at the vacuum level). 

Transmission electron diffraction (TED) intensities were also used to determine the 

concentration of W-N neighboring pairs in the J3-WNx films. Results showed that the 

concentration of W-N neighboring pairs did not increase when bulk N content was 

increased above x-0.5 [Shen00b]. This indicates that excess Nin the films migrated to 
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the polycrystalline grain boundaries rather than filling the remaining vacant interstitial 

sites in the FCC lattice. Shen et al. [2000c] reported no SHP 8-WN formation, even for 

WNx with x=l.22, which shows that excess N migrated to the grain boundaries in the 

polycrystalline FCC films. 

Other reported properties for the binary nitride include a compressive stress of 4.3 

± 0.5 GPa, nanohardness of 30 GPa, and a Poisson's ratio assumed to be 0.25 for films 

with the WN0.6 stoichiometry [Hon00]. In addition, depending on the WIN ratio, thick 

WNx films were reported with refractive indices and absorption coefficients ranging from 

3.20 to 4.00 and 1.20 to 3.95, respectively, as determined by ellipsometry [Boh90]. 

Oxygen impurities tend to form solid solutions with metal carbides and nitrides 

[Tot71], and oxygen is reported to oxidize the surfaces of polycrystals [Par96]. 

Impurities such as 0, N and C are reported to enhance the stability of diffusion barrier 

films [Cha97c, Cha99, Lee94a]. Various stoichiometries of tungsten oxynitride have 

been reported. The JCPDS powder diffraction standard indicates two phases of W(N,O)x, 

one with x=0.62 and a=4.138 A, and the other with x= 0.57 and a=4.126 A [JCP88]. A 

WN1.34Oo.42 phase with a=4.153 A has also been reported [Sel95]. 

2.5 WNxCy Film Properties 

Little information is available in the literature on the structure and properties of 

WNxCy films. In going from nitrides to carbides, electron density increases around the 

metal atomic sphere and decreases around the non-metal atomic sphere, consistent with 

more ionic bond character for the nitrides and more covalent bond character for the 

carbides [Gub94]. This is also consistent with the higher resistivity of 13-WNx relative to 

13-WCx [Kim03a, Nak87]. Adding carbon to the nitride phase therefore leads to a 
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decrease in film resistivity. The FCC WNxCy phase, with N and C intermixing on the 

interstitial sublattice of FCC W, has been predicted by thermodynamic analysis [Fri99b, 

Hua97, Jon93], and has been studied for diffusion barrier applications. A detailed 

experimental analysis of the composition, structure and electrical properties of these films 

has not been reported, however. 

WNxCy film deposition was reported using WF6+NH3+B(C2H5)3 at 350°C [Ele03, 

Li03]. The film composition was Wo.ssNo.1sCo.3o, and films had a nanocrystalline P-WCx 

or P -WNx cubic structure in an amorphous matrix along with low resistivity (210 to 400 

µ.Q-cm). The films had F, 0 and B impurities below 0.5 at.%, H content < 4 at.%, 

density of 14 g/cm3 and resistivity of 300 to 400 µ.Q-cm [Li03]. Another report using 

the same chemistry gave a film composition of Wo.s1No_13Co.3o and resistivity ranging 

from 600 to 900 µ.Q-cm, but deposition temperature was not given [Smi02]. 

Kim et al. [2003d] also reported deposition of WNxCy films using WF6+NH3+ 

B(C2H5) 3 at 350°C. Film composition from RBS was 48 at.% W, 32 at.% C and 20 at.% 

N, and film density was 15.37 g/cm3• The film had low resistivity (350 µ.Q-cm), and had 

an electron diffraction pattern that closely matched those for P-WNo.s and P -WCo.6-

One HR-TEM lattice fringe spacing was 2.39 A, which was between the interplanar 

spacings for (111) P-WNo.s (2.38 A) and P -WC0_6 (2.43 A). The other lattice fringe 

spacing was 2.08 A, which was between the interplanar spacings for (200) P-WN0_5 (2.06 

A) and P-WCo.6 (2.11 A). These values support the presence of a ternary WNxCy solid 

solution. Moreover, a 12 nm WNxCy film prevented Cu diffusion during annealing up to 

100°c. 
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Vlakhov et al. [1995] deposited W, WC and WNxCy films to study their electrical 

resistivities, and stated that bulk tungsten nitrides, carbides, and carbonitrides were good 

superconductors [Vla95]. The W films were deposited from both W(CO)6 and WC16, the 

WC films were formed by annealing the W films in a carbon-containing atmosphere, and 

the WNxCy films were deposited by co-reacting W(CO)6 +NH3 + CH3COCH3 [Vla95]. 

The room temperature (300 K) resistivities of W, WC and WNxCy films with thickness of 

0.4 µm were compared. The Wand WC films had similar resistivities, ranging from 109 

to 191 µ.Q-cm, while the WNxCy films had a much higher resistivity of 651 µ.Q-cm. 

2.6 Amorphous WNx Film Deposition 

Incorporation of smaller solute atoms into a metal matrix will cause a crystalline 

solid solution to become unstable above a certain solute concentration, fostering 

amorphous film growth [Ell90]. To enable amorphous film deposition in binary systems, 

the atomic radii of the two elements must differ by more than 10 % [Ell90]. The atomic 

radius of N is 0.74 A, while that for W is 1.394 A, hence N is 47% smaller than W, and 

so WNx should be able to deposit in amorphous form. Moreover, nitrogen can act as a 

roadblock to trap diffusing W on the film surface, or can serve as a nucleation site for 

lattice defects. The trapped W and permanent defects caused by N incorporation prevent 

crystallization, and amorphous growth occurs [She00b]. 

Several reports of amorphous WNx deposition by a variety of deposition 

techniques have been given. These include reactive sputtering, LPCVD, PECVD, 

MOCVD, annealing Win NH3, PLO and ion implantation. FCC '3-WNx films with x < 

0.5 were typically amorphous, while those with x ::::: 0.5 contained polycrystalline 
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P-WN0.5, and those with x > 0.5 contained P-WNo.s and additional N at the grain 

boundaries [SheOOe,f]. 

Depending on their composition, amorphous WNx films have been reported to 

crystallize at temperatures ranging from 480-620°C [Suh0l]. Additional contamination 

from C will likely increase the crystallization temperature of WNxCy films. 

2.7 Demonstrated Uses of WNx 

WNx as a Diffusion Barrier 

Kilbane and Habig [1975] first reported growth of WNx thin films by reactively 

sputtering a W target in a mixture of Ar/N2 gas. Reichelt and Bergmann [1975] also 

studied deposition of WNx thin films by RF sputtering. Ten years later, two reports were 

published describing the use of sputter deposited WNx films as diffusion barriers [Aff85, 

Kat85]. Since then, many studies of WNx as a diffusion barrier separating Cu and Si 

have been reported. References for some of these reports are listed in several review 

articles [Jai99, KalO0, Kim03b]. 

The use of WNx as a diffusion barrier on low-k materials has also been examined. 

The interaction between WNx and the low-k material hydrogen silsesquioxane (HSQ) 

has been studied [Zen00a]. Retention of H in the HSQ film is very important, as the 

dielectric constant (k) of the film is a strong function of H content (as Si-H). A W2N 

barrier film deposited by PECVD of WF6+N2+H2 prevented the release of H (as H2) from 

HSQ more effectively than its TaN counterpart deposited by PVD [Zen00a]. Adhesion 

strength between WNx and two other low-k dielectrics, an aromatic hydrocarbon 

(SiLK™, from Dow Chemical) and a polyarylene ether-based polymer (Flare 2.0™, 

from Allied Signal), has also been studied [Lan00]. TiN, TaN and WNx all had similar 
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adhesion strengths to these low-k materials, suggesting that a similar bonding 

mechanism exists between the barriers and these low-k films [LanOO]. These barriers are 

expected to have stronger adhesion than Cu to the polymer layers, because Cu, unlike the 

refractory metals, has fewer unfilled ct-orbitals available for bonding to the surface 

[LanOO]. 

WNx films have also been tested to separate Cu from the low-k material fluorine 

doped silicon oxide (SiOF) [Lee98c]. WNx had poor adhesion to SiOF layers which had 

not been pre-treated with 0 2 plasma at 300°C, and failed to prevent Cu-SiOF 

intermixing. When the SiOF layer was pre-treated, however, WNx had good adhesion to 

and prevented Cu diffusion into SiOF for a 30 second anneal at 900°C. Surface oxidation 

and densification of the SiOF, caused by the plasma pre-treatment, are believed to 

enhance barrier capability on pre-treated SiOF [Lee98c]. 

WNx films have also been tested as diffusion barriers between the Ni and W 

layers in an InxGa1-xAs/Ni/W contact structure for use with GaAs [Uch97]. These 

reactively sputtered WNx films prevented out-diffusion of In from the lnxGa1-xAs layer, 

and also lowered the contact resistance from ( 4 to 1 .Q-cm). 

WNx formed by nitridation of an amorphous CVD-W layer using N2 plasma was 

used as a barrier in the multilayer structure Cu/amorphous-WNxfamorphous-W/p+n-Si 

diode [Cha99]. The structure maintained its integrity after annealing at 725°C. The same 

group determined the upper limit for a Cu/amorphous-WNxfamorphous-W/Si multilayer 

structure to be 750°C [Cha97a, Cha97c]. 
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WNx as Gate Electrode in MOSFET Devices 

Historically, metal oxide semiconductor field-effect transistor (MOSFET) 

devices have used SiO2 as the gate dielectric. Shrinking device sizes are forcing a 

decrease in SiO2 layer thickness. Devices formed with SiO2 layers less than 3 run thick 

suffer from high leakage current due to direct tunneling of electrons through the oxide, 

hence an alternative material with higher permittivity is required to prevent tunneling 

[Lee0lc]. Ta2Os is a potential alternative due to its high dielectric constant (20-25) 

relative to SiO2 (3.9) [May90, Par98a]. New contact materials, including WNx, are being 

investigated for devices with Ta2O5 gates. WNxffa2O5 structures had lower leakage 

current than TiNffa2O5 structures after annealing at 900°C [Lee0lc]. In addition, the 

WNxffa2Os structure had no interfacial reaction, while the TiNffa2Os interface degraded 

after annealing. The superior performance of WNx is reportedly due to diffusion of N 

from WNx into the Ta2Os layer, which suppresses Ta and O out-diffusion [Lee0lc]. 

Diffusion of N into Ta2Os did not occur for the TiN/fa2O5 structure. 

WNx has also been used as a diffusion barrier and W source in poly-Si gate stack 

structures [Gal00, Yan02]. Without a barrier, W reacts readily with Si, forming a highly 

resistive WSix phase [Kas94]. Kasai et al. [1994] formed a W/WNxfPoly-Si gate 

structure with a 50 A thick layer of WNx. The sheet resistance of W in this gate structure 

was low (1.6 Q/ ) compared to one without the barrier layer (18 Q/ ), which suffered 

from silicide formation. First, PECVD WNx was deposited on poly-Si and annealed to 

form a W-Si-N layer. Then, the structure was annealed at temperatures up to 1000°C in 

either an Ar or N2 atmosphere to convert some of the remaining WNx layer to W. The 

newly formed layer of W can then be used as the contact metal for the gate. While 
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as-deposited WNx films had sheet resistance of 19.2 Q/ , the W layer produced by 

annealing had sheet resistances as low as 1.28 Q/ [Gal00]. Sputtered WNx was tested in 

a similar manner; formation of WSii was suppressed due to formation of a Si)N4 layer at 

the WNx-Si interface after a rapid thermal anneal (RTA) at 1000°C [Yan02]. Kang et al. 

[2001,2002] used a sputtered, 100 A thick WNx film as a barrier layer in a W/WNxfpoly 

Sii-xGex gate structure for use in a CMOS-FET. Takagi et al. [1996] used a WIWNx 

polysilicon gate electrode to produce a CMOS device. The WNx layer suppressed silicide 

formation after a 30 second anneal at 950°C, and the specific contact resistance for a 

W/WNxfpoly-Si structure was 10-7 .Q-cm2 [Tak96]. In addition, the sheet resistance of 

WNx deposited on poly-Si was reported to be an order of magnitude lower than that for 

WSix [Cho02]. 

WNx as a Gate Electrode in MESFET Devices 

Rectifying (Schottky) contacts for GaAs self-aligned gate field-effect transistors 

(SAGFETs) must have good thermal stability, good adhesion to GaAs, and high Schottky 

barrier height [Lee95, Pac91]. WNx Schottky contacts formed by PECVD of 

WF6+NH3+H2 on GaAs maintained their interface integrity after a 30 second, 1000°C 

RTA [Lee95]. Yu et al. [1988] sputter deposited thin WNx films for use as a Schottky 

contact to GaAs, while Boher et al. [1990] deposited thick WNx films. Kim [1994] used 

PECVD of WF6 + NH3 + H2 at 350°C to deposit WNx Schottky contacts to GaAs. WNx 

nucleated easily on GaAs and had higher thermal stability than W films, maintaining the 

W2N stoichiometry and blocking As out-diffusion during a RTA at 1000°C for 30 

seconds [Kim94]. Grain boundaries in the PECVD WNx films were stuffed by excess N, 

preventing Ga and As out-diffusion, and this Schottky contact structure was stable up to 



82 

850°C. Paccagnella et al. [1991] examined the effect of GaAs pre-treatment on the 

performance of WNxfGaAs Schottky diodes. Schottky banier height was highest for 

WNxfGaAs diodes annealed at 800°C, where GaAs was pretreated by H2 plasma [Pac91]. 

Sputter deposited WNx has also been used as a gate metal in GaAs SAGFETs [Nag94, 

Gei86, Uch86]. In particular, WN0_04 was found to produce Schottky baniers with 

excellent stability after annealing for 20 min at 810°C [Gei86]. WNx films have also 

been deposited onto 4H-SiC to form Schottky contacts with high temperature stability 

[Pec97, Kak99]. The contacts, deposited by room temperature magnetron sputtering of a 

W target in Ar/N2 gas, remained rectifying up to 1200°C despite formation of the W5Sh 

and W 2C phases [Pec97]. 

WNx as an Ohmic Contact in HBT Devices 

Thermally stable, low resistance ohmic contacts are critical to produce high 

speed, high frequency devices such as heterojunction bipolar transistors (HBTs). Park et 

al. [1998b] deposited the Au!Ptffi/WNx metal contact structure onto n-InGaAs, which is 

a cap layer used for AlGaAs/GaAs HBTs. The minimum contact resistivity for the 

Au/Pt/Ti/WNxfn-InGaAs structure was 9.5 x 10-8 .Q-cm2, which was obtained after 

annealing at 400°C [Par98b]. In addition, the morphology of the contact remained 

smooth over a wide annealing range. 

WNx as a Top Electrode in DRAM Devices 

WNx films have also been investigated as top electrodes for Ta20 5 dynamic 

random access memory (DRAM) capacitors [Cho0l, Mat94]. Cho et al. [2001] deposited 

both TiN and WNx by reactive sputtering in Ar/N2 ambient to test their stability as a 

diffusion banier at the interface in a W /Ta20 5 gate structure. The structures with WNx 
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barriers had higher thermal stability, as they were more resistant to Ta and 0 

out-diffusion than TiN. The increased stability was presumably due to migration of N 

from the WNx film to the WNxlfa2Os interface, which prevented Ta and O from diffusing 

out of the Ta2O5. Suzuki et al. (1998] used WF6 with two different N sources, NH3 and 

NF3, to deposit WNx thin films by PECVD. When tested as top electrodes in DRAM 

capacitors, these films had leakage currents that were an order of magnitude lower than 

PVD TiN top electrodes. Matsuhashi and Nishikawa [1994] tested sputtered WNx, TiN 

and TaN as top electrodes in Ta2O5 DRAM capacitors. After annealing for 30 min at 

800°C, the WNxlfa2O5 structure exhibited lower leakage current than structures with TiN 

or TaN electrodes [Mat94]. Kim et al. (2001] used a W/WNxlPoly-Si gate stack to 

produce polysilicon based DRAM devices. 

WNx as an X-ray Absorber Mask 

The use of amorphous WNx films in absorber masks for X-ray lithography has 

also been demonstrated [Lee97, Lee98b]. WNx has good stress controllability, strongly 

attenuates x-rays, and has a coefficient of thermal expansion (CTE) very close to 

common x-ray membrane materials such as SiC, BN, SiNx, and CN, making it a 

desirable x-ray mask material [Lee98b]. WNx masks were grown by reactive sputtering 

of a W target in an Ar/N2 atmosphere on room temperature indium tin oxide (ITO) coated 

Si substrates. Film microstructure depended on the nitrogen content of the films, with 20 

at. % N being the upper limit for the amorphous phase. As N levels increased above this, 

film microstructure shifted to polycrystalline f3-WN0.5• 
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WNx as a Liner for Cu Deposition 

Sputtered WNx films were also shown to be good liner materials for seedless 

electrochemical deposition, due to strong Cu-WNx adhesion and high Cu nucleation 

density on the WNx surface [ShaOl]. ECD Cu was deposited on air-exposed WNx films, 

and the composition of the ECD bath was controlled to strip off surface oxides [ShaOl]. 

Use of TiN as a seed layer for electroless Cu deposition resulted in only sporadic Cu 

coverage on the barrier layer [Mur95], while electroless Cu deposition occurred readily 

on WNx films [Wan03]. For the same bath temperature (70°C), electroless Cu deposition 

occurred more rapidly on WNx than on TaN [Wan03]. Moreover, Cu deposited by CVD 

had low via resistance on WNx, but high via resistance with Ta based barriers [Jai99]. 

Other WNx Uses 

B-WNo.s has found use in bulk form (i.e., powder) as a catalyst for quinoline 

hydrodenitrogenation [Abe93], n-heptane isomerization [Sel95], deamination of 

2-octylamine and alcohol dehydration [Lee92, Luc96]. Reactively sputtered amorphous 

WNx films have also been deposited and used as a means to form equiaxed, low 

resistivity W films in W/poly-Si gate structures [Lee03]. Amorphous WNx films 

annealed at 1273 K released nitrogen to form BCC W with a resistivity of 12 µ.Q-cm, 

which was similar to the value for pure, sputtered W. The presence of a small amount of 

residual Nin the films at 1273 K suppressed silicide (WSix) formation, enabling the W 

film to retain its low resistivity. 

WNxEtching 

Several etching studies have been done on WNx films. Lee [98b] first reported 

use of SF6 + Ar + N2 in an inductively coupled plasma (ICP) etching system to 
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anisotropically etch WNx thin films. Etch rates ranged from 4000 to 14000 .A/min. 

Vijayendran et al. [1999] used an NF:vN2 reactive ion etch (RIE) to remove WNx films. 

Reyes-Betanzo et al. [2002] used SF6 + Ar to anisotropically etch W and WNx films. 

2.8 WNx Deposition Techniques 

A variety of techniques to deposit WNx have been tested in order to optimize key 

film properties, which include film resisitivity and deposition temperature. Ideal film 

resistivity was reported to be 500 µ.Q-cm, [Ele03], while a temperature ceiling of 400°C 

has been given for IC production by numerous reports [EisOOb, Ele02, Hau00, Kim03b, 

Les02, Sun0lb]. Depositing the barrier at the absolute minimum temperature, however, 

may not be the best solution, as other processes occurring during IC processing will 

typically take the device temperature up to -400°C. If the barrier is deposited at much 

lower temperature than the processing temperature ceiling, significant shift in barrier 

structure can occur during subsequent high temperature processing, leading to Cu 

diffusion and potential barrier failure. 

The reported deposition techniques include reactive sputtering, annealing of Win 

NH3, plasma nitridation of W, LPCVD, PECVD, MOCVD, and ALO. Reports of each of 

these techniques to deposit WNx are discussed below. 

2.8.1 Annealing W in NH3 

Deneuville et al. [1989] reported formation of WNx by annealing sputtered W 

films on Si in an NH3 atmosphere from 500 to 1100°C. The N/W ratio increased with 

temperature, going from 0.37 to 1.85 across the aforementioned temperature range. 

While several polycrystalline structures were postulated based on film composition, XRD 

results were not given to support them. High temperature and pressure, along with long 
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anneal times, are required to form WNx in this manner, making this an undesirable 

deposition technique for IC manufacturing. 

2.8.2 Plasma Nitridation / Ion Implantation of W 

W films, deposited by CVD of WF6 + Si~ + H2 were nitrided to form thin WNx 

films using an in-situ N2 plasma treatment [Yeh96]. This nitride layer prevented WA112 

formation after annealing at 550°C, where WA112 formation can degrade contact 

structures using W plugs between Al and Si. WNx films were also formed by W ion 

implantation into W metal substrates [Zha99]. Barrier testing with Cu was not done for 

either of these films, however. W ion implantation was also done on W films deposited 

by PECVD of WF6 + H2 to form amorphous WNx films [Kwo95]. These films resisted 

Cu penetration after a 30 min anneal at 800°C, while polycrystalline PECVD WNx films 

failed. The nitridation technique is directional in nature, however, meaning that good 

conformality will be difficult in highly aggressive future device topographies. Chang 

[1997a-c, 1999] reported Wion implantation into W films deposited by CVD of WF6 + 

Si~. The films had resistivity of 198 µ.Q-cm and resisted Cu diffusion for annealing 

temperatures below 700°C, but had poor adhesion to the underlying Si substrate. 

2.8.3 Pulsed Laser Deposition 

Soto et al. [2003] first reported pulsed laser deposition of tungsten nitride films 

from a W target in the presence of N2. Films were deposited on n-type Si (111) and on 

Corning glass slide substrates, at N2 pressures ranging from lxl0-8 to lxl0-1 Torr. Films 

contained W, N and some 0, believed to originate from W target contamination, and had 

higher density than films produced by DC magnetron sputtering. This technique, like 
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plasma nitridation, is also directional, making its ability to deposit highly conformal films 

in future device generations questionable. 

2.8.4 Reactively Sputtered WNx Deposition 

Typically, sputtered WNx films are formed by sputtering a W target in a Ni/Ar 

atmosphere. A variant of this, known as nitrogen ion beam sputter deposition (IBSD), 

has also been reported [Eiz94b, Gal93], where a nitrogen ion beam, rather than an Ar+ 

ion beam, is used to liberate W atoms from the W target. Nitrogen ions or radicals 

backscattered from the target are then incorporated with W at the substrate to deposit 

WNx. Both variants enable amorphous film deposition due to the decreased mobility of 

W in the presence of N on the substrate surface. N can inhibit W mobility on the 

substrate surface by blocking W diffusion or by trapping W. Decreased W diffusivity 

leads to defect formation, failure of crystal growth and amorphization of the growing film 

[SheOOb]. Sputtering can be done at low deposition temperature (at or near ambient), 

which protects temperature sensitive components from thermal damage during the barrier 

deposition process. 

Many reports of sputtered WNx deposition have been given in the literature. The 

key properties of these films are summarized in Table 2-1. While sputter deposited WNx 

films are generally contaminant free, the major drawback of sputtering, as mentioned in 

Chapter 1, is poor conformality in small, high aspect ratio device features. 

2.8.5 LPCVD WNx Deposition 

LPCVD of WNx has been researched as a possible alternative to sputtering for 

smaller device features with high aspect ratios. Many reports of LPCVD WNx films have 
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As evident from Table 2-2, LPCVD reactions are based on halide chemistry, and 

include the reduction of WF6, WO3, or WC16 by NH3 or NF3 in a H2 atmosphere [Chi93, 

Gon02, Mar93, Nag93, Nak:87, Sak96, Suz98, Vol85]. Nagai and K.ishida [1993] 

reported that use of WC16 as the tungsten precursor for reaction with NH3 and H2 was 

more thermodynamically favorable than using WF6, as the Gibbs free energy change was 

larger for the chloride precursor reaction. Marcus et al. [1993] have reported high 

LPCVD deposition rates, ranging from 1800-4500 A/min. 

One report (not included in the table) of the "indirect" deposition of ~-WNx has 

been given, where this phase formed after annealing a metastable W3Ns phase [Zha97]. 

Reacting WNCh with ZnN2 produced the W 3N5 phase at 400°C, and subsequent 

annealing at 600°C resulted in formation of the ~-WNx phase. 

The halide precursors used for LPCVD can create difficulties during barrier 

deposition and subsequent device processing. WF6 is reported to consume Si during the 

reaction, forming SiF4, which leaves ·vacancies on the Si substrate [Kim91, Kim92, 

Lai98a]. In addition, there are concerns that residual F and Cl in the barrier contribute to 

corrosion of metal interconnects [Fal98, Kel99, Raa93]. Contamination levels of 

0.1-0.9% F have been reported for LPCVD films [Mar93]. Moreover, reactive 

by-products (e.g., hydrogen halides) resulting from LPCVD are a material handling 

concern [Cur92, Kim91]. 

Adduct formation is another difficulty associated with LPCVD. Adducts are 

compounds produced by chemical addition of two or more reactants. These adducts can 

settle onto the substrate and barrier film during deposition, resulting in dislocations 

and/or pinholes in the film that can lead to barrier failure. Gas phase adducts such as 
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Table 2-2. Key properties of LPCVD WNx films reported in the literature 
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H2 

WO3+NH3 700-1000 NIA NIA NIA NIA 
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2.8.6 PECVD WNx Deposition 

The same halide chemistries used for LPCVD are also used for PECVD, whereby 

the plasma assists fragmentation of the reactants, lowering reaction temperatures 

considerably. After fragmentation by the plasma, the precursor fragments travel to the 

heated substrate, react on its surface and deposit a film. Many reports of PECVD WNx 

films have been given in the literature. The key properties of these films are summarized 

in Table 2-3. 

Films deposited by PECVD show excellent adhesion, with resistivities as low as 

70 µ.Q-cm. Growth rates are moderate, ranging from 300-400 A/min [Gal97], and 

conformality up to 70 % has been reported for trench holes with diameter~ 0.30 µm 

[Kim93]. 

PECVD films suffer from reduced conformality in small diameter, high aspect 

ratio trench features, however, due to the directional nature of the plasma [JohOOa, 

Tsa96]. Despite the low resistivity and deposition temperatures that PECVD offers, its 

inability to deposit highly conformal films in high aspect ratio features makes its use in 

future barrier deposition questionable. Moreover, PECVD films, like LPCVD films, 

suffer from halide impurities. Concerns about halides contaminating the barrier films 

also exist for PECVD, since the same reactants are often used for both LPCVD and 

PECVD. Contamination levels up to 4 at.% F, which are higher than those for LPCVD, 

have been reported for PECVD films [Lee93]. Another difficulty associated with 

PECVD is gas phase adduct formation; adducts such as (WF6)x(NH3)x and ~ have 

been reported during WNx PECVD [Lu98b, Suz98]. These adducts can contaminate 

films grown by PECVD and deposit particles on the film surface, both of which can 



Table 2-3. Key properties of PECVD WNx films reported in the literature 

PECVD 
Dep. 

Resistivity Contam. 
Temp. Con formality Dep. Rate Deposition 
Range 

Range 
(%) 

Levels 
(Nmin) Chemistry (OC) (µQ-cm) (at%) 

F: ~ 1 at.% 
WF6+ N2+ 275-475 190-240 

36-70% (0.3 C: -1 at.% 
600-1800 

H2 µm, 3:1 AR), 0 : ~3.4 
at.% 

33% (0.15 
µm, 9:1 AR), 

WF6+NH3+ 
70% (2 µm, 

F: -2 at.% 
H2 

25-620 90-550 2:1 AR), 
0 : -2 at.% 

210-400 
60% (0.35 
µm, 3.5:1 

AR) 

WF6+NF3 350 175 NIA NIA NIA 

Failure 
Adhesion Temp. with 

Cu (0C) 

Good 
(Scotch 400-700 

tape) 

NIA 500-800 

NIA NIA 

References 

[Eck02, GanOO, Hec02, 
Jin99, Lai98a, LiOO, 

Lu98b, Vij99, 
ZenOOa,b] 

[Bai03, Gal97, lva99, 
Kim91, 92, 93, Kwo95, 
Lee93, 94a-c, Lee98c, 

Lin98a-b, Lin99, 
Meu98, Par97b, 

Par98a] 

[Suz98] 
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cause premature device failure. The difficulties associated with sputtering, LPCVD and 

PECVD have shifted attention to the use of metalorganic precursors for WNx barrier 

deposition. At present, several metalorganic WNx precursors have been reported in the 

literature. Our research has focused on the thermal decomposition of novel single-source 

precursors via MOCVD. 

2.8.7 MOCVD WNx Deposition 

MOCVD of WNx has many desirable properties. Films deposited by 

metalorganic complexes such as (1BuN)2W(NHtBu)2 or W(CO)6+NH3 do not contain 

halides, which can etch subsequent metallization layers when incorporated into the 

barrier film. By varying the structure of the MOCVD precursor molecule, the precursor 

can be optimized so that it dissociates in a "clean" fashion (i.e., with minimal oxygen and 

carbon contamination) and at relatively low deposition temperatures. Temperatures 

down to 200°C have been demonstrated for MOCVD film deposition [Chi93, Kel99]. 

The presence of impurities (0, N, C) is reported to improve stability in contact structures, 

because the impurities tend to stuff grain boundaries and inhibit diffusion [S088]. 

Oxygen's "stuffing" effectiveness, however, is lower for Cu than Al, because the 

reactivity of Cu with O is less than that for Al with O [Kim99c]. Carbon has also been 

reported to improve thermal stability of W barriers and foster growth of smaller grains 

[Wan0lb]. Although these impurities may stabilize the film and decrease polycrystal 

size, they may also act as electron scattering sites, increasing film resistivity. The 

challenges for MOCVD of refractory nitride materials include minimizing carbon and 

oxygen contamination, minimizing film resistivity, and lowering the deposition 

temperature. 
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Kelsey et al. [1999] reported the use of W(CO)6+NH3 to deposit WNx films. The 

metalorganic precursor was fed from a solid source delivery system, and was mixed with 

NH3 in the reactor, over a deposition temperature range of 200 to 350°C. The deposited 

films were polycrystalline P-W2N, with growth rates ranging from 40 to 100 .A/min. 

Resistivities as low as 123 µ.Q-cm were observed, which coincided with carbon and 

oxygen contamination levels below 5%, and step coverage was greater than 90% on 0.25 

µm feature sizes. Barrier integrity tests for a sample with an annealed metallization 

overlayer have not been reported for films grown by this precursor scheme, however. 

The merits of growth with W(CO)6 are tempered by the possibility that decomposition of 

the precursor's CO byproduct can cause oxygen contamination in the films. 

Typical strategies for CVD of multi-element barrier materials involve the use of 

co-reactant precursors. Co-reactant deposition uses a separate precursor for each 

element desired in the film; hence, bonds between these elements must be formed by 

intermolecular processes during deposition. In contrast, a single-source precursor 

already has bonds established between the elements that will comprise the film prior to 

deposition. This approach is particularly useful when the bond strengths in the individual 

precursor candidates, and thus decomposition temperatures, are quite different. Another 

advantage to using a single source precursor include elimination of the need for multiple 

reactants so that flow ratio control is eliminated as a process variable. In addition, gas 

phase adducts, which have been reported for many LPCVD processes, are no longer a 

concern, because multiple gas phase reactants are not being introduced to the reactor. 

Our research involves the use of novel single-source metalorganic precursors to deposit 

WNx thin films. 



Table 2-4. Key properties of MOCVD WNx films reported in the literature 

Dep. 
Resistivity Contam. Temp. Conformality MOCVD Deposition Chemistry 

Range 
Range 

(%) Levels 

(OC) (µ.Q-cm) (at%) 

450 
85 

C: 6 at.% CBuNh W(NH1Buh 
-650 

620 - 7000 (Diam: 0.40 
0: 3 at.% 

µm, AR: 3) 

200-
90 C: < 5 at.% 

W(CO)6+ NH3 
350 

123 (Diam: 0.25 0:<5 
µm,AR:4) at.% 

CH3(CH2hCH(CH3)NCW(CO)5 250 NIA NIA NIA +N2+ NH3 -400 

Failure Dep. Rate 
(.A/min) Adhesion Temp. with 

Cu (0 C) 

20 - 100 Poor NIA 

40- 100 NIA NIA 

NIA NIA NIA 

References 

[Chi92, 
Chi93, 
Cur92, 
Nug80, 
Tsa96] 

[Kel99] 

[GorOO] 

\0 
Vt 
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Nugent et al. [1980] first reported synthesis of the (1BuN)2W(NHtBu)2 molecule, 

which would later be the first single-source molecule tested for MOCVD of WNx, 

Currie et al. [1992] used this molecule to deposit a W/W2N composite coating. The 

precursor was dissolved in hexane solvent, and the liquid mixture was used to coat the 

substrate. The solvent was then evaporated off and the precursor-coated substrate was 

subjected to heat treatment up to 1200°C. The resulting film was a composite mixture of 

a-W/f3-W2N. No growth rates or resistivities were reported for these films, however. 

Chiu et al. (1993] reported use of the same molecule as a single-source MOCVD 

precursor to deposit WNx films. The precursor was transported to the reactor by a solid 

source delivery system, and the depositions were done by thermal decomposition over a 

temperature range of 450 to 650°C. The resulting films were polycrystalline f3-W2N, 

with growth rates ranging from 20 to 100 A/min, and lattice parameters ranging from 

4.14 to 4.18 A. Tsai et al. [1996] later reported that these films were nitrogen rich, with 

additional N expanding the lattice parameter above the 4.126 A standard for f3-W zN 

films. These films had resistivities ranging from 620 to 7000 µ.Q-cm, with step coverage 

for a 0.40 µm diameter feature up to 85%. Resistivity increased with an increase in the 

N/W ratio of the film, while the N/W ratio increased with decreasing deposition 

temperature. Oxygen and carbon contamination levels of 3 and 6 at.%, respectively, 

were given for these films. Crane et al. (2001] later studied the reaction mechanism for 

WNx deposition from this precursor. Barrier integrity tests with an annealed 

metallization overlayer have not been reported, however, for films grown by this 

precursor. 
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Gordon et al. [2000] reported deposition of WNx thin films from tungsten (0) 

pentacarbonyl 1-methylbutylisonitrile (CH3(CH2)2CH(CH3)NCW(CO)s). A nebulizer 

vaporized the liquid phase precursor, and this vapor was conveyed to the reactor by a 

carrier gas mixture containing N2 and NH3. Substrate temperatures ranged from 250 to 

400°C, and the reactor pressure was atmospheric. Films were amorphous per XRD, and 

Rutherford backscattering (RBS) showed the film stoichiometry to be near Wo.61No.33· 

One report of indirect P-W2N deposition (not included in the table) from a 

MOCVD precursor has been given [Zha97]. The MOCVD precursor 

[WNCIJ-NCCH3]4-2CH3CN was used to deposit a metastable W3N5 phase, which was 

then annealed to form P-W2N. Key properties from several reports of MOCVD WNx 

films are summarized in Table 2-4. 

2.8.8 ALD WNx Deposition 

The use of ALD in mass production is suggested to be necessary by the 65 nm 

node for diffusion barriers [Bey02, Han03] and by the 45 nm node for high-k gate 

dielectrics and the first few metal layers [Han03, Cha04]. In the front end, step coverage 

is not an issue, but ALD is very useful to deposit ultrathin films of high-k dielectric 

materials. In the back end, ALD is useful due to its excellent conformality, which is 

required to deposit seed and barrier layers in high aspect ratio vias and trenches. 

ALD of WNx films by sequential reaction of adsorbed WF6 with NH3 on Si(lOO) 

and SiO2 substrates has been reported [Ele02, KlaOOa-b]. Deposition of a WNx 

monolayer occurred by 2 half-cycles. In the first half cycle, WF6 was introduced into the 

reactor. After monolayer adsorption onto the substrates, any remaining WF6 in the 

reactor atmosphere was pumped out. In the second half cycle, NH3 was introduced into 
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the reactor to convert the adsorbed WFx monolayer into W2N. Klaus et al. [2000a,b] 

reported a linear deposition rate of 2.5 A/cycle for reaction temperatures ranging from 

600 to 800 K, but the films had very high resistivity (4.5 x 106 µ.Q-cm). Elers et al. 

[2002] reported a deposition rate of 0.42 A/cycle at 350°C (623 K), along with high 

resistivity (4500 µ.Q-cm) and 2.4% F content. Conformality data were not presented for 

these films. 

Nitride growth with ammonia by ALD is reported to have a low growth rate, 

which is due either to a small number of NHx groups left on surface after NH3 pulse or 

due to adsorption site blocking by readsorbed reaction byproduct HCl [Les02]. Sim 

[2003] used WF6 and a pulsed plasma NH3 to deposit WNx thin films by ALD at 350°C 

on Si and non-Si substrates. The pulsed plasma NH3 provides reactive radicals such as 

Nlt', NHt, NH/ and Ir, which prevent fast reaction of WF6 with Si. The deposition 

rate was 2.2 A per cycle (on both Si and TEOS), and a 220 A thick barrier prevented Cu 

diffusion after a 30 min anneal at 700°C. 

ALD of WNx thin films using the metalorganic precursor 

bis(tert-butylimido)bis(dimethylamido)tungsten (tBuNh(Me2Nh)W and NH3 was 

recently demonstrated in the temperature range of 250 to 350°C [Bec03a, Bec03b]. The 

growth rate for WNx films was 1 A per cycle, with no incubation period, and films were 

deposited on silicon, glass quartz, glassy carbon, stainless steel, aluminum, gold and 

copper substrates. The W:N stoichiometry of the films was shown to be -1:1 per RBS, 

and the films adhered very well to Cu deposited on their surface by ALD. The films 

resisted Cu in-diffusion up to 600°C, but converted to pure W after a 30-minute anneal 

at 725°C. Step coverage was 100 % in a feature with an aspect ratio greater than 200: I. 
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A mechanism for the ALD reaction was proposed, in which it was suggested that NH3 did 

not react with the metalorganic precursor, but instead catalyzed the removal of the alkyl 

groups on the precursor itself. Pyridine was used in place of NH3, and WN films were 

again deposited. 

2.8.9 ALD WNxCy Deposition 

ALD of a WNxCy ternary solid solution onto Cu and SiO2 substrates by sequential 

reaction of WF6, NH3 and Et3B has also been reported [Pet02, Smi02]. A 70 A thin film 

was deposited with a growth rate of 0.8 Alcycle and an AES composition of 57% W, 

30% C and 13% N. Conformality on 0.25 µm vias was 100% on the feature bottom and 

sidewalls, while film resistivities ranged from 600 to 900 µ.Q-cm. Cu seed deposition by 

PVD was performed ex-situ before bias temperature stress (BTS) testing was performed 

on the samples. WNxCy had marginal adhesion on SiO2, but via resistance with this 

barrier was about half that of PVD Ta [Smi02] . The same chemistry was used to deposit 

FCC ~-WNxCy nanolaminates at 350°C, which had resistivity of 210 µ.Q-cm and 

excellent adhesion to Cu [Ele03, Li02]. 

Li et al. [2003] also deposited WNxCy films with WF6 + NH3 + (Et)3B, varying 

deposition temperature from 275 to 325°C. The films had a growth rate of 0.8 to 0.9 

Alcycle, and step coverage in 130 nm features with a 40: 1 aspect ratio was > 90 %. 

Kim et al. [2003d] reported deposition of WNxCy films using ALD of 

WF6+NH3+TEB at 350°C. Film composition from RBS was 48 at.% W, 32 at.% C, and 

20 at.% N, and film density was 15.37 g/cm3• The film had low resistivity (350 µ.Q-cm), 

and had an electron diffraction pattern that closely matched those for ~-WN0_5 and 

~-WCo.6- A 12 nm film survived a Cu anneal up to 700°C. 
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2.9 Conclusions 

Continuous scaling down of barrier thickness will make material selection a 

critical issue. In thicker barrier films, deposition of an equiaxial, small-grained 

microstructure provides good barrier performance, because the diffusion path is very 

tortuous, hence Cu cannot penetrate through the barrier. Barrier thickness at the 100 nm 

node is 12 nm (120 A), however, and will shrink to 7 nm (70 A) by the 65 nm node in 

2007 and eventually to 2.5 nm (25 A) at the 22 nm device node in 2016 [ITR02]. By 

2016, the barrier layer thickness will correspond to - 5 monolayers of barrier material. 

Barrier layers will become so thin in future device nodes that manipulating the 

microstructure (i.e., amorphizing the film) alone will not be enough to prevent Cu 

penetration, as any defects in the film will be weak points for Cu diffusion. The addition 

of an element such as nitrogen, which chemically repels Cu and stabilizes the metal 

against silicide formation, will be essential to bolster barrier resistance at weak points 

such as defects. Ru, for example, is a promising barrier and direct ECO candidate, but it 

does not chemically repel Cu, readily forms silicides, and could be susceptible to Cu 

diffusion through defects in film structure. The stuffed barrier concept, therefore, should 

likely be extended down as barrier layers are thinned. Along with stuffed barrier 

materials, the future barrier deposition technique will most likely be ALO, due to the 

inability of PVD and CVD methods to produce ultra-thin, highly conformal films. 



CHAPTER3 
EQUILIBRIUM MODELS FOR WNx-BASED BARRIERS 

3.1 Motivation and Method 

The CVD process involves a gas phase, containing one or more species, 

interacting with a solid substrate, which may catalyze a reaction(s) leading to film 

formation. The CVD process is complex, with transport phenomena (energy, mass and 

momentum) and reaction kinetics controlling the rate of approach to thermodynamic 

equilibrium to determine which phase(s) will form and their extent. Transport 

phenomena govern the ability of the precursor(s) and any intermediate(s) to reach the 

reaction surface (substrate), while reaction kinetics address the ability of and pathway for 

the precursor(s) and intermediate(s) to react and lead to deposition of a film on the 

substrate surf ace. The parameters that affect transport phenomena in the reactor are the 

applied boundary conditions (e.g., susceptor temperature, reactor pressure, reactor inlet 

flowrates), the system geometry, and the thermophysical properties [Vos78]. 

Understanding the available kinetic pathways in the system is very important, as kinetic 

barriers (pathways with high activation energies) can prevent the growth of certain solid 

phases in favor of others or the incorporation of impurities. Kinetic limitations may 

prevent concentrations at the growth surface from being at their equilibrium values, and 

should be taken into consideration when predicting the phases expected to form in the 

film. Chemical equilibrium studies are useful to determine which solid phase(s) and gas 

species would form during CVD at specific process conditions (temperature, pressure and 

101 
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inlet compositions), barring any kinetic or transport constraints. Depending on the 

conditions in the reactor system, the process may or may not be close to equilibrium. 

While transport and kinetic constraints must be taken into account to form a complete 

CVD model, transport effects and especially kinetic pathways in the reactor are very 

difficult to unravel. 

Computing the thermodynamic equilibrium state in the reactor system is therefore 

a logical first step toward forming a complete CVD model. Thermodynamic modeling is 

an important tool used to estimate the equilibrium set of phases and their composition for 

a system at specific reaction conditions. Experimentally, achieving thermodynamic 

equilibrium may be impractical, due to kinetic constraints, transport issues, and short 

time scales for reactant exposure to the substrate. To approach true thermodynamic 

equilibrium in the reactor, temperature should be maximized to overcome kinetic 

constraints, and the reactant exposure time should be maximized. If equilibrium 

conditions are assumed for a given process, the film provides a record of the growth 

condition at the interface, assuming the temperature is sufficiently low to quench the 

film. Then, the equilibrium composition of the solid phase(s) formed during the reaction 

can be determined ex-situ, by a combination of characterization techniques such as XRD 

and XPS. Exclusion of certain solid phases evident from these techniques, such as 

surface oxides, may be needed if they form due to post-growth air exposure. The 

equilibrium composition of the vapor, however, must be determined in-situ, due to the 

disappearance of many high temperature species upon cooling to room temperature 

[Vos78]. 
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CVD tends to be a non-equilibrium process due to kinetic limits and short 

residence times of vapor species. Although CVD is a non-equilibrium process, 

equilibrium thermodynamic calculations can give us a preliminary idea of solid, liquid 

and gas phase composition in a multi-component system [Raz95], and hence can be used 

as a guide in choosing process conditions [Smi82]. In addition, an equilibrium 

thermodynamic model may be useful when rates of change are rapid (e.g., at high 

temperature). At high temperature, a mass-transfer limited regime typically exists. If the 

mass transfer coefficients of the various reactants through the boundary layer are similar, 

then the reactant concentrations at the growth surf ace are equal to that in the bulk, and the 

surface conditions are a good equilibrium approximation. This utility diminishes at lower 

temperature, as reactor kinetics limit the rate [Smi82]. When performing a 

thermodynamic equilibrium analysis care must be taken to identify species whose 

formation is both thermodynamically and kinetically favorable. Each of the proposed 

species and phases should have a kinetic pathway to form and take part in the 

equilibrium. 

Several experimental variables are useful and necessary to carry out a 

thermodynamic equilibrium analysis. For a system operating at constant pressure, these 

variables include the system's temperature, pressure, and elemental makeup. Once these 

variables are specified, a list of potential species and phases present in the system is 

drafted. This list must then be checked and modified to include only those species and 

phases whose formation is kinetically possible. Finally, a set of equilibrium variables 

(e.g., temperature, pressure, moles of elements) must be specified to generate an 

equilibrium CVD phase diagram. 
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The general criterion for equilibrium in an isolated system is that G', the overall 

Gibbs energy, be minimum [DeH93]. This is described mathematically as [DeH93, 

Kat97]: 

c· = f G'a = minimum (3-1) 
a=l 

where G'a is the total (not per mole) Gibbs energy of the a phase, and p is the total 

number of phases in the system. If G' is minimum at equilibrium, dG' must be zero: 

dG' = f dG'a = 0 
Cl=} 

(3-2) 

The expression for the change in overall Gibbs energy (G') for an arbitrary change in 

state in a system is [DeH93]: 

, , , C 

dG =-SdT+VdP+Lµkdnk 
k=l 

(3-3) 

where µk is the chemical potential, defined as the change in overall Gibbs energy with a 

change in the amount of component k present, holding temperature, pressure and 

composition of other components constant: 

(3-4) 

In a system with two components (1 and 2) and two phases ( a and '3) at equilibrium, for 

example, which is constrained to constant temperature and pressure (so that dT and dP 

are zero), the above expression for dG' becomes [DeH93]: 

dG' = dG'0 +dG'~ = µ/dn/ + µ/dn/ + µ 2 °dn 2 a+ µ/dn/ = 0 (3-5) 
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where µ1 a is the chemical potential of component 1 in the a phase. In a two-phase 

non-reacting system, for example, dn1a = -dnl, so that the number of moles of each 

component is conserved. Substituting this into the above equation yields: 

dG' = (µ/-µ/)dn/ + (µ/ -µ/)dn/ = 0 (3-6) 

For the above equation to be valid, it is seen that the coefficients on dn1 a and dn2 a must 

be zero at equilibrium, since transport of components 1 and 2 between the a and P phases 

can occur (i.e. , dn1a and dnt are non-zero). This implies that the chemical potential for 

a given component in the a phase must equal its chemical potential in the P phase at 

equilibrium. This result is general and can be applied to any number of components and 

phases, and is the criterion used to construct phase diagrams. 

Before setting up a phase diagram, though, the basis for Gibbs energy expressions 

(e.g., G'a and G'13) for different phases must be established. To calculate a 

thermodynamic equilibrium, expressions describing the Gibbs energy of each phase must 

first be defined. If the system is assumed to be maintained at constant pressure (as in our 

experimental system), the effect of temperature on Gibbs energy can be examined. To 

begin, write the expressions for Gibbs energy, enthalpy and entropy for a simple 

single- component system at constant pressure [DeH93]: 

G =H-TS 

Tz C 
LlS = f-P dT 

r. T 
I 

(3-7) 

(3-8) 

(3-9) 
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(3-10) 

This expression gives the Gibbs energy for a single component in terms of two 

experimentally measured variables, constant pressure heat capacity (Cp), which is 

typically measured by calorimetric methods, and temperature (T). Beginning with a list 

of values for the heat capacity as a function of temperature for a pure component, an 

equation may be fitted to this data to obtain a temperature dependent expression for heat 

capacity. Some common models for the heat capacity expression are shown in Equations 

3-11 to 3-14 [Gur89]: 

C 
Cp(T) = a+ bT--

2 T 

Cp(T) =a+ bT--;-+ dT 2 

T 

Cp(T) =a+ bT--;-+ dT 2 + eT3 

T 

Cp(T) =a+ bT--;-+ dT2 + eT3 + ff 4 

T 

(3-11) 

(3-12) 

(3-13) 

(3-14) 

Fitting experimentally determined heat capacity data to one of the heat capacity 

expressions above, and substituting this expression into Equation 3-10, enables 

calculation of Gibbs energy changes. 

For pure component phases, the Gibbs energy expression can often be determined 

experimentally by such techniques as calorimetry, gas phase equilibria measurements or 

electromotive force (EMF) measurements [Sau98]. Thermodynamic assessment, which 

is an alternative, stepwise approach, may be used when experimentally determined Gibbs 
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energies are unavailable. The first step is to represent the Gibbs energy for the 

component(s) of interest by a power series in terms of temperature, as follows [Din91]: 

n 
0 Gf = a+ bT+cTlnT+ LdnTn (3-15) 

where O G f' is the Gibbs energy of a pure component and n typically has the values of 2, 3 

and -1. In addition, a pressure dependent term may be added to the series if warranted. 

The values of n are determined during the procedure of thermodynamic optimization to 

obtain the best possible fit between the calculated and experimental compositions. 

Assessment involves modifications to the coefficients in the Gibbs energy expressions, so 

that the shape and position of phase boundary regions on the diagram, along with the 

thermodynamic properties (heat capacity, enthalpy, etc.) calculated from the Gibbs 

energy, are consistent with experimental observations, where available. The coefficients 

of the Gibbs energy expressions have physical meaning corresponding to such 

thermodynamic properties as enthalpy, entropy, and heat capacity, hence any expression 

resulting from an optimization should be validated against experimental values (when 

available) for these properties. If experimental property data are unavailable, the 

optimization can still be done, but equilibrium phase and composition data must be used 

to delineate the phase boundary regions, so that the resulting phase diagram is as accurate 

as possible. Estimation of the coefficients may be done by trial-and-error or 

mathematical methods [Kat97]. In this study, both the PARROT module within 

' 
ThermoCalc and trial-and-error methods were used to optimize coefficients in the Gibbs 

energy expressions of interest. 
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Multi-component mixtures have a more involved expression for Gibbs energy. 

The general expression for the Gibbs energy per mole of a solution phase containing i 

components is shown below: 

Gq:, mix = "x.G 0 + RT" x. ln x . + oxs_ 
.::., I I .::., I I IIllX 
i i 

(3-16) 

where Xi is the mole fraction of component i, R is the gas constant and T is absolute 

temperature. The Gq:, mix term is the sum of three terms on the right hand side. The first 

term represents the contribution to Gibbs energy from pure components (also called the 

mechanical mixing term), with Gi° being the Gibbs energy of pure component i per mole 

at its reference state (temperature, pressure and phase). The second term represents the 

Gibbs energy change upon mixing to form an ideal solution, and for a solid solution 

assumes that components may mix on any position available in the phase without 

preferential site occupation [Sau98]. The third term, called the excess Gibbs energy of 

mixing, represents non-ideal mixing interactions. The excess Gibbs energy can take 

several different forms, depending on which model one chooses to follow. The regular 

solution model, for example, assumes that any non-ideal interactions between 

constituents in the solution depend only on temperature, and are not composition 

dependent. The excess Gibbs energy for a binary mixture of A and B using the regular 

solution model takes the following form: 

(3-17) 

where L is a temperature dependent parameter describing A-B interaction [Sau98]. A 

positive value for L indicates repulsive interaction between the components, while a 

negative value indicates an attractive interaction [Swa72]. The next level of complexity 

is for the interaction energies to incorporate composition dependence. An example is the 
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sub-regular solution model, which assumes that interaction energies change linearly with 

composition [Sau98]: 

(3-18) 

where LA is the parameter describing A-B interaction on the A side of the composition 

range. More complex expressions for excess Gibbs energy are available, and are 

reviewed in detail elsewhere [Sau98]. 

Gibbs energies for some phases (e.g., unstable phases, multi-component phases) 

cannot be easily determined by calorimetric methods, and are determined instead by 

optimizing the diagram to fit experimentally observed equilibrium composition data. 

Once a Gibbs energy expression has been defined for each component included in the 

equilibrium, the overall Gibbs energy of the system must be minimized at every point 

over the entire temperature and composition range. Minimizing the Gibbs energy at 

every point then leads to equilibrium compositions at different conditions, the basis for 

the phase diagram. Tie lines and regions made up by them on the phase diagram 

represent two-phase equilibria resulting from the two phases having equal component 

chemical potentials at a given set of conditions. 

Use of a metalorganic precursor to deposit WNx films can lead to appreciable C 

contamination into the films, especially at higher deposition temperature, and can cause 

unintentional deposition of W-C-N solid solution or line compounds, along with free C 

in the film. The presence of C in our metalorganic precursor ligands and solvent makes 

the formation of a ternary W-C-N solid phase, rather than the binary WNx, highly 

probable. Recent reports, however, indicate interest in the FCC J3-WNxCy phase as a 

potential barrier material, as detailed in Chapter 2 [Ele03, Li02, Smi02]. While one 
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benefit of depositing P-WNxCy films is lower resistivity than the binary nitride, the 

presence of free carbon in the films can increase film resistivity, negating this benefit. 

Moreover, as mentioned in Chapter 2, free C regions in the film were reported to be facile 

paths for Cu to penetrate the barrier [Ima97], due to carbon's inability to chemically repel 

Cu. An equilibrium phase diagram for the ternary W-C-N system at low temperature 

and pressure, consistent with MOCVD process conditions, would be a useful guide to 

select deposition conditions for P-WNxCy that minimize free carbon in the films. 

The elements contained in precursor, solvent, and carrier gas molecules used in 

this work are W, C, Cl, Hand N, with solid and gas phases being in contact during the 

CVD reaction, while purposely avoiding a liquid phase. Modeling of the experimental 

results from this work therefore requires inclusion and analysis of the W-C-N ternary 

system. While the experimental data from this work indicate the presence of ternary FCC 

P-WNxCy polycrystals in the films, the deposition mechanism that gives rise to them 

involves solid-gas equilibrium in the W-C-Cl-H-N system. This analysis must 

therefore model W-C-Cl-H-N solid-gas equilibrium, adjusting parameters for the 

ternary FCC P-WNxCy phase within this system to ensure its formation at our reactor 

conditions. From the results of this analysis, the equilibrium phase diagram for the 

ternary W-C-N system can then be predicted. Before the 5-component analysis can 

begin, models for the binary W-N and W-C systems must first be reviewed. Existing 

W-N and W-C phase diagrams, along with new literature data, will be analyzed to 

determine if the solution model parameters need to be revised. Once the binary analyses 

are complete, a degrees of freedom (DOF) analysis for the 5-component system will be 

done to determine the effect of varying specific conditions in our reactor on the predicted 
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equilibrium. The ternary W-C-N phase diagram will then be predicted, and lastly, the 

B-WCo.s- B-WNo.s pseudobinary system will be discussed. 

3.2 Constraints 

To perform an equilibrium analysis, several calculational constraints must be 

addressed. These include mandatory constraints that are independent of the particular 

system of interest, and specific constraints that define the parameters of a specific system. 

The mandatory constraints include conservation of elemental species in the system, and 

the non-negativity constraint, which dictates that the number of moles of any species in 

the system must be either positive or zero [Smi82]. The elemental species conservation 

constraint can be represented by a set of equations as follows: 

N 
Lakini = bk ;k = 1,2 ... E 
i=l 

(3-19) 

where aki is the subscript of the kth element in the molecular formula of component i, ni is 

the number of moles of component i, bk is the fixed number of moles of element k in the 

system, N is the number of components, and E is the number of elements. Specific 

constraints typically include temperature, pressure, and elemental moles, which must be 

given at the outset before the analysis can be done. The elemental species conservation 

constraints are linear in the mole numbers of the species present, while the chemical 

potential functions are not, meaning that any solution scheme will be iterative [Smi82]. 

3.3 Degrees of Freedom 

The Gibbs phase rule defines the degrees of freedom for a system, F, as the 

number of independent variables required to describe the state of the system [DeH93]. 

For a non-reacting system, this is defined as F=C-P+2, where C is the number of 

components (in our case, elements) and Pis the number of phases. This relation is useful 
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when examining a phase diagram or a system with a known number of phases. When 

running a thermodynamic analysis, however, the number of phases at a given set of 

conditions is typically an unknown, desired quantity. "True" degrees of freedom as 

defined by ThermoCalc [Sun95] is C+2, which represents the number of components (C) 

input to the system plus temperature and pressure. Finally, stoichiometric degrees of 

freedom (R) is the number of species (S, which includes molecules, line compounds, 

non-stoichiometric phases, gas species, etc.) being considered in an equilibrium analysis 

minus the number of components in the system, R=S-C [Smi82]. The value of R 

represents the number of independent chemical reactions relating the components in the 

system. 

Internal degrees of freedom are a separate issue, and do not affect the overall 

DOF for the system. In the FCC ~-WNxCy phase, for example, the values of x and y are 

internal DOF for the phase. Setting the values of x and y fixes the composition of the 

phase, but does not eliminate a DOF for the system. 

3.4 Computational Methods 

Before starting a thermodynamic equilibrium analysis, the list of potential species 

in the solid, liquid, and gas phases must be assembled. In ThermoCalc, this list of species 

and their relevant thermodynamic data are assembled into a thermodynamic database 

(tdb) file. To begin the analysis, the "true" degrees of freedom must equal zero, hence 

the temperature, pressure, and elemental composition must be input to begin the 

calculation. Once these inputs are given, the value of R and the list of R independent 

chemical reactions among the specified elements in the tdb file must be determined. The 

general solution for the elemental species conservation equation above is of the form: 
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R 
n. = n~ + "v .. t . 

I I L, ,J'-, J 
j=l 

i = 1,2 ... N (3-20) 

where ni is the final equilibrium mole number for species i, ni° is the initial mole number 

of species i, and Vij and ~j are the stoichiometric coefficient and the extent of reaction 

parameter, respectively, for species i in the jth independent reaction among the species. 

After the list of R independent chemical reactions is determined, all values of Vij are 

known, and the optimization process focuses on solving for Ej. The computational 

method to solve for the equilibrium composition in a complex system has its origins in 

work done by Brinkley [1946] and White [1958]. This stoichiometric algorithm method 

is outlined in section 4.3.3 of Smith and Missen [1982]. ThermoCalc, the software used 

for this thermodynamic modeling, does this procedure automatically. 

The sublattice model will be used to describe the solid phases in the 

W-C-Cl-H-N system. This model is phenomenological, and considers a given solid to 

be composed of separate, interlocking sublattices. Each sublattice has certain elements 

that may mix on it. Vacancies may also be added to each sublattice to model 

homogeneity ranges in the solid phases. This model is very useful to describe metallic 

systems with interstitial atoms, such as metal carbides and nitrides, where carbon and 

nitrogen occupy interstitial sites in the metal lattice. The metal atoms are treated as one 

sublattice, while the interstitial carbon and nitrogen atoms are treated as a second, 

interlocking sublattice. Since the sublattice model is a construct that uses different 

composition variables, the use of the sublattice model requires modifications to the Gibbs 

energy expression listed in Equation 3-16 above. A modified expression for the Gibbs 

energy of a solution phase, adapted for a two sublattice model (metal on one sublattice 



114 

and interstitial atoms on the other) with mixing only taking place on the interstitial 

sublattice, is shown below: 

G<pm = Iy/G~ + zRTI y/ In y/ +G:x 
i i 

(3-21) 

where y/ is the site fraction of element i on the interstitial (I) sublattice. The term z is the 

number of available interstitial sites per metal atom, and depends on the structure of the 

metal sublattice. Incorporation of vacancies into the sublattice model enables us to 

consider homogeneity ranges among the atoms mixing on a given sublattice. Vacancies 

will be incorporated into the interstitial sublattice, which contains nitrogen and carbon, 

but will be ignored for the tungsten sublattice, per previous analyses in the literature. 

3.5 Phase Equilibrium in the W-N System 

While many recent studies examining crystal structure and film composition have 

been reported, a suitable phase diagram for the W-N system incorporating these results 

has not been assembled. A previous study of phase equilibrium in the W-N system 

generated a solid-liquid equilibrium diagram [Gui93]. The liquid phase has not been 

observed experimentally. Furthermore, no liquid phase has been reported during 

tungsten nitride deposition from a process that involves a gas phase. For the range of 

temperatures and pressures of interest to CVD, a solid-gas equilibrium phase diagram for 

the W-N system would be a useful guide for choosing deposition conditions to grow 

these barrier films. 

To assemble the W-N solid-gas phase diagram, the solid and liquid phases that 

may potentially form, as well as any species that may appear in the gas phase, must first 

be specified. Then, expressions describing the Gibbs energy of each phase must be 

defined. 
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3.5.1 Pure Components in the W-N System 

The pure, stable phase of tungsten at 298 K and 105 Pa is the body-centered cubic 

(BCC) form (also called a-W). This phase has a lattice parameter of 3.165 A [JCP88], a 

melting point of 3422°C, density at 20°C of 19.25 g/cm3 [Sha96] and a resistivity of 5.65 

µ.Q-cm [Mur95]. Pure tungsten in face centered cubic (FCC) and hexagonally close 

packed (HCP) forms has been discussed in the literature, but both are considered to be 

metastable. A second element, such as interstitial C or N, is typically needed to stabilize 

the tungsten atoms into an FCC or HCP configuration. The stable phase of pure nitrogen 

at 298 K and 1 atm is N2 gas, which has a boiling point of 77.35 K. 

3.5.2 Stable Solid Phases in the W-N System 

Several stable forms of solid tungsten nitride have been identified in the literature. 

Wriedt (1989] considered four solid phases to be stable in the W-N equilibrium system. 

These phases were BCC WNx (terminal solid solution), face-centered cubic (FCC) WNx 

(~-phase), simple hexagonal packed (SHP) WN (o-phase) and orthorhombic WN2 

(oRv-phase) [Gol67, Tak97a, Wri89]. Subsequent work excluded the latter phase in favor 

of a hexagonal close packed (HCP) WNx (Ott11
) phase, which is referred to as HCP W2N 

when x = 0.5 [Fri99b, Hua97]. This is analogous to the HCP WCx phase, which was 

described as a random interstitial solution of carbon in HCP tungsten [Gus86]. 

Schematic diagrams of the reported stable solid phases in the W-N system are shown in 

Figure 3-1. 

The BCC WNx phase (Figure 3-1) is stable up to 3422°C, and has a lattice 

parameter near 3.165 A. The solubility of N in BCC WNx varies, as denoted by the 

subscript "x," and is reported to range from l.7x10-5 to 5x10-3 at. % N over the 
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temperature range of 1200 to 2400°C at 105 Pa pressure [Wri89]. Wriedt [1989] adopted 

the following equation from Jehn and Ettmayer [1980], which fits the concentration of 

nitrogen in BCC WNx to Sievert's Law (Equation 3-22): 

where PN
2 
is the nitrogen pressure (in Pa) and T is temperature (K). Since the 

composition dependence of BCC WNx on temperature and pressure has been thoroughly 

examined, the existing Gibbs energy expression for this phase [Gui93] will not be 

modified for this analysis. 

FCC ~-WNX HCPWNX SHPWN 

----•---
--- ... --

Figure 3-1. Schematic of the reported stable solid phases in the W-N system (not to 
scale). Open circles are W atoms, while black circles are N atoms. 

The FCC B-WNx phase (Figure 3-1) has a defective NaCl structure, with W 

atoms at the FCC sites, N atoms and vacancies at the interstitial octahedral sites, and a 

lattice parameter of 4.126 A for x = 0.5 [Gol67, HonOO, JCP88, Tot71]. For the FCC 

P-WNo.s stoichiometry (used interchangeably with FCC P-W2N or FCC P-Wo.67No.33), 
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half of the interstitial sites are vacant. The theoretical density for this phase and 

stoichiometry is 18.0 g/cm3, while experimentally determined densities range from 15.0 

to 17.9 g/cm3 [Aff85, Bos91, Gal97, Sam80]. BCC WNx contains minimal nitrogen, 

which is required in appreciable amounts for this application to repel Cu diffusion 

through the film. Hence, FCC ~-WNx is the desired phase of tungsten nitride for its 

barrier potential. Furthermore, it has a relatively low bulk resistivity (-50 µ.Q-cm) 

[Lee93] despite considerable nitrogen content, presumably because the metal atoms are 

arranged in the close-packed FCC configuration. Nitrogen atoms are assumed to locate 

randomly on the interstitial sublattice, as no evidence of N ordering on the interstitial 

sublattice has been reported. Due to a significant vacancy concentration on the interstitial 

sublattice, this phase has a substantial homogeneity range, which is denoted by the 

subscript x. A range of x values has been reported for the J3-WNx phase in the literature; 

this will be discussed in more detail in Section 3.7 below. 

The SHP o-WN phase (Figure 3-1) has a simple hexagonal packed structure 

similar to WC, with lattice parameters a=2.893 A and c=2.826 A [Sch54]. This phase is 

considered a stable stoichiometric line compound with formula WN [Gui93, Lee95, 

Sch54, She00a, Tot71, Zha99]. The calculated theoretical density for this phase is 16.0 

g/cm3, while experimentally determined densities range from 12.1 to 15.9 g/cm3 [Sam80]. 

Experimental observations of this phase are discussed in more detail in Section 3.7 

below. 

The hexagonal close-packed HCP WNx phase (Figure 3-1), referred to as the E 

phase, has lattice parameters a=2.89 A and c=22.85 A with a theoretical density of 12.0 

g/cm3 for x=0.5 [Gui93, Pea67, Tot71]. An experimental density has not been reported 
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for this phase, which contains a random interstitial solution of nitrogen in HCP tungsten. 

For the HCP WN0.5 stoichiometry (HCP W 2N), half of the interstitial sites are vacant. 

Guillermet [1993] considered this phase to be metastable, but included it in their 

calculation of the W-N phase diagram. Huang [1997], however, considered this phase to 

be stable in her calculation of the Nb-W-C-N phase diagram, because the analogous 

HCP WCx phase is stable. A similar approach will be adopted for this analysis; hence 

this phase will be included in the assessment of the W-N phase diagram. The previously 

reported Gibbs energy expression for this phase [Gui93] will not be modified, however, 

as no experimental data have been reported for this phase in the literature. Several other 

tungsten nitride solid phases were identified but described as metastable [Wri89], hence 

they will not be included in this thermodynamic analysis. 

Liquid-solid phase equilibria data have not been reported for the W-N system. 

Guillermet (1993] modeled the W-N liquid phase using a substitutional solution model, 

which assumes that components can mix on any available position in the phase without 

any preferential site occupation (i.e., ideal mixing) [Sau98]. Additionally, the regular 

solution approximation was used, which assumes that interaction energy is independent 

of composition. 

3.5.3 Liquid Solution in the W-N System 

The W-N liquid phase was previously modeled using a substitutional solution 

model [Fri99b, Gui93, Hua97]. The regular solution approximation was applied, which 

assumes that component interactions are independent of composition. No experimental 

data have been reported for a W-N liquid phase, but only inferred for liquid-solid phase 
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equilibria data, hence the existing liquid model [Gui93] will be included in the present 

study without modification. 

3.5.4 Gas Phase in the W-N System 

The gas phase species included in this analysis were N, N2, N3 and W, following 

previous work [Gui93]. The gas phase was treated as an ideal mixture, with Gibbs 

energies for the gas species taken from the SGTE database [Ans87]. 

3.5.5 Equilibrium Modeling Basis 

Solid Phase Model 

Expressions describing the sublattice model are shown in Table 3-1, and are in the 

form (W)1(N,Va)2 • Tungsten (W) sits on its own sublattice, while nitrogen (N) and 

vacancies (Va) mix on the interstitial sublattice sites. The subscript on the interstitial 

sublattice, z, indicates the number of interstitial sites available per W atom, and depends 

on the structure of the metal (W) sublattice. For the BCC phase z = 3, while z = 1 for the 

FCC and SHP phases and 0.5 for the HCP phase [Gui93, Gus86]. 

Table 3-1. Sublattice Models for the Solid Phases in the W-N Binary System 

Solid Phase Sublattice Model Expression 
BCC solid solution (W)1(N,Va)3 
FCC (y or r3) nitride (W)1(N,Va)1 

HCP (E) nitride (W)1 (N, Va)o.s 
SHP (8) nitride (W)1CN)1 

Use of the sublattice model to describe the BCC, FCC, and HCP WNx solid 

solution phases requires modification of the standard expression for the Gibbs energy of 

mixing. This modification restricts mixing of N and Va to the interstitial sublattice, and 

assumes that all sites on the metal sublattice are filled. The modified expression for 

Gibbs energy of a solid solution phase, adapted for the two-sublattice model, is shown in 

Equation 3-23: 
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Grp - IGrp IGrp RT( 11 I 11 I) oxs m - YN W:N + Yva W:Va + Z YN nyN + Yva IlYva + mix (3-23) 

where G: is the Gibbs energy (per mole of formula units, where the formula contains 

l+z atoms) for the <p solution phase (<p=BCC, FCC or HCP), YN1 and Yva1 are the site 

fractions of N and Va on the interstitial (I) sublattice, respectively, and G~,N and G~,va 

are the Gibbs energies for the <p phase if all interstitial sublattice sites were filled by N 

and Va, respectively. The last term, o;ix, is the excess term addressing N-Va interaction 

on the interstitial sublattice, and in this study is expanded in the following form [Sau98]: 

Gxs I I" (oLcp,v )( I I)v 
mix = YN Yva L... W:N,Va YN - Yva (3-24) 

V 

where °L cp is the parameter describing non-ideal N-Va interactions on the interstitial 

sublattice, and v typically takes values from O to 2. If o:x is independent of 

composition (i.e., regular solution approximation), v = 0 and Equation 3-24 simplifies to: 

G xs _ I Ioy cp 
mix - YN Yva Lw:N,Va (3-25) 

The regular solution approximation was used previously to model the solid solution 

phases in the W-N system [Fri99b, Gui93, Hua97], and is used in this work as well. 

Dinsdale [1991] reviewed the thermodynamic data available in the literature for 

the pure Wand N phases. The Gibbs energy expressions describing the various phases of 

pure tungsten (with all interstitial sites vacant) are shown in Table 3-2 below [Din91, 

Gui93, Gus85, Gus86]. The expressions are valid over the temperature range 

298.15S'T:S6000 K unless noted otherwise. The Vm(T,P) term is molar volume, which is 

both temperature and pressure dependent. This term was modeled with an analytical 

expression, as reported by Gustafson [1985] and Dinsdale [1991]. Expressions for the 
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various solid phases of tungsten nitride (with all interstitial sites occupied by nitrogen), 

modeled with the ThermoCalc software by Guillermet [1993], are listed in Table 3-3. 

Table 3-2. Gibbs Energy Expressions (J/mol) for Pure Solid Phases of W [Gui93, 
Gus86]. 

Sublattice Gibbs Energy Expression 
Phase Model 

Layout 
T(K) 

0 G!~~. - H~ER = GHSERW = -7646.311 + 130.4T 
- 24.lTlnT - .001936T 2 + 2.07x10 -7 T 3 + 44500T-1 

p 

BCC 
- 5.33x10 - II T 4 + f V m (T, P)dP (for 298.15 :5 T :5 3695) 

(W)1(Va)3 0 

a-W 0 G!c~. - H~ER = GHSERW = -82868.801 + 389.362335 T 
p 

- 54TlnT + l.528621xl 0 33 T-9 + fv m (T, P)dP 
0 

(for 3695 :5 T :5 6000) 

FCC 
(W)1(Va)1 0 G~~a - H~R = 19300 + 0.63T + GHSERW 

~-W 
HCP 

(W)1(Va)o.5 0 G HCP - HSER = 14750 + GHSERW 
E-W W:Va W 

SHP 
(W)1(Va)1 Not Reported 

&-W 

The !:J.. 
0 G~~~3 term is the temperature dependent Gibbs energy of formation for BCC 

WN3, which is BCC WNx with all available interstitial sites (z=3 for BCC WNx) filled by 

AOGFCC AOGHCP AOGSHP N. The u w :N, u w :No.
5

, and u w:N terms are defined similarly. H SER d 
w an 

H tER represent the enthalpy of W and N at the stable element reference (SER) 

conditions (298.15 Kand 105 Pa), i.e., solid BCC Wand N2 gas, respectively, at 298.15 

K and 105 Pa, with all subsequent Gibbs energy expressions referenced back to these pure 

component stable forms. For these elements in their stable reference state at 298.15 K, 

H SER HSER . 
w and N are defined to be zero. 
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Table 3-4 shows Gibbs energy models for the W-N solid solution phases. The 

first three solid phases are solid solutions, each with their own nitrogen homogeneity 

range on the interstitial sublattice. The fourth phase, SHP (8) nitride, is a line compound 

with a fixed nitrogen stoichiometry. Its Gibbs energy expression is listed in Table 3-3 

rather than Table 3-4, because no mixing occurs on the interstitial sublattice in this phase. 

Table 3-3. General Gibbs Energy Expressions per mol of Formula for Solid W-N 
Phases. 

Phase 

BCCa-WNx 

FCC ~-WNx 

HCPE-WNx 

SHP8-WN 

Sublattice Model 
La out 

(W)1(N)3 

(W)1CN)o.s 

(W)1(N)1 

Gibbs Energy Expression 

oaBCC =HSER +3HSER +~oGBCC 
W:N W N WN3 

0 GFCC = HSER + HSER + ~oaFCC 
W·N W N WN 

oaH~P = HSER + 0.5HSER + ~oaHCP 
W.N W N WN0_, 

0 asHP _ HSER + HSER + ~oaSHP 
W:N - W N WN 

Table 3-4. Mixing Gibbs Energy Expressions per mol of Formula for W-N Solid 
Solution Phases. 

Phase 
Sublattice Model 

Binary Gibbs Energy Expression 
Layout 

oaBCC OGBCC OGBCC 

BCC a-WNx (W)1(N,Va)3 
m =yN W:N+Yva w:va+ 

3RT[yN In YN + Yva 1n Yval +XS a:cc 

oaFCC OGFCC OGFCC 

FCC ~-WNx (W)1(N, Va)1 
m = Y N W:N + Y Va W:Va + 

RT[yNlnyN + YvalnYval+xs G~cc 

oaHCP OGHCP OGHCP 
m = YN W:N +Yva W:Va + 

HCPE-WNx (W)1(N, Va)o.s 0.5RT[yNlnyN + YvalnYval+xs a:cp 

SHP8-WN (W)1(N, Va)1 -

In the three solid solution phases, W occupies one sublattice, and does not undergo 

mixing, which is evident from a fixed W stoichiometry. The second sublattice contains a 

combination of N and Va. The Gibbs energy models for the three W-N solid solutions 
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describe mixing of N and Va on the interstitial sublattice of metallic W. The different 

phase structures result from the variation in structure of the metallic W sublattice with 

temperature and N content. To account for the N homogeneity range, both N and Va are 

incorporated into the model for the interstitial sublattice. Table 3-5 shows the 

temperature dependent expressions for ~ 0 Gi:N and 
O 
L~:N,va reported by Guillermet 

[1993]. The expressions are based on the regular solution model to address N-Va 

interactions on the interstitial sublattice, and the value for 
O 
L~~.va was assumed to be 

independent of temperature (i.e., strictly regular). A value for 
0
L~~.va was not reported. 

Table 3-5. Reported Gibbs Energy Parameters per mol of Formula for the Stable W-N 
Solid Phases [Gui93]. 

Sub lattice 
Phase Model Gibbs Energy (G) and Excess Gibbs Energy (L) Expressions 

Layout 

I!!,. 
0 ot~~ = -268828.90 8 + 444.62002T 

BCC 
(W)1(Nh - 72.7446506 Tln(T) + 1079965T ·1 - .025174346 8T 2 

a-WNx 
0 L~.~ Va = 83285 - 69 .977T 

. ' 

I!!,. 0 0 ~~ = -40752.746 + 259.88468T - 45.443666T lnT 
FCC 

(W)1(N)1 + 237083T ·1 - .004651912 3T 2 

P-WNx 
0 L1;~,Va = -61824 

HCP 
(W)1(N)o.s 

1!!,.
0 0~~~ = -12811.336 +186.68879T 

E-WNx - 34.217887T ln(T) + 105601 T -t - .004509875 T 2 

SHP 
(W)1(N)1 

I!!,. 
0 0~~ = -66519.085 + 272.76021 T -45.64545Tl nT 

6-WN + 392513T -I - .003530618 4T 2 

Note: above expressions are applicable over the temperature range 298.15g~6000 K. 
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3.5.6 W-N Liquid Phase Model 

The Gibbs energy expression for the liquid phase in Equation 3-26 is based on 

the ideal mixing model, as no experimental data are available to assess any deviations 

from ideality for the liquid phase: 

(3-26) 

where XN is the mole fraction of N in the liquid phase and O Gtq and O G~ are 

temperature and pressure dependent Gibbs energies for pure liquid N and W, as reported 

previously [Din91,Gus85]. 

3.5.7 W-N Gas Phase Model 

The molar Gibbs energy for each species in the gas phase is represented by 

Equation 3-27, which assumes ideal gas behavior and is both temperature and pressure 

dependent: 

0 G ?as (T, P) - HSER =o G Gas (T) + RTlnP 
1,m 1,m 1,m (3-27) 

where O G f: (T,P) is the Gibbs energy per mole of species i at temperature T and 

pressure P, and Hf!R is the enthalpy for the pure, stable form of species i at 298.15 K 

and 105 Pa. The O G ~= (T) term can be expanded as follows [Gus85]: 

0 G ~= (T, P) - H~!R =(a+ bT + cT In T + dT 2 + eT 3 + gT - 1 )i ,m + RTlnP (3-28) 

An expression in the form of Equation 3-28 is generated for each species, and these are 

put into Equation 3-29 to get an overall Gibbs energy for the gas phase ( G ~as (T ,P) ): 

G~as (T, P) = I xi ( 0 of: (T, P) - Hf;R )+ RTI xi ln xi 
i i 

(3-29) 

where Xi is the mole fraction of species i in the gas phase. 
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3.6 Previous Studies of the W-N Phase Diagram 

A phase diagram for the binary W-N system was previously reported, and is 

shown in Figure 3-2 [Gui93]. This diagram does not consider the presence of the gas 

phase at low pressure (:S 105 Pa). 
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Figure 3-2. Binary phase diagram for the W-N system [Gui93]. The gas phase was not 
included in this phase diagram. 

Adding the gas phase into Guillermet' s model while maintaining the pressure at 105 Pa 

(Figure 3-3), it is seen that the liquid phase is replaced by gas, and the FCC ~-WNx 

phase disappears. The formation of stable FCC ~-WNx in the presence of N2 gas has 

been reported, however, (Table 3-6), hence the model used to generate Figure 3-2 and 

3-3 must be modified to account for this. 
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Figure 3-3. Binary phase diagram for the W-N system using Guillermet's model, with 
the gas phase included. 

In ddi . h A oaFCC oLFCC d A oGSHP difi d. hi al . a tion, t e u w :N , w,N.va an o w:N terms are mo 1e m t s an ys1s 

to reflect recently reported experimental data on solid-gas equilibria in the W-N system 

for the FCC and SHP solid phases. Existing Gibbs energy expressions for the BCC and 

HCP solid phases, as well as the liquid and gas phases, will not be modified, as no new 

experimental data have been reported for these. 

3.7 W-N Optimization Results and Discussion 

FCC (3-WNx Stability Data 

As mentioned previously, the desired W-N solid phase for a barrier material is 

FCC B-WNx, but in the amorphous state. Various temperatures, pressures and deposition 

methods have been used to form the FCC B-WNx phase, and a range of x values in the 
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resulting films has been reported. The temperature, pressure, and stoichiometry ranges 

reported in the literature must be reflected in the modified phase diagram. Many reports 

in the literature describe deposition of amorphous WNx films, with subsequent annealing 

at various temperatures and pressures leading to formation of one or more of the 

aforementioned W-N solid phases. In many cases, if the initial amorphous film was 

nitrogen rich (x in WNx > 0.5), FCC P-WNo.s polycrystals formed with excess N 

migrating to the grain boundaries, which are disordered regions between the polycrystals 

in the films. Various techniques, including XPS [Nag93, Nak.87] and transmission 

electron diffraction (TED) [She00b], have been used to differentiate between N at the 

grain boundary and in the polycrystal. Since grain boundaries are inherently 

non-equilibrium regions in the film, only data that is available for polycrystalline 

materials will be used to optimize the phase diagram. Table 3-6 shows the representative 

temperature, pressure, and stoichiometry ranges for the polycrystalline FCC P-WNx 

phase, as reported in the literature, which were used in this assessment. Stable pressure 

and temperature ranges include conditions during deposition and during post-growth 

anneals. Operating outside of the stable temperature and pressure ranges for each of the 

respective references resulted in deposition of multiple phases or phases other than FCC 

As evident in Table 3-6, the upper and lower limits for x in P-WNx, which were 

used in this assessment, are 0.72 and 0.43, respectively. Schonberg [1954] first reported 

a stoichiometry range of 0.5:Sx:S0.72 for FCC P-WNx, formed by NH3 nitridation of Wat 

800°C. Although the pressure for this process was not specified, Banik et al. [1979] 

reported a pressure of lx108 Pa to form FCC P-WN05 by NH3 nitridation of W. The 
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Table 3-6. Stable Existence Regions for FCC P-WNx Used in Assessment 

Stable 
FCC 

Value of x in Stable Pressure P-WNx Temperature Reference 
FCC P-WNx Range (K) 

Range (Pa) Deposition 
Method 

NIA 
(Assessment 

0.43:Sx:S 0.72 556:sT:S2147* 105:SP:S109 of Lattice [Gui93] 
Parameter 

Data) 
x=0.5 473 7 Sputtering [Lin90] 
x=0.5 473<r<1073 6.6x10-J:SP:S7.9x10-1 Sputtering [She00b] 

x=0.5 613 Not reported 
PECVD [Li00] 

(WF6+N2+ H2) 
x=0.5 673 2.6x10-1 Sputtering [Tak97a] 
x=0.5 <923 1.3 Sputtering [Kat85] 
x=0.5 <1073 6.6x 10-•::;p::;2.o Sputtering [So88] 

x=0.5 :S1123 6.6x10- 1 Sputtering 
[Suh99, 
Suh0l] 

0.5<x<0.71 500 ± 20 0.66 Sputtering [Hon03] 
NH3 

0.5:Sx:S 0.72 1073 Not reported Nitridation of [Sch54] 
WPowder 

0.54 723 Not reported Sputtering [Bak02] 
*Note that the gas phase was not included in the equilibrium calculation for this system at 
low pressures ( :S 105 Pa). · 

pressure used by Schonberg is therefore assumed to have been substantially higher than 

atmospheric, which precludes use of this temperature and pressure data point in our 

analysis. The stoichiometry range, however, will be used, as it was recently confirmed 

by low-pressure sputter deposition (Table 3-6 [Hon03]). Guillermet [1993] generated a 

W-N phase diagram depicting the FCC P-WNx phase, which was referred to as they 

nitride, with a homogeneity range of 0.43:S x :S0.72. This range was based on a review by 

Wriedt (1989], which incorporated lattice parameter data from several reports [Hag30, 

Khi59, Kie51, Sch54]. This phase diagram, however, excluded the gas phase at low 

pressures, and focused only on solid-liquid equilibrium, with pressures ranging from 105 
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to 109 Pa. Experimentally, the liquid phase is not observed at 105 Pa, as N prefers to exist 

in the gas phase as N2 at high temperature, rather than forming a melt with W. Recent 

experimental studies have indicated that the stability range for formation of FCC P-WNx 

at low pressures (105 Pa and below) extends from 473 (200°C) to 1123 K (850°C) 

[She00b, Suh0l]. Hones et al. [2003] reported that the highest nitrogen content for FCC 

P-WNx was x=0.71, and increasing nitrogen content to xz0.75 caused formation of a 

second phase, SHP &-WN. These reports indicate that the stability region for FCC 

P-WNx is larger than previously thought, and that previously accepted thermodynamic 

stability limits for this phase may have actually been kinetic limits on the formation of 

this phase due to experimental design. Previous thermodynamic assessments of the W-N 

system typically involved experimental formation of FCC P-WNx by NH3 (or N2) 

nitridation of BCC W at high temperature and pressure over long periods of time 

(typically several weeks) [Sch54, Ban79]. The formation of FCC P-WNx from BCC W 

and N2 gas was predicted to occur at 1100°C and 108 Pa, with the high temperature and 

pressure required to dissociate N2 [Ban79]. These processes required high temperature 

and pressure, owing to the need to break W-W bonds in the solid and N-H or N-N 

bonds in the gas before W-N bonds could form. After overcoming any strain energy in 

the solid and breaking the W-W bonds, nitride formation was then able to occur. While 

formation of FCC P-WNx by these routes requires high temperature and pressure, this 

likely reflects a kinetic barrier to the NH3 (or N2) nitridation process, rather than a 

thermodynamic stability limit. Newer deposition techniques, such as sputtering, PECVD, 

LPCVD, MOCVD, and ion implantation have established low temperature and 

low-pressure kinetic routes to the formation of FCC P-WNx. Sputtering, for example, 
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uses plasma energy to break the strong bond in gaseous N2, liberating atomic nitrogen, 

which is then free to react with W atoms emanating from the sputtered target to form 

tungsten nitride films. Sputtered films containing the FCC ~-WNx phase have been 

deposited at a temperature as low as 200°C [SheOOb], and are reported to remain intact 

after annealing at temperature to 850°C under UHV conditions (6.6x10-5 Pa) [SheOOb, 

Suh99, Suh0l]. Recent reports use high temperature vacuum anneals (typically 30 min) 

to establish temperature stability limits for the deposited phases. Although annealing for 

a longer time (days or weeks) would give more confidence that equilibrium existed, the 

data are only available for these short anneals. Hence, these high temperature anneals 

will be assumed to approximate equilibrium to assess the system at low pressure. 

Considering available experimental data in the literature, the most robust low-pressure 

phase diagram should contain an FCC ~-WNx solid solution with a temperature range of 

473 to 1123 K (200 to 850°C), a composition range 0.43:Sxg).72, and be stable at a total 

system pressure of 6.6x10-5 Pa. 

Several other reports on the stoichiometry and temperature stability of ~-WNx 

phase were considered but excluded from this analysis. In addition to the stoichiometry 

range reported in Table 3-6, Hones et al. [2003] also reported the deposition of 

overstoichiometric (x>l) FCC ~-WNx films, where additional N incorporated into 

tetrahedral holes in the interstitial sublattice. Substoichiometric films had increasing 

hardness with x, while hardness dropped for overstoichiometric films, which were 

partially delaminated from their substrates. The overstoichiometric films are therefore 

considered to be metastable, and are not included in this assessment. One report of 

MOCVD grown FCC ~-WN1.o was given based on an XRD lattice parameter of 4.154 A 
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and composition ratios from WDS [Chi93]. Reported AES concentrations were 12 at. % 

for both C and N, which did not agree with WDS values [Chi92]. The presence of C in 

these films suggests that formation of a B-WNxCy solid solution, where C intermixes 

with N on the polycrystal's interstitial sublattice [Hua97, Jon93], may have occurred. 

Incorporation of C on the interstitial sublattice expands the polycrystal lattice, resulting in 

a larger lattice parameter for B-WNxCy films relative to B-WNx, assuming a fixed 

number of occupied interstitial sites. Their reported lattice parameter expansion, 

interpreted as a binary B-WN1.o stoichiometry, may have actually been due to the 

formation of a ternary B-WNxCy solid solution, hence this data point will be excluded 

from the phase diagram analysis. 

A report of FCC B-WNo.s deposition at 150°C and 27 Pa has also been given 

[Bai03]. The film was deposited by PECVD, using WF6, NH3 and H2 on a SiO2 

substrate. Their XRD spectrum, however, suggests formation of W 30 rather than FCC 

B-W2N. The formation of this oxide was likely due to the presence of oxygen in the 

SiO2 substrate. Another report on PECVD grown B-WNx films indicated an upper 

stability limit of 1000°C after annealing for 60 sec in a N2 atmosphere [GalOO]. The 

annealing pressure was not specified, however, so this data point was omitted. Another 

report gave 1050°C as the upper stability limit for FCC B-WN0.5 [Vie02]. While an 

XRD spectrum indicated peaks consistent with FCC B-WN0.5 after heating to 1050°C, 

the heating process was done in a differential scanning calorimeter (DSC) under an N2 + 

H2 atmosphere, at an unreported pressure. Since this temperature limit may reflect 

enhanced stability of FCC B-WNo.s due to the pressure of the N2 + H2 atmosphere, this 

data point will also be excluded from the analysis. 



132 

SHP 6-WN Stability Data 

Table 3-7 shows representative temperature, pressure, and stoichiometry ranges 

for the polycrystalline SHP 6---WN phase, as reported in the literature, which were used in 

this assessment. Stable pressure and temperature ranges include conditions during 

growth and annealing. Lee [1995] formed the SHP o-WN phase by PECVD of 

WF6+NH3+H2. XRD results for their as-deposited films indicated SHP WN in 

equilibrium with FCC P-WN0_5 and P-W, but the SHP o-WN peak disappeared after 

annealing at 500°C and 6.6x101 Pa. Shen et al. [2000a] also reported formation of SHP 

o-WN, with subsequent decomposition to P-WNo.s + N2 after annealing at 550°C at 

6.6x10-5 Pa. Considering available information in the literature, the most robust 

low-pressure phase diagram should contain the SHP o-WN phase with an upper 

temperature limit of 823 K (550°C) at a total system pressure of 6.6x10-5 Pa. 

Table 3-7. Stable Existence Regions for SHP 8-WN Used for Assessment. 

Stable 
Stable Pressure Range 

SHP6---WN 
Temperature Deposition Reference 

Range (K) 
(Pa) 

Method 

O:sT:51264* 105:SP:5109 NIA 
[Gui93] 

(assessment) 
473 7 Sputtering [Lin90] 

500 ± 20 6.6 xl0-1 Sputtering [Hon03] 

:5773 6.6 x101 PECVD 
[Lee95] 

WF6+NH3+H2 
:5773 2.7 xl0- 1 Sputtering [Uek96] 
:5823 6.6x10-':SP:S7.9xl0- 1 Sputtering [SheOOa] 

*Note that the gas phase was not included in the equilibrium calculation for this system at 

low pressure (:S 105 Pa). 

Several other reports on the stoichiometry and temperature stability of 6---WN 

phase were considered but excluded from this analysis. Schonberg [1954] reported the 

formation of SHP 6---WN in equilibrium with BCC W and FCC P-WN0_5 by NH3 
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nitridation of W at 800°C, but the pressure for this process was not specified. Schonberg 

also reported rapid decomposition of the SHP 8-WN phase during a 600°C anneal in 

"vacuum." Banik et al. [1979] reported a pressure of lxl08 Pa to form FCC J3-WNo.s by 

NH3 nitridation of W. The pressure used by Schonberg is therefore assumed to have been 

substantially higher than atmospheric; hence this data point will be excluded in this 

low-pressure assessment. Zhang et al. (1999] reported the formation of SHP 8-WN by 

N ion implantation into a W surface at 3.4x10-3 Pa, but the substrate temperature was not 

specified. One report of 8-WN deposition by sputtering onto a room temperature 

(T=20°C) GaAs substrate was also given [Gal93]. This report relied solely on SIMS data 

for the deposited film, and inferred the crystal structure based on WIN ratio. Since XRD 

analysis was not provided for this film, the data point will be excluded from this analysis. 

Assessed W-N Phase Diagram 

As mentioned above, the new literature data indicates that the FCC J3-WNx solid 

solution should have a temperature range of 473 to 1123 K (200 to 850°C), a composition 

range 0.43:Sx:S0.72, and be stable at a total system pressure of 6.6x10-5 Pa. Moreover, 

the SHP cS-WN phase should have an upper temperature limit of 823 K (550°C) at a total 

system pressure of 6.6x10-5 Pa. The values for ~ 0 G~~, 0 L';,~,va and ~ 0 G~1: terms 

were modified through use of ThermoCalc' s Parrott optimization module to reflect the 

new data. 

Figure 3-4 shows the new W-N solid-gas phase diagram based on the 

assessment of the data listed in Table 3-6 and 3-7, at the lowest reported stable pressure 

for the FCC and SHP phases. The left side of the diagram contains a very narrow 

existence region for BCC WNx between O and 3695 K, which is not visible. Above 3695 
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K, the left side of the diagram contains a narrow region representing a liquid W-N 

solution, which again is not visible. The right side of the diagram is N2 gas over the 

entire temperature range. The FCC ~-WNx phase, which did not previously appear in 

equilibrium with the gas phase (Figure 3-3), now appears with a finite homogeneity 

range. The FCC B-WNo.s phase/stoichiometry exists in equilibrium with BCC WNx and 

SHP WN at 473 K. The horizontal line at 1123 K represents a three-phase equilibrium 

4000 
._ W-NLiquid 3695K N

2
Gas _. 

3500 

3000 

,-... 
~ 2500 
'-' 

~ 
N2 Gas ~ e 2000 k"' BCCWNX 

t FCC f3-WNX II) 1500 E-- I 1123 K 
1000 I I~ 823K 

500 473K \/ ~ 
~ 

0 
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0.0 0.2 0.4 0.6 0.8 1.0 

mole fraction N 

Figure 3-4. Binary phase diagram for the W-N system at 6.6x10-5 Pa, using new data 
with the gas phase included. 

between BCC WNx, FCC B-WNx, and N2 gas. FCC P-WNo.s is reported to decompose 

under vacuum to BCC Wand N2 gas at 1123 K (850°C) [Suh99, SuhOl], but a small 

concentration of dissolved N likely remains in the BCC W, as indicated by the BCC WNx 

phase on the left side of the diagram. The SHP 8-WN phase is known .to decompose to 

FCC B-WNo.s and N2 gas at high temperature under vacuum [Gol67, SheOOd], and this is 



135 

indicated on the new diagram. The upper temperature limit for the SHP &-WN phase, 

previously 651 K (Figure 3-3), is now 823 K, reflecting enhanced stability for this phase 

per recent experimental reports. 
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Figure 3-5. Binary phase diagram for the W-N system at 105 Pa, using new data with 
the gas phase included. 

Increasing pressure in the W-N solid-gas system from 6.6x10-5 to 105 Pa causes 

an expansion in the stability range of FCC P-WNx (Figure 3-5). The upper temperature 

limit for this phase increases from 1123 K at 6.6x10-5 Pa to 2325 K at 105 Pa. 

Interestingly, this upper temperature limit is close to 2147 K, the upper limit reported for 

the FCC P-WNx phase in the solid-liquid system at 105 Pa [Gui93]. In addition to the 

increased upper temperature limit, the upper solubility limit of N in the FCC P-WNx 

phase increases with increased pressure, increasing from x=0.72 to x=0.92, which is 

approaching the stoichiometry for SHP &-WN formation. The upper temperature limit 
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for the SHP 6-WN phase also increased with pressure, rising from 823 Kat 6.6x10-5 Pa 

to 1046 K at 105 Pa. 

The new expressions for I!:,. 0 GFCC oecc and I!:,. 0 G 8
HP generated by this 

W:N ' W.N,Va W:N 

assessment are listed in Table 3-8. To achieve an adequate fit for the model to the new 

experimental data, the parameter describing N-Va interactions on the FCC interstitial 

sublattice was given a temperature dependent expression, whereas this was previously 

assigned a constant value by Guillermet [1993]. 

Table 3-8. Modified W-N Gibbs energy expressions (J/mol of formula) generated by 
this work. 

Sub lattice 
Phase Model Gibbs Energy (G) and Interaction Parameter (L) 

Layout 

FCC~-WNx (W)1CN)1 
~0G~~ = -124063.4-100.74T 

0 L~~.va = -68362.39 - 9.01 T 

SHP6-WN (W)1(N)1 !!:,.
0 G~~ =-163975.23-63.38T 

Note: the above expressions are applicable over a temperature range of 298.15ST:s6000. 

If Equation 3-23 is written for the FCC phase, Equation 3-30 results: 

0 FCC=y I0 FCC +y 10 FCC +RT(y Ilny l+y Ilny I)+y Iy IoLFCC (3-30) 
m N W:N Va W:Va N N Va Va N Va W:N,Va 

To obtain the Gibbs energy for the FCC ~-WNo.s stoichiometry, for example, substitute 

YN1 = yv} = 0.5, the expression for G~~a from Table 3-2, and the expressions for 

~0G~~ and 0 LFcc from Table 3-8. Simplifying gives Equation 3-31: 

G~CC = -73295.45 + 7.13T -12.05TlnT -9.68x10 -4T2 + l.04x10 -7 T 3 

+ 22250 - 2.67x10 -11T4 
T 

(3-31) 
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This value is in J/mol of formula for FCC B-WNo.s (1 mole W + 0.5 mol N). To convert 

this Gibbs energy to J/mol of formula units for B-W2N, this value must be multiplied by 

2. 

A comparison of the enthalpies of formation for the FCC and SHP phases reported 

in the literature against those generated by this assessment is shown in Table 3-9. 

Lakhtin [1979] and Neumann [1934] gave Aflf values for FCC B-W2N in units of J/mol 

of formula (i.e., 2 W atoms, 1 N atom). Their values were divided by 2 to convert them 

to a J/mol of formula for FCC B-WNo.s-

The new L\0 Hf (298) values for FCC B-WN0_5 and SHP B-WN generated by this 

work, as shown in Table 3-9, indicate greater stability of these phases than previously 

reported. This reflects the ability of new deposition techniques to overcome kinetic 

barriers to form these phases, as discussed above. 

Table 3-9. Comparison of reported and calculated heats of formation (L\ 0Hf) for FCC 
B-WNo.s and SHP B-WN phases. 

Phase & L\ 0Hf (298), kJ/mol of 
Basis Reference 

Formula formula 
-18.9 Assessment [Gui93] 

-33.0 
Ab Initio 

[deB88] 
Calculation 

-36.0 Assessment [Lak79] 
FCC B-WNo.s Calculation based 

-35.6 
on experimental 

[Neu34] 
data of non-W 
metal nitrides 

-69.5 Assessment This Work 

-15.0 Ab Initio [deB88] 
Calculation 

SHPB-WN 
-24.0 Assessment [Gui93] 
-82.0 Assessment This Work 
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Figure 3-6 plots the trend of Di. 0 Ht{298) for nitrides of neighboring metals on the 

Periodic Table. The slope of the line connecting Di.0 Ht{298) for ZrN, NbN and MoN is 

158, while the slope for the line connecting HfN, TaN and our value for ~-WNo.5 is 150. 

Table 3-10. Enthalpies of Formation for Several Neighboring FCC Nitrides 

Compound 

FCCZrN 
FCCNbN 
FCCMoN 
FCCHfN 
FCCTaN 

FCCWNo.5 
FCCWNo.5 
FCCWNo.5 

Atomic Number Di. 0 Ht (298), kJ per mole of 
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Figure 3-6. Trend of Di. 0 Ht (298) for nitrides of neighboring metals on the Periodic 
Table. 

Replacing our value of Di.0 Ht{298) with that for ~-WN0.5 from Guillermet [1993] gives a 

slope of 176, while the value from Neumann [1934] gives 167. The trend on the periodic 

table suggests that the value generated by this work, and that given by Neumann [1934], 

are closer to the trend than that given by Guillermet [1993]. Since our new value 

incorporates experimental composition data rather than being based on assessment of 



139 

neighboring nitrides, it would appear that our new 1!J,. 0 Ht{298) may be closer to the actual 

value than that suggested by Neumann [1934]. 

3.8 Stable Solid Phases in the W-C System 

The same solid phase structures discussed previously for the W and the W-N 

system also apply to the W-C system, with C replacing N on the interstitial sites in the 

metal sublattice. The pure, stable form of Cat 298.15 Kand 105 Pa is solid graphite. 

The same solid phases described for the binary nitride exist for the binary carbide. 

The Gibbs energy model describing these phases is given in Table 3-11. The general 

Gibbs energy expressions for the solid W-C phases are given in Table 3-12, while the 

specific expressions for the W-C solid solution phases are given in Table 3-13. Gibbs 

energy parameters reported in the literature for the W-C solid phases are given in Table 

3-14. The BCC WCx phase is stable at all temperatures up to the solidus (3422°C), and 

has a lattice parameter of 3.158 A [Gol63]. The reported solubility of C in BCC WCx, 

based on experimental measurements, ranges from 0.05 at. % at 2273 K (2000°C) to a 

maximum of 0.7 at.% at the eutectic temperature, 2983 K (2710°C) [Geb66, Gol63]. The 

relationship between temperature and carbon solubility in the BCC WCx phase was 

reported as: 

Inc = 4.67 - 15x103 
max T(K) (3-32) 

where Cmax is maximum concentration in at. % and T is temperature in K. 

The FCC ~-WCx phase (also called ~-WCi-x) has a defective NaCl structure, 

with a lattice parameter of 4.236 A for ~-WCo.6 [Gus86, JCP88, Rud67, Tot71]. Toth 

[1971] reported this phase with 38 at.% C (x in ~-WCx is 0.61), while Gustafson [1986] 
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reported C content ranging from 37 to 39 at. % (0.59:S x :S0.64). Pauleau [1992] found 

the maximum C content in B-WCx to be - 40 at. % (x = 0.67), while Sara [1965] 

reported this phase with an "approximate" maximum of 41 at.% C (x=0.70). Overall, this 

phase has a reported C content ranging from 38 to 41 at. %, corresponding to a 

homogeneity range in B-WCx of 0.60 :S x :S 0.70 [Gus86, JCP88, Rud67, Sar65, Tot71]. 

The SHP 8-WC phase has a hexagonal structure with lattice parameters a=2.906 

A and c=2.837 A [Tot71] . Gustafson [1986] considered this phase to be a stoichiometric 

line compound with formula WC, as did Toth [1971]. 

Table 3-11. Solid Phases Considered in the W-C Binary Model 

Condensed Phase Sublattice Model Layout 
BCC solid solution (W)1(C,Va)3 

FCC (y or B) carbide (W)1(C,Va)1 

HCP ( E) carbide (W)1(C,Va)o.s 
SHP (8) carbide (W)1(C)1 

Graphite (C)1 

Table 3-12. -C General Gibbs Energy Expressions (J/mol of formula) for Solid W 
Phases. 

Phase 
Sublattice Model 

Gibbs Energy Expression 
Layout 

BCC a.-WCx (W)1(C)3 

FCC B-WCx (W)1(C)1 

HCPE-WCx (W)1(C)o.s 

SHPo-WC (W)1(C)1 

oGBCC _ HSER + 3HSER + ~ oGB W:C - W C 

oaFCC - HSER + HSER + ~ oaFC C 
C W:C - W C W 

0 G ~~~ = H~R + 0.5H~ER + ~ 0 G HCP 
WCo.s 

0 GSHP _ HSER + HSER + ~ oas W:C - W C W 
HP 
C 

While the HCP WCx phase is considered stable, three separate forms of this phase 

the low have been reported. The high temperature form exists above 2750 K, 

temperature phase exists below 2350 K, and the third phase exists betw een these 

temperatures [Gus86]. Gustafson [1986] treated this as a single phase con 

random interstitial solution of carbon in HCP tungsten, with a stoichiometry 

taining a 

range of 
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0.37 :'.S x :'.S 0.50. A similar approach will be taken here. Lattice parameters near a=3.00 

A and c=4.73 A have been reported for the HCP W2C stoichiometry [JCP88, Gus86, 

Tot71]. Huang [1997] and Frisk [1999b] considered this phase to be stable for 

calculation of the Nb-W-C-N and Ta-W-C-N phase diagrams, respectively. 

Table 3-13. Mixing Gibbs Energy Expressions (J/mol of formula) for W-C Solid 
Solution Phases. 

Phase 
Sublattice Model 

Binary Gibbs Energy Expression 
Layout 

oaBee oaaee oaaee 
BCCWCx (W)1(C,Va)3 

m =ye W:e+Yva W:va+ 

3RT[yelnYe + YvalnYval+xs G!ee 

oaFee oaFee oaFee 
FCC P-WCx (W)1(C, Va)1 

m = Ye W:e +Yva W:Va + 

RT[ye 1n Ye+ Yva 1n Yval +xs G~ee 

oaHeP oaHeP OGHCP 
HCP WCx (W)1(C, Va)o.s 

m = Ye W:e + Y Va W:Va + 

0.SRT[ye 1n Ye+ Yva 1n Yval +XS a:eP 

SHP6-WC (W)1(C, Va)1 -
Table 3-14. Reported Gibbs energy parameters (J/mol of formula) for the stable W-C 

solid phases [Gus86]. 

Sub lattice 
Gibbs Energy (G) and Excess Gibbs Energy (L) 

Phase Model 
Layout 

Expressions 

BCCWCx (W)1(C)3 L\ 0 G~~g = 3.751xl05 
- 35.87T 

FCC 
(W)1(C)1 

L\ 0 0 ~~ = -17864 + 1.875 T 

P-WCx 0
L~~.Va = -17.98T 

HCPWCx (W)1(C)o.s 
L\ 0 0 !~~ = -13430 -13.3T 
0
L~~.va = 8330 

SHP6-WC (W)1(C)1 
L\ 0 G~~ = -58192 + 287.16T -46.48TlnT 

- .0021435T 2 -9.2217x10 -s T 3 + 590500T - i 

Note: above expressions are applicable over temperature range of 298.15:'.ST:'.S:6000 K. 

3.8.1 Liquid Solution in the W-C System 

The W-C liquid phase was previously modeled using a substitutional solution 

model [Fri99b, Gus86, Hua97]. The regular solution approximation was applied, which 
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assumes that component interactions are independent of composition. No experimental 

data for a W-C liquid phase have been generated by our work, hence the existing liquid 

model will be included in the present study without modification. 

3.8.2 Gas Phase in the W-C System 

The gas phase model for the W-C system is constructed in the same manner as 

that for the W-N system. The gas phase species included in this analysis were Ci, C2, C3, 

C4, C5 and W, following previous work [Jon96b]. The gas phase was treated as an ideal 

mixture, with Gibbs energies for the gas phase species taken from the SGTE database 

[Ans87]. 

3.8.3 W-C Liquid Solution Model 

The Gibbs energy for the liquid phase is based on the ideal mixing model, as no 

experimental data are available to assess any deviations from ideality for this phase: 

(3-33) 

where Xe is the mole fraction of C in the liquid phase and 0 G~q and 0 G~ are temperature 

and pressure dependent Gibbs energies for the pure liquid C and W phases, as reported 

previously [Din91, Gus85]. 

3.9 Previous Study of the W-C Phase Model 

The reported binary W-C diagram, which was modeled with ThermoCalc and 

assessed against experimental data, is shown in Figure 3-8 [Gus86]. The HCP, SHP and 

FCC phases are all evident in the diagram. While a small homogeneity range is evident 

for FCC ~-WCx between 2800 and 3000 K, this phase does not appear at the low 

temperature end of the phase diagram. 
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Figure 3-7. Binary phase diagram for the W-C system [Gus86]. The B-WCx phase was 
labeled "WC1-x" in the original diagram by Gustafson. 

As shown in Table 3-15, however, recent experimental results indicate the 

existence of a low-temperature stability region for FCC B-WCx. Qin et al. [1998] found 

B-WCx composition to vary from B-WCo.2 (B-Wo.s3Co.l7) to B-WCo.6 (B-Wo.62Co.Js) for 

films deposited by PECVD of W(CO)6 + H2 at 330°C. Carim et al. [1989] formed the 

B-WCx phase at 4x10-3 Torr by sputtering alternating layers of Wand C onto a Si (111) 

substrate. The bulk sample temperature was -150°C, but the temperature at the surface 

was not measured, and may have been slightly higher. Moreover, Pauleau and 

Gouy-Pailler [1992] reported formation of the B-WCx phase on polished stainless steel 

substrates by reactive sputtering of a tungsten target in an Ar/C~ gas mixture. The 

substrate temperature ranged from 200 to 250°C. Srivastava et al. [1984] also reported 

deposition of B-WCx films by RF magnetron sputtering. These films were deposited on 

stainless steel substrates at 400 to 500°C and a pressure of 2x10-2 Torr. Reniers [1996] 
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reported formation of J3-WCx by reactive sputtering of an Ar/C~ gas mixture onto W 

foil. Vieira [2002] reported formation of J3-WCx by sputtering of a W-C target. This 

phase decomposed at 845°C to form SHP WC+ HCP W2C, although the pressure for this 

transformation was not given. One report, which was not included in Table 3-15, gave an 

XRD spectrum with a broad peak near 20 = 38° [SunOlb]. While they reported 

deposition of SHP WC and HCP WC0.5, the peak location actually suggests FCC WCx 

deposition. Overall, these reports indicate the possibility of J3-WCx formation at much 

lower temperature than reported in the existing phase diagram [Gus86], which indicates 

the ability of sputtering, as a "kinetic helper," to form these phases at low temperature. 

This indicates a need for reassessment of the low temperature end of the W-C binary 

phase diagram; the currently available data, however, are inadequate to establish the 

temperature, pressure and composition boundaries of the FCC J3-WCx phase. 

Table 3-15. Stable Low Temperature Existence Regions for FCC J3-WCx 

Value of x in Stable 
Stable Pressure 

FCC 

FCC J3-WCx 
Temperature Range (Pa) J3-WCx Deposition Reference 
Range (K) Method 

0.20 ~ X ~ 0.60 603 NR 
PECVD [Qin98] 

W(C0)6+H2 

X = 0.67 473-523 NR 
Sputtering of W in [Pau92] 

C~Ar 

NR -423 0.53 
Sputtering of W and 

[Car89] 
graphite 

NR 673-773 2.7 
Sputtering of W in 

[Sri84] 
C2Hi/Ar 

NR 1118 NR 
Sputtering of W-C 

[Vie02] 
target 

NR NR NR 
Sputtering of W in [Ren96] 

C~Ar 

NR = not reported 
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3.10 Equilibrium in the W-C-Cl-H-N System 

To model equilibrium in our reactor, all of the stable solid, liquid and gas phase 

species in the W-C-Cl-H-N system were included. Stable solid phases in the binary 

W-N and W-C systems were discussed above, but a C-N phase diagram, which would 

address the third binary side of the ternary W-C-N phase diagram, is unavailable. While 

carbon nitride (CNx) deposition has been reported, these phases are typically amorphous 

and/or metastable [JelOO, Nin02]. Hence, carbon nitride solid phases will be excluded 

from this analysis in favor of tungsten carbides, nitrides and carbonitrides with various 

lattice structures. In addition, other potential solid phases formed by addition of Cl and H 

to the ternary W-C-N subsystem will be included. While some CVD equilibrium 

models exclude the liquid phase from consideration due its presumed absence during 

reaction, all potential liquid and gas phase species from the Sub94 database will be 

included in this analysis for completeness. 

3.10.1 Stable Solid Phases in the W-C-Cl-H-N System 

Thermodynamic properties for several solid phases, including tungsten chlorides 

of different stoichiometries and ammonium chloride (~Cl), were taken from the Sub94 

database in ThermoCalc. Gibbs energy expressions for pure, solid W, graphite and 

diamond-like C phases were taken from the SGTE database [Din91]. In addition to these 

phases, several stable forms of tungsten nitride and carbide, as discussed above, as well 

as tungsten carbonitride, have been reported in the _literature. The solid species included 

in this analysis are listed in Table 3-16. As shown in Table 3-16, no evidence of new 

ternary W-C-N phases has been given, but mixing of C and N on the interstitial 
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sublattices of the previously described W-N and W-C solid phases (Figure 3-1) has 

been reported [Fri99b, Hua97, Jon93, 96b ]. Implicit in the description of the stable HCP 

Table 3-16. Solid Phases Considered in the Model for W-C-Cl-H-N 

Solid Phase Data Source 
~Cl_l [Lid85], [Sub 94 Database] 
~Cl 2 [Lid85], [Sub 94 Database] 

WCh [Sub 94 Database] 
WCI] [Sub 94 Database] 
WCl4 [Sub 94 Database] 
WCls [Sub 94 Database] 

WC16 (al) [Sub 94 Database] 
WC16 (a2) [Sub 94 Database] 
WC16 (f3) [Sub 94 Database] 
Graphite [Din91] 

Diamond-like carbon [Din91] 
BCCa-W [Din91] 
FCC f3-W [Gus85] 
HCPE-W [Gus85] 

BCCa-WNx [Gui93] 
FCC J3-WNx This Work 
HCPc-WNx [Gui93] 
SHPo-WN This Work 

BCCa-WCx [Gus86] 
FCC J3-WCx [Gus86] 
HCPc-WCx [Gus86] 
SHPo-WC [Gus86] 

BCC a-WNxCy [Fri99b, Hua97, Jon93, 96b] 
FCC f3-WNxCv [Fri99b, Hua97, Jon93, 96b] 
HCP £-WNxCv [Fri99b, Hua97, Jon93, 96b] 

SHP 0-WNxCl-x [Fri99b, Hua97, Jon93, 96b] 

carbonitride phase is the assumption that the HCP WNx phase is considered to be stable 

due to the stability of its HCP carbide analog. Jonsson [1993, 1996b] first predicted 

phase equilibrium in the W-C-N system, although no experimental data were available 

for assessment. Two W-C-N phase diagrams were generated at 2873 K; one excluded 

the gas phase from consideration, while the other included the gas phase at 1000 bar 

pressure. Both diagrams indicated the presence of ternary SHP WNxCi-x and HCP 
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WNxCy phase fields, but neither indicated an FCC ~-WNxCy phase field. None of these 

models included C-N or C-N-Va interaction parameters, but instead assumed ideal 

mixing on the interstitial sublattice. 

Several quaternary thermodynamic analyses involving the W-C-N subsystem 

have also been performed, including the Ti-W-C-N, Nb-W-C-N and Ta-W-C-N 

systems [Fri99b, Hua97, Jon93, 96b]. These reports contained phase diagrams that 

included the BCC, FCC, SHP and HCP metal carbonitride phases. Jonsson, Huang and 

Frisk each described the metal-W-C-N quaternary system using the two sublattice 

model, with metal and W mixing on one sublattice and C, N and vacancies (where 

applicable) mixing ideally on a second, interstitial sublattice. To date, interaction 

parameters describing C-N or C-N-Va interactions on the W interstitial sublattice have 

not been reported. 

As detailed in Chapter 5, our experimentally deposited films contain a mixture of 

FCC ~-WNxCy and amorphous carbon, but do not contain the BCC, SHP or HCP 

carbonitride phases. Oxygen in the films is due to post-growth in-diffusion, and is 

therefore excluded from this equilibrium analysis. Our experimental data will therefore 

be used to estimate Gibbs energy and interaction parameter values for the FCC 

(W)(N,C,Va) phase, while the published Gibbs energy values for the BCC, SHP and HCP 

carbonitride phases will not be modified. To examine the thermodynamic stability of 

~-WNxCy, the two-sublattice model will again be invoked. The metal sublattice 

contains W atoms, while the interstitial sublattice contains a mixture of N, C and Va. 

This model is represented by the notation (W)1(N,C,Va)z, where z is the number of 

· available sites in the interstitial sublattice per W atom. For the FCC carbonitride, the 
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model talces the form (W)1(N,C,Va)1. The FCC B-WNx and FCC B-WCx phases are 

both reported to have a defective NaCl-type structure, with vacancies intermixing on the 

interstitial sublattice. For these phases, the most commonly reported stoichiometries are 

FCC B-WN0_5 and FCC B-WCo.6, respectively, indicating that some of the interstitial 

sites are vacant. A range of x values have been reported for both of these phases, as 

indicated in Table 3-6 and Table 3-15. 

The lattice parameter of the B-WNxCy polycrystals is highly dependent on the 

composition of the interstitial sublattice. Experimentally determined lattice parameters, 

along with the concepts of fractional site occupation and Vegard's law may be used to 

estimate the composition of these polycrystals [Kos93]. Zhang [1994] used lattice 

parameter data to determine the content of C and N on the interstitial sublattice in ternary 

TiNxCi-x polcrystals, which had a rock salt (NaCl) structure. In addition, Vegard's Law 

was used to estimate the C and N content of carbonitrides with the general form 

(Nb,Ti,V)(C,N) [InoOl] and Zr(C,N) [Bin95]. Interaction parameters and phase equilbria 

generated with the Vegard's Law approximation were in good agreement with 

experimental data. 

3.10.2 Liquid Solution in the W-C-CI-H-N System 

Thermodynamic properties for pure liquid W, C and N were talcen from the SGTE 

database [Ans87, Din91]. Thermodynamic properties for several other species in the 

liquid phase, including CCl4, C6HsCl, ~Cl and the tungsten chlorides, were talcen from 

ThermoCalc's Sub94 database. The W-N and W-C liquid phases were previously 

modeled using a substitutional solution model [Gui93, Gus86], and no new ternary 

W-C-N liquid species have been reported. The regular solution approximation, which 
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assumes that component interactions are independent of composition, was applied for the 

W-N and W-C liquid phases. The substitutional, regular solution model will be 

extended to model the liquid phase in our system. The liquid phase species included in 

this analysis are summarized in Table 3-17. 

Table 3-17. Liquid Phase Species Considered in the W-C-Cl-H-N Model 

Liquid Phase Data Source 
CCl4 ThermoCalc Sub 94 Database 

C6HsCl ThermoCalc Sub 94 Database 
~Cl ThermoCalc Sub 94 Database 
WCls ThermoCalc Sub 94 Database 
WC16 ThermoCalc Sub 94 Database 

C [Ans87, Din91] 
N [ Ans87, Din91] 
w [Ans87, Din91] 

3.10.3 Gas Phase in the W-C-Cl-H-N System 

All of the 110 potential gas phase species in ThermoCalc's Sub94 database were 

included in the W-C-Cl-H-N calculation, but a truncated list of the major gas species is 

Table 3-18. Selected Gas Phase Species Considered in the W-C-Cl-H-N Model 

Species Data Source 
c~ Sub 94 Database 
N2 Sub 94 Database 

NH3 Sub 94 Database 
HCl Sub 94 Database 
H2 Sub 94 Database 

C2H2 Sub 94 Database 
C2~ Sub 94 Database 
C2~ Sub 94 Database 
C3~ Sub 94 Database 
c6~ Sub 94 Database 
C~s Sub 94 Database 
HCN Sub 94 Database 
C_G Sub 94 Database 
NG Sub 94 Database 
WG Sub 94 Database 
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shown in Table 3-18 for brevity. The gas phase was treated as an ideal mixture, with 

Gibbs energies for the gas species taken from the SGTE database [Ans87]. 

3.10.4 W-C-CI-H-N Solid Phase Model 

Dinsdale [1991] reviewed the thermodynamic data available in the literature for 

the condensed phases of pure W, C, and N. The Gibbs energy expressions therein are 

valid over a temperature range of 298.15:sT:S:6000 unless noted otherwise. Gibbs energy 

expressions for NH.iCl and the various stoichiometries of tungsten chloride were taken 

from ThermoCalc's Sub94 database. 

The two-sublattice model was used to describe the solid phases in the W-C-N 

system. Expressions describing the sublattice model are shown in Table 3-19 below, and 

are in the form (W)1(N,C,Va)z [Hua97]. W sits on its own sublattice, while N, C and Va 

mix on the interstitial sublattice sites. The subscript on the interstitial sublattice, z, is 

again the number of interstitial sites available per W atom. 

Table 3-19. Sublattice Models for the Ternary Solid Phases in the W-C-N System 

Solid Phase Sublattice Model Expression 
BCC a-WNxCv (W)1(N,C,Va)J 

FCC 8-WNxCv (W)1 (N ,C, Va)1 

HCP E-WNxCv (W)1(N,C,Va)o.s 
SHPWNxC1-x (W)1(N,C)1 

The Gibbs energy models for the three W-C-N solid solutions describe mixing of 

N, C and Va on the interstitial sublattice of metallic W. The different phase structures 

result from the variation in structure of the metallic W sublattice with temperature and 

nonmetal content. To account for the homogeneity range, vacancies are again 

incorporated into the model for the interstitial sublattice. 

Use of the sublattice model to describe the BCC, FCC and HCP W-C-N solid 

solution phases requires modification of the standard expression for the Gibbs energy of 
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mixing. This modification restricts mixing of N, C and Va to the interstitial sublattice, 

and assumes that all sites on the metal sublattice are filled. The modified expression for 

Gibbs energy of the ternary solid solution phase, adapted for the two-sublattice model, is 

shown below: 

Gq, - 1Gq, 1Gq, 1Gq, 
m - YN W:N + Ye W:e + Yva W:Va 

( 
I I I I I I) xs + zRT YN lnyN + Ye lnye + Yva lnyva + Gmix 

(3-34) 

where G : is the Gibbs energy (per mole of formula units) for the cp solution phase 

(cp=BCC, FCC or HCP), yN1, yc1 and yv/ are the site fractions of nitrogen and vacancies 

on the interstitial (I) sublattice, respectively, and Gt,N, Gt,e and Gt,va are the Gibbs 

energy for the cp phase if all interstitial sublattice sites were filled by N, C and Va, 

respectively. The last term, a:x , is the excess term addressing interactions on the 

interstitial sublattice, and can be expanded in the following form for the solid solution 

phases ( <p=BCC, FCC or HCP) [Sau98]: 

a xs - I ''°'(oLq,,v )( I l)v I ''°'(oLq,,v )( I ')v 
mix - YN Yva L..J W:N,Va YN -Yva + Ye Yva L..J W:e,va Ye -Yva 

V V 

I I ''°'(OT9',V ) + YN Ye Yva L..J Lw,N,e,va 
(3-35) 

V 

OT IP 
where Lw,N,e,va is the ternary parameter describing non-ideal N-C-Va interactions on 

the interstitial sublattice of the solid solution, and v typically takes values from O to 2. 

For the line compound phase ( <p=SHP), the excess energy would have the form: 

axs I I"' (OT SHP, v ) 
mix = Ye YN L., Lw,e,N (3-36) 

V 
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If G:U is dependent on temperature and independent of composition (i.e., regular 

solution approximation), v = 0 and Equations 3-35 and 3-36 simplify to Equations 3-37 

and 3-38, respectively: 

G xs_ _ I I o Lcp ,O I I o Lcp ,O 
rrnx - Y N Y Va W :N, Va + Y C Y Va W :C, Va 

I I I O Lcp,O 
+ Y N Y C Y Va W:N,C, Va 

(3-37) 

G xs I Ior.;SHP 
mix = Ye YN W:C,N (3-38) 

The regular solution approximation was used previously to model solid solution 

phases in the W-C-N system [Fri99b, Hua97], and is used in this work as well. Values 

for 
0

L~c,va and 
0
L~N,va were discussed above, while a value for 

0
~;.,e,va is addressed 

in this analysis to incorporate our experimental data for equilibrium in the 

W-C-Cl-H-N system. 

Table 3-20. Gibbs Energy Expressions for W-C-N Solid Solution Phases 

Phase 
Sublattice Model 

Ternary Gibbs Energy Expression 
Layout 

oaBCC OGBCC OGBCC OGBCC 
BCCWNxCy (W)1(N, C, Va)3 

m = Y N W:N + Y C W:C + Y Va W:Va + 

3RT[y NlnyN + YclnYc + YvalnYval +xs G!cc 

oaFCC OGfCC OGfCC OGFCC 
FCC 

(W)1(N, C, Va)1 
m = Y N W:N + Y C W:C + Y Va W:Va + 

~-WNxCy RT[yNlnyN +yclnYc +YvalnYval+xs a:cc 

oaHCP OGHCP OGHCP OGHCP 
m = Y N W:N + Y C W:C + Y Va W:Va + 

HCPWNxCy (W)1(N, C, Va)o.s 0.5RT[yN In YN + Ye ln Ye+ Yva In Yval+xs G!CP 

oGSHP oGSHP oGSHP 
SHPWNxCl-x (W)1(N, C)1 

m = Y N W:N + Y C W:C + 

RT[yNlnyN + Yelnyc] +xs G~ 
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3.10.5 W-C-Cl-H-N Liquid Phase Model 

The Gibbs energy per mole for the liquid phase ( G~ (T, P)) is based on the ideal 

mixing model, as no experimental data are available to assess any deviations from 

ideality for this phase: 

(3-39) 

where Xi is the mole fraction of species i in the liquid phase and O o:iq is the temperature 

and pressure dependent molar Gibbs energy for the pure liquid species i, as reported 

previously [Din91, Gus85]. Existing Gibbs energy expressions for species in the liquid 

phase will not be modified, as no new experimental data have been reported. 

3.10.6 W-C-Cl-H-N Gas Phase Model 

The W-C-Cl-H-N gas phase model is similar to that for the model for the W-N 

gas phase, described above, although many more species are incorporated for this 

five-component system. Existing Gibbs energy expressions for species in the gas phase 

will not be modified, as no new experimental data have been reported for them. 

3.11 Optimization of the FCC 13-WNxCy Gibbs Energy 

Several reports of tungsten carbonitride formation have been given m the 

literature, but an analysis of the polycrystal's structure and composition has not reported. 

Chitica [1996] reported WNxCy deposition by laser ablation of a W target in either CI-4 

or C3Hs with small amounts of N2. The WNxCy phase had minimal N content, but 

considerable levels of carbon, which increased with pressure, rising from y = 0.08 to 0.34 

over a pressure range of 0.05 to 0.2 Pa. The crystal structure was not indicated, however. 

Gogova et al. [1998] reported deposition of WNxCy films for use as barriers to Co 
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diffusion. Two different methods were used to deposit the films; the first was to heat 

CVD-W thin films in NH3, C~ and Ar at 1050°C, and the second was to react W(C0)6, 

CH3COCH3 and NH3 at 400°C. RHEED analysis of the films showed that the WNxCy 

was crystalline, but d-spacing values did not correspond to either SHP WC or BCC W. 

Neither a chemical analysis of the crystalline WNxCy phase before and after annealing 

nor the pressures for these processes were given, however. 

Wang et al. [2000] reported thin films containing the cubic B-WCx, HCP W 2C 

and SHP WN phases by W ion irradiation of a sputtered C film on a W substrate. The 

pressure during ion bombardment was 3.4x10-3 Pa, but substrate temperature was not 

measured. While they assigned a broad XRD peak near 20 = 37 ° to the cubic WCx 

phase, the peak's position suggests deposition of B-WNxCy; elemental analysis of the 

polycrystals to confirm this, however, was not reported. Moreover, although W4f and 

Cls XPS peaks were assigned to the suggested phases, a plot of the Nls peak was not 

shown. In addition, the phase described as SHP WN may actually have been SHP 

WNxCl-x· The formation of carbonitride upon irradiation with W ions, but not with Ar+ 

ions, suggests a strong, attractive C-N interaction on the interstitial sublattice of W. This 

also infers greater stability of the carbonitride relative to the nitride or carbide for these 

deposition conditions. 

As mentioned in Chapter 2, a patent application reported the use of MOCVD to 

deposit B-WNxCy films [FukOO]. X-ray diffraction indicated a peak between 36 and 38 

20° and a second position between 20°= 42 and 44, both of which are consistent with 

FCC B-WNxCy deposition. ALD was also used to deposit FCC B-WNxCy films, as 

mentioned in Chapter 2 [Kim03d]. Bulk film composition from RBS was 48 at.% W, 32 
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at.% C, and 20 at.% N, and the HR-TEM lattice fringe spacing was 2.39 A, which is 

between the interplanar spacings for the (111) orientation of P-WN0.5 (2.38 A) and P 

-WCo.6 (2.43 A). The other lattice fringe spacing was 2.08 A, which was between the 

interplanar spacings for the (200) orientation of P-WNo.5 (2.06 A) and P -WCo.6 (2.11 

A), respectively. In another AW study, P-WNxCy was deposited with a bulk 

composition of 55 at.% W, 15 at.% N, and 30 at.% C [Li02, Smi02]. While these studies 

support the presence of a ternary FCC P-WNxCy solid solution, a detailed compositional 

analysis of the P-WNxCy polycrystals has not been done. 

To begin the analysis of our experimentally deposited FCC P-WNxCy 

polycrystals, the modified expression for Gibbs energy for the FCC solid solution phase 

is shown below: 

FCC I FCC I FCC IGFCC 
Gm = YN Gw,N + Ye Gw,c + Yva W:Va 

( 
I I I I I I) xs + zRT y N lny N + y c lny c + y va lny va + G mix 

(3-40) 

where 

G xs_ _ I I o L<p ,O + I I o L<p ,O 
rrux - YN Yva W:N,Va Ye Yva W:e,va 

I I I O L<p,O 
+ YN Ye Yva W:N,e, va 

(3-41) 

The fractional site occupations of N, C and Va on the interstitial sublattice are denoted 

YN1, ye1, yv}, and are subject to the constraint that they sum to one: 

I I I 
YN + Ye + Yva = 1 (3-42) 

To convert from mole fraction (xi) to site fraction (yi) for the same two-sublattice model, 

Equation 3-43 may be applied [Sau98]: 
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(3-43) 

where Xi is the overall mole fraction of component i, and the superscripts M and I refer to 

the metal and interstitial sublattices, respectively. N1 is the total number of sites on the 

interstitial sublattice, while y/ and yv} are the site fraction of i atoms and vacancies, 

respectively, on the interstitial sublattice. Incorporation of vacancies into the sublattice 

model enables us to consider homogeneity ranges among the atoms mixing on a given 

sublattice. Vacancies will be incorporated into the interstitial sublattice, which contains 

nitrogen and carbon, but will not be considered for the tungsten sublattice. Equation 

3-43 above can therefore be simplified, noting that YvaM = 0 and N 1=zNM: 

(3-44) 

Moreover, assuming that all mixing occurs on the interstitial sublattice, and that tungsten 

is the only element on the metal sublattice, YwM = 1 and yw1 = YNM = YeM = 0. Therefore, 

expressions for xw, XN and xe in terms of z and interstitial site fractions can be written, 

· h I l I I notmg t at Yva = - YN -ye: 

(3-45) 

( 
zy' J - N 

XN - I I 
l+z(yN +Ye) 

(3-46) 

(3-47) 
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The latter two equations can be solved simultaneously for YN1 and Ye1. given the overall 

mole fractions for C and Nin the polycrystal. Note, however, that the mole fraction of 

carbon in this expression is denoted xe1
, which represents the mole fraction of carbon 

residing in the interstitial sites of the polycrystals. Experimentally, C incorporates into 

both the polycrystal's interstitial sites and at grain boundaries, as indicated by XPS 

results. Film composition was determined by AES, which is an area-averaged technique 

that cannot differentiate between C in the grain boundary and interstitial C. The value for 

xe provided by AES therefore is an "average" value, including both interstitial and grain 

boundary carbon, and can be described by the following equation: 

I GB 
Xe= Xe + Xe (3-48) 

where xeGB is the mole fraction of Cat the grain boundary. Any difference between xe1 

and xe indicates leftover "free" carbon not residing in the polycrystal, which therefore 

resides at the grain boundary (denoted xcG8
) . Since xe, as determined by AES, cannot be 

directly related to ye1
, another method is required to determine the C content in the 

~-WNxCy phase. 

The site fraction of C in the ~-WNxCy phase, ye1
, may be estimated through the 

application of Vegard's Law, which represents a linear relationship between the lattice 

constants of end members in alloys. This Law requires the end members to have the 

same crystal structure. To find the lattice constant of an alloy mixture (aauoy) containing 

these three components mixing on the interstitial sublattice, Vegard's law takes the form: 

(3-49) 

where a1, a2, and a3 are the lattice constants for phases 1, 2, and 3, respectively. The three 

end-member phases of interest are ~-W, ~-WNo.5 and ~-WCo.6- The ~-W phase has an 
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FCC W lattice structure, with all interstitial octahedral sites containing vacancies. This 

phase is not observed experimentally, but is useful for the application of Vegard's Law, 

and should not be confused with experimental reports of B-W, which actually have the 

W3O stoichiometry [Hag54]. The B-WNo.s and B-WCo.6 phases contain N and C atoms, 

at 1/2 and 3/5 of the available interstital octahedral sites in the FCC W lattice, 

respectively, while the remaining sites are vacant. Since the three phases are derived 

from the same FCC B-W lattice structure, Vegard's law may be applied to determine the 

shift in lattice parameter with interstitial site occupation. Vegard's law for the lattice 

parameter of the ternary W-C-N solid solution may be written: 

(3-50) 

where a13-WN, a13--wc and ~w are the lattice parameters for B-WN, B-WC and B-W, 

respectively, which are hypothetical FCC W phase compositions with all interstitial sites 

completely filled by N, C and Va, respectively. The term on the left, a13--WNxCy, is the 

experimentally determined lattice parameter of the deposited films (per XRD), while a 

lattice constant of 3.875 A for a13-w was calculated based on a W atomic radius of 1.37 A 

[Sha96]. Values of 4.377 and 4.477 A for ~WN and a13--wc, respectively, were 

extrapolations based on the calculated 3.875 A for ~wand reported lattice parameters of 

4.126 and 4.236 A for a13--WNo.5 and a13--wco.6, respectively. Combining these values with 

Equation 3-50 gives: 

I I I I 
a~- WNxCy = 4.377(y N ) + 4.477(y c ) + 3.875(1- y N - y c ) (3-51) 

There is now one equation with 2 unknowns, YN1 and yc1, To solve this equation, an 

assumption regarding the site occupation of N must be made. Per XPS results for film 
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growth (Chapter 5), N is only present in the film's polycrystals. Nls XPS peaks at higher 

binding energy (above 400 e V), which indicate N at the grain boundaries, do not appear 

for any of our films deposited over the experimental temperature range. Films deposited 

with NH3 as a co-reactant to boost N content also lack higher binding energy Nls peaks. 

Therefore, all N detected by AES is assumed to reside in the polycrystals, with none at 

the grain boundaries. All N detected by AES is therefore considered to preferentially 

occupy interstitial sites in the polycrystals rather than grain boundaries. This assumption 

allows us to determine the fractional site occupation of N atoms (yN1
) on the interstitial 

sublattice. Once this has been determined, Equation 3-51 is solvable. Before calculating 

YN1, though, the conversion from overall film mole fraction, x (w~ch is given by AES), 

to site fraction, y, must be addressed. To convert from mole fraction to site fraction for a 

two-sublattice model, the Equation 3-52 may be applied [Sau98]: 

(3-52) 

where Xj is the overall mole fraction of component j, N5 is the total number of sites on 

sublattice s, y/ is the site fraction of component j on sublattice s, and yv/ is the site 

fraction of vacancies on sublattice s. Denoting the metal sublattice "M" and interstitial 

sublattice "I," the equation for the overall mole fraction of N is: 

(3-53) 

This expression can be simplified by noting some properties of the (W)1(N,C,Va)z model. 

First, only W resides on the M sublattice, so YNM=O. Next, no vacancies are considered 
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on the M sub lattice, so Yva M=O. Moreover, the number of sites on sub lattice M is related 

to those on the interstitial sublattice I through the factor z by the following expression: 

Lastly, since at first only nitrogen addition to the W sublattice is being considered: 

YN + Yva = 1 

Now, Equation 3-53 can be rewritten: 

zy~ 
X N = 

1+ zy~ 

Now, Equation 3-51 can be rewritten in terms of z and XN, which are knowns: 

Now, solve for yc1
, the carbon site fraction in the ~-WNxCy polycrystals: 

(3-54) 

(3-55) 

(3-56) 

(3-57) 

(3-58) 

aP- WNxCy (A)- 4.377 ( X N J- 3.875 (1- X N - y c' J = +4.477 (y c 
1

) (3-59) 
z( 1 - x N ) z(l - x N ) 

Simplifying: 

a"- WN c - 0.50,.,( XN J- 3.875 
I ., x v 1. z( 1- X N) 

Ye = 0.602 (3-60) 

This expression gives the site fraction of carbon in the ~-WNxCy polycrystals. This can 

be converted to mole fraction of carbon in the polycrystal, xc1
, by use of Equation 3-47. 

Experimental values for film composition and lattice parameter are shown in Table 3-21, 
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while calculated polycrystal stoichiometries based on these data are shown in Table 3-22. 

These lattice parameters were derived from XRD spectra shown in Figure 5-31 in 

Chapter 5. 

As with most CVD deposition systems, there is some question about the reactor 

system's proximity to "true" equilibrium conditions. To minimize uncertainty regarding 

the reactor's proximity to equilibrium, only data for the highest deposition temperature 

(700°C) was included in Table 3-22 above. Higher temperature enables more kinetic 

barriers to be overcome, and is therefore a better approximation to equilibrium than 

depositions at lower temperature. Film deposition with NH3 is mass transfer controlled 

across the entire 450 to 700°C temperature range (Figure 5-36 in Chapter 5); in this 

regime, if the mass transfer rates of the various reactants are similar (as expected), the 

composition of reactants at the surface should be similar to that in the bulk gas phase. 

Thus, the film composition for deposition with NH3 at the highest temperature (700°C) 

will be taken as the closest approach to equilibrium, and will be used in the Gibbs energy 

determination for the ternary B-WNxCy phase. Hence, the calculated B-WN0_16C0.43 

(Wo.63No.10Co.21) stoichiometry will be taken as the experimental equilibrium value for 

deposition at 700°C. The film composition was determined by AES, which has an 

accuracy of± 5 at. %, hence the polycrystal stoichiometery is a rough estimate both due 

to compositional inaccuracy and to a lesser extent the use of Vegard's Law 

approximation. Lack of any literature data for the FCC W-C-N ternary phase made this 

necessary, however. Data from Rutherford Backscattering Spectroscopy (RBS) were 

collected to improve compositional accuracy, but the poor resolution provided by the 



162 

specific RBS instrument used for measurements made interpretation of the RBS data 

impossible. 

Table 3-21. Experimental Bulk Composition and Lattice Parameter Data Used for 
Assessment of FCC ~-WNxCy 

Deposition 
Lattice Bulk Composition in 

MOCVD Deposition Parameter at Film (at.%) 
Chemistry 

Temperature 
Ambient (aC) 

Temp., (A) w N C 0 

i-Pr + PhCN in H2 700 4.163 46.3 2.7 48.6 2.4 

i-Pr+PhCN + 
700 4.160 47.9 8.9 41.5 1.7 

NH3 in H2 

Table 3-22. Estimated Equilibrium Compositions for FCC ~-WNxCy Polycrystals 

MOCVD 
Deposition Deposition X in yin Normalized Deposition 

Chemistry 
Temp. (K) Pres. (Pa) ~-WNxCy ~-WNxCy Stoichiometry 

i-Pr+PhCN 
973 4.67xl04 

X = 0.04 y = 0.46 Wo.61No.02Co.31 in H2 
i-Pr+PhCN 

973 4.67x104 
X = 0.16 y = 0.43 W o.63No.10Co.21 +NH3 inH2 

Based on AES, XPS, and XRD data (Chapter 5), it was determined that films 

deposited at 700°C, regardless of NH3 addition, contained ~-WNxCy and amorphous C, 

along with minute amounts of WO3. Oxygen incorporation is believed to occur by 

post-growth exposure to air, hence the oxygen content and oxide phase will excluded 

from consideration in the thermodynamic model. This leaves ~-WNxCy and amorphous 

carbon as the deposited phases to be considered for the model. Amorphous C, however, 

is inherently a metastable phase, so it will be approximated as being in its stable form 

(graphite) at experimental conditions for modeling purposes. Deposition of amorphous C 

rather than graphite may reflect kinetic constraints during deposition that prevent 

graphite, which is considered stable at our experimental conditions, from forming. For 

purposes of the equilibrium model, ~-WNxCy, graphite and gas will be assumed to exist 
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in equilibrium during deposition in the W-C-Cl-H-N system, hence the final model 

should reproduce this equilbrium at 700°C, with the appropriate stoichiometry in the 

carbonitride phase. 

To model the formation of FCC ~-Wo.63No.10Co.21 in equilibrium with graphite 

and a gas phase at 700°C, several solid-phase parameters had to be modified. Modified 

low-temperature expressions for O G ~~ and O L~~-v. , along with a new value for 

0 L~~.c.va, were generated to accurately model the experimental system; the new values 

are shown in Table 3-23, and are compared to the original values reported by Gustafson 

[1986]. In addition, the Gibbs energy and interaction parameter expressions for several 

neighboring FCC transition metal carbides are listed for comparison; these expressions 

are truncated to the first three terms (a + bT + CTlnT), where for the Gibbs energy 

expressions, a=Ho (enthalpy at standard conditions) and -(b+c) = S0 (entropy at standard 

conditions). Comparing the new values for O G ~~ from this work to the original values 

reported by Gustafson [1986], it is apparent that the new value for S0 is only -8% larger 

than the existing one, while the new value for Ho is -30% larger. The differences 

between the values of Ho and S0 generated in this work for FCC WCx and those reported 

for FCC TiCx and NbCx are due to the inability of W to form a stable monocarbide in 

FCC form [Pie96]. The composition ranges for FCC TiCx and NbCx near 1000 K extend 

from Tio.6sCo.35 to Tio.s2Co.4s [Bin95] and Nbo.6oCo.40 to Nbo.soCo.so [Hua97], respectively. 

Similarly, that for FCC TaCx ranges from Tao_s3Co.47 to Tao.soCo.so [Fri98]. In fact, all of 

the Group IV, V and VI metals, with the exception of W, can form stoichiometric FCC 

carbides and nitrides [Pie96]. Stable, stoichiometric WC and WN only exist in SHP 

form, however. Since the FCC carbides of all Group IV, V and VI metals (except W) 
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have homogeneity ranges extending up to the stoichiometric limit (Metalo.soCo.so), their 

minimum vacancy concentration is Yva::::O, As shown in Figure 3-7 and Table 3-15, the 

stoichiometry of FCC J3-WCx at maximum C content, however, is J3-Wo.60Co.40 (or 

J3-WC0.61), which corresponds to a minimum vacancy site fraction of Yva::::0.33. Since no 

ordering has been reported for C on specific interstitial sites in these FCC carbides, the 

higher minimum value for Yva in FCC WCx suggests that this phase should have higher 

positional entropy relative to the other Group IV, V and VI FCC carbides, which are not 

reported to be ordered. This is reflected in the higher S0 value generated by this work. 

Figure 3-8 shows a plot of the metal's atomic number (Ti=22, Nb=41 and W=74) 

vs. Ho for several FCC carbides. The solid circles are the reported Ho values for FCC 

TiCx and FCC NbCx, while the open circle is a calculated value for FCC W:C generated 

by extrapolation from the FCC TiCx and NbCx values. The open triangle data point is the 

value from the existing model for FCC WCx, while the open square is the new value 

generated by this work. Our new value for Ho falls well above the trend predicted by 

extrapolation from values for FCC TiCx and NbCx (solid line), but is slightly closer to the 

trend than the existing value from Gustafson [1986]. This indicates that FCC J3-WCx in 

our model is slightly more stable than reported previously by Gustafson. 

The original value reported by Gustafson [1986] for 0 L~~.va in FCC WCx would 

be -17,980 J/mol at 1000 K, which is significantly less negative than values for the other 

Group IV, V and VI FCC carbides (Table 3-23). The higher minimum value for Yva in 

FCC J3-WCx means that the interaction parameter describing C-Va interactions in FCC 

W, 0 L~~va, should actually have a larger negative value than that for the other Group 

IV, V and VI FCC carbides, reflecting stronger C-Va attraction in FCC J3-WCx, The 
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new, low temperature value for 0 L1;~va (-260,000 J/mol) indicates a much stronger 

C-Va attraction in FCC f3-WCx relative to the other carbides. 
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Figure 3-8. Ho values for the FCC carbides of Ti [Jon96a], Nb [LeeOla] and W [Gus86, 
this work]. 

Modifications to the O G ~,~ and O L1;~. va values resulted in enhanced stability of the FCC 

f3-WCx phase at low temperature, consistent with recent experimental reports discussed 

in Table 3-15. Although parameters addressing C-N and C-N-Va interactions on the 

FCC W interstitial sublattice have not been reported, they have been given for other 

refractory metals, as detailed in Table 3-24. Interestingly, C-N and C-N-Va interaction 

parameters in the Ti and Nb carbonitride systems are generally very attractive, having 

large, negative values. For FCC NbNxCy, the reported interaction parameter is variable, 

depending on the vacancy site fraction on the interstitial sublattice. As listed above, the 

FCC NbCx stoichiometry corresponding to minimum C concentration near 1000 K is 
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Nbo.60Co.40 [Hua97], which translates to a maximum vacancy site fraction of Yva ::=0.33. 

The stoichiometry corresponding to minimum N concentration in the analogous nitride, 

Table 3-23. Gibbs Energy and Interaction Parameter Expressions (J/mol of formula) for 
Several FCC Metal Carbides. 

Sub lattice 
Gibbs Energy (G) and Excess 

Phase 
Model Layout 

Gibbs Energy (L) Expressions Reference 
(J/mol) 

~
0 G~~c = -156735 + 284 *T 

FCCNbCx (Nb)1(C)1 -46 *TlnT [Lee0la] 
0 L~~C,Va = -94050+ 23T 

~0G~~ = -163844 + 267 *T 

FCCTaCx (Ta)1(C)1 -45 *TlnT [Fri96] 
0 ~~.va =-60408+4T 

~ 0 G~~ = -168261 + 294 * T 

FCCTiCx (Ti)1(C)1 -48 *TlnT [Lee0la] 
0 L~~.va = -52702-5T 

~ 0 G~:~ = -224785 + 297 * T 

FCC ZrCx (Zr)1(C)1 
-48 *TlnT 

[Gui95] 
0 1:i~.va =-41870-36T 

+6TlnT 

~ 0 G ~:~ = -42879 + 303 * T 

FCC J3-WCx (W)1(C)1 -48 *TlnT [Gus86] 
0 L~~.va =-17.98*T 

~ 0 G~,~ = -55879 + 330 * T 

FCC J3-WCx (W)1(C)1 -48 *TlnT This Work 
0
L~~.va = -260000 

FCC NbNx, is Nbo.ssNo.45, which translates to a maximum interstitial vacancy site fraction 

of Yva ::=0.2. Assuming that the maximum vacancy fraction for the binary carbide would 

also be the maximum value in the ternary carbonitride, the maximum value for the 

ternary interaction parameter is 
0

L~~c.N,va = -(0.33*(312985)) == -104328 J/mol. The 

d . . 1 J: oLFCC d oLFCC al . h reporte ternary mteractton parameter va ues 1or n:c,N,va an Nb:c,N,va, ong wit 
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the new value for 
0
L~~.N.va from this work, are plotted in Figure 3-9. The new value 

for 
0

L~~.N.va from this work fits the trend of the reported Ti and Nb values, as the 

goodness of fit (R2 value) for this line is 0.96. 

Table 3-24. Interaction Parameters for Several Refractory Metal Carbonitrides 

Compound Model 

FCC Fe1 (C,N)1 

FCC Nb1(C,N)1 

FCC Nb1(C,N,Va)1 

FCC Ti1(C,N,Va)1 

FCC W1(C,N,Va)1 

Interaction Parameter 
Ex ression (J/mol) 
oy FCC 

LFe:C,N = -14545 

oLFCC 
Nb:C,N =12.5922*T 

oLFCC 
Ti:C,N = -54176 

oLFCC 
Nb:C,N,Va = -Yva*312985 

oLFCC 
Ti:C,N,Va = -121744 

OT FCC 
LW:N,C,Va = -9()()()() 

Reference 

[Du91] 

[LeeOla] 

[Jon96a] 

[LeeOla] 

[Jon96a] 

This Work 
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Figure 3-9. C-N-Va interaction parameter trend based on reported values for Ti 
[Jon96a] and Nb [LeeOla] and the new value for W from this work. 
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Our experimental XPS results also indicate attractive C-N interaction on the 

interstitial sublattice of the WNx polycrystals, as discussed in Chapter 5, but evidence of 

ordering is not present. Moreover, the ternary FCC TiNxCy and FCC HfNxCy phases are 

reported to have broader homogeneity ranges than their binary metal nitride and metal 

carbide counterparts [Bin95], which is further evidence of attractive C-N and C-N-Va 

interaction on the interstitial sublattice of these metals. 

3.12 Degrees of Freedom (DOF) Analysis 

The CVD process involves a mixture of gaseous precursors and products 

contacting a solid substrate surface. For this reason, gas phase chemical equilibrium 

calculations are useful to estimate the makeup of the gas taking part in the reaction at the 

substrate surface. Equilibrium calculations can be done for a homogeneous gas phase 

system, which represents the scenario in a reactor system before deposition begins, and 

for a heterogeneous gas-solid phase system, which represents the equilibrium after 

deposition has begun. 

The mixture of precursor, solvent, and carrier gas examined in this study contain 

W, C, Cl, Hand N atoms. Both H2 and N2 were tested experimentally as carrier gases, 

but N2 did not afford low temperature deposition, and prevented deposition when added 

as a co-reactant to H2 carrier gas. N2 is assumed to be inert over the entire experimental 

temperature and pressure range, due to a large kinetic barrier to its dissociation/reaction, 

so this result was not surprising. N present in any equilibrium phases or species therefore 

originates from decomposition of the precursor and/or solvent. Since i-Pr + PhCN in H2 

carrier gas provided the best experimental film results, this will be used as the basis for 

our thermodynamic analysis. As a base condition, the initial input values were the mole 
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fractions of W, C, Cl, H and N present in a mixture containing 7 5 mg of the isopropyl 

precursor Cl4(CH3CN)W(NiPr), 10 mL of benzonitrile (PhCN) solvent, and 1000 

standard cm3/min (seem) of H2 carrier gas, as shown in Table 3-25. 

W-C-Cl-H-N equilibrium calculations were done for temperatures ranging from 

300 to 1200 Kand pressures ranging from Oto lx105 Pa. Temperature and pressure, the 

two easiest variables for us to manipulate experimentally, were varied to determine their 

impact on homogeneous and heterogeneous gas phase speciation. The most important 

input atom ratios, along with temperature, were also varied to determine their effect on 

solid phase deposition at certain equilibrium conditions. Atom ratios considered in the 

DOF analysis are listed in Table 3-26, along with the values of these ratios in a basis 

mixture of i-Pr + PhCN + H2 carrier gas, and the inputs for the calculation. The CVD 

phase diagrams generated by this DOF analysis are useful to determine which direction 

one must go experimentally, with respect to variable manipulation, to deposit the desired 

solid phase(s). 

Table 3-25. Elemental Composition for C4(CH3CN)WN-i-Pr in PhCN with 1000 seem 
H2 Carrier Gas 

Amount 
Amount Amount 

Present in 
Present in Present in Total Input Mole 

Element i-Pr 
Precursor 

PhCN Carrier Gas (gmol/min) Fraction 

(gmol/min) 
(gmol/min) (gmol/min) 

w l.18xl0-0 - - 1.18 xl0-6 2.23x10-:, 
C 5.90x10-0 4.53x10-j - 4.53x10-j 8.55x 10-.t 
Cl 4.72xl0-6 - - 4.72 xl0-0 8.90x10-:, 
H l.18x10-:, 3.23x10-j 4.46x10-.t 4.78 xlo-.t 9.02x10- 1 

N 2.36x10-o 6.46xl0-4 - 6.49xl0-4 l.22xl0-.t 

For a system containing 5 elements, there are 7 "true" degrees of freedom 

(number of elements + 2) that must be satisfied before the equilibrium calculation can 

begin. For the homogeneous and heterogeneous speciation calculations, the input moles 
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of each of the five species were fixed to the basis value (Table 3-25). For isobaric 

calculations with variable temperature, the pressure was fixed and an initial temperature 

value was input to generate an initial equilibrium. From this initial equilibrium data point, 

the temperature was varied to determine its effect on the partial pressure of the gas phase 

species produced. For isothermal calculations with variable pressure, the temperature 

was fixed and an initial pressure value was input to generate an initial equilibrium. 

Pressure was then varied to determine its effect on partial pressure of gas species 

produced. 

Table 3-26. Ratios and Inputs Used for Heterogeneous Solid Phase Equilibrium DOF 
Analysis 

Input Ratio 
Ratio in Basis Inputs for Calculation 

Mixture (status during mapping) 
Temperature (variable) 

Pressure (fixed) 

[ molesN ] 
moles W + N (fixed) 

moles N + moles W 
0.998 moles W (variable) 

moles C (fixed) 
moles Cl (fixed) 
moles H (fixed) 

Temperature (variable) 
Pressure (fixed) 

[ molesC ] 
moles W + C (fixed) 

0.999 moles W (variable) 
moles C + moles W moles Cl (fixed) 

moles H (fixed) 
moles N (fixed) 

For heterogeneous solid phase equilibrium (CVD phase diagrams), the atom ratios 

of interest, along with temperature, were varied to determine their impact on the solid 

phase deposited. To vary the atom ratio, the sum of the two atoms of interest was set to a 

fixed value, as were the individual values for the remaining three atoms. By fixing the 

sum of the two atoms of interest, the ratio of atoms within this sum could be varied in a 

stepwise manner. An initial value for one of the elements in the sum was supplied, which 
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brings the degrees of freedom to zero so that the calculation may begin. After an initial 

equilibrium is calculated, the quantity of one element in the sum is varied, which 

automatically varies the value for the other element in the sum, since their total is fixed. 

In addition to element ratio, the temperature is also varied so that the CVD phase diagram 

can be mapped. Table 3-26 shows the input ratios studied, as well as the input values and 

their status (fixed or variable) during calculation of the CVD phase diagram. 

3.12.1 Homogeneous Gas Phase Speciation 

Homogeneous gas-phase equilibrium was calculated by considering all potential 

gas phase species (per ThermoCalc's SUB94 database) in equilibrium with solid W, 

which has minimal vapor pressure at the temperatures of interest and has minimal impact 

on the gas species. Mole fractions for the precursor/solvent mixture in 1000 seem of H2 

carrier gas are shown in Table 3-25. This is the basis concentration of reactants during 

deposition, without any co-reactants such as NH3 or N2 added. The values in this table 

serve as the initial conditions input to ThermoCalc for it to begin the equilibrium 

calculation. 

Figure 3-10 shows the variation of partial pressure with temperature for gas 

species in the Cl4(CH3CN)WN-i-Pr + PhCN + H2 carrier gas system. The bulk of the 

gas phase is made up of H2. The dominant carbon containing species was C~, which is 

a stable and desirable reaction product in MOCVD. C~ is an effective gas phase carbon 

sink that limits the amount of carbon available to contaminate the film. The 

concentration of C~ was fairly steady over the temperature range examined. A variety 

of other C containing species are also present in the homogeneous equilibrium, as shown 

in Figure 3-10. 
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The dominant equilibrium Cl-containing species in the gas phase was HCl, and 

its equilibrium concentration was unchanged with increasing temperature. Interestingly, 

the presence of Clz is not predicted in appreciable concentration. The predominance of 

HCl is due to excess H2 carrier gas, which is available to react with Cl ligands leaving the 

precursor to form HCl. 

Below 500 K, the dominant N containing species is NH3, while N2 is dominant 

above 500 K. The NH3 level steadily decreases above 500 K, which is indicative of its 

tendency to decompose (presumably to N2 and H2) with increasing temperature. The 

concentration of N2 increases up to 600 K and then levels off with increasing 

temperature, which is indicative of its high thermal stability in this temperature range. 

While N2 and NH3 are the principal species through which N escapes from the film, HCN 

and HNC are two other N-containing species in the homogeneous equilibrium through 

which N may desorb from the films. HCN first appears near 800 K, and overtakes NH3 

in concentration above 1000 K. HNC appears above 1000 K, but its concentration 

remains below that for N2, NH3 and HCN up to 1200 K. 

The impact of overall system pressure on the gas phase equilibrium was also 

examined. Figure 3-11 shows the dependence of gas phase speciation on total system 

pressure as a function of temperature. The levels of H2, N2 and HCl are essentially 

constant over the entire pressure range for the four temperatures shown. Increasing 

overall system pressure tends to decrease the variety of gas species present in appreciable 

concentration. Figure 3-11 indicates that an increase in total pressure causes an increase 

in the NH3 concentration, however. The concentration of NH3 increases steadily with 

total system pressure at the four temperatures shown (Figure 3-1 la-d). The drop in NH3 
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concentration with increasing temperature, discussed above, is agam evident when 

moving from Figure 3-1 la to d. The increase in NH3 concentration with pressure is 

expected, as increased pressure drives the following equilibrium to the left per Le 

Chatelier' s principle. 

10' ...-------------------------, 

CH 

N 

400 600 800 

Temperature (K) 

Figure 3-10. Effect of temperature on homogeneous gas phase equilibria for a mixture of 
the i-Pr precursor in benzonitrile solvent, with H2 carrier gas flowrate of 
1000 seem at 4.67x104 Pa (350 Torr). 

In this case, the equilibrium constant, K, is proportional to 11Ptotai2, hence increasing the 

total system pressure decreases the tendency of NH3 to dissociate. While the above 

equilibrium suggests that N2 and H2 should combine to form NH3 at higher pressure, a 

large kinetic barrier to the decomposition of N2, coupled with our relatively low operating 

pressures during CVD, make this unlikely during deposition. 
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The concentration of CR. also increases with total system pressure; this increase 

is especially noticeable at 1200 K. This is presumably due to a shift in equilibria similar 

to that discussed above for NH3. Equilibria leading to formation of C2R. and C.JI8, for 

example, may be written: 

2CR. C2R. + 2H2 

4CR. C.Jis + 4H2 

To form C2R., 2 moles of reactant (CR.) are converted to 3 moles of product (1 mole 

C2R., 2 moles H2). For both of these equilibria, the equilibrium constant, K, is 

proportional to l/P10ta1, hence increasing the total system pressure decreases the tendency 

of CR. to form products. 

HCN first appears in Figure 3-11 b at 800 K for pressures below 0.5 atm, but its 

concentration also decreases with increasing system pressure. Equilibria based on both 

N2 and NH3 can be written which give rise to formation of HCN: 

2CR. + N2 ;= 2HCN + 3H2 

2CR. + 2NH3 ;= 2HCN + 6H2 

To form HCN from CR. and N2, for example, 3 moles of reactant (2 moles CR., 1 mole 

N2) are converted to 5 moles of product (2 moles HCN, 3 moles H2). For these equilibria, 

the equilibrium constant, K, is proportional to 11Ptotai2 and to l/P1otai4. respectively, hence 

increasing the total system pressure decreases the tendency to form HCN. 

As evident in Figure 3-1 ld at 1200 K, high temperature fosters formation of a 

large variety of C containing species. The concentration of all of these species, with the 

exception of CR., C28<, and C3Hs, decreases with increasing total system pressure. The 

increase in the concentration of CR., C28<, and C3Hs with total pressure can again be 
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explained by a shift in equilibrium to decrease the total number of moles at higher 

pressure. Formation of other C containing species from C2~ and C3H8 follows 

equilibrium behavior similar to that for C~. For example: 

C2~ C2~+H2 

4C3Hs ~ 3C4Hs + 4H2 

To form C2~, 1 mole of reactant (C2~) is converted to 2 moles of product (1 mole 

C2~, 1 mole H2). Likewise, to form C~8, 4 moles of reactant (C3Hs) is converted to 7 

moles of product (3 moles C~8, 4 moles H2). For these equilibria, the equilibrium 

constant, K, is proportional to l!Ptotal and to 11Ptotai3, respectively, hence increasing the 

total system pressure favors formation of C2~ and C3H8• 

A comparison of the behavior for C~, C2~ and C3Hs with pressure results in the 

following equilibria: 

2C~ 

3C~ 

The total number of moles in the gas phase is conserved per these equilibria, so 

increasing total system pressure should not favor formation of C2~ or C3H8 over C~, 

and vice versa. The concentration of each of these species increases with pressure due to 

decomposition of the other C containing species at higher pressure. In these equilibria, K 

is independent of pressure, hence increasing the total system pressure will not favor 

formation of reactants or products. 

Homogeneous speciation calculations indicate that operation at lower temperature 

and higher pressure yield maximum C~ concentration, which is the most abundant gas 
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phase C sink. Increasing deposition temperature and decreasing pressure leads to the 

largest variety of C containing species in the gas phase. The concentrations of these 
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Figure 3-11. Effect of total system pressure on homogeneous gas phase equilibria for a 
mixture of the i-Pr precursor in benzonitrile solvent, with H2 carrier gas 
flowrate of 1000 seem. (a) 600 K (b) 800 K (c) 1000 K (d) 1200 K. 
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various species, however, are orders of magnitude lower than that for C~, so operating 

in a region to maximize C~ content appears to be the best way to maximize the amount 

of C in volatile form. 

3.12.2 Heterogeneous Gas Phase Speciation 

Heterogeneous gas phase speciation is shown in Figure 3-12. H2 and C~ are the 

dominant H and C containing species, respectively, while the variety of carbon 

containing species with concentrations~ 10-s atm are considerably less for heterogeneous 

speciation relative to the homogeneous case. H2 concentration is steady at lower 

temperature, but increases above 800 K, which suggests increased alkyl decomposition at 

higher temperature. The decrease in concentration for most C containing species at 

higher temperature, as well as the smaller variety of C containing species, is consistent 

with increasing C deposition in the films at higher temperature. The dominant Cl 

containing species is again HCl, but rather than having a constant concentration as in the 

homogeneous case, the HCl level drops rapidly below 425 K. This is due to the stability 

of solid ~Cl at low temperature, which serves as a solid phase sink for Cl. 

N2 and NH3 behave in a similar fashion in both the homogeneous and 

heterogeneous equilibria. Interestingly, the C~, C28<i and CJf8 concentrations drop 

substantially above 800 K. This coincides with the appearance of solid graphite near 800 

K, which serves as a solid sink for C at higher temperature. Two other C containing 

species, C2~ and HCN, appear near 800 K and increase steadily with temperature. 

These two species were reported to form during MOCVD of TaNxCy from the 

pentakisdimethylamido tantalum precursor at 780 K [Slo99]. While both of these species 

could serve in addition to C~ as gas phase carbon sinks, HCN has been reported to 
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deposit carbon into films at higher temperature ( discussed further in Chapter 5). Hence, 

operating below 800 K (527°C) may help to decrease formation of HCN, which can 

subsequently decompose to deposit C in the films. 
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Figure 3-12. Effect of temperature on heterogeneous gas phase equilibria for a mixture of 
the i-Pr precursor in benzonitrile solvent, with H2 carrier gas flowrate of 
1000 seem at 4.67x104 Pa (350 Torr). 

The effect of total system pressure on heterogeneous gas phase speciation was 

also examined. Figure 3-13 shows species partial pressure vs. total system pressure at 

600, 800, 1000 and 1200 K. H2, N2 and HCl levels were essentially constant over the 

entire pressure range explored. As in the homogeneous case, the concentrations of NH3 

and C~ increase with total system pressure. While HCN concentration decreased with 

increasing pressure for the homogeneous case, its concentration was unchanged with 

pressure at 1000 and 1200 K. Moreover, HCN concentration increases with temperature, 

suggesting that this may be an important pathway for N and C desorption at higher 

temperature. 
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In contrast to the homogeneous case, the concentration of many gas species 

increases with increasing pressure, especially at the two higher temperatures (Figure 

3-13c-d). For several of these species (e.g., C2~. CJI8), this behavior runs contrary to 

Le Chatelier's principle, described above. This is evidence of the solid phases, especially 

the carbides, carbonitrides and graphite, taking part in the equilibrium and affecting 

speciation in the gas phase above it. 

Experimentally, both N2 and H2 were tested as carrier gases. Deposition 

temperatures 2': 800°C were necessary to deposit films from the i-Pr precursor in N2 

carrier gas. Use of H2 as the carrier gas, though, allowed for deposition down to 450°C. 

This is most likely due the thermal conductivity difference between H2 and N2. The 

thermal conductivities of H2 and N2 at 500°C are 404 and 53 W/m-K, respectively 

[lnc90]. Higher carrier gas thermal conductivities cause more upstream heating of the 

precursor. This improves the gas-phase thermal decomposition of the precursor into 

desired intermediates, which then react on the substrate surface to deposit WNx films. 

Addition of NH3 and/or N2 to the H2 carrier gas would appear to help suppress the 

evolution of N from the precursor and the films. Experiments have shown that addition 

of NH3 to the reactor system led to increased N content in the deposited films (Chapter 

5). This result, however, is likely caused by reaction between NH3 and the precursor 

molecule/growing film, rather than a shift in the above equilibrium. Similar experiments 

with N2 (which is inert at our experimental conditions) in place of NH3 led to poor films 

with minimal nitrogen content. The N2 co-reactant may have actually blocked surface 

sites rather than suppressing evolution of N, thereby inhibiting film deposition. 
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Residual gas analysis (RGA) data for deposition with Cl4(CH3CN)WN-i-Pr + 

PhCN + H2, discussed further in Chapter 5, indicate the presence of C2H2, C~, HCN, 
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PhCN, HCl, and H2. The presence of C2H2 and C61-4 during deposition resulted from 

thermal decomposition of PhCN in the reactor. As discussed in Chapter 5, concentrations 

for PhCN decomposition products were adjusted to eliminate contributions from PhCN 

cracking in the RGA. The remaining signal was therefore due to thermal processes in the 

reactor. C2H2 is predicted to form during heterogeneous equilibrium for high 

temperatures (2: 1100 K), while C61-4 is not predicted to form in appreciable 

concentration. Experimental RGA results indicate the presence of PhCN and C~ at 873 

K, however. This suggests that PhCN decomposition in our reactor is incomplete and 

does not occur near equilibrium, which is supported by the kinetically limited character 

of the carbon deposition process with PhCN solvent, as discussed in Chapter 5. 

The presence of HCl and HCN in the reactor is qualitatively consistent with 

heterogeneous equilibrium calculations. HCl is believed to be the major desorption route 

for Cl leaving the precursor molecules; RGA data and equilibrium calculations support 

this, and indicate that Ch is not present in significant concentration. While HCN seems 

to be an alternate pathway for N and C desorption at increasing temperature, literature 

reports suggest that it decomposes on surfaces containing W, and hence may be 

responsible for adding C and N to the films (Chapter 5 has more detail). 

Cl-4, the most abundant C containing species in the equilibrium model, may have 

been present in the reactor in significant quantity. Both Cl-4 and O have the same rn/z 

value (rn/z = 16) in our RGA, however, hence a peak at 16 is likely to be a convoluted 

signal, making the relative concentration of Cl-4 in the reactor unclear. Oxygen 

presumably emanates from fragmentation of background 0 2 or H20 in the system. N2 

was the carrier gas for RGA studies, so the amount generated during reaction is unknown. 
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NH3 may also have been present in the reactor in significant quantity, as a peak at 

m/z=l 7 was present during deposition. Since NH3 and [OHt have the same m/z value 

(mlz=l 7), however, this signal is likely to be convoluted, including signals for both NH3 

and [OHt. The presence of [OHt is likely due to cracking of background H20 in the 

RGA. 

Heterogeneous equilibrium calculations, like the homogeneous ones, indicate that 

operation at lower temperature and higher pressure yields maximum C~ concentration. 

Again, increasing deposition temperature and decreasing pressure leads to the largest 

variety of C containing species in the gas phase, although the number of gas species is 

much lower relative to the homogeneous case, especially at higher temperature. The 

concentrations of these various species, as in the homogeneous case, are orders of 

magnitude lower than that for C~, however. Hence, operating conditions that maximize 

C~ concentration appear to be the best way to maximize the amount of C in volatile 

form, thereby minimizing the amount of C deposited in the film. Operation at lower 

temperature and higher pressure maximizes the C~ content in the system, and should 

therefore minimize the amount of C deposited in the films. 

3.12.3 Heterogeneous Solid Phase Equilibrium 

The effect of varying two input atomic ratios on the solid phase equilibrium was 

also examined. The goal was to determine which values of these ratios would favor 

deposition of the FCC phase, without any second phase present. The first ratio considers 

changes to the number of N atoms relative W atoms in the input mixture. The plot in 

Figure 3-14 shows the effect of varying temperature and N/N+W on the deposited 

equilibrium solid phases. Note that the gas phase is in equilibrium with all solid phases 
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shown on the diagram, but is not included on the diagram. Four solid phases are evident 

in the diagram: FCC J3-WNxCy, SHP WNxCt-x, graphite, and ~Cl. The roughly 

horizontal line extending from 770 to 828 K delineates two regions. Graphite is stable 

above this line, but does not appear below it. At the highest temperature, for all values of 

N/N+W, a mixture of FCC and graphite is stable. As temperature decreases toward the 

graphite demarcation line, a two-phase and a three-phase solid region appear. The 

two-phase solid region contains a mixture of SHP and graphite, and is present at higher 

values of N/N+W. The three-phase region consisting of FCC, SHP and graphite exists at 

lower values of N/N+W. Below the graphite demarcation line, graphite disappears, while 

the FCC and SHP phases remain. For N/N+W values above 0.5 and temperatures 

between 484 K and the graphite line, a single SHP phase region exists, while a 

two-phase SHP + ~Cl region exists below 484 K, with ~Cl existing in two 

different forms. Per JANAF [Lid85], ~Cl undergoes a second order transition at 457.7 

K, which is evidenced by a change in heat capacity of the solid at this temperature. This 

is reflected in the diagram, where ~Cl_l exists with SHP above this transition 

temperature, while ~Cl_2 exists with SHP below it. Moving below N/N+W = 0.5, the 

equilibrium shifts to a two-phase solid mixture of FCC and SHP. The small, triangular 

region between - 550 and 770 K, with N/N+W :::; 0.04, contains a single FCC phase, 

which is the most desirable phase for barrier deposition. The operating window in which 

pure FCC phase material can be deposited at equilibrium is relatively narrow. This 

suggests that during low-temperature ( <770 K) equilibrium deposition conditions, the 

amount of available N input to the reactor should be decreased relative to our current 

input amount, to avoid formation of the high resistivity SHP phase. Even for depositions 
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at 450°C (723 K), however, FCC (presumably, based on inference from XPS data) + 

amorphous carbon is deposited. This suggests that kinetic constraints at this low 

temperature may cause a surface limited process that inhibits formation and/or desorption 

of C as a volatile species. Inadequate C~ production and/or desorption, for example, 

could lead to amorphous C deposition even at the lowest temperature. 

Experimentally, use of Cl4(CH3CN)WN-i-Pr + PhCN + H2 causes the minimum 

value of the N/N+W ratio to be -0.998, as shown in Table 3-26. By adding an N bearing 

co-reactant (such as NH3), this ratio can be increased essentially to 1. Conversely, if an 

N-free solvent were used in place of PhCN, the ratio above would reach a minimum 

value of 2/3, due to each i-Pr precursor molecule containing one W and two N atoms 

(imido N and N in CH3CN trans ligand). The trans ligand could be changed to one 

without N, which would decrease this ratio to 1/2. To lower the ratio any further, the 

number of W atoms in the precursor molecule must be increased or the single source 

chemistry would need to be abandoned in favor of a co-reactant scheme, with separate 

precursors providing the W and N atoms. 

The second ratio considers changes to the number of C atoms relative W atoms in 

the input mixture. The plot in Figure 3-15 shows the effect of varying temperature and 

C/C+W on the deposited equilibrium solid phases. Note again that the gas phase is in 

equilibrium with all solid phases shown on the diagram, but is not included on the 

diagram. Four solid phases are also evident in this diagram: FCC B-WNxCy, SHP 

WNxCi-x, graphite and ~Cl. The line extending from 518 to 438 K delineates two 

regions: ~Cl is stable below it (with SHP), but does not appear above it. Moving 

above this line, a single phase SHP field exists. The curve extending from C/C+W=O.l 
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at T=1200 K to CIC+ W=l at T=828 K, with a discontinuity near T=l020 K, 

delineates the regions with and without graphite. Graphite appears to the right of this 
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curve, in equilibrium with FCC at higher temperature and SHP at lower temperature. The 

appearance of graphite at higher temperature and C content makes intuitive sense, as 

moving toward higher temperature and C levels in our system leads to greater C 

contamination in the films. The line that is slightly concave down and intercepts the axes 

on either side of the diagram at T=1020 K delineates regions with (above the line) and 

without (below the line) the FCC phase. At lower values of CIC+ W above 1020 K 

(747°C), FCC exists as the single solid phase. This suggests that the amount of C in our 

system should be decreased significantly from the normal value of C/C+W = 0.999 

(Table 3-26), and that operation at temperatures greater than 1020 K is required. To 

decrease the C content, a change in precursor ligands and, more importantly, solvent, 

would be required. Operating at high temperature favors polycrystalline film deposition, 

however, which leads to poor barrier performance. Based on the CVD diagrams in 

Figure 3-14 and Figure 3-15, it appears that fixing the C input to current levels and 

lowering both the input N level and temperature is the likely route to equilibrium 

deposition of the FCC phase. Kinetic constraints on the formation and desorption of 

volatile C containing species, however, may make this difficult, as moving toward lower 

temperature, which is required for barrier deposition, inherently moves the reactor 

conditions further away from equilibrium. 

3.13 Predicted W-C-N Ternary Phase Diagram 

Using the database generated for the W-C-Cl-H-N system, ternary phase 

diagrams for the W-C-N subsystem can be predicted. The predicted ternary equilibrium 

for the W-C-N system at 700°C (973 K) and lx105 Pa is shown in Figure 3-16. Four 

solid phases and one gas phase are present on this diagram. The four condensed phases 
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are FCC BCC W, FCC ~WNxCy, SHP WNxC1-x and graphite, while the gas phase is N2. 

Interestingly, the HCP WNxCy phase does not appear in the diagram, nor did it appear in 

either of the CVD phase diagrams. A sizable homogeneity range exists for the single 

phase field of FCC f3-WNxCy, which is similar to homogeneity ranges reported for the 

FCC phase in the Ti-C-N, Zr-C-N [Bin95] and Nb-C-N [LeeOla] systems. The FCC 

~WNxCy region is broader at the C-rich end of its range, suggesting enhanced stability 

of this phase at lower x and higher y values. 

C 

0.0 

Graphite + N2 + 
8-WN 

~~=====;:::=:::::+--f-~~---,---r----r----r--4- 0.0 
W 0.0 0.1 0.2 0.5 0.6 0.7 0.8 0.9 1.0 N 

~-WNxCy + 8-WNxCl-x 

Figure 3-16. Predicted ternary equilibrium phase diagram for the W-C-N system at 973 
Kand lx105 Pa. 
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Three two-phase regions are present on the diagram. The triangular shaped 

region in the bottom left comer of the diagram extending from W to f3-Wo.sCo.20 to 

f3-W0_69N0_31 is a two-phase region containing the BCC Wand FCC f3-WNxCy phases in 

equilibrium. Another two-phase region exists between the single phase FCC f3-WNxCy 

field and the line connecting &-WN with &-Wo.soNo.49Co.01- The third two-phase region 

exists between graphite and the FCC f3-WNxCy phase. 

Two three-phase regions are also present on the diagram. The triangular shaped 

region on the right of the diagram is a three-phase invariant region bounded by SHP 

&-WN, graphite, and N2 gas. The other three-phase invariant region is bounded by 

graphite, f3-W o.62No. 13Co.2s and &-W o.soNo.49Co.01. 

In application to CVD, this diagram suggests that the W IC and WIN ratios should 

initially be made large to drive deposition into the two-phase W + FCC f3-WNxCy field, 

where W could be easily detected by XRD. The initial growth temperatures should be 

relatively high to produce films which are easy to characterize. It is noted that the 

boundary between the two-phase region and the single FCC f3-WNxCy field is only 

weakly dependent on temperature. Thus, the strategy would then be to increase the WIN 

and possibly W/C ratios, until the W metal phase disappears. The next step then would 

be to lower the processing temperature to foster deposition of an amorphous FCC 

f3-WNxCy film. 

The predicted ternary equilibrium diagrams for the W-C-N system at lxl05 Pa 

are shown for temperatures of 500°C (773 K) and 300°C (573 K) in Figure 3-17 and 

Figure 3-18, respectively. Interestingly, the two-phase graphite + FCC f3-WNxCy 

region shrinks with decreasing temperature through growth of the two-phase FCC 
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~-WNxCy + 8-WN region. The increase in area of the FCC+ 8 two-phase region with 

decreasing temperature follows the trend on the binary W-N diagram, in which the FCC 

region narrows with decreasing temperature below 1046 K while the two phase FCC+ 8 

region grows (Figure 3-5). The tested precursors were unable to deposit films at 300°C, 

requiring higher temperature to trigger film growth. Hence, no experimentally grown 

film is available for comparison against this diagram. 

C 

0.0 

Graphite + N2 + 
8-WN 

Figure 3-17. Predicted ternary equilibrium phase diagram for the W-C-N system at 773 
Kand lx105 Pa. 
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Figure 3-18. Predicted ternary equilibrium phase diagram for the W-C-N system at 573 
Kand lxl05 Pa. 

3.14 Predicted ~-WCo.s- f3--WNo.sPseudobinary Equilibrium 

Since FCC is the desirable structure for barrier film deposition, it is useful to 

understand how temperature affects the equilibrium composition of FCC B-WNxCy, The 

pseudobinary diagram in Figure 3-19 shows the effect of temperature on the FCC 

B-WNxCy for varying N and C content. The end members of this pseudobinary are the 

FCC B-WC0.5 and FCC B-WNo.s phases. While the C and N content of this phase varies 

substantially, the end member stoichiometries were fixed to B-WCo.s and B-WNo.s to 

match the most desired stoichiometry for nitride barriers (P-WNo.s = B-W 2N). As 
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evident from Figure 3-19a, FCC B-WNxCy is stable at lxl05 Pa for temperatures below 

1869 K. The pure nitride begins to decompose above this temperature, leading to 

formation of gas and FCC B-WNxCy. As temperature increases above 1869 K, the N 

content of FCC B-WNxCy decreases (due to formation of N2 in the gas phase) while C 

content increases. The trend of decreasing N and increasing C content for the FCC 

B-WNxCy phase with increasing temperature matches the trend for the deposited films. 

This behavior is consistent with decomposition of the binary nitride phase at higher 

temperature, rather than melting, which is reported for the binary carbide phase (far left 

of diagram). An expanded view of the left side of the pseudobinary diagram is shown in 

Figure 3-19b. On the far left side of the diagram, congruent melting of FCC B-WNxCy 

(with N content below 0.002) is predicted for temperatures at and above 3004 K. A 

single ternary liquid phase is present above 3004 K in this region of the diagram. A small 

triangular region from T=3004 to 3012 K, with N content between 0.002 and 0.01, 

contains FCC+ liquid in equilibrium. Above 3012 K for N content above 0.002, liquid 

exists in equilibrium with a gas phase. Between the FCC + gas and liquid + gas 

two-phase fields on the diagram is a narrow, three-phase equilibrium region containing 

FCC + liquid + gas. The temperature at which liquid forms in equilibrium with FCC and 

gas increases with increasing C content on the interstitial sublattice, reaching a maximum 

value near 3012 K. 

In addition to predicting the ternary W-C-N and pseudobinary 

tl-WNo.s-B-WCo.s equilibria, the site fraction of C, N and vacancies on the FCC W 

interstitial sublattice was also examined. The change in interstitial site occupation with 
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temperature is shown in Figure 3-20 below. The graph indicates complete occupation of 

all interstitial sites by N at temperatures below -680 K, with N occupation decreasing 

steadily above this temperature. Between 680 and 1100 K, escaping N atoms leave 



---- ----------------------------,,-,..,,=-, 

193 

behind vacancies, rather than incorporating C in place of N. At 1100 K, C begins to 

occupy interstitial sites on the sublattice, and increases to a maximum occupation of 0.66 

near 2500 K. Experimentally, C replaces N on the interstitial sublattice at temperatures 

far below 1100 K, which again may be due to the inability of C to form and/or desorb in a 

volatile species at our lower deposition temperatures. 
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Figure 3-20. Temperature dependence of C, N and Va site fraction on interstitial FCC W 
sublattice at 350 Torr. 



CHAPTER4 
EXPERIMENTAL APPROACH FOR CVD 

4.1 Substrate Preparation 

The majority of film depositions were done on Si substrates for several reasons. 

First, Si is inexpensive and readily available. Second, interdiffusion and reaction 

between Cu and Si is very rapid, even at low temperatures, malting Si a very conservative 

material on which to test a barrier. Third, future metallization schemes will look to 

extend Cu down to the contact level, meaning that Cu will be in intimate contact with Si. 

In addition to Si, however, barriers must also be tested on other materials, such as new, 

potential low-k and high-k dielectric materials. Depositions on these materials will be 

pursued in the future. 

Boron doped (p-type) Si substrates from Wacker-Chemitronic GMBH were used 

for the WNx growths. Substrates included both Si (100) and (111) orientations, which 

were cut from 150 mm wafers. Substrate resistivity ranged from 1 to 2 Q-cm. Substrate 

preparation prior to deposition included degreasing and etching steps. Grease remaining 

from the Si wafer production process must first be removed from the substrates, after 

which the thin native oxide layer (10 to 20 A) typically present on the Si surface (due to 

air exposure) must be removed [Jae88]. To degrease the substrates, they were immersed 

for three minutes per solvent in warm trichloroethylene (TCE), acetone, and methanol. 

The substrates were then placed in boiling deionized (DI) water for thirty seconds to 

remove any remaining solvent, and were then submersed for 2 minutes in buffered oxide 
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etch (BOE) solution (6: 1 NH.iF:HF in water) to remove the native oxide layer. After 

etching, the substrates were wiped off with acetone, blown dry and placed onto the 

susceptor. The susceptor (with substrates) was loaded into the reactor before each run 

through a pneumatically controlled gate valve on the reactor head. 

4.2 Solvent Tests 

After synthesis (details of which are given in Chapters 5, 6 and 7), the solid 

precursor was dissolved in solvent and loaded into a Hamilton Samplelock 14.57 mm ID 

syringe. Syringes were normally filled to 10 mL. Due to the light sensitivity of the 

precursor/solvent mixture, syringes were covered with aluminum foil after being filled. 

Solvents tested included acetonitrile (MeCN), N-methylpyrrolidinone (NMP), 

dimethylacetamide (DMA), dimethylformamide (DMF), benzonitrile (PhCN) and 

o-dichlorobenzene (1,2-DCB). The structures of these solvents are shown in Figure 4-1. 

N== Cl N== 

PhCN 1,2DCB MeCN 

0)- 0 

I -N -N 
\ O~N'-...,. 

DMA DMF NMP 

Figure 4-1. Solvents tested for dissolution of the precursor 
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4.3 Description of CVD System Components 

Film growths were conducted in a custom built chemical vapor deposition (CVD) 

reactor system (detailed PFDs are in Appendix A). The CVD system contains a 63 mm 

ID quartz tube reactor, capped on each end by stainless steel flanges. These flanges 

contain metal collars, which compress viton o-rings onto the quartz tube to vacuum seal 

the reactor system. To prevent overheating of these o-rings, the stainless steel flanges 

are encased in water-cooled jackets. 

The system was maintained at vacuum by a Fisher Scientific Maxima C roughing 

pump. A Pyrex cold trap upstream of the roughing pump was used to remove particulates 

from the effluent stream and prevent damage to the roughing pump. System pressures 

above 1 Torr were measured by an MKS Baratron Type 221A pressure gauge, while 

pressures below 1 Torr were measured with a Sensavac Series 315 Pirani gauge. 

An MKS 253A throttle valve between the reactor and the cold trap was used to 

control operating pressure in the system. Depositions were conducted at pressures 

ranging from 150-760 Torr. Carrier and reacting gases, supplied from cylinders, were 

metered into the system via MKS 1159B Mass Flow Controllers. Gases available to the 

system included boron trichloride (BCh), diborane (B2Ilt;), nitrogen (N2), hydrogen (H2), 

ammonia (NH3) and helium (He). Lines were traced with heat tape when required. Heat 

tape temperature was controlled with Staco Energy Variable Autotransformers. 

A 32 mm OD cylindrical graphite pedestal-type susceptor was used to heat the 

substrates during deposition. The susceptor rests on an alumina encased type-S 

thermocouple (Pt-Rh), which gives a continuous temperature measurement. The 

susceptor has a small bore hole through its center, which extends from the bottom of the 
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susceptor up to a point roughly 2 mm below its surface. The thermocouple was inserted 

into this hole, so that its top was very close to the susceptor surface for accurate 

temperature measurement. The thermocouple/susceptor assembly is shown in Figure 4-2. 

The susceptor is inductively heated by radio frequency (RF) coils, which are powered by 

a Westinghouse 7.5 KW RF Generator. Susceptor temperature is controlled manually by 

adjusting the power control knob on the RF Generator. 

Susceptor 
surface 

Small bore hole, 
containing 

thermocouple 

Substrate 

-----Thermocouple 

Figure 4-2. Graphite susceptor / alumina encased thermocouple assembly. 

A Cole-Parmer 74900-00 Syringe Pump was used to meter the precursor/solvent 

mixture to the nebulizer unit. A Swagelok 25 PSI poppet valve (SS-2C-KZ-25) was 

used to prevent the syringe contents from evaporating into the system's vacuum. A Cetac 

Technologies nebulizer unit was used to generate a droplet mist from the liquid 

precursor/solvent mixture. The nebulizer contains a piezoelectric quartz plate, which 

vibrates continuously at a frequency of 1.44 MHz due to the application of an electrical 

potential. This rapid vibration causes liquid droplets contacting the plate to be vaporized 
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into a mist. The diameter of liquid droplets in the mist formed by the nebulizer can be 

estimated with Equation 4-1, proposed by Lang [1962]: 

1 

D = 0.34(S1tTJ3 
pF2 (4-1) 

where D is mean particle diameter (cm), T is the surface tension (dynes/cm), p is the 

liquid density (g/cm3) and Fis the excitation sound frequency (s-1
). If one assumes the 

liquid/precursor mixture to have essentially the same physical properties as benzonitrile 

solvent at 25°C, for example, the median droplet diameter produced by the nebulizer is 

-2.4 µm. 

After nebulization, the mist is conveyed by carrier gas, which is introduced 

through the side of the nebulizer chamber, to a heated double tube impinging jet. The jet 

contained an inner tube, which conveyed the reactant/carrier gas mixture, and an outer 

tube, which was sealed by an o-ring against the reactor head. The annular space between 

the tubes contained heating tape, whose temperature was adjusted with an 

Autotransformer. The heating tape for the impinging jet and the nebulizer discharge line 

was typically kept at 50°C. A schematic of the impinging jet is shown in Figure 4-3. A 

schematic of the nebulizer and reactor is shown in Figure 4-4. 

An Inficon Transpector 2 residual gas analyzer (RGA) was used during some 

experiments to determine composition in the gas phase. The device contains a 

quadrupole mass spectrometer, and is connected to the system by a 1/16" stainless steel 

capillary tube, which pulled a gas sample from very near the surface of the substrates 

inside the reactor. The RGA sensor required high vacuum for operation, and hence a 

turbo and roughing pump in series were connected to the sensor for this purpose. 
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4.4 Start-Up 

The time lag between substrate removal from the etch solution and achievement 

of reactor vacuum was minimized ( <5 minutes) to limit the thickness of the native oxide 

(SiO2) layer reforming on the substrates, which was estimated to range from 1-8 A for 

exposures less than 10 minutes [Gan92, Phi92]. Once the substrates were loaded, the 

reactor was sealed and brought to ultimate vacuum (usually 600-900 mTorr). Vacuum 

was pulled on the system for 5 minutes, and inert gas was then introduced to bring the 

system up to its operating pressure. Once at the operating pressure, the substrates were 

typically reduced in a H2 atmosphere at 1000°C for 10 minutes ("H2 bake") to remove 

any remaining surface oxides. Upon completion of the H2 bake, the system was brought 

to the reaction temperature. Once reaction temperature and pressure were stabilized, the 

syringe pump and nebulizer were started. Deposition time ranged from 0.5 to 2.5 hours, 

with syringe pump flowrate set to 4.0 mIJhr. The goal of the depositions was to 

thermally decompose the precursor molecule in a manner that cleaved off all leaving 

groups in a clean fashion, leaving behind only W and N in the film. 

4.5 Copper Deposition 

The two means of Cu deposition available to us were ECD and sputtering. A 

prior study was used as the framework for our Cu ECD setup [Sha0l]. The ECD solution 

contained copper sulfate pentahydrate [CuSO4-5H2O], ammonium citrate 

((~)2HC6HsO1), and aqueous ammonia [NH3(aq)], all of which were purchased from 

Fisher Scientific. The molar concentration of these species in the bath was 0.08 M 

CuSO4·5H2O, 0.08 M ~hHC6HsO1, and 0.175 M NH3(aq), per a published ECD 

procedure [Sha0l]. The beaker of ECD solution, which contained a magnetic stirring 



202 

bar, was placed on a stirring plate to get good mixing during the plating process. Good 

mixing ensured intimate contact between the film surface and fresh electroplating 

solution. Gator clips were clamped on the substrates, and a Gelman Instrument Company 

constant voltage power supply was used to provide power to the conductive surface of the 

substrates. 

Barrier film samples were also coated with Cu by RF magnetron sputtering at 5 

mTorr pressure in Ar. Michael Jones in Dr. Norton's group ran the depositions. The 

sputter deposited Cu film thickness was - 100 nm. Annealing of some samples with 

sputtered Cu was done in-situ in the sputter chamber. 

4.6 Analysis Techniques 

The following is a brief description of the different characterization techniques 

used to analyze the films in this study. 

AES 

Auger electron spectroscopy (AES) is a three-electron process, which can be used 

to determine sample composition. An electron beam is used to eject a core electron from 

an atom, forming a hole in the subshell from which ejection occurred. This hole is then 

filled by an electron from a higher energy (outer) shell. The higher energy electron must 

release energy as it drops to fill the lower energy hole. The energy may be released either 

as an x-ray or by ejected a third electron from one of the outer electron shells in the 

atom. The energy of this third electron, called the Auger electron, is very specific to the 

atom and energy level from which it originated. By comparing Auger electron energies 

for a given sample against standards, the element and percent composition can be 

determined. 
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Film composition was checked by Auger electron spectroscopy (AES) using a 

Perkin-Elmer PHI-660 Scanning Auger Multiprobe. The AES system had a nominal 

sputter rate of 100 A/min. It is important to note that calculation of film concentrations 

using AES involves taking the ratio an element's peak height in the experimentally 

measured film to its peak height for the pure element standard. This is shown 

mathematically in Equation 4-2 [Bri90, Fit95]: 

(4-2) 

where XA is the concentration of element A in the film, IA is the measured intensity of the 

Auger electron from component A in the film matrix, IA
st

d is the intensity for A's pure 

element standard, and F AB is a matrix dependent factor, which would take into 

consideration interactions between the elements in the film matrix, and adjust the 

measured intensities accordingly. If this F AB is unknown, as is the case for our films, it is 

not possible to get highly quantitative values for elemental concentrations in the films. 

The value in using AES for multi element films where values for F AB are unavailable is 

therefore to compare elemental trends in films with similar properties, which should have 

similar values for F AB· Trends in film content vs. deposition temperature, for example, 

can give insight into the impact of experimental conditions on film compositions, without 

giving exact compositions. Thus, the concentration measurements do not take into 

account any shifts in sensitivity factor due to matrix effects. 
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In addition to determination of film composition, the AES system was used for 

some depth profiling studies. The three-point AES depth profiling method was used to 

determine the change in elemental content with depth into the films. 

AFM 

Film roughness was analyzed by atomic force microscopy (AFM) using a Digital 

Instruments Nanoscope ill in tapping mode. Kee-Chan Kim assisted with some AFM 

measurements. 

CS-SEM 

Samples were cleaved to expose the film's cross section at the middle of the 

substrate, and were then mounted vertically onto modified SEM stub pieces. Conductive 

carbon paint was used to mount the samples, and to close the electrical connection 

between the stub piece and the film surface. Film thickness was estimated by 

cross-sectional scanning electron microscopy (CS-SEM) on a JEOL JSM-6400, with 

growth rate calculated by dividing film thickness by deposition time. 

Four-Point Probe 

Four point probe was used to determine the resistivity of our sample films. The 

4-point probe sensor head has 4 metal contacts (points), where the two outside tips pass a 

current and the two inner tips measure the voltage between them. Once measurements 

were taken, the sheet resistance was determined by Equation 4-3: 

R, =4.532*(~J (4-3) 
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where Rs is sheet resistance (Q / square), V is voltage (Q), and I is current (Amperes). 

Film resistivity is determined by multiplying sheet resistance by film thickness (Equation 

4-4): 

(4-4) 

where p is film resistivity (Q*cm) and t is film thickness (cm). Film resistivity was 

measured with an Alessi Industries four-point probe. 

SIMS 

Secondary ion mass spectrometry (SIMS) depth profiles were acquired with a 

Perkin-Elmer PHI 6600 SIMS system using a 5ke V Cesium primary ion beam and 

negative secondary acquisition. Dr. Margarida Lambers operated the SIMS system and 

provided the depth profile data to us. After the films were sputtered by the Cs beam, the 

crater depths were measured with an Alpha-Step 500 stylus profilometer. 

TEM 

Young-Woo Heo from Dr. Norton's group prepared samples for transmission 

electron microscopy (TEM) using an FEI Strata DB235 Focused Ion Beam (FIB) system. 

After the samples were prepared, he used a JEOL 2010F TEM to collect diffraction 

patterns and micrograph images. 

XPS 

X-ray photoelectron spectroscopy (XPS) uses monoenergetic soft X-rays to eject 

electrons from the various electron shells of the atoms under examination. The kinetic 

energy (KE) of the ejected electron (called a photoelectron) is directly dependent on the 

x-ray excitation energy and the binding energy (BE), which holds the electron to the 

atom, per Equation 4-5: 
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BE = hv - KE - cJ>sr (4-5) 

where hv is the energy of the incoming x-ray (h is Planck's constant, 41.3x10-16 eVs, 

and v is frequency in s-1
), and cJ>sr is the work function of the spectrometer [Mou95, 

Dia73, Ole97, Bar94]. The kinetic energy of ejected photoelectrons is measured with the 

spectrometer, so for known values of hv and cJ>sr, the BE can be calculated. A Mg anode 

x-ray source with hv =1253.6 eV was used for this analysis. Photoelectron BE is very 

specific to the parent atom and subshell from which the ejected electron emanates. While 

the magnitude of the BE can be used to determine the atom and subshell from which the 

photoelectron emanates, small shifts in the BE can be used to determine the bonding state 

of the parent atom. Bonding states for the parent atoms can be deduced by comparison of 

BE values to those published in the literature. Determination of bonding states from BE 

shifts must be reconciled with sample charging, which occurs when there is an imbalance 

between the number of photoelectrons ejected from the sample and the number of 

electrons introduced to the sample by conduction. Positive charging of the sample retards 

outgoing electrons and causes peaks to shift to higher binding energy, while negative 

charging causes peaks to shift to lower binding energy [Mou95]. Photoelectron lines are 

typically 0.5 eV wider for insulators than for conductors, since line width depends on the 

lifetime of holes generated by the photoionization process [Mou95]. The conductor is 

able to fill holes much more quickly and therefore has a narrower linewidth. This is true 

in the case of WNx vs WO3, where WNx (a conductor) has a narrower peak relative to 

WO3 (a semiconductor). A more detailed description of XPS fundamentals is available 

elsewhere [Bar94, Mou95, Ole97]. 
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Bonding in the films was examined by X-ray photoelectron spectroscopy (XPS) 

using a Perkin-Elmer PHI 5100 ESCA System with a Mg anode (hv=1253.6 eV). The 

XPS system had a nominal sputter rate of 20 Afmin. Deconvolution of XPS spectra was 

done using RBD Analysis Suite software. 

XRD 

After growth, film structure was examined by room temperature X-ray diffraction 

(XRD) on a Philips APO 3720 diffractometer operating from 5-85 20 degrees with Cu 

Ka radiation. The term diffractometer refers to an instrument used to study crystalline 

(and non-crystalline) materials by measuring the way they diffract x-rays of known 

wavelength [CulOl]. The XRD unit used for analysis used the Bragg-Brentano 0-20 

method to collect spectra. The governing equation used for XRD is Bragg's Law 

(Equation 4-6): 

nA = 2dsin0 (4-6) 

where n is the number of whole wavelengths, A is the x-ray wavelength (1.5406 A for Cu 

Ka), dis the interplanar spacing (A) and 0 is the Bragg angle (degrees). 

Several potential sources of error are associated with this method of XRD, 

including the flat substrate error, the specimen transparency error, and specimen 

displacement error [Jen96]. To limit the effects of these error sources on the location of 

peak maxima, all peaks from the deposited film were calibrated to the Si(400) peak 

position, which was shifted (when necessary) to its standard value (20 = 69.13). XRD 

spectra were used to estimate lattice parameter, calculate grain size, and to observe 

texturing. Since the (111) orientation of ~-WNx (or ~-WNxCy) is typically the dominant 
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peak in the film's spectrum, it was used to estimate grain size and lattice parameter in the 

films. The lattice parameter of a cubic phase is shown in Equation 4-7: 

(4-7) 

where a is the lattice parameter (A) and h, k, and 1 are the plane indices [Cul78]. The 

Scherrer equation (Equation 4-8) may be used to estimate the average crystallite size (t, 

A) [Cul78, NagOO]: 

0.9l 
t=---

(Bcos0) 
(4-8) 

where B is the full width at half maximum (FWHM) for the selected diffraction peak. 

XRR 

X-ray reflectivity measurements were taken to estimate density in some film 

samples. XRR data were collected and analyzed by Dr. Valentin Craciun, using a Philips 

MRD X'Pert system. 

4.7 Precursor Screening Procedure 

After synthesis of a new precursor by Dr. McElwee-White's group, the 

candidates were screened by a two-part procedure. This procedure involved precursor 

composition and mass spectrometry testing by the chemistry group and CVD testing of 

these precursors by our group. The stepwise screening procedure is outlined below. 

Part I -Feasibility Study 

• Synthesize precursor. 

• Collect mass spectral data (both positive ion EI and negative ion Cl). 

• Analyze spectral data to determine if precursor molecule may cleave in a manner 
consistent with objectives. 
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• If promising, run solvation tests to see which solvent may be used for delivery to 
the nebulizer, and to see if adequate transport from nebulizer to reactor occurs. 

• Use dissolved precursor to grow film at mid-range growth temperature (-600°C). 

• Check film crystallinity (or lack thereof) with XRD. 

• If XRD indicates possible presence of WNx film, run AES. 

• If AES results reinforce that Wand N are present, continue to deposition and 
analysis section 

Part II - Film Deposition and Analysis 

• Vary film growth temperatures to minimize carbon and oxygen contamination, 
optimize nitrogen concentration and grow amorphous films. 

• Analyze films for crystallinity with XRD. 

• Analyze films with AES for compositions. 

• Using AES data, determine nitrogen, carbon and oxygen content of films as a 
function of deposition temperature. 

• Determine film thickness by X-SEM, and calculate growth rate. Determine 
activation energy for film growth. 

• Analyze film resistivities as a function of contaminant concentration and reaction 
temperature. 

• Run SIMS to check for Cl contamination in films. 

• Check film conformality by depositions on patterned wafers. 

• Test barrier integrity by a Cu deposition and anneal process. 



CHAPTER5 
EVALUATION OF Cl4(CH3CN)WN-i-Pr AS A SUIT ABLE WNx PRECURSOR 

lmido complexes are attractive candidates for MOCVD of tungsten nitride since 

the W-N multiple bond in the precursor is likely to survive the deposition process and 

facilitate incorporation of nitrogen into the film. Additionally, the linear geometry of the 

multiple bond keeps the alkyl or aromatic group of the imido ligand away from the metal, 

thus deterring any cyclometallation process. Moreover, by changing this group, the N-C 

homolytic bond strength of the imido moiety is tunable, which should allow for a degree 

of control over carbon impurities and other film characteristics. 

5.1 Synttesis of Isopropyl [C'4(CH3CN)WN-i-Pr] Precursor 

The first precJrsor examined in detail was C4(CH3CN)WN-i-Pr, which contains 

an isopropyl group singly bound to the imido nitrogen. To prepare the precursor, an 

orange slurry of tungsten oxychloride (WOC14, 3.41 g, 10 mmol) and isopropyl 

isocyanate (i-PrNCO, 1.57 mL, 16 mmol) in 60 mL of heptane was heated while stirring 

at 100°C for 2 days. After this time, a dark red solution containing red crystals was 

obtained. The solvent was removed in vacuo and the solid was redissolved in 20 mL of 

acetonitrile. After stirring for 2 hours at room temperature, the brown solution was 

filtered and the solvent evaporated to yield 3.7 g of brown crystals. The yield of the 

crystals from the solution was 88%. 1H NMR (CDCh): 8 1.67 (d, 6H), 2.49 (s, 3H), 

7.07 (m, lH). 13C NMR (CDCh): 8 3.35, 23.12, 68.52, 118.37. IR (CH2Ch): 2319, 

2282, 1462, 1452, 1386, 1366, 1310, 1271, 1154, 1108, 1075 cm- 1
• 
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The solid precursor had low vapor pressure, making solid source delivery to the 

reactor impractical. To overcome this inherently low vapor pressure, the single-source 

precursor was dissolved in a solvent and the precursor/solvent mixture was subsequently 

vaporized in a nebulizer for easy delivery to the reactor. 

5.2 Solvent Selection 

Choice of an appropriate solvent to convey the precursor compound is essential. 

The solvent's volatility must be adequate for the solvent/precursor mixture to be 

nebulized. If the solvent's volatility is too high, it evaporates in the nebulizer and leaves 

the dissolved solid precursor behind. Several solvents, including benzonitrile (PhCN), 

acetonitrile (MeCN), N-methyl pyrrolidinone (NMP), dimethylformamide (DMF) and 

dimethyl acetamide (DMA) were tested with the i-Pr precursor. Benzonitrile (PhCN), 

with a mid-range vapor pressure (-1 Torr at 25°C), was the most commonly used solvent 

because the other solvents had various drawbacks. Depositions using MeCN, which has 

a high vapor pressure (-89 Torr at 25°C), resulted in no film deposition, because the 

solvent and precursor disengaged in the nebulizer. Solid precursor remained in the 

nebulizer chamber while the MeCN evaporated into the reactor, hence no precursor 

transport to the substrate surface occurred. Use of N-methyl pyrrolidinone (NMP) 

solvent (-0.33 Torr at 25°C) at 550°C resulted in the incorporation of iron into the 

deposited films. The source of the iron was the impinging jet, which appeared to be 

oxidized after the run was complete. The NMP solvent, either with or without the 

precursor, reacted with the iron in the steel impinging jet. This iron was then transported 

to the substrate surface and incorporated into the films. Per AES, the percentage of iron 

in the films after deposition with NMP solvent ranged from 10 to 17 at.%. Use of 
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dimethyl formamide (DMF) solvent (-3.7 Torr at 25°C) at 550°C also caused iron 

incorporation in the deposited films, for reasons similar to NMP. These films contained 6 

to 7 at.% iron. Films grown from the i-Pr precursor in dimethyl acetamide (DMA) 

solvent (-1.3 Torr at 25°C) at 550°C yielded high carbon contamination (-50 at. % ), 

believed due to substantial solvent decomposition at this temperature. 

5.3 Precursor Mass Spectral Pre-Screen 

Because benzonitrile was typically used as the solvent with the 

Cl4(CH3CN)W(NiPr) precursor, exchange of the acetonitrile ligand with benzonitrile 

occurs to some extent in the solutions used for MOCVD. For completeness, authentic 

samples of the Cl4(CJ{5CN)W(NiPr) compound were synthesized for analysis. The 

synthesis was done by slurrying WOC14 (1.025 g, 3.00 mmol) in a solution of i-PrNCO 

(0.435 g, 5.11 mmol) in heptane (35 mL) in a sealed pressure vessel. The mixture was 

heated for two days at 110° C. The solvent was removed from the resulting dark 

orange-red solution in vacuo. The orange residue was dissolved in a minimal amount of 

C6H5CN (approximately 5 mL). The resulting solution was stirred for two hours and then 

added to stirring pentane in a nitrogen glove box to precipitate the dark orange product. 

The solid was filtered and washed with 25 mL of additional pentane to afford 0.829 g 

(58.4 % yield) of the product. The desired isopropyl imido precursor structure and its 

PhCN derivative are shown in Figure 5-1. 

Although the precursor solutions were prepared with Cl4(CH3CN)W(NiPr) (1), the 

CVD process uses benzonitrile as the solvent. We have demonstrated by NMR 

experiments that exchange of the acetonitrile ligand of la with benzonitrile to yield 

Cl4(PhCN)W(NiPr) (lb) occurs to some extent in the solutions used for MOCVD. 
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Therefore, mass spectrometry (MS) experiments were carried out with both la and lb. 

These experiments yielded information about the fragmentation characteristics of the 

complexes under gas phase ionization conditions. The utilization of mass spectral data to 

predict possible mechanisms for CVD processes has been previously established [Int89]. 

Care must be taken in extrapolating any fragmentation information from mass spectral 

data to the CVD process, however, since the latter is thermal in nature [Lew94]. 

Nevertheless, MS data have provided insights into probable fragmentation patterns of the 

tungsten imido precursors. 

y y 
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CH3 Ph 

a b 
Figure 5-1 Schematic of the isopropyl imido precursor. a) With the desired acetonitrile 

ligand. b) With the benzonitrile ligand. 

All mass spectral analyses were performed using a Finnigan MAT95Q hybrid 

sector mass spectrometer (Thermo Finnigan, San Jose, CA). Electron ionization (El) was 

carried out in positive ion mode using electrons of 70 eV potential and a source 

temperature of 200°C. Negative ion electron capture chemical ionization (NCI) used 

methane as the bath gas at an indicate pressure of 2x10-5 Torr, an electron energy of 100 

volts and a source temperature of 120°C. All samples were introduced via a controlled 

temperature probe with heating and cooling enabling temperature control down to 35°C. 

The mass resolving power (m/&n) was 5000 full width-half maximum (FWHM). 
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Figure 5-2 shows the positive ion electron-impact ionization (El) and negative 

ion electron capture chemical ionization (NCI) mass spectra of la. The molecular ion 

could not be observed in either case. The EI spectrum displays more fragmentation than 

the CI spectrum, due to the more energetic nature of the EI process relative to the CI 

process. The base peak in the EI spectrum occurs at m/z=348 and is assigned to the 

[ChW(NiPr)t fragment. The isotopic pattern is consistent with a moiety containing three 

chlorines. The only organic ion observed in the EI spectrum occurs at mlz=41, 

corresponding to the fragment [CH3CNt. Another tungsten fragment at mlz=306 

demonstrates a high relative abundance (-80% ). This ion corresponds to the 

[ChW(NH)t fragment. The only other significant peaks occur at mlz=291 and 326. 

These represent the loss of both the nitrile and imido ligands to form [Ch Wt and 

[Cl4 Wt, respectively (abundances for both < 30% ). 

Only two peaks of consequence are observed in the NCI experiment (Figure 5-

2b). The first occurs at m/z=383 (-42% abundance), and involves the loss of the 

acetonitrile ligand to form [Cl4W(N;Pr)r. The base peak of the NCI spectrum appears at 

mlz=340, corresponding to the formation of [Cl4 WNr. Thus, the NCI spectrum indicates 

cleavage of both the nitrile ligand and the isopropyl moiety to afford a tungsten nitrido 

fragment. This tungsten nitrido fragment is desirable, as it will ostensibly lead to 

deposition of W and N in the films. 

The benzonitrile complex lb was also subjected to similar MS analysis. Again, 

the positive ion EI spectrum contains a base peak at m/z=348, corresponding to the 

[Ch W(NiPr)t fragment. All of the other tungsten-containing fragments observed for the 

acetonitrile complex were also found in the spectrum of la. Interestingly, the NCI 
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experiment again exhibited the base peak at mlz=340 ([Cl4 WNr); however, only a small 

amount (-1% relative abundance) of the [Cl4W(N;Pr)r fragment was observed. Table 5-

1 summarizes the fragments and the relative abundances observed for la and lb. 

The mass spectral data collected for the tungsten imido complexes offer some 

perspectives about these systems as CVD precursors. Most importantly, the cleavage of 

the isopropyl moiety from the imido group is relevant due to the necessity of this process 

in forming tungsten nitride films. Furthermore, the absence of a molecular ion in either 

the EI or CI mass spectra suggests facile loss of the nitrile trans ligand. Observation of 

the [WC4t and [WCht fragments may be problematic since this indicates loss of the 

W-N bond; however, similar fragments were not present in the NCI spectrum. Thus, 

these fragments may be a result of the more energetic EI process. Based on these results 

and the deposition of tungsten nitride from the imido complexes, there appears to be a 

correlation between the mass spectral data and behavior under CVD conditions. 

Table 5-1. Summary of Relative Abundances for Positive Ion EI and Negative Ion NCI 
M S f T lmid P 1 d lb a ass ipectra o ungsten o recursors aan 

EI Fragments mlz la lb 
[ChW(N1Pr)t 348 100 100 

[C4Wt 326 26 41 
[Cl3W(NH)]+ 306 78 90 

[ChWt 291 30 52 
[CJisCNt 103 n/a 97 
[CH3CNt 41 24 n/a 

CI Fragments m/z la lb 
[Cl4 W(N1Pr)r 383 42 1 

[Cl4WN]- 340 100 100 
a Relative abundances were adjusted by summing the observed intensities for the 
predicted peaks of each mass envelope and normalizing the largest sum to 100%. 
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348.0 
[Cl3 W (N1Pr)]+ 

a 
306.0 

41.0 
[Cl3WNH]+ 

[CH3CN]+ 

291.0 326.0 
[Cl3W]+~ [Cl4W]+ 
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Figure 5-2 Mass spectra of Cl4(CH3CN)W(NiPr). a) Positive ion electron-impact 
ionization (El). (b) Negative ion electron capture chemical ionization (NCI) 
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5.4 Film Structure 

5.4.1 XRD Results 

The XRD plot in Figure 5-3a indicates amorphous film deposition at 450°C, 

evidenced by a flat profile without any characteristic FCC J3 -WNx peaks. Figure 5-3b 

depicts polycrystalline film deposition at 700°C. Four characteristic peaks are evident, 

with relative peak intensities indicating that no preferred crystal orientation exists. 

Although the relative peak intensities in Figure 5-3b are consistent with the pattern for 

polycrystalline J3-WN0_5, the 20 peak positions lie between the standard values for 

J3-WN0_5 and J3-WC0_6, which are shown in Figure 5-3c. Peak positions between these 

standard values suggest that carbon is mixing with nitrogen and vacancies on tungsten's 

interstitial sublattice to form '3-WNxCy polycrystals. For the spectrum in Figure 5-3b, 

primary reflections at 37.42 and 43.12 20 degrees are consistent with (111) and (200) 

J3 -WNxCy growth planes, while additional reflections at 62.52 and 75.22 20 degrees 

indicate (220) and (311) planes, respectively. No peaks consistent with the hexagonal 

WN or WC (or WNxCi-x) phases or the BCC W phase were evident for any of the films. 

Figure 5-4 shows the evolution of film crystallinity with deposition temperature. 

At the two lowest deposition temperatures (450°C and 475°C), the characteristic '3-WNx 

peaks are not observed. At 500°C, a broad peak appears near 37 .94 20 degrees, 

indicating polycrystalline J3 -WNxCy (111) growth. This is similar to a previous report 

that amorphous WNx films transform into polycrystalline J3-W2N between 450 and 

500°C [Gal97]. As the deposition temperature increases to 550°C, this peak sharpens and 

a broad peak at 44.42 20 degrees appears, indicating J3 -WNxCy (200) growth. Films 

deposited between 475 and 600°C displayed two additional peaks at 33.03 and 61.67 20 
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degrees, representing Si (200) Ka and Si (400) KP radiation, respectively. Broad peaks 

emerge at 63.00 and 75.82 20 degrees for growth at 650°C, indicating P-WNxCy (220) 

and (311) growth. The peaks sharpen further as the temperature approaches 700°C, 

indicating polycrystalline grain growth. The formation of polycrystalline films is highly 

undesirable, since grain boundaries are facile paths through which Cu can diffuse to the 

underlying Si. Hence, deposition below 500°C with this precursor is required to grow an 

amorphous film. 
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Figure 5-3 XRD spectra for films grown on Si (100) in a H2 atmosphere. a) 450°C. b) 
700°C. c) Standard powder diffraction plots for P- WNo.s and P- WC0.6. 



,-.._ 

"' .... .... 
2500 

219 

T=675 °C 

8 2000 ~-..,,,- ~-......,--.:T..._=..,;65..,0...,°C.;....."'°""~""'"-~ 

j T=600°C 

~ 1500 
.._, 
;:... .... .... 
"' c: 1000 
B ..s 

30 

T=550 °C 

T=500 °C 

T=475 °C 

T=450 °C 

40 50 

20 Degrees 

60 70 80 

Figure 5-4 Change in XRD pattern with deposition temperature for films grown with 
lb on Si (100) in a H2 atmosphere. 

5.4.1.1 Lattice Parameter 

The dependence of lattice parameter on deposition temperature was determined 

by XRD using the 20 position of the B-WNxCy (111) diffraction peak, with peak position 

calibrated to the Si (100) diffraction peak. Figure 5-5 shows the change in lattice 

parameter with deposition temperature. The dashed line at 4.126 A represents the 

standard lattice parameter value for B-WNo.s, while that at 4.236 A is for B-WCo.6- Error 

bars indicate uncertainty in lattice parameter (± 0.002 A) due to X-ray Ka line 

broadening [JCP88]. Figure 5-5 shows the lattice parameter increasing from 4.11 to 4.17 

A as deposition temperature increases from 500 to 650°C, and then decreasing to 4.16 A 

at 700°C. Shifts in the lattice parameter reflect either a composition change in the 

polycrystals or a change in the residual film stress. Since AES gives bulk film 

concentrations, compositions in the bulk polycrystals and at the grain boundaries cannot 
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be resolved. Shifts in lattice parameter cannot therefore be attributed solely to film 

composition without considering the possible influence of residual film stress. But, if we 

assume compositional variation dominates the shift in lattice parameter, the likely cause 

for lattice expansion between 500 and 650°C would be incorporation of additional C into 

the polycrystals. Lattice dilation for W-C mixtures relative to pure W has been reported, 

with lattice parameter increasing by more than 3 % with C content of 22.5% [Pau92]. 
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Figure 5-5 Lattice parameters for films grown from lb based on f3-WNxCy (111) 
diffraction peak. 

As shown in Figure 5-10, only the C content increases continuously with temperature in 

this range. The existence of a continuous FCC f3-WNxCy solid solution has been 

predicted [Jon93], hence as x decreases, the lattice parameter of f3-WNxCy polycrystals 

would increase from a= 4.126 A at x = 0.5 (f3-WN0_5) to a= 4.236 A at x = 0 (f3-WC0_6). 

Above 650°C, the lattice parameter decreases. Again, this may indicate a change in film 

stress or a change in film composition. If we again assume that compositional variation 
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dominates, we note that N and O levels are essentially unchanged in this temperature 

range, while C levels continue to increase with temperature. Lattice parameter decrease 

may indicate a solubility limit for C in the P-WNxCy polycrystals at 650°C, with 

additional C incorporated above 650°C preferring to reside in grain boundaries rather 

than bulk polycrystals. 

5.4.1.2 Average Grain Size 

Two main causes of peak broadening in XRD thin film spectra have been 

reported: non-uniform film stress and the presence of small crystal grains. If the film 

stress is determined to be uniform, peak broadening may be attributed simply to the 

presence of small crystal grains. Likewise, if the presence of small crystal grains is ruled 

out, peak broadening may be attributed simply to non-uniform film stress. If we assume 

only uniform film stress, the average crystallite size (t) may be estimated using the 

Scherrer equation (Equation 5-1) [Cul78, NagOO]: 

0.9). 
t=---

(Bcos0) (5-1) 

where A is the X-ray wavelength (1.5406 A for Cu Ka), B is the full width at half 

maximum (FWHM) for the selected diffraction peak and 0 is the Bragg angle for that 

peak. The dominant diffraction peak for the films, P-WNxCy (111), was used as the 

reference peak for FWHM determination. As depicted in Figure 5-6, grain size 

increased with deposition temperature, varying from 32 to 67 A over the 500-700°C 

temperature range. Below 500°C, the films were X-ray amorphous, inferring that 

amorphous films had a maximum grain size near 30 A. In comparison, Leedy et al. 

[2000b] reported grain sizes of 50 to 100 A for sputter-deposited WNx films, while Jun 

[1996] reported an average grain size of 30 A for TaCxNy films deposited by MOCVD at 
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350°C. The incorporation of C into W barrier films results in much smaller grain sizes 

relative to films containing pure W metal [WanOlb]. The presence of N and O has also 

been reported to hinder grain growth, resulting in smaller grain sizes [SheOOb]. The 

levels of N and O drop off with deposition temperature, though, and C becomes the 

dominant contaminant in films deposited at and above 500°C. Thus, as deposition 

temperatures increase, a competition between increased grain growth due to higher 

surface diffusivity and decreased grain growth due to increased C content occurs. At 

lower growth temperatures, enhanced surface diffusivity due to temperature dominates 

the grain growth process, causing grains to increase with deposition temperature. Above 

675°C, though, grain size levels off, indicating that large scale C contamination is 

retarding the grain growth that would normally occur with increased temperature. 

450 500 550 600 650 700 

Deposition Temperature (0 C) 

Figure 5-6 Average grain size for polycrystalline films based on the ~-WNxCy (111) 
diffraction peak. Error bars reflect uncertainty of ± 0.1 20 degrees in 
FWHM measurements. 
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5.4.2 TEM 

Transmission electron microscopy (TEM) may be used to determine the presence 

and size of crystallites in the film. The transmission electron diffraction (TED) image in 

Figure 5-7a shows that a film deposited with lb at 450°C on Si (100) had an amorphous 

structure, as evidenced by the blurred pattern without rings or spots, which is consistent 

with XRD measurements. In contrast, Figure 5-7b shows diffuse rings for the film 

deposited at 700°C, indicating that this film had some degree of crystallinity, in 

agreement with XRD measurements. 

Figure 5-7 TED patterns for films deposited with i-Pr on Si (100). a) 450°C. b) 700°C. 

Figure 5-8 TEM micrographs for film deposited on Si (100) with lb at 450°C. 
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TEM micrographs for the film deposited at 450°C are shown in Figure 5-8. These 

images indicate a -60 A bright interface layer between the Si (100) substrate and the 

deposited film. This interface contained a mixture of WSi2, WO3, SiO2 and Si 0, which is 

discussed further in the XPS analysis section below. 

TEM micrographs for the film deposited at 700°C are shown in Figure 5-9. 

Polycrystal grains are evident in the micrograph on the left, in agreement with XRD 

results, along with some roughness at the top of the film. These images also indicate a 

bright interface layer (-50 A thick) between the Si (100) substrate and the deposited film. 

The edges of this interface layer are not as sharply defined as for the 450°C film, which 

may point to increased interface roughness for the higher deposition temperature. This 

agrees with SIMS depth profile results (Figure 5-21 and Figure 5-22), which indicate a 

longer overlap time for the W and Si signals in the 700°C film relative to the 450°C one. 

Figure 5-9 TEM micrographs for film deposited on Si (100) with lb at 700°C. 
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5.5 Film Composition 

5.5.1 AES 

Auger results in Figure 5-10 indicate that W, N, C and O were present in the 

deposited films, while Cl was not detected. Between 450°C and 500°C, the C level is 

fairly constant at -12 at. %. Between 500 and 650°C, C content increases steadily from 

12 to 43 at. %, and then increases mildly to 49 at. % at 700°C. The overall trend reflects 

the increasing tendency of the hydrocarbon groups present in the precursor ligands and 

the solvent to decompose with increasing deposition temperature. Fragmentation of 

ligands and solvent leaves carbon-containing moieties at the film surface, resulting in C 

incorporation into the growing film. 
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Figure 5-10 Variation of W, N, C and O content in films from lb with deposition 
temperature. Data are from AES after 2.0 minutes sputter. 

The N content in films grown at 450°C was 8 at.%, and this rose slightly to 11 

at.% at 500°C. Above 500°C, the N levels decrease, dipping to -3 at.% at 700°C. The 

higher N levels at and below 500°C reflect the stability of the W-N multiple bond in the 
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precursor molecule, which likely endures at deposition temperatures up to 500°C, 

inhibiting release of N into the gas phase during deposition. The drop in N above 500°C 

may indicate decomposition of the W-N multiple bond in the gas phase and/or increased 

N desorption from the film (to form N2 gas) at higher temperature. Substantial N release 

from WNx films at higher temperature (-700°C) has been reported [Kat85], consistent 

with AES results in this range. 

Lack of a load-lock and vacuum transfer system necessitated a vacuum break 

after barrier film deposition. Oxygen contamination resulted from post-growth exposure 

of the film samples to air. Incremental AES sputtering showed a steady decrease in 0 

levels with increasing depth into the WNx films. The O concentration was highest at 

450°C, reaching 22 at. %, and decreased slightly to 18 at. % at 475°C. The amorphous 

films deposited below 500°C had low density and high porosity, allowing substantial 

amounts of oxygen to penetrate into the film lattice. X-ray reflectivity (XRR) indicated 

that the film deposited at 450°C, for example, had a density of 8.6 g/cm3• High oxygen 

concentrations (-20%) attributed to air exposure have also been reported for porous TiN, 

TiC and TiCN barriers [Eiz94a, Par96, Wan0la]. As the deposition temperature was 

increased from 475 to 500°C, the O content drops sharply down to 7 at. %, while the C 

and N levels are fairly steady. This indicates crystallization of the film in this 

temperature range. As the film crystallizes, its microstructure densifies, thereby 

inhibiting post-growth oxygen diffusion into the lattice [Jos02, Pok91]. XPS results for 

oxygen in the films are consistent with WO3, which has considerably higher 

thermodynamic stability than f3-WNx or f3-WCx. For example, reported values of the 

Gibbs energy of formation (~G0 r) at 700°C for the WO3, f3-WN0.5 and f3-WC0_6 phases 
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are -592 kJ/mol, +17 kJ/mol, and -11 kJ/mol, respectively [Lid85, Lak79, Gus86]. The 

experimental observation of lower levels of oxygen at higher deposition temperatures is 

consistent with post-growth oxygen contamination. As deposition temperature increases 

above 500°C, the O concentration drops further, falling to 2 at. % at 700°C. This results 

from film densification (by polycrystal grain growth) and increased C levels at higher 

deposition temperature, which stuffs the grain boundaries and blocks O in-diffusion. 

Porosity of amorphous films grown below 500°C may be problematic, as defects in the 

film can degrade the barrier's resistance to Cu diffusion. A previous report, however, 

indicates that diffusion barrier performance depends more strongly on film microstructure 

than film density [Kim99c] . 
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Figure 5-11 Variation of tungsten to nitrogen (WIN), tungsten to carbon (W/C) and 
tungsten to oxygen (W/O) ratios with deposition temperature for films from 
lb. Data are from AES after 2.0 minutes sputter. 

Figure 5-11 shows the ratios of W to C, N and O in the deposited films. The WIN 

ratio was quite high, ranging from 6 to 18, which is much higher than the desired ratio of 
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2 for P-W2N. The trend followed by the WIN ratio is expected, since higher deposition 

temperature enhances N desorption from the films to form N2 gas, causing WIN to 

increase. Although the general trend of N content with deposition temperature is 

discernible from the AES data, exact measurement of the N level is difficult. Preferential 

incorporation of C and removal of N by Ar+ sputtering during AES analysis has been 

reported to cause artificially high C and low N concentration readings [Ing82]. Since the 

AES data were collected after 2.0 minutes of sputter, N atoms were likely sputtered and 

replaced by C atoms, causing the WIN and W/C ratios to be artificially high and low, 

respectively. Moreover, Lee et. al [1994a] reported P-W2N growth per XRD while their 

AES results showed only 12 at. % N. This was attributed to a shift in the sensitivity 

factor for N in the WNx films away from the value for pure elemental N. In addition, 

Alay et al. [1991] studied the N content of sputter deposited amorphous WNx films with a 

variety of characterization techniques. For a given WNx film, the N content (per AES) 

was -13%, while Rutherford backscattering spectrometry (RBS) indicated -33%. Since 

RBS does not require an elemental standard for calibration and is considered accurate to 

-1 at. % [Ohr92], these results may indicate that our actual N levels, especially at lower 

deposition temperature, are considerably higher than indicated by AES. 

The decrease in W/C with increasing deposition temperature reflects the enhanced 

decomposition of hydrocarbon moieties from the precursor and solvent with temperature. 

The W/C ratio drops to 1 at 700°C due to large-scale alkyl decomposition. The W/O 

ratio increases from 3 to 10 between 450 and 500°C, due to the aforementioned film 

crystallization, and then rises from 10 to 27 between 500 and 650°C. This increase is 

related to the jump in C content in this temperature range (Figure 5-10), where C further 
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stuffs the grain boundaries, physically blocking oxygen in-diffusion. The WIN and W/0 

ratios reached their maximum values at 650°C, and decreased above this temperature. 

The decrease in these ratios above 650°C does not reflect an increase in C and O content 

in the films, but rather a decrease in the W content of the film, due to massive C 

contamination. 

5.5.2 AES Depth Profiling 

The three-point AES depth profiling method was used to determine the change in 

elemental content with depth into the films. As evident in Figure 5-12, films deposited at 

450°C contained significant levels of 0, due to high film porosity enabling substantial 0 

in-diffusion after air exposure. Note that due to use of the three-point depth profiling 

method, the y-axis in Figure 5-12 is not concentration in film, but is proportional to the 

area under the curve for the elemental signal. The oxygen level initially dropped with 

increasing sputter depth, but increased at the barrier-Si interface. This suggests that the 

barrier film near the interface is very porous and defective, which may be a consequence 

of film growth dynamics during the nucleation process on Si. HCl, formed by reaction of 

H2 carrier gas (or Hon the precursor ligands) with Cl from the precursor, may etch and 

roughen the Si interface before and during the nucleation process. Moreover, steric 

effects may inhibit the ability of the precursor to uniformally cover the Si surface, all of 

which can lead to voids and stresses at the interface. The defects would leave substantial 

amounts of exposed W with dangling bonds, which readily reacts with O diffusing in 

from the film surface. The makeup of this interface layer is discussed in more detail in 

the XPS film analysis section below. After the nucleation stage, the films are growing on 

WNx (or WNxCy) that has already deposited, and this decreases the concentration of 
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defects . (porosity), leading to lower O levels in the middle of the film. The O level is 

highest at the film surface due to direct contact with air. Apart from 0, a high level of C 

was evident on the film surface, indicating the presence of both deposited C and 

adventitious C. After sputtering off the initial film layers, the C level dropped to a steady 

level, with magnitude similar to that for N. The W level is initially steady, and drops 

gradually at the approach to the Si interface, due to increasing O levels. The O and Si 

signals overlapped briefly, but the W and Si signals overlapped some additional time. 

This suggests that the barrier-Si interface may be rough, which could be caused by HCl 

etching during deposition. In addition, the W-Si overlap may indicate that some amount 

of WSix may be present at the interface. 
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Figure 5-12 Three-point AES depth profile for film deposited from lb at 450°C. 
Nominal AES sputter rate was 100 Almin. 

Figure 5-13 shows the depth profile for a film deposited at 500°C. As expected, 

the O level decreases relative to the 450°C film, due to crystallization (and densification) 
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of the film at 500°C, which decreases the degree of O in-diffusion. The O level still 

increases near the barrier-Si interface, however, for reasons discussed above, but the 0 

"bump" near the interface is narrower, indicating that the defect-laden layer at the 

interface thins with increasing deposition temperature. Increased deposition temperature 

improves surface diffusion of depositing species, which would cause defect (and void) 

density to decrease. The C signal increases slightly relative to the 450°C film, due to 

increased C contamination at higher temperature. Overlap of the W and Si signals occurs 

for longer sputter time relative to the 450°C sample, and may indicate increased 

roughening of the Si surface (due to HCl etching) and/or increased WSix formation with 

higher temperature. The increased sputter time relative to the 450°C sample reflects 

increased film thickness and higher film density for the 500°C sample. 
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Figure 5-13 Three-point AES depth profile for film deposited from lb at 500°C. 
Nominal AES sputter rate was 100 Almin. 
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Figure 5-14 Three-point AES depth profile for film deposited from lb at 700°C. 
Nominal AES sputter rate was 100 A/min. 

Figure 5-14 shows the depth profile for a film deposited at 700°C. Oxygen levels 

through the film are decreased relative to the two lower temperatures, due to densification 

by polycrystal grain growth and plugging of voids/grain boundaries by additional C in the 

films. A very small O "bump" at the barrier-Si interface is visible, indicative both of a 

thinner defective region and decreased O in-diffusion. The N level is steady, but 

decreased relative to the 450 and 500°C films, due to increased N desorption at higher 

deposition temperature. Carbon levels are higher relative to the lower temperature films, 

which again reflect the increased ability of the ligands and solvent to decompose at 

higher temperature. Overlap of the W and Si signals occurs for longer sputter time 

relative to the lower temperature samples, which again may indicate increased 

roughening of the Si surface due to HCl etching and/or increased WSix formation with 

higher temperature. The increased sputter time relative to the lower temperature films 
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again reflects increased film thickness and possibly higher film density for the 700°C 

sample. 

5.5.3 XPS 

Standard binding energies for elements present in the films from this study are 

shown in Table 5-2 below. The sensitivity factor relates to an atom's ability to emit a 

photoelectron when exposed to X-ray radiation, and is relative to the Fis line, which is 

l.0eV. 

Tabl 5 2 S d d El e - tan ar ementa a ues or 1m 1 XPS V 1 £ Fl C 
Element Binding Energy ( e V) 

W4f 31.32 
Cls 284.5 (C in Graphite) 
Nls 398.5 (N in BN) 
Ols 531.0 (0 in A}iO3) 

*References: [Wag90, Cri00] 

5.5.3.1 XPS Literature Data 

omponents * 
Sensitivity Factor (S) 

2.75 
0.25 
0.42 
0.66 

XPS survey spectra for W typically show peaks at many binding energies, with 

each representing photoelectrons from a specific energy level in the W atom. The W 4f 

photoelectron line has two peaks (W4f712 and W4f512), while the Nls, Cls and Ols lines 

each have one. Binding energy ranges for the f and d subshells of some potential W 

compounds present in our films are shown in Table 5-3. 

As seen in Table 5-3 , reported W4f712 binding energies for metallic W range from 

30.9 to 32.7 eV, while W4f512 binding energies range from 33.2 to 34.8 eV. XPS data for 

two forms of tungsten nitride, the FCC ~-WNx and SHP WN forms, have been reported. 

W4fm and W4fs12 values for ~-WNx, the desired phase, range from 30.7 to 33.6 and 33.3 

to 35.8 eV, respectively. Binding energies for the analagous tungsten carbide phases 

(FCC and SHP) have also been reported, with SHP WC having a W4f712 ranging from 
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31.4 to 32.8 eV. FCC WC1-x has been reported with W4fm BE values ranging from 31.2 

to 31.9 eV [Ji0l, Pau92], which are close to the value for metallic W, since Wand C do 

not have a strong covalent or ionic bond in this phase [Nak87]. The addition of Oto WC 

films has been reported to increase the W4f binding energies, due to formation of a 

WOxCy compound [Chi97, Ji0l]. Katrib [1994] reported a W4fm BE value for WOxCy 

T bl 5 3 L"t t B" di E a e - 1 era ure m ng nergy a a or ec ron use sm Dt t: El t Sbhll. WC d ompoun s 
Binding Energy ( e V) for Subshell 

Compound W4fm W4fs12 W4d312 W4ds12 References 
[Ala91, Cha97b, Cha99, Col76, 

30.9- 33.2- 242.6- CriOO, GirOO, Gru87, JiOl, Kak99, 
Metallic W 

32.7 34.8 
255.6 

244.2 
Kat95, LutOl, McG73, Meu98, 
Mou95, NagOO, Nak:87, Pau92, 
SheOOc-f, Wag90, Yeh96, Zha99] 

30.7- 33.3- [Ala91, Chi93, Col76, Lee93, 
WNx 

33.6 
- 244.9 Meu98, NagOO, Nak:87, SheOOb-d, 

35.8 Tak97a,Zha97,Zha99] 

FCC 31.2-
[JiOl, Kou02, Pau92] 

B-WCx 
- - -

31.9 
WO4 - 37.6 - - [Col76] 

[Bla86, Cha88, Cha97b, Cha97c, 

34.9- 35.2- 259.9- 247.4- Cho02, Col76, CriOO, GirOO, GogOO, 
WO3a 

38.0 38.7 260.0 248.4 
Gru87, Kat95, Lec96, Lee98b, LutOl, 
McG73, NagOO, Nak:87, Rus99, 
Sar80, SheOOd-f, Wag90, Zha99] 

W2Ol 
34.5- 36.7-

[Kat95, JiOl , NagOO] - -
35.7 37.8 

31.1- 33.1- [Cha88, Col76, JiOl, Kat95, LutOl, 
WO/ 

34.8 36.9 
256.1 243.2 Mon99, NagOO, Rus99, Sar80, 

Wag90] 

WO° 32.9 35 - - [NagOO] 

WOxCv 31.5 - - - [Kat94] 

WC16 37.1 - - 248.5 [McG73] 

WOC4 37.4 - - - [McG73] 

WSiz 31.5 33.5 - - [Cho02] 

aNote, this includes references to "surface tungsten oxide," which are taken to mean WO3 
"Note, this includes references to "W5+," which are taken to mean WO2_5 or W2O5 

cNote, this includes references to "W4+," which are taken to mean WO2 
dNote, this includes reference to "W2+," which is taken to mean WO 

of 31.5 eV. Bonding between Wand O in tungsten oxide compounds exhibits substantial 

electron transfer from metal to nonmetal, similar to the bonding in tungsten nitrides 

[Col76]. This electron transfer causes an increase in binding energy for W in oxides 
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relative to the metallic state, with the increase frequently on the order of 1 eV per unit 

change in oxidation state [Rig75]. Several WOx compounds, with x ranging from 1 to 4, 

have been reported in the literature, as indicated in Table 5-3. 

Binding energy for N atoms is strongly dependent on their environment in the 

WNx film. Care must be taken when determining WNx film compositions from XPS 

data, as large shifts in sensitivity factor for Nin compound materials have been reported 

[Lee93]. Nitrogen atoms are typically found either at octahedral interstitial sites within 

the WNx crystal lattice or at the grain boundaries. 

T bl 5 4 L. a e - . 1terature m ng nergv ff di E D f: El ata or ectron Sbhll " NC u s e s m d ompoun s. 
Nitrogen Bonding Nls Binding 

References 
Environment Energy Range ( e V) 

[Cha97b-c, Cha99, Chi93, Col76, 

Interstitial N in 
HonOO, Kak:99, Lee90, Lee93, 

13-WNx 
396.7-398.3 LeeOOb, Meu98, Mou95, Nag93, 

Nak:87, SheOOb-c, Yeh96, Zha97, 
Zha99] 

Interstitial N in SHP 
398.2 [Zha97] 

WN 
W(O,N)x 398.1-399.3 [Zha99] 

Nin l3-C3N4 398.5 [Wei99] 
Nin N-spjC 398.5-398.8 [JelOO, Nin02] 
Free N (grain 

399.2-400.1 [Cha97b-c, Cha99, Nag93, Nak:87] 
boundary N) 
NinN-sp..:C 400.0-400.9 [JelOO, Nin02] 
Nin Al(N,O) 

400.1 [Sim94] 
Oxynitride 
Nin CNx 400.2 [Wei99] 

N in TiAlx Oxynitride 400.3 [Sim94] 
N in an N-0/N- N 

402.0-402.9 [CriOO, LeeOOb, Wei99] 
surface species 
"Dissolved" N 403.3-404.5 [Sim94] 

For WNx films, Nls binding energies ranging from 396.7 to 398.3 eV, which are 

below the standard Nls value (398.5 eV), are typically reported as interstitial N (N bound 

to W). The drop in BE is caused by electron transfer from W to N, due to the Wo+- ~ 
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bond having some ionic character [She00b]. Shifting of the N peak to BE values above 

the Nls standard value may be due to several different phenomena. N present at grain 

boundaries in the film would have higher BE because electron transfer from W to N at the 

grain boundary does not occur. A lack of electron transfer means that Nls core electrons 

(for N at the grain boundary) do not decrease in binding energy [Cha97b-c, Cha99, 

Nag93, Nak87]. Another cause may be the reaction of O (after air exposure) with the 

WNx lattice to form a complex bivalent oxynitride such as W(N,O)x [Lai98b, Sim94, 

Zha99]. Oxygen atoms are more electronegative than N atoms, withdrawing electrons 

more readily from the metal. This causes increased ionicity of the metal-oxide bond 

relative to the metal-nitride bond [Gub94]. The addition of O to WNx films causes 

electrons to be withdrawn more strongly from W by 0, decreasing the net electron transfer 

from W to N and thereby increasing the Nls binding energy. One report from Prieto et al. 

[1995] suggests that Nls BE values are lower for oxynitrides relative to nitrides, but this 

conflicts with many other reports describing higher oxynitride BE values relative to 

nitrides [Lai98b, Sim94, Zha99]. Several lines in the standard XRD powder diffraction 

spectra for ~-WNo.5 and the oxynitride W(N,O)u3 overlap exactly due to similarities in 

their lattice structures, with O and N atoms sitting on interstitial sites in the FCC W lattice 

[JCP88, Sel95]. Hence, the presence of the oxynitride typically cannot be ruled out if 

some amount of O is present in the film and an Nls peak is present at higher BE. XRD 

spectra rule out the presence of another oxynitride (W(O,N)1.6J), however, which has a 

hexagonal structure [Che97, JCP88]. A third cause for increased Nls binding energy is 

the reaction of N with O near the film surface [Cri00, Lee00b, Wei99]. Nls BE values of 

401.4 eV and 402 eV, respectively, have been reported for N that has reacted with Oat the 
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film surface [Cri00, Lee00b], while another report assigned a BE of 402.88 eV to surface 

N-O/N-N species [Wei99]. A fourth cause may be expansion of the WNx lattice due to C 

addition to form WNxCy, As discussed earlier, substitution of C for some N on the 

interstitial sublattice increases the film's lattice parameter relative to that for the nitride. 

This lattice expansion would strain the W&+ -No- bond, decreasing the metal to nonmetal 

electron transfer. The decreased electron transfer would cause the Nls binding energy to 

increase relative to its value in pure FCC B-WNx. 

Yet another possibility to account for increased BE is the formation of N-C bonds 

in the film. Ning et al. [2002] reported that Nls peaks at 398.6 and 400.0 eV were 

consistent with formation of N-sp3C and N-sp2C, respectively. Another report 

suggested that ls peaks at 398.5 and 398.8 were for N-sp3C bonding, while peaks at 400 

and 400.9 eV were for N-sp2C bonding and a peak at 399.9 eV was for N bound to H 

[Jel00]. The presence of B-C3N4, which has a hexagonal structure homologous to Si]N4, 

was suggested, as this phase is considered to have a mixture of sp3 and sp2 C-N bonds 

[Jel00]. Wei [1999] reported that Cls and Nls binding energies of 285.96 and 400.17 

eV, respectively, indicated the presence of CNx, In addition, Cls and Nls binding 

energies at 287.32 and 398.46 eV, respectively, represented B-C3N4. 

XPS values for a variety of potential C-containing compounds in our films are 

listed in Table 5-5. While graphite and amorphous ("free") C have similar BE ranges, the 

presence or absence of graphite can be confirmed by XRD. If graphitic peaks do not 

appear on XRD, the C is present in amorphous ("free") form. Diamond-like C, like 

graphite, is discernible from XRD analysis. Other potential bonding states include C 

bound to H, 0, or N, and C in the oxycarbide WOxCy, 
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XPS values for a variety of potential O-containing compounds in our films are 

listed in Table 5-6. 0 bound to W has been reported in oxides CWOx) of varying 

stoichiometry, oxynitrides (W(N,O)x), oxycarbides (WOxCy), and in compounds 

containing C or H. A BE value for O in WOxCy was not reported [Kat94], however. 

T bl 5 5 L a e - 1terature m ng nernv B" di E ata or D f El ectron Sbhll. CC use sm d ompoun s 
Carbon Bonding Cls Binding 

References 
Environment Energy (eV) 

C in SHP WC or FCC [Bon80, Col76, Gir()(}, Kat94, Kou02, Lai98b, 

WC1-x 
282.6-283.8 Lec96, Lut0l, Mon99, Pau92, Sun0lb, Wan0lb, 

Xue98] 

C in WOxCv 283.2 [Kat94] 

Graphitic C 284.2-285.0 
[Ala91, Bon80, Kat94, Kou02, Lut0l, Mou95, 

Pau92, Wag90, Xue98] 

Free (amorphous, 
284.5-285.2 

[Bla86, CriOO, Gir()(}, GogOO, Kat94, Kou02, Lec96, 

adventitious) C Lut0l , Pau92, Wei99] 

C in C=C 284.5 [Nin02] 

C in C-H 284.8-285.1 [Bou91, Pau92] 

"Diamond-like" C 285.5-286.8 [Mon99] 

C bound to 0 285.3-291.9 
[Bon80, Bou91, Chi93, GogOO, Jam92, Lec96, 

Wag90, Wei99] 

C in CNx 286.0 [Wei99] 

C in sp2C-N 286.1 [Nin02] 

C in P-C3N4 287.3 [Wei99] 

C in spjC-N 287.5 [Nin02] 

T bl 5 6 L' a e - 1terature m ng nergy B" di E ata or D f El ectron s d ubshel s in O Compoun s 
Oxygen Bonding Ols Binding 

References 
Environment Energy (eV) 

Oin WO3 530.1-531.6 
[Chi93, Col76, CriOO, Gir()(}, GogOO, Gru87, 
Kat94, Lec96, Lut0l, Sar80, Zba99] 

Oin WO2 530.2-530.5 [Col76, Sar80] 

0 bound to C 531.3-534.9 [Bou91, Jam92, Lec96] 

"Free" 0 531.6-531.7 [Ala91, CriOO] 

0 in oxynitride 531.7 [Pri95] 

0 in OH group 532.6 [Lec96] 

0 in H2O 532.6-533 [Bla86, Gar90, Lec96, Wag90] 

0 in WOx 532.9 [Zha99] 

0 in SiO2 532.5-533.0 [Mou95, Wag90] 
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5.5.3.2 XPS Film Analysis 

Deconvolution of XPS spectra was performed with combined Gaussian and 

Lorentzian curve fitting (90%-10%) and Shirley background subtraction using the RBD 
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Figure 5-15 XPS survey spectra for films deposited at 450°C. a) As received. b) After 5 
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Analysis Suite software. Due to the presence of C both at the film surface and in the film 

bulk, quantification of charging to an exact value of BE shift was difficult. XPS survey 

spectra for films deposited at 450°C are shown in Figure 5-15. These spectra indicate the 

presence of W, N, C and O in the films, while a peak for Cl is not present. Some amount 

of adventitious C is evident on the as-received spectra, as the Cls peak decreases in 

height after sputtering. The Ols peak endures after sputtering, however, due to the 

porosity of these films. The W4d512 and W4d312 BE values in the as received film were 

248 and 260.5 eV, respectively, which are consistent with WO3 (Table 5-3). The W4ds12 

and W4d312 BE values after 5 and 10 min sputter were 245 and 257 eV, respectively, 

which is indicative of WNx deposition. Figure 5-16 shows survey spectra after 10 min 

sputter for films deposited at 450 to 700°C. The Nls and Ols peaks decrease with 

increasing deposition temperature, while the Cls peak increases with deposition 

temperature, for reasons discussed above. The W 4ds12 and W 4d312 BE values are similar 

for all temperatures after sputtering, near 245 and 257 eV, respectively, which indicates 

the presence of WNx at all of the temperatures. 

To view the most intense elemental peaks more closely, multiplexes were taken 

for the W4f, Nls, Cls and Ols lines. XPS multiplex spectra for films deposited at 450°C 

are shown in Figure 5-17. Focusing first on the sputtered films, we see that the elemental 

peaks have similar positions after 5 and 10 minutes of sputtering. The spectra in Figure 

5-17a taken after 10 minutes sputter shows two sets of overlapping W4f binding energy 

curves, which indicate W in two different bonding states. The W 4f 712 and W 4f 512 peaks at 

35.7 and 37.8 eV fall into the range for WO3 (Table 5-3), with the 1.9 eV spin orbit 
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splitting for these peaks being close to 2.0 eV reported previously for WO3 [Sar80]. This 

is supported by an Ols peak at 531.4 eV, which is consistent with WO3 (Table 5-3). As 
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mentioned earlier, 0 in the films is due to post-growth air exposure, where O diffuses 

into the film and oxidizes unsaturated W atoms. Oxygen is reportedly mobile enough at 
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ambient conditions to diffuse into surlace or near-surlace region of tungsten oxynitride, 

with chemisorption of oxygen to this surlace causing continuous formation of WO3 

[Cho00]. The behavior of our films in air is likely similar to the oxynitride films. 

As seen for the sputtered films in Figure 5-17 a, the W 4f 712 and W 4fs12 peaks at 

32.8 and 34.6 eV fall into the range for B-WNx, but are believed to actually represent 

B-WNxCy. BE values for B-WNxCy have not been reported in the literature, but several 

things point to this possibility. First, the single Nls peak at 398.4 eV is shifted above the 

standard values for B-WNx to a value similar to that for N-C bonding (Table 5-4). 

Second, a Cls BE value at 285.8 eV supports the presence of C-N bonding (Table 5-5), 

and is considerably higher than reported values for carbidic C. Third, the upward shift 

for W4f BE away from metallic or carbidic W (Table 5-3), coupled with nitridic peak 

positions for W4d, suggest W-N bonding. Since no metallic or carbidic W peaks were 

observed, the presence of metallic W or B-WCx clusters in the film is unlikely [Mon99]. 

These items therefore point toward formation of B-WNxCy, which is also supported by 

our XRD lattice parameter data for films deposited at higher temperature. Moreover, the 

upward shift in Nls and Cls binding energy in B-WNxCy suggests that these elements 

have an attractive interaction on the FCC W interstitial sublattice. In an analogous case, 

attractive N-C interactions were reported on the FCC Nb and FCC Ti interstitial 

sublattices [Lee0la]. The large FWHM value for BE of Nls electrons suggests a 

disordered or defective structure, which is consistent with amorphous (or nanocrystalline) 

films [Pri95]. The lack of a second Nls peak above 399 eV suggests that all N is bound 

to W, with none present in its "free" form. 
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The additional Cls peak at 284.6 eV falls into the range for either graphitic or free 

(amorphous) C (Table 5-5). Since XRD results do not indicate the presence of graphite 

in the films, this Cls value represents free (amorphous) C. A small, additional Ols peak 

at 532.4 eV is likely due to the presence of a suboxide (WOx), While the suboxide W4f 

peaks are convoluted with the WO3 and P-WNxCy peaks, their exact location is unknown 

due to lack of an additional shoulder for them in the W4f spectra. 

When compared to the sputtered films, the as received films in Figure 5-17 have 

significant BE shifts and additional peaks. The surface region of the as-received films 

contain significant amounts of WO3, evidenced by the large W4f712 and W4fs12 peaks at 

37.4 and 39.4 eV, respectively, which corroborate the W4d BE values in the as-received 

survey spectrum (Figure 5-15). An Ols peak at 531.9 eV also supports the presence of 

WO3. A significant amount of non-conductive WO3 at the film surface leads to sample 

charging, which causes the shift in BE to higher values [Gru87, NagOO]. The W4f712 BE, 

in particular, increases by 1.7 eV from 35.7 eV after 10 minutes sputter to 37.4 eV at the 

surface. The area under the WO3 peak decreases after sputtering, but does not disappear 

completely, which is consistent with a previous report on ambient air oxidation of a 

tungsten oxynitride surface [Cho00]. 

Decreasing the as-received BE values for W, C and Oby 1.7 eV leads to a close 

match to peak positions after 5 min and 10 min sputter. With this in mind, the W4f712 and 

W4fs12 peaks at 35.2 and 37.1 eV would suggest P-WNxCy that has been shifted upward 

by 1.7 eV. The corresponding Nls value for nitridic Nat 401.3 eV would be 399.6 eV 

after a downward shift of 1.7 eV, however, which is still higher than that for Nls in 

P-WNxCy, This suggests that a tungsten oxynitride (W(O,N)x) or oxycarbonitride 
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(W(O,C,N)x) is present at the surface before sputtering. This is supported by an Ols peak 

at 533.5 eV, which would be 531.8 eV after a downward shift of 1.7 eV, consistent with 

0 in oxynitride (or possibly oxycarbonitride). A second Nls peak at 403.0 eV, which 

would be 401.3 eV after a 1.7 eV shift, is close to the value of 402.0 eV reported for Nin 

a surface N-O/N-N compound [Wei99]. The two Cls peaks at 286.2 and 287.4 eV, 

when shifted down by 1.7 eV, are 284.5 and 285.7 eV, consistent with free C and C in 

~-WNxCy, respectively. 

Table 5-7 summarizes the BE values for the elemental peaks shown in Figure 5-

17 and the compounds to which these BE values correspond (based on comparison of 

these values to Table 5-3 through Table 5-6). Question marks in Table 5-7 indicate that 

exact location of the corresponding W4f peaks for the WOx suboxide is unknown, due to 

lack of additional shoulders in the W4f spectra. 

Tabl 5 7 C e - d . Fl D ompoun s m 1 ms . df epos1te rom th 450°c at 
Sputter Time W4f712 W4fs,2 Nls Ols Cls 

Compound 
(min) (eV) (eV) (eV) (eV) (eV) 

0 37.4 39.4 - 531.9 - WO3 
0 35.2 37.1 401.3 533.5 287.4 8-W(N,C,O)x 

0 403.0 
N-0/N-N - - - -

surf ace species 
0 - - - - 286.2 FreeC 
5 33.1 35.0 398.7 - 286.3 13-WNxCv 
5 36.0 38.4 - 531.7 - WO3 
5 - - - - 284.6 FreeC 
10 32.8 34.6 398.4 - 285.8 8-WNxCv 
10 35.7 37.8 - 531.4 - WO3 
10 ? ? - 532.4 - WOx 
10 - - - - 284.6 FreeC 

The interface layer evident in the TEM and AES Depth Profiling sections was 

also examined with XPS to determine the bonding states in this layer. The film was 
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sputtered until the interface layer was exposed, and the multiplex was then collected. 

XPS spectra in Figure 5-18 indicate the presence of W, Si and O in the interface layer, 
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Figure 5-18 XPS spectra for the film-Si subsrate interfacelayer for film deposited from 
lb at 450°C. a) W4f b) Si2p312 c) Ols BE lines. Dashed lines are 
deconvoluted peaks. 

while the Cls and Nls BE lines were absent. The W4f712 and W4fs12 BE values at 34.4 

and 36.7 eV, coupled with an Ols BE at 530.8, are consistent with WO3 (Table 5-3 and 

Table 5-6). The Si 2p312 and Ols BE values at 103.5 and 532.9 eV, respectively, indicate 

SiO2 (Table 5-6). W4f712 and W4fs12 BE values at 31.5 and 33.5, coupled with the Si 2p312 

peak at 99.5 eV, suggests WSi2, where the Si 2p312 BE value is consistent with silicide 

bonding [Mou95]. This indicates that some W reacts with the Si substrate. A mixture of 

WSi2 and metallic Wis also possible, however, as their W4f peaks overlap. The small 
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peak at 101.4 eV is close to a reported BE of 101.7 eV for SiO [Ngu89], which may form 

due to the reduction of SiO2 at the interface by the XPS Ar+ sputter beam. The 

corresponding Ols BE peak for SiO is likely convoluted under the two larger Ols peaks 

in Figure 5-18. 

Table 5-8 summarizes the BE values for the elemental peaks shown in Figure 5-

18 and the compounds to which these BE values correspond (based on comparison of 

these values to Table 5-3-Table 5-6). The question mark in Table 5-8 indicates that 

exact location of the corresponding Ols peaks for the SiO suboxide is unknown, due to 

the likely convolution of this peak under the two larger Ols peaks for SiO2 and WO3 . 

Table 5-8. C d Fl s· b rf i D ompoun sat 1 m- 1 su strate mte ace or . h lb at 450°C epos1t1on wit 
W4f112 W4fs12 Si2p312 Ols 

Compound 
(eV) (eV) (eV) (eV) 
31.4 33.4 99.5 - WSii 
34.4 36.7 - 530.8 WO3 
- - 101.4 ? SiO 
- - 103.5 532.9 SiO2 

The bulk of the O in the films appears to be from post-growth in-diffusion, as 

evidenced by the decrease in O content with increased crystallinity and C content. The 

presence of SiO2 at the interface suggests, however, that a small amount of background 

oxygen (from 02 or H2O) in the reactor may be causing reformation of the Si02 layer 

before film deposition. The source of the background O is unclear, but may be from an 

impure N2 gas source (used during the reactor heating cycle before the H2 bake) or from a 

small air leak in the system. This background level is believed to be small, however, 

because the presence of considerable amounts of O during reaction will favor WO3 

formation, especially at higher deposition temperature. Deposition of WO3 films in our 
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system, evidenced by high intensity WO3 XRD peaks, has occurred on several occasions 

due to large-scale air leaks during deposition at a variety of temperatures. 

The interface layer thickness was similar for deposition at 450 and 700°C, but the 

content of the layer changes with increasing deposition temperature, as indicated in the 

AES depth profiles. The decrease in O level at the interface for deposition at 700°C 

(Figure 5-14) may be due to higher temperature shrinking incubation time, which leaves 

less time for background O to react with the Si substrate before film deposition begins. 

Lower O content at the interface for the 700°C film also suggests that the relative amount 

of WSi2 is higher for this interface compared to that deposited at 450°C. This is 

supported by a larger overlap region for the W and Si signals in the SIMS spectra for the 

700°C film relative to the 450°C one (Figure 5-21 and Figure 5-22). 

Nucleation of the films presumably occurs on SiO2, with initial deposition of W 

on the oxide leading to formation of both WSiz and WO3• After nucleation of the initial 

interface layer is complete, deposition of the WNxCy films begins. One report of 

sputtered WNx films on Si (100) found an interface layer with a multilayered structure 

consisting of SiOz/SiOxN/nano-WSiz [Cho02]. An oxynitride layer is not evident in our 

interface layer, however, as N is not present. 

Figure 5-19 shows multiplex spectra for films after 10 min sputter. The peak 

assignments are similar to those for the 450°C film after 10 minutes sputter, and are 

summarized in Table 5-9. Again, question marks in Table 5-9 indicate that exact location 

of the corresponding W 4f peaks for the WOx suboxide is unknown, due to lack of 

additional shoulders in the W4f spectra. Trends indicate that O and N levels generally 

decrease with increasing temperature. The Nls peak intensity increases from 450 to 
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500°C, however, which is consistent with AES results indicating higher N levels at 

500°C. The Nls peak intensity drops at 600°C, and then disappears into the background 

noise at 700°C, although the B-WNxCy peak is still evident. The disappearance of this 

peak contrasts with AES results, which indicate that a small amount of N (-3 at.%) 

remains in the films at 700°C. This discrepancy may be due to large shifts in XPS 

sensitivity for Nin compound materials, as has been reported [Lee93]. XRD results for 

higher temperature films indicate B-WNxCy formation. While films at 450°C are x-ray 

amorphous, they likely contain FCC B-WNxCy in unit cell form, because the W4f BE 

values for B-WNxCy have minimal shift when going from an amorphous film (below 

500°C) to a polycrystalline film (at and above 500°C). This infers that the bonding state 

doesn't change for B-WNxCy with increasing temperature, but rather that the unit cells 

grow with increasing temperature until they are large enough (at 500°C) to diffract 

x-rays. In contrast, the C content increases with temperature, with the peak for free C 

growing significantly when going from 600 to 700°C. In addition, the Cls peaks shift to 

slightly higher BE at 700°C, which may be due to some charging, as film resistivity 

jumps at 700°C. Interestingly, no W4f or Cls peaks consistent with carbide compounds 

were evident for any of the films, even at the highest temperature (Table 5-3 and Table 5-

5). This may be due to the presence of some N in the films at all deposition temperatures, 

which may alter the electron distribution around the W atoms enough to force an upward 

shift in BE, irrespective of the interstitial site fraction of C. 

Figure 5-20 shows the area under the W4f712 XPS curve for films deposited from 

450 to 700°C. The area under the W4f712 curve for B-WNxCy increases from 450 to 

500°C, and then drops above this. As mentioned above, the film crystallizes at 500°C, 
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which densifies the film and decreases oxygen's ability to in-diffuse and form WO3 on 

the surface of P-WNxCy nano- or polycrystals. This is reflected by the increase in area 
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under the ~-WNxCy curve at 500°C. The drop in ~-WNxCy area above 500°C follows 

the trend of decreasing N content with increasing temperature. Decreasing levels of N 

decrease the ability to form ~-WNxCy at higher temperature. 

The area under the curve for WO3 decreases steadily with increasing temperature. 

This may indicate a shift in film composition with increasing depth into the film, or it 

may reflect a change in film structure due to sputtering by Ar+ ions. Katrib et al. [1995] 

reported that Ar+ sputtering of a mixture of WO2+WO3 caused formation of metallic W. 

Although metallic W is not formed in our films, the drop in WO3 content may indicate 

preferential sputtering of O atoms from WO3 in the film. Sputtering of O atoms from 

WO3 would lead to an apparent decrease in WO3 content and possibly an increase in 

WOx content. Since the pattern for WO3 is not evident on the XRD spectra, any WO3 

present in the film is likely to be highly disordered (e.g., nanocrystallites), rather than 

existing as large crystallites. 

Tabl 5 9 C e - ompoun s m 1 ms rom d . Fl f lb Af 10 Mi ter nutes s iputter 
Deposition W4fm W4fs12 Nls Ols Cls 

Compound 
Temp. (°C) (eV) (eV) (eV) (eV) (eV) 

450 32.8 34.6 398.4 - 285.8 r3-WNxCv 
450 35.7 37.8 - 531.4 - WO3 
450 ? ? - 532.4 - WOx 
450 - - - - 284.6 FreeC 
500 32.7 34.8 398.4 - 286.0 r3-WNxCv 
500 35.6 37.7 531.4 - WO3 
500 ? ? - 533.1 - WOx 
500 - - - - 284.3 FreeC 
600 32.9 34.8 398.5 - 286.0 r3-WNxCv 
600 35.4 37.1 - 531.3 - WO3 
600 ? ? - 533.0 - WOx 
600 - - - - 284.4 FreeC 
700 33.0 35.0 - - 286.3 r3-WNxCv 
700 35.9 37.9 - 531.3 - WO3 
700 ? ? - 532.7 - WOx 
700 - - - - 284.8 FreeC 
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Figure 5-20 Area under the W4f712 peak for films after 10 minutes sputter. 

The formation of oxide is believed to be due to post-growth reaction of the films 

with ambient air. Potential oxygen sources in air include water and 02. Vu et al. [1990] 

reported values for activation energy and pre-exponential factor for the oxidation of 

Wo.soNo.20 in wet and dry air over a temperature range of 450 to 575°C. The rate constant 

for oxide formation was slightly higher in wet air than dry air, indicating that water is the 

more favorable oxygen source in this temperature range. Oxide formation still occurred 

in dry air, however, suggesting that both 0 2 and H2O participate in the oxidation process 

with ambient air. Extrapolating Vu's kinetic data down to room temperature (25°C) 

gives a negligibly small value for oxide thickness. Since our low temperature amorphous 

films are very porous, significant O was able to diffuse down into the bulk of the films. 

A thin, amorphous WO3 layer (which is invisible to XRD), consistent with Vu's 

extrapolated data, may have formed by in-diffused O oxidizing the surface of ~-WNxCy 

nanocrystals in the film. This is consistent with a previous report, which indicated that 
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oxidic phases formed by exposure of tungsten-containing films to air were amorphous 

[Cho00] . AES analysis after 1 minute of sputter indicates substantial drop in oxygen 

content for all deposited films, further supporting this assertion. 

Overall results indicate that W bonding in the bulk films may be a mixture of 

WNxCy, WO3 and WOx. The presence of some oxynitride in the film cannot be ruled out 

by XRD due to exact overlap of ~-WNx and Wo.1s(N,O) spectra [JCP88]. XPS results, 

however, exclude this possibility, as no additional W and N peaks consistent with 

oxynitride in the bulk films are present. Carbon is typically present in two bonding 

states, as amorphous (free) C and as C bound to W (and possibly to N) in ~-WNxCy 

form. While the formation of CNx at the grain boundaries is possible, the single Nls 

peak and upward shift for W4f BE away from carbidic W suggest that all N is 

preferentially located at the polycrystal's interstitial sublattice, along with some C, which 

causes the upward shift in Nls BE. Although the lattice parameter for the films increases 

up to 675°C, it levels off above this temperature. This may indicate a solubility limit for 

C in the ~-WNxCy polycrystals. Above 675°C, additional C contamination goes to the 

grain boundaries, which is confirmed by a sharp increase in film resistivity and the Cls 

peak for free Cat 700°C. As mentioned previously, ~-WCx films with interstitial C tend 

to have low resistivity due to little covalency or ionicity in the W-C bonds. In contrast, 

when W films contain substantial free C rather than interstitial C, the free C regions 

scatter electrons, increasing film resistivity. As the amount of free C in the grain 

boundaries increases, the resistivity of the films also increases. While the W4f peak 

representing ~-WNxCy remains for the 700°C films, the corresponding Nls peak 

disappears. AES results contrast with XPS, though, showing that some N remains in the 
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films at 700°C, supporting the possibility of ~-WNxCy remaining in the film at this 

temperature. This suggests, however, that ~-WNxCy present in the films at higher 

temperature is N deficient, with values of x being well below 0.33. 

5.5.4 SIMS Depth Profiling 

SIMS depth profile results are shown in Figure 5-21 and Figure 5-22. Since 

~-WNx and ~-WNxCy film standards were unavailable for calibration, the SIMS data are 

not quantitative in nature, as the sputter rates and ionization probabilities are matrix 

dependent. The change in the SIMS profiles with depth into the film, along with the 

change in profiles with film deposition temperature, can still give us some perspective, 

however. Figure 5-21 indicates a SIMS depth profile for a film deposited at 450°C. 

These results reinforce XPS data suggesting W-0 and W-N bonding in the films, 

because WO and WN fragments were sputtered from the films during SIMS analysis. In 

addition to the presence of W, N, C and 0, SIMS analysis also shows significant amounts 

of H, which cannot be detected by AES or XPS, and Cl, which can be detected by AES 

and XPS if present in sufficient quantity (-1 at.%). This suggests that some amount of Cl 

from the precursor is depositing in the films, although the amount is less than 1 at.%. 

This small amount of Cl may still be troublesome for device applications, as Cl can etch 

substrates and corrode subsequent metal layers. H in the films originated either from the 

precursor ligands, the solvent, or the H2 carrier gas. At low temperature, the ability to 

form volatile HCl is lower, meaning that more Cl may remain at the film surface without 

desorbing. At higher temperature, volatile HCl forms more readily, and this is reflected 

by decreased Cl content at the higher deposition temperature. Another difference 

between the films at 450 and 700°C involves the Si levels. The Si signal increases 
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sharply at the barrier-Si interface in the 450°C film, while it increases much more 

gradually in the 700°C film. This suggests either substantial Si roughness at the interface 
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and/or silicide (WSix) formation at the higher temperature, consistent with AES depth 

profile results. The levels of O and WO are significantly higher in the low temperature 

film, consistent with increased O in-diffusion into these porous films. In addition, the C 

level is higher in the 700°C film, consistent with increased ligand and solvent 

decomposition at the higher temperature. 

5.6 Film Growth Rate (XSEM) 

Growth rates were estimated by dividing the total film thickness (from X-SEM) 

by deposition time. Figure 5-23 gives two sample X-SEM photos. The surface of the 

deposited films appeared to be fairly smooth, and film thickness varied from -1500 A for 

the deposition at 450°c up to -4000 A for deposition at 100°c. 

Figure 5-23 Cross-section SEM photo depicting film thickness for growth from lb for 
150 minutes on a Si (100) substrate. a) Deposition at 450°C. b) Deposition 
at 700°C. 

These film thicknesses correspond to deposition rates ranging from 10-27 .A/min. The 

growth rate of the films (as determined by X-SEM) varied with temperature, as shown in 

Figure 5-24. 



256 

Deposition Temperature (°C) 

700 650 600 550 500 450 
3.6 

3.4 

3.2 t-f+-.f---......... 
3.0 

c., 
2.8 i::: -
2.6 

2.4 

2.2 

2.0 
1.1 1.2 1.3 1.4 

1 ooorr (K· 1) 

Figure 5-24 Plot of film growth rate on Si (100) vs. inverse temperature. Error bars 
indicate uncertainty due to deposition temperature variation ( +/- 10°C) and 
thickness measurement from XSEM photos. 

From this figure, two growth regimes are apparent. The region with shallow slope shows 

a weak dependence on temperature that is indicative of the mass transfer controlled 

regime. Mass transport to the surface is the rate-determining step in this regime, where 

high substrate temperature enables immediate reaction of species arriving at the surface. 

The region with a steep slope indicates that growth rate increases exponentially with 

temperature, which is indicative of the kinetically controlled regime. In this regime, the 

rate-determining step for film growth is reaction on the substrate surface. Ample 

reactants are available at the substrate surface, and growth rate is determined by the 

reaction rate. Growth rate in the kinetically controlled regime can be estimated by the 

Arrhenius expression for growth rate (Equation 5-2): 

G = Ae-E,t RT (5-2) 
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where G is growth rate (Ns) and Ea is the apparent activation energy (eV). From this 

expression, we can calculate Ea for the precursor molecule by plotting ln G vs. 1/f 

according to Equation 5-3: 

lnG=-(i )(~)+lnA (5-3) 

where A is a constant, Ea/R is the slope of the line in the kinetically controlled regime, 

and Ea is the apparent activation energy for film growth. The calculated Ea for film 

growth from the lb precursor was 0.84 eV in the kinetically controlled regime, compared 

to 0.9 eV reported for bis(tert-butylimido)bis(tert-butylamido)tungsten [Tsa96]. This 

value falls within the typical activation energy range for CVD growth in the kinetic 

regime, which ranges from 0.5 to 1 eV [Raa93]. In the kinetically controlled regime, a 

change in temperature of 1 % yielded a 10% change in growth rate. The kinetically 

controlled regime appears to have an upper temperature limit near 600°C. Above 600°C, 

the region's shallower slope indicates mass transfer controlled growth. Depositions at 

400 and 750°C were done to establish the temperature boundaries for film growth with 

the precursor. Although the results of these growths were not included in Figure 5-24, 

they do provide some useful information. Films deposited at 400°C were not visible by 

X-SEM, but AES depth profiling indicated a nominal film thickness of -100 A. This 

thickness value was used to estimate Ea for the kinetic regime. The growth rate at 750°C 

dropped to 10 A /min, with black particulates visible on the substrates after deposition. 

Particulate formation and reduced growth rate result from gas phase decomposition of the 

precursor. At this high temperature, upstream heating caused precursor decomposition 

and reaction in the gas phase. Particulates on the substrates confirmed a gas phase 

reaction, while the drop in film deposition rate is consistent with reactant depletion. 
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Figure 5-26 Plot of film growth rate on Si (100) vs. precursor concentration in the gas 
phase. Error bars indicate uncertainty due to deposition temperature 
variation(+/- 10°C) and thickness measurement from XSEM photos. 

Figure 5-25 shows a plot of deposition temperature vs. film growth rate in the 

mass transfer controlled regime. Experiments indicated growth rate in the mass transfer 
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controlled regime had a temperature dependence of Ti.78
. This is similar to a reported 

value of T1.7 for diffusion controlled film growth in an impinging flow reactor [Hua03]. 

Figure 5-26 indicates dependence of film growth rate on the concentration of i-Pr 

precursor in the gas phase. Below - l.2xl0-9 mol/cm3, the growth rate appeared to have 

a linear dependence on concentration, indicative of operation in the starved regime 

(Chapter 1). Above this concentration, the growth rate was steady, which indicates 

operation in the differential regime. 

5. 7 Film Incubation Time and Morphology 

The orientation of the underlying Si substrate also affected film deposition rate. 

Growth from the i-Pr precursor at 650°C on Si (100) yielded an incubation time of -50 

minutes, while an incubation time of -30 minutes was evident for growth on Si (111) 

with a 4 ° miscut. Initial nucleation for the deposited films is therefore slower on Si 

(100) than on miscut Si (111), which is caused by a difference in surface energy between 

the Si (100) and miscut Si (111) surfaces. Several factors give rise to this difference in 

surface energy, including the number of dangling bonds, the density of surface sites, and 

the number of surface features (such as steps, kinks and ledges) [Vos78]. The number of 

dangling bonds on the surface, for example, is proportional to that surface's energy, 

where more dangling bonds mean higher surface energy. Si crystals have a diamond 

cubic structure, with each Si atom tetrahedrally bonded to four other Si atoms. When 

cleaved along the (100) plane, each Si atom on the substrate surface retains two of the 

four bonds to other Si atoms, while two of the bonds are left dangling (unbonded). When 

cleaved along the (111) plane, each Si atom retains three bonds to neighboring Si atoms, 

while one bond is left dangling. Since Si (100) has 2 dangling bonds per surface atom, it 
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has a higher surface energy than the Si (111) face. But, when Si(ll 1) is miscut, the 

number of dangling bonds, along with steps, kinks and ledges, increases, due to the 

formation of vicinal surfaces. Hence, the 4 ° miscut Si (111) has higher surface energy 

than Si (100). 

The substrate's surface energy plays a large role in nucleation and film growth, 

and takes part in two of the three interface energies, which together determine the 

feasibility of film deposition. The three energies are Ysv (substrate-vapor interface 

energy), Ysf (substrate-film interface energy) and Yfv (film-vapor interface energy). The 

necessary criterion between these three energies for film deposition to occur is shown in 

Equation 5-4: 

Ysv > Ysf + Yfv (5-4) 

Film deposition will not occur unless this criterion is met; hence deposition is more likely 

for a system with a larger value of Ysv· The relationship between the two terms on the 

right side of Equation 5-4 determines how the film will nucleate on the substrate surface 

(i.e., island formation vs. film wetting). Since Si (100) has lower surface energy (Ysv) 

than 4 ° miscut Si (111), nucleation should occur more readily on miscut Si (111). This 

is consistent with growth data, which indicate lower incubation time (-30 minutes) on 

miscut Si (111) compared to the incubation time (-50 minutes) for deposition on Si (100) 

as shown in Figure 5-27. Once a layer of film has deposited on the Si substrate, the film 

continues to grow on itself at essentially the same rate regardless of substrate orientation, 

evidenced by similar slopes for the film thickness vs. deposition time lines in Figure 5-

27. 
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The variation in film roughness with deposition time at 650°C on Si (100) is also 

shown in Figure 5-27. RMS roughness was highest (470 A) for the 30 min deposition, 

indicating that some deposition and/or etching had occurred by this time. After 45 min of 

deposition, RMS roughness dropped substantially to a local minimum (100 A), 

suggesting that nucleation of the interface layer was near completion, which supports an 

incubation time of -50 min. At the 60 min point, film roughness increased to 190 A, 

suggesting a Stranski-Kranstanov (S-K) growth mechanism [Ohr92], which may be 

caused by strain energy associated with defects and pores in the interface layer. As 

growth continued to 120 minutes, the RMS roughness dropped slightly to 170 A, 

suggesting that S-K growth continued through this time. Between 120 and 150 minutes, 

roughness dropped considerably to 40 A, which may indicate a shift toward 

layer-by-layer growth when film thickness increases above 2000 A. AFM micrographs 

supporting the roughness results are shown in Figure 5-28. 
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Figure 5-27 Film thickness vs. deposition time for growth at 650°C on Si (100) and 
Si(l 11) substrates; RMS roughness is shown for growth on Si (100) 
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Figure 5-28 AFM micrographs of film surface for growth at 650°C on Si (100). a) 30 
min growth. b) 45 min growth. c) 60 min growth. d) 150 min growth. 

AFM roughness measurements are supported by SEM micrographs of the films at 

different times during the growth cycle. Figure 5-29 shows films deposited at times 

varying from 30 to 150 minutes. For the 30 minute sample, a very disordered nucleation 

pattern is evident on the underlying Si (100) substrate, which may be the initial stages of 

interface layer deposition. As deposition time increases to 45 minutes (near the 

incubation time), the film is still very disordered, but its coverage of the Si substrate has 

increased substantially. After 60 minutes, islands appear to have formed on the 

underlying nucleation layer of the film, in a manner consistent with S-K growth. As 

growth time increases to 90 and 120 minutes, the average size of the islands increases, 

indicating that the island/film interface energy is decreasing, which leads to islands with 

less curvature. Finally, after 150 minutes, a shift to layer growth is apparent, as the 

islands have disappeared in favor of a very smooth surface. 
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Figure 5-29 Morphology of films deposited at 650°C. a) 30 min growth. b) 45 min 
growth. c) 60 min growth. d) 90 min growth. e) 120 min growth. f) 150 min 
growth. 

Cross-section SEM micrographs in Figure 5-30 below further underscore the 

change in film growth with deposition time. Film thickness is minimal after 60 minutes, 

and increases substantially for 90 minutes of deposition. The thickness continues to 

increase with deposition time, and the film thickness and roughness are highest and 

lowest, respectively, after deposition for 150 minutes. 
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Figure 5-30 XSEM pictures of films deposited with lb at 650 °Con Si (100) substrates. 
a) 60 min growth. b) 90 min growth. c) 120 min growth. d) 150 min growth. 

5.8 Film Electrical Properties 

Film resistivity was calculated using Equation 5-5: 

(5-5) 

where p is resistivity (Q-cm), Rs is sheet resistance (Q/O) from 4-point probe, and t is 

film thickness (cm) from X-SEM. Sheet resistance of the films was checked with 

4-point probe. The variation of film resistivity with deposition temperature is shown in 

Figure 5-31. 

Deposition at 450°C produced films with the lowest resistivity value, 750 

µ.Q-cm, despite C and O contamination levels of 13 and 22 at.%, respectively. This is 

slightly higher than 620 µ.Q-cm reported for film growth from the single-source 

precursor bis(tert-butylimido )bis(tert-butylamido )tungsten at 650°C [Tsa96]. 
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Resistivity climbs steadily from 750 µ.Q-cm to 4800 µ.Q-cm as deposition temperature 

increases from 
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Figure 5-31 Variation of film resistivity with deposition temperature. 

450-550°C. The jump in resistivity is most likely due to the combined effects of 

increasing C levels and polycrystal formation. Contamination by free C increases film 

resistivity by scattering electrons as they travel through the film, and C levels increased 

from 13 to 20 at.% over this temperature range. In addition, transitioning from an 

amorphous to polycrystalline film structure causes formation of grain boundaries, which 

scatter electrons and increase film resistivity. Once polycrystal grains have formed, the 

film resistivity is typically lowered by grain growth, which decreases the number of grain 

boundaries. Between 550 and 675°C, the resistivity increases gradually from 4800 to 

5500 µ.Q-cm, despite grain growth in this temperature range, evident in Figure 5-4. This 

can be attributed to increasing C contamination through this temperature range, which is 

shown in Figure 5-10. In this range, interplay between grain growth, which decreases 
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resistivity, and increasing free C content, which increases resistivity, led to the gradual 

increase in film resistivity. Between 675 and 700°C, film resistivity jumps to 15000 

µ.Q-cm, and is due to massive C concentration, which overtakes the W concentration 

near 700°C. In Figure 5-6, the grain size levels off between 675 and 700°C, which is the 

same temperature range where the film resistivity increases greatly. Figure 5-10 

indicates that C content continues to rise in this temperature range. This may indicate 

that the additional free carbon is depositing in the grain boundaries, making it difficult for 

current to pass between the polycrystal grains. Decreasing the deposition temperature 

decreases the amount of C present in the film and therefore should decrease the film 

resistivity. This trend is additional incentive to move to lower deposition temperatures. 

Film resistivities calculated with Equation 5-5 depend on both the sheet 

resistance and thickness of the analyzed films. As deposition temperature increases, both 

the film resistivity and the film thickness increase. To decouple the impact of film 

thickness from carbon contamination on the film's electrical properties, the sheet 

resistance was plotted as a function of deposition temperature in Figure 5-32. The sheet 

resistance increases with deposition temperature from 47 .Q/O at 450°C to 184 .Q/O at 

500°C, decreases to 145 .Q/O at 675°C, and increases sharply to 371 .Q/O at 700°C. The 

increase in sheet resistance up to 550°C is attributed to polycrystal formation and 

increased C contamination. Between 550 and 675°C, the decrease in sheet resistance is 

due to grain growth, which overcomes any increase caused by additional C 

contamination. At 700°C, overwhelming C contamination dominates the sheet 

resistance, driving it up sharply. 
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Figure 5-32 Variation of film sheet resistance with deposition temperature. 

5.9 Effect of NH3 and N2 Addition to Film Growth 

The effect of NH3 addition to the reactor during deposition from lb was also 

examined. The total carrier gas flowrate to the reactor was fixed at 1000 seem, with a 

H2/NH3 flowrate ratio of 999/1. The deposition temperature ranged from 450 to 700°C, 

and the pressure was again fixed at 350 Torr. 

5.9.1 Film Structure 

5.9.1.1 XRD Results 

Figure 5-33a illustrates the effect of deposition temperature on crystallinity for 

films deposited from lb. The absence of WNx peaks in the XRD spectra at 450°C 

suggests that films were X-ray amorphous. Crystallinity appeared in the films deposited 

above -500°C, with the first peak emerging at 37 .94 20 degrees, consistent with 

polycrystalline ~- WNx (111) growth. This is in accord with a previous report that 



268 

amorphous WNx films transform into polycrystalline ~-W2N between 450 and 500°C 

[Gal97]. As the deposition temperature increases to 600°C, the (111) peak sharpens and 

shifts to a lower 20 value, consistent with ~-WNxCy formation, in which N and C 

intermix on the FCC W interstitial sublattice [Bch03c]. The (111) peak positions for the 
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Figure 5-33 XRD spectra for films grown on Si (100) in a H2 atmosphere. a) Without 
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binary P-WN0.5 and P-WC0.6 phases are 37.74 and 36.98 20 degrees, respectively, hence 

a peak location between them suggests a ternary P-WNxCy phase [JCP88]. Another 

broad peak at 44.42 20 degrees also appears at this temperature, suggesting P-WNxCy 

(200) formation. Films deposited at 500 and 600°C displayed two additional peaks at 

33.03 and 61.67 20 degrees, representing Si (200) Ka and Si (400) KP radiation, 

respectively. Increasing the deposition temperature to 700°C results in further 

sharpening of the ~-WNxCy (111) and (200) peaks; a shift to lower 28 value for these 

peaks is consistent with decreasing x and increasing y in the ~-WNxCy polycrystals. The 

emergence of two broad peaks at 63.00 and 75.82 28 degrees at this temperature indicate 

P-WNxCy (220) and (311) formation. No XRD peaks consistent with graphite, metallic 

W or W03 polycrystals were present in the spectra. 

Deposition with NH3 at 450°C resulted in deposition of an X-ray amorphous 

film, as had been observed without NH3. Material grown with NH3 at 500°C was also 

amorphous, in contrast to polycrystalline films grown without NH3 at 500°C. This 

phenomenon may be due to surface site blocking and insufficient surface diffusion of 

NH3 at lower deposition temperature. Addition of NH3 resulted in similar spectra for 

films grown at 600 and 700°C, but with sharpened peaks (Figure 5-33b) indicating 

enhanced grain growth relative to deposition without NH3. In addition, the peaks at 

63.00 and 75.82 28 degrees appear for the 600°C deposition with NH3, while they do not 

appear until 700°C for films deposited without NH3• Carbon is reported to decrease grain 

size when added to refractory metal films [WanOlb]. Thus, the increase in polycrystal 

grain size is likely due to the decrease in C content (Figure 5-34c) accompanying NH3 

addition at these higher temperatures. 



5.9.2 Film Composition 

5.9.2.1 AES Results 
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Figure 5-34 depicts the impact of NH3 addition on the concentration of W, N, C 

and O in the films. Addition of NH3 dramatically increased the N levels over the entire 

deposition temperature range, as depicted in Figure 5-34b. The concomitant decrease in 

W is attributed to the increased concentration of N in the films. The addition of NH3 

increased the N content from 8 to 24 at. % for deposition at 450°C, and levels increased 

from 11 to 29 at. % at 500°C. As the deposition temperature increases to 600 and 700°C, 

N levels drop off. Metal nitride barriers typically show a decrease in N content with 

increasing deposition temperature, because higher temperatures impart more energy to 

the film lattice, inducing N to desorb as N2 gas. Nitrogen loss from WNx films has been 

reported at temperatures above 700°C [Kat85], consistent with AES results in this range. 

Similar experiments replacing NH3 with N2, an inert species at these temperatures, 

yielded poor film coverage and lower nitrogen levels than films deposited without a 

co-reactant. 

Figure 5-34c depicts the change in C concentration with deposition temperature 

for films deposited with and without NH3. Addition of NH3 appears to have little impact 

on C content at the two lower deposition temperatures. This may reflect a change in the 

reaction kinetics of C removal processes between low and high temperature. Enhanced 

NH3 decomposition at increased temperatures may improve production of gaseous carbon 

species (such as CH.i), which scavenge C from the film. 
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Figure 5-34 Variation of content in the films with deposition temperature. a) W b) N c) 
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Figure 5-34d depicts the change in O concentration with deposition temperature 

for films deposited with and without NH3. Oxygen contamination results from 

post-growth exposure of the films to air, and high O levels at low deposition 

temperatures are likely due to film porosity [Bch03a]. Oxygen content drops 

substantially for deposition without NH3 between 450 and 500°C. Film crystallization at 

higher deposition temperature causes an increase in film density, which inhibits diffusion 

of O into the films upon exposure to air. The -12% drop in O concentration for films 

deposited with NH3 at 450°C relative to those without might suggest that addition of NH3 

leads to a denser amorphous film structure, which allows less O in-diffusion. However, 
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this possibility was ruled out by density measurements (per XRR) of 8.3 and 8.6 g/cm3, 

respectively, for films deposited at 450°C with and without NH3• While these values are 

similar to those obtained for WNx deposited with WF6 and NH3 at 450°C [Mar93], they 

indicate that film density actually decreases with NH3 addition. Oxygen content was 

lower in these films, however, despite their lower density, suggesting that microstructure 

has greater impact than density on the film's resistance to post-growth oxygen 

incorporation. This is consistent with a previous report, which indicates that diffusion 

barrier performance depends more strongly on film microstructure than film density 

[Kim99c]. As the deposition temperature increases above 500°C, the O levels in both 

films decrease, becoming roughly equal near 2 at. % for deposition at 700°C. Similar 0 

concentrations at 700°C reflect the impact of polycrystal size and C contamination on 0 

diffusion. Films deposited without NH3 have higher C content at 700°C, and this C is 

expected to stuff grain boundaries, preventing O diffusion into the film. Films deposited 

with NH3 have lower C contamination, but larger polycrystals, which resist O migration. 

Figure 5-35 shows an AES depth profile for a film deposited at 450°C with NH3• 

The N level is elevated and the O level is reduced in this film compared to that deposited 

without NH3 (Figure 5-12). The O level still rises at the barrier-Si interface, however, 

indicating that NH3 addition does not eliminate the formation of a porous/defective layer 

at the interface. This layer may be thinner when NH3 is added, however, which is 

evidenced by the narrower O bump at the interface. The C level is somewhat reduced 

throughout the film when NH3 is added. As in the film deposited without NH3, the W 

and O signals overlap with the Si signal for a similar amount of time. 
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Figure 5-35 Three-point depth profile for film deposited with NH3 at 450°C. Nominal 
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5.9.2.2 XPS Results 

The W4f, Nls, Cls and Ols photoelectron lines were also used to examine the 

bonding states in films deposited with NH3• Again, literature BE values for potential 

compounds in the films are listed in Table 5-3 through Table 5-6. XPS results for films 

deposited at 4 different temperatures without NH3 after 10 minutes sputter were discussed 

above. Figure 5-19, along with Table 5-9, summarize those results. 

Figure 5-36 shows the effect of NH3 addition on the W4f and Nls binding 

energies. The principal W4f712 and W4f512 peaks for 450°C are at 33.6 and 35.6 eV, 

respectively, corresponding to the upper limit for WNx (Table 5-3). Again, this upward 

shift may be due in part to an attractive N-C interaction on the interstitial sublattice of W 

in the 13-WNxCy bonding state. Although these BE values are stable over the entire 

temperature range, they are shifted to -1 e V higher relative to films deposited without 
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NH3. This shift is due in part to increased nitrogen content in the films, which suggests 

greater occupancy of N sites relative to films deposited without NH3 (Figure 5-17 a), and 

therefore more complete W-N bonding. Higher numbers of W-N bonds raise the partial 

positive charge at W and thereby increase the W4f BE. In addition, some sample 

charging may occur, which would also cause an increase in BE. Like the films deposited 

without NH3, a W4f shoulder was observed for films deposited at lower temperatures, 

indicating the presence of WO3• 

The Nls BE values are steady over the entire temperature range, and are centered 

around 398.8 eV, above the reported range for WNx values (Table 5-4). Again, the lack 

of a second Nls peak above 399 eV suggests that all N is bound to W, with none present 

in its "free" form. This increase in Nls BE is unusual, considering the increased W-N 

bonding that should occur for higher N content, and may be attributed to sample 

charging. Again, the upward shift in Nls BE may also be due in part to an attractive 

N-C interaction on the interstitial sublattice of W in the B-WNxCy bonding state. In 

addition to BE, we note that the Nls peaks endure through the entire temperature range 

for films deposited with NH3. Although N content does drop for these films above 

500°C, AES results in Figure 5-34b indicate a substantial increase in N for these films 

relative to those grown without NH3• This is consistent with competition between 

increased rates of nitrogen release from the film into the gas phase and higher reactivity 

of NH3 with the growing film at higher temperature. Again, while films deposited with 

NH3 at 450°C are x-ray amorphous, they likely contain B-WNxCy in unit cell form, 

because the W4f BE values for B-WNxCy have minimal shift when going from an 

amorphous film (below 600°C) to a polycrystalline film (at and above 600°C). 
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Comparing Figure 5-36c to Figure 5-19c shows that the Cls peaks have lower 

intensity for films deposited with NH3, consistent with the lower C content shown in 

Figure 5-34c. For the film deposited at 450°C, the Cls peak at higher BE is very small, 

suggesting that the interstitial sites are almost completely filled by N, leaving little room 

for C to intermix. In addition, the convoluted peak at 700°C is narrower than that from 

films without NH3, with a small peak at lower BE and a small shoulder at higher BE. 

This suggests that NH3 addition not only lowers the C content at higher temperature, but 

the additional N displaces C into the grain boundary region, leaving a smaller amount 

present in the B-WNxCy bonding state (higher BE). The additional, displaced C at the 

boundaries of the B-WNxCy unit cells (or nanocrystals) in the amorphous film deposited 

at 450°C could help to plug these regions, inhibiting O in-diffusion. Hence, although 

films deposited at 450°C with NH3 have lower density, their microstructure may enhance 

resistance to O intrusion in the films. 

Comparing Ols lines in Figure 5-36d and Figure 5-19d indicates that O levels are 

highest in the low temperature films, and decrease with increasing deposition temperature 

due to film crystallization (which increases density) and additional C incorporation 

(which stuffs grain boundaries). The O peaks for deposition without NH3 were centered 

near 531.3 eV, consistent with WO3 formation (Table 5-6). The peaks were broad, with 

small shoulders near 533 eV caused by WOx [Zha99], which forms during Ar+ ion 

sputtering of WO3 in the XPS chamber. Similar behavior, with lower intensity, was 

evident for films deposited with NH3, although the peaks are shifted to slightly higher BE 

(-531.6 and -533.3 eV, respectively), which may be due to charging effects. For 
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deposition at 450°C, the peak intensity is noticeably lower for deposition with NH3 than 

without, and is attributed to free C, which is displaced from interstitial sites by additional 

N, stuffing pores in the film. 

Tabl 5 10 C e - ompoun s m 1 ms own wit 3 ter nu es d . Fl Gr . h NH Af 10 Mi t S putter 
Deposition W4f712 W4fs12 Nls Ols Cls 

Compound 
Temp. (°C) (eV) (eV) (eV) (eV) (eV) 

450 33.6 35.4 398.8 - 286.0 B-WNxCv 
450 36.6 38.9 - 531.9 - WO3 
450 ? ? - 533.6 - WOx 
450 - - - - 284.8 FreeC 
500 33.6 35.5 398.8 - 286.6 '3-WNxCv 
500 36.5 38.4 531.6 - WO3 
500 ? ? - 532.9 - WOx 
500 - - - - 284.8 FreeC 
550 33.6 35.7 398.7 - 286.8 '3-WNxCv 
550 36.2 38.7 531.5 - WO3 
550 ? ? - 533.5 - WOx 
550 - - - - 284.6 FreeC 
600 33.5 35.4 398.8 - 286.9 '3-WNxCv 
600 36.4 38.6 - 531.6 - WO3 
600 ? ? - 533.3 - WOx 
600 - - - - 284.9 FreeC 
700 33.6 35.5 398.9 - 286.4 '3-WNxCv 
700 36.2 38.0 - 531.6 - WO3 
700 ? ? - 532.9 - WOx 
700 - - - - 284.8 FreeC 

The peak assignments are summarized in Table 5-10. Question marks in Table 5-

10 indicate that exact location of the corresponding W4f peaks for the WOx suboxide is 

unknown, due to lack of additional shoulders in the W4f spectra. 

5.9.3 Growth Rate 

Growth rates were estimated by dividing the total film thickness (as measured 

X-SEM) by deposition time. Figure 5-37 depicts two sample X-SEM photos. The 

surface of the films was smoother for those deposited with NH3 than those without, with 

AFM indicating a root mean square (RMS) roughness of 3.8 and 7.1 nm for films 
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deposited at 450°C with and without NH3, respectively. Film thickness for depositions 

with NH3 varied from 2600 A for the deposition at 450°C up to 3400 A for deposition at 

Figure 5-37 Cross-section XSEM photo of films deposited with NH3• a) 450°C. b) 
100°c. 
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Figure 5-38 Dependence of film growth rate (G) on temperature for films deposited with 
and without NH3. Error bars indicate uncertainty due to deposition 
temperature variation(+/- 10°C) and thickness measurement from X-SEM 
photos. 
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700°C. These film thicknesses correspond to deposition rates ranging from 17-23 

Almin, compared to rates of 10-27 Almin for depositions without NH3 [Bch03a]. The 

growth rate of the films (as determined by X-SEM) varied with temperature, as shown in 

Figure 5-38. 

Interestingly, the deposition rate with NH3 was enhanced at lower temperature 

and reduced at higher temperature relative to deposition without NH3. In addition, 

deposition with NH3 was mass-transfer controlled across the entire temperature range, 

while deposition without NH3 had a kinetic to diffusion control transition point near 

600°C. This indicates a shift in deposition mechanism with the addition of NH3 as a 

co-reactant. 

5.9.4 Film Resistivity 

Film resistivity was again calculated using Equation 5-5 above. The variation of 

film resistivity with deposition temperature is shown in Figure 5-39, which indicates that 

resistivity with NH3 goes through a maximum value of 55,000 µ.Q-cm at 500°C. The 

temperature dependence of resistivity for films deposited with NH3 followed a trend 

consistent with N content, shown in Figure 5-34b. Additional N in the amorphous films 

would increase film resistivity in two ways. First, the added N would increase resistivity 

in the ~-WNxCy nanocrystals, since the resistivity is higher for ~-WNx relative to 

~-WCx. Second, additional N would displace C from the nanocrystals into the "free" 

state. Increased free C increases electron scattering, thereby raising film resistivity. As 

the deposition temperature increases from 500 to 600°C, the resistivity drops sharply, 

caused by a decrease in N content along with film crystallization in this temperature 

range. A resistivity decrease is expected with decreasing N content in WNx films 
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[Lee93]. At the highest temperature, resistivity for films deposited with NH3 dropped 

below that for films grown without NH3. This is due to lower C content, larger 

polycrystal grain size (not shown), and decreased thickness for films grown with NH3. 
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Figure 5-39 Film resistivity for samples grown with and without NH3. 
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resistance as a function of temperature is plotted in Figure 5-40. The trend is similar to 

that for film resistivity, for similar reasons. A difference in Rs at 700°C is evident, 

confirming that the electrical properties of the two types of films differ at this 

temperature. Again, the lower Rs value for the film deposited with NH3 at 700°C is due 

to lower C content and larger polycrystal grain size. 

5.10 Conclusions for Use of NH3 and N2 with i-Pr 

Deposition of WNx (or WNxCy) thin films from C4(CH3CN)W(NiPr) m the 

presence and absence of an NH3 co-reactant was demonstrated. AES results indicated 

that films grown with NH3 had significantly higher levels of N (especially for low 

deposition temperatures), along with decreased levels of C and O as compared to films 

grown without NH3. 

XRD and AES results suggest that increased crystallinity for films deposited at 

600 and 700°C with NH3 was due to decreased C content. XPS W4f binding energies 

suggested the presence of W in both the ~-WNxCy and W03 environments, with 0 

incorporation occurring post-growth. Moreover, due to the presence of O in the films, 

the possibility that some W(N,O)x exists in the films cannot be ruled out, as the Nls 

binding energies and XRD pattern for the oxynitride are very close to those for WNx, 

While XPS indicates the presence of W03, XRD results do not show any W03 peaks. 

Hence, any W03 present in the film is likely in the form of nanocrystallites, which are not 

detectable by XRD. The overall film structure is amorphous at lower temperatures, and 

the polycrystalline films deposited at higher temperatures likely contain small W03 

nanocrystallites embedded between larger WNxCy polycrystals. XPS also indicated a 

lack of grain boundary N in films regardless of NH3 addition. Although some evidence 
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of charging was apparent from the XPS results, quantification of charging through 

indexing of the adventitious C peak is difficult because the films contain C throughout 

their bulk. Adding NH3 as a co-reactant changed the mechanism for film deposition, as 

is reflected by the mass transfer controlled nature of film growth over the entire 

temperature range. Film resistivity at lower temperature was significantly higher for 

films deposited with NH3, and this was attributed to additional N in B-WNxCy and 

additional C at the grain boundary. 

Addition of N2 to lb during deposition prevented film deposition from occurring. 

This was likely due to N2 site blocking on the substrate surface, as N2 is inert over our 

experimental temperature range, and would not take part in the reaction. 

5.11 Effect of Solvent Change on Carbon Content 

Potential sources of the C contamination in the films grown from 

Cl4(CH3CN)W(NiPr) (la) (Figure 5-1) are the alkyl moieties in the precursor itself and 

the benzonitrile (PhCN) solvent. Use of an alternative solvent in the volatilization 

process, then, could provide a means to differentiate these possibilities. If the C 

incorporation is dominated by decomposition of la, the amount of C will be insensitive 

to the nature of the solvent. If the C derives from the solvent instead, the level of 

contamination will depend on the solvent. To address this question, films were deposited 

from solutions of la in 1,2-dichlorobenzene (1,2-DCB) for comparison to films derived 

from lb in PhCN. 1,2- DCB was chosen because it has a similar vapor pressure to PhCN 

and is unable to engage in substitution chemistry with the acetonitrile ligand of precursor 

la. During the depositions, the composition of the gas near the substrate surface was 
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measured using an lnficon Transpector 2 residual gas analyzer (RGA). N2 was used as 

the carrier gas for RGA analyses, and total pressure in the RGA was -6.5x10-6 Torr. 

Table 5-11. Potential solvent-derived species in the reactor and their decomposition 
d t pro UC S. 

Major 
Reported 

Molecule Decomposition 
Decomposition 

Decomposition 
Reference 

(source) Type Products 
Temperature 

(oC) 

PhCN 
Homogeneous 

HCN, C68<i, 550-1477°C 
[Ete93, 

(solvent) C.JI2, C2H2 Lif96] 

Homogeneous C6HsC1, HCl 750- 1020°c 
[Klu91, 

1,2-C6~Ch You89] 
(solvent) Heterogeneous on 

C6HsCl, C68<i 121 - 321°c [SerOl] 
Ni/Cr03 with H2 

C~sCl 
Homogeneous C68<i, HCl 560- 1002°c [Rit90] 

(dee.a) Heterogeneous on 
C68<i 121 - 321°c [SerOl] 

Ni/Cr03 with H2 

Homogeneous C2H2, C4H2, >763°C 
[Bro79, 

C68<i C2~,C~,H2 Sly61] 
(dee.) Heterogeneous on 

C2H2, C(ads) 21 - 111°c [Bha80] 
W(l00) 

C.JI2 C2~, C2H2, 
[Sly61, 

(dee.) 
Homogeneous 

C~,H2 
700-1000°C Hom86, 

Hou65] 

CH3CN 
Homogeneous HCN,C~ 880-960°C [Asm69] 
Heterogeneous (dee.) HCN,C~,H2 111 - 121°c [Pea86b] 

on W(l00) 
C2H2, C2~, Heterogeneous on 

c~ C(ads) 27-347°C [Rye69] 
(dee.) 

Wwire 

C2~ 
Heterogeneous on C28<i (1.5 %), 

(dee.) 
W (100), (110), H2+C(ads) >-73°C [Car74] 

(112), (111) (98.5%) 

HCN Homogeneous H,CN 2427-3327°C [Sze84] 

(dee.) Heterogeneous on N2, H2, C(ads), 
27-1127°C 

[Cai70, 
W(lO0) N(ads), WC Pea86a] 

a dee= derived from primary or secondary decomposition of one or both solvents. 

In the deposition temperature range of this study (450 to 700°C), the solvent 

molecules likely undergo some degree of homogeneous decomposition before reaching 

the substrate surface, so homogeneous and heterogeneous C deposition processes must be 
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considered. Species that are potentially present in the reactor (including previously 

reported primary and secondary solvent decomposition products) are listed in Table 5-11. 

Data on heterogeneous decomposition for PhCN and 1,2-DCB are not available. 

Table 5-11 indicates that several primary and secondary gas-phase decomposition 

products from each solvent may be present in the reactor, along with the solvents 

themselves. Each of these species is potentially capable of depositing C. Furthermore, 

all of the decomposition products, with the exception of HCN and HCl, are common to 

both PhCN and 1,2-DCB. Low concentrations of HCN and HCl that derive from la, 

however, are presumably present in the reactor regardless of the solvent. This is due to 

reaction of the CH3CN ligand or the four chlorines, respectively, with the H2 carrier gas. 

A study of C deposition dependence on solvent should therefore focus on the 

concentration of the various carbon-containing species near the substrate surface, as 

measured by ROA, to identify which species are the most likely sources of C deposition. 

5.11.1 Film Structure 

5.11.1.1 XRDResults 

XRD spectra for films deposited with PhCN (Figure 5-4) and 1,2-DCB (Figure 5-

41) indicate ~-WNxCy polycrystal formation down to 500 and 525°C, respectively. 

Below 500°C, films grown with PhCN were amorphous, while those grown with 

1,2-DCB at and below 500°C were consistent with tungsten oxide formation. Lower 

levels of N and C make these films less resistant to O in-diffusion, enabling oxide 

formation to occur. Above 500°C, films from 1,2-DCB solutions were polycrystalline 

and contained substantial C, which enabled them to resist O in-diffusion and prevented 

oxide formation. 
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Figure 5-41 Change in XRD pattern with deposition temperature for films grown with 

la+ 1,2-DCB on Si (100) in a H2 atmosphere. 

5.11.1.2 Lattice Parameter and Grain Size 

Lattice parameter and grain size were determined using the 20 position and full 

width half maximum (FWHM) of the B-WNxCy (111) diffraction peak, as described 

previously [Bch03c]. The values of the lattice parameter in films deposited at higher 

temperature (i.e., ~ 650°C) were similar regardless of the solvent used, as shown in 

Figure 5-42a. A noticeable deviation occurred at 550 and 575°C, with films from 

1,2-DCB solutions having a higher lattice parameter at these temperatures. Although 

films from 1,2-DCB solutions had lower N content than those from PhCN solutions at 

these temperatures, they had substantially higher C content. Decreasing x and increasing 

y in the ~-WNxCy polycrystals causes lattice expansion, since B-WNo.s and B-WC0.6 

have lattice parameters of 4.126 and 4.236 A, respectively. Some of the additional 
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carbon was incorporated into the polycrystals of films grown from solutions of 1,2-DCB, 

causing lattice expansion, while the remainder presumably deposited at the grain 

boundary. The drop in lattice parameter at 615°C, which accompanies a drop in C 

content (Figure 5-43), indicates decreased C incorporation into the ~-WNxCy 

polycrystals at this temperature. The discontinuity in the C incorporation process 

suggests a change in the C deposition mechanism near this temperature. 
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Figure 5-42 Dependence of (a) lattice parameter and (b) grain size on deposition 
temperature. Dashed line in (a) is lattice parameter for ~-WNo.s; dot-dash 
is for ~-WCo.6-

The grain size was estimated using the Scherrer equation [Cul78]. Figure 5-42b 

shows that grain size generally increases with temperature for films grown from both 

PhCN and 1,2-DCB solutions, with films from PhCN solutions having larger grain size 

relative to those grown from 1,2-DCB across the entire temperature range. This effect is 

due to enhanced C deposition in the films from 1,2-DCB solutions, as C is reported to 

decrease grain size when added to polycrystalline tungsten films [WanOlb]. The drop in 

grain size at 615°C indicates increased disorder in the film, which again is likely caused 

by a transition between C deposition processes. 
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5.11.2 Film Composition 

5.11.2.1 AES Results 

Elemental compositions of films deposited with PhCN and 1,2-DCB as 

determined by AES are shown in Figure 5-43. Since standard film samples for 

calibration of our elemental concentrations are unavailable, the error bars on the AES 

compositions are several atomic percent. Despite the uncertainty in the concentration 

values, the AES data serve to identify trends in film composition with deposition 

temperature. The change in C content with deposition temperature was significantly 

different for the two solvents. The C levels were independent of temperature below 

500°C, with films from PhCN and 1,2-DCB solutions containing -12 and -5 at.% C, 

respectively. For films grown from both solvents, an increase in C content above 500°C 

coincided with the onset of film crystallization, which suggests that polycrystals and/or 

grain boundaries may promote C deposition. Above 500°C, the C content increased 

steadily for films from PhCN solutions. For films from 1,2-DCB solutions, C levels 

increased between 500 and 600°C, and then dropped, reaching a constant value near 50 

at.% up to 700°C. The decreased C level above 600°C reflects a change in C deposition 

behavior, but the cause of the change is unclear. This effect may be due to a side reaction 

in the gas phase and/or on the reactor walls in this temperature range, or due to a 

competing reaction on the film surface. 

Although trends in N content are evident, exact measurement of the N level by 

AES is problematic, due to preferential incorporation of C and removal of N by Ar+ 

sputtering [Ing82]. The films from 1,2-DCB solutions had lower N content than those 

from PhCN, especially at lower temperature, with maximum levels of 4 and 11 at. %, 
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respectively, at 500°C. This suggests that the CN group, produced by PhCN 

decomposition, is deposited on the film surface, leaving adsorbed C and some N. Direct 

decomposition could occur via 111 bonding (through the N cr lone pair) of PhCN to the 

film surface [Mro0l], with subsequent cleavage of the C-Ph bond. An alternative is a 

stepwise process that would entail homogeneous decomposition of PhCN to HCN, which 

then adsorbs onto the film surf ace. Since homogeneous decomposition of HCN requires 

temperatures well above our experimental range [Sze84], HCN decomposition in this 

system would be heterogeneous. 

If the CN moiety contributes to N levels in films from PhCN solutions, decreased 

N levels would be expected for films from 1,2-DCB solutions, in which the solvent 

contains no N. An alternative explanation involves selective N etching by additional HCI 

produced by 1,2-DCB decomposition. The N level in the films from 1,2-DCB solutions 

is relatively constant (-2 at.%) at and above 650°C, however, which makes HCI etching 

(which should accelerate with temperature) unlikely. Moreover, HCI etching of WNx has 

not been reported. Chemical etchants for tungsten nitride typically involve the use of 

H2O2 [lva99] and are not selective for N. The N content for films grown from both PhCN 

and 1,2-DCB solutions is similar at the highest deposition temperature. While low 

temperature deposition may enable N addition to the films from PhCN solutions, 

increasing deposition temperature enhances desorption of this N as N2. At the highest 

temperature, most of this N in the films grown from PhCN solutions has desorbed, 

leading to similar N levels as the films deposited from 1,2-DCB solutions, whose N is 

derived entire I y from the precursor. 



289 

80 ~-----------------, 

~ 60 

.§ 
tt 
.s 40 
§ .,, 
~ j 20 

.... l,2DCB 
-o-PhCN 

w 

a 
0 +--~-~--r---,----r-----,-----1 

400 450 500 550 600 650 700 750 

Deposition Temperature (°C) 

80 ..-------------------, 

~ 60 

.§ 
tt 
.s 40 
§ .,, 
~ 
C, 

8 20 

8 

.._ !,2DCB 
-+ PhCN C 

C 

400 450 500 550 600 650 700 750 

Deposition Temperature (°C) 

80 ..-----------------, 

~ 
~ 60 

~ 
.s 40 
§ . ., 
i o 20 

8 

.. 1.2DCB 
-o- PhCN N 

b 
o L___;~=!=~~~~~;ae;;elil----_:__i 

400 450 500 550 600 650 700 750 

Deposition Temperature (0 C) 

80 ..----------------, 

j 60 

.§ 
tt 
.s 40 
§ . ., 

j 20 

... l ,2DCB 
-o-PhCN 

0 

400 450 500 550 600 650 700 750 

Deposition Temperature (°C) 

Figure 5-43 Variation of film content with deposition temperature and solvent. a) W b) 
N c) Cd) 0. Data are from AES after 2.0 minutes sputter. 

Oxygen in the films originated from post-growth exposure to air. Substantial 

levels of C and N, which help the film's polycrystals to resist post-growth 0 

in-diffusion, were deposited with PhCN solutions, even at the lowest temperature. Films 

from 1,2-DCB solutions deposited at lower temperature contained lower C and N levels, 

leaving a significant amount of bare W, which is susceptible to oxidation. The O level in 

the films from 1,2-DCB solutions was significantly lower above 500°C, due to film 

crystallization and increased C levels, which make the film denser and enable it to resist 

0 in-diffusion. 

Chlorine was not detected in the films by AES for either solvent, placing an upper 

limit of -1 at. % on the Cl content. Although use of 1,2-DCB increases the amount of Cl 
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in the reactor, the decomposition of chlorinated aromatics reportedly accelerates in a H2 

atmosphere relative to an inert one [SerOl], producing gaseous HCl as the principal 

chlorine-containing product. This likely occurs in the reactor under deposition 

conditions, causing minimal Cl incorporation into the films. 

5.11.2.2 XPS Results 

XPS analysis indicated that polycrystalline films deposited from PhCN solutions 
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contained W in the nitride/carbonitride (B-WNxCy) bonding state, as well as a small 

amount of oxide (WO3) [Bch03b]. Carbon was present at interstitial lattice sites in the 

B-WNxCy polycrystals and also in amorphous form at the polycrystal (or nanocrystal) 

boundaries, while N preferentially occupied interstitial sites in the B-WNxCy poly-(or 

nanocrystals). Oxygen was present in the WO3 bonding state. Films from 1,2-DCB 

solutions had similar XPS results, as shown in Figure 5-44. The results are summarized 

in Table 5-12. Question marks in Table 5-12 indicate that exact location of the 

corresponding W4f peaks for the WOx suboxide is unknown, due to lack of additional 

shoulders in the W4f spectra. 

Table 5-12. Compounds in Films Grown with i-Pr in 1,2-DCB After 10 Minutes 
s ;putter 

Deposition W4f112 W4fs12 Nls Ols Cls 
Compound Temp. (°C) (eV) (eV) (eV) (eV) (eV) 

600 32.2 34.1 397.9 - 286.5 B-WNxCv 
600 34.9 36.8 - 530.8 - WO3 
600 ? ? - 532.1 - WOx 
600 - - - - 284.6 FreeC 
700 32.1 34.0 397.9 - 286.0 J3-WNxCv 
700 35.0 37.0 - 530.8 - WO3 
700 ? ? - 532.6 - WOx 
700 - - - - 284.4 FreeC 

5.11.3 Carbon Deposition Rate 

To determine the C deposition rate, the number of atoms deposited in each film 

was first estimated using an atom balance approach, with W, N, C and O atoms situated 

in the film based on XPS results. The analysis was restricted to polycrystalline films, 

which contain both polycrystals and grain boundary regions, because they have relatively 

low porosity and steady oxygen levels. Using a basis of 100 atoms, for example, the 

number of W atoms can be calculated from the AES fraction. From XPS data, the 



292 

location of W would be either in B-WNxCy polycrystals or in WO3. The number of W 

atoms bonded in WO3, assumed to be 1/3 the number of oxygen atoms, was subtracted to 

give the number of W atoms in the B-WNxCy polycrystals. The (W)1(N,C,Va)1 

two-sublattice model [Hua97, Sau98], with N, C and vacancies (Va) intermixing on the 

interstitial FCC W sublattice, was coupled with Vegard's law [Kos93] and lattice 

parameter data [Bch03c] to approximate the C content and density of the polycrystals. 

The grain boundaries were assumed to contain any remaining C in amorphous form 

[Bch03b], with an assumed density of 3 g/cm3 [Koh95], along with a small amount of 

amorphous W03, with an assumed density of 6.4 g/cm3 [Sch87]. The volume of the 100 

atom basis set was calculated by summing the volume contributions from the B-WNxCy 

polycrystals, the amorphous WO3 and the amorphous carbon. The density of W atoms in 

this basis set, Pw,basis (W atoms/cm3), was calculated by dividing the number of W atoms 

in the 100 atom basis by the volume of the basis set. The total number of W atoms CWT) 

deposited was then estimated with Equation 5-6: 

WT =(a *t)*(l-VF)*Pw,basis (5-6) 

where a is the area of the film (cm2) and t is film thickness (cm). The area of the film 

was assumed to be 2 cm2, which is the typical total cross sectional substrate area input to 

the reactor, and t was determined by XSEM. A film void fraction (VF) of 0.10, per a 

previous report, was included to account for any defects/pores in the film structure 

[She00c]. 

The total number of carbon atoms (CT) in each film was estimated with Equation 

5-7 below: 

C =( WT )* %C 
T %W 

(5-7) 
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where% Wand% Care the atomic% of Wand C, respectively, as determined by AES. 

The area-averaged nature of AES ensures that W and C contents are measured regardless 

of location in the film's microstructure. Dividing CT by deposition time gives the C 

deposition rate, which can be estimated by an Arrhenius expression in the kinetically 

controlled regime (Equation 5-8): 

D = Ae-E, tRT (5-8) 

where Dis C deposition rate (atoms/min), Ea is the apparent activation energy (eV) for C 

deposition, and A is a constant. Figure 5-45 shows a plot of ln D vs. 1/T for films 

deposited with PhCN and 1,2-DCB. A line with a steep slope indicates a kinetically 

controlled regime (slope = -EalR), whereas a line with small slope indicates mass transfer 

control. If the rate of carbon deposition shows an exponential dependence, the process is 

kinetically controlled. If the rate does not show this dependence, the carbon deposition 

process is assumed to be mass-transfer controlled. 

Error bars on Figure 5-45 address several sources of uncertainty in the calculation 

of carbon deposition rate. Uncertainty in film thickness was due to error in thickness 

measurement from X-SEM photos (± 0.02 µm), roughness on the film surface (± 0.01 

µm), as determined by AFM, and fluctuations in film growth rate due to experimental 

temperature variation {± 10°C). Uncertainty in film density was due to lattice parameter 

shifts from X-ray line broadening (± 0.002 A). Uncertainty in C deposition rate was due 

to uncertainty in the number of W and C atoms from AES (± 5 at. % each). 

Figure 5-45 indicates C deposition rate to be kinetically controlled over the entire 

temperature range for PhCN, suggesting that a single process dominates C deposition at 
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the surface of these films. The apparent activation energy for C deposition from PhCN 

was 0.70 ± 0.10 eV. 
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Figure 5-45 Dependence of carbon deposition rate on growth temperature for 

polycrystalline films grown with PhCN and 1,2-DCB solvent. 

Figure 5-45 indicates kinetically controlled C deposition at and below 600°C for 

films from 1,2-DCB solutions, with an apparent activation energy for C deposition of 1.0 

± 0.14 eV. The drop in C level for films from 1,2-DCB solutions above 600°C was 

accompanied by a drop in film thickness, as measured by XSEM. The region between 

600 and 625°C appears to be a transition zone between different C deposition processes, 

but the mechanisms for these processes are unclear. The film growth rate from 1,2-DCB 

solutions at and below 600°C was exponentially dependent on temperature, reaching a 

maximum of 43 Nmin at 600°C. The growth rate dropped to 22 Nmin at 650°C. This 

behavior contrasts with that for films deposited from PhCN solutions, whose thickness 

increased steadily from low to high temperature. 
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Above 625°C, film growth and C deposition rates for films from 1,2-DCB 

solutions appear to be mass transfer controlled, with both increasing slightly up to 700°C. 

Kinetically controlled C deposition for films from 1,2-DCB solutions has a higher 

apparent activation energy than the value obtained for films deposited from PhCN 

solutions. This difference is consistent with a change in the C deposition process 

between the two solvents, which is expected, assuming that the nitrile carbon group 

(which is present in PhCN but absent in 1,2-DCB) controls C deposition in films from 

solutions of the former. 

Residual gas analysis indicated the presence of PhCN and 1,2-DCB molecular 

ions, as well as various fragments associated with solvent decomposition. While a full 

analysis of the fragmentation pathways is beyond the scope of this dissertation, Figure 5-

46 shows partial pressures for several products whose m/z ratios correspond to known 

solvent decomposition products. The measured partial pressures of the various fragments 

were adjusted to compensate for contributions from electron impact (El) fragmentation in 

the RGA [NIS03]. The RGA data are included to show which species were present in the 

gas phase for depositions with the two solvents. The species concentrations are generally 

insensitive to temperature, however, which reflects the large excess of gas phase 

carbon-containing species relative to the amount of any particular specie(s) removed 

from the gas by deposition on the substrate. 

For deposition with PhCN, partial pressure readings at m/z = 2, 26, 27, 36 and 76 

are consistent with formation of H2, C2H2, HCN, HCl and C6~, respectively [Las96, 

NIS03]. Significant quantities of HCN (m/z = 27), the principal carbon-containing 

fragment, along with C~ (mlz = 76), are consistent with PhCN decomposition in the 
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reactor. The other carbon-containing product, C2H2 (mlz = 26), is also a potential C 

source. The formation of C6Hi and H2 by benzene (C6~) adsorption on lr(lOO) [JohOl] 

and Mo(l 10) [Liu88] has been reported, and may explain why C6~ was not observed 

with the RGA. 

For deposition with 1,2-DCB, peaks are again observed at mlz 2, 26 and 36 along 

with readings at m/z = 50 and 75, which are consistent with formation of CJI2 and C6H3, 

respectively [NIS03, SchOl]. Figure 5-46 also indicates high partial pressures of H2, 

which are produced by solvent and ligand decomposition. 1,2-DCB solutions also give 

rise to a partial pressure of C6H3, the principal carbon-containing fragment, which is 

almost an order of magnitude higher than its PhCN counterpart, C6Ri. Another 

carbon-containing fragment, CJI2, also has relatively high partial pressure. These 

fragments are likely contributors to C deposition from 1,2-DCB. Similar levels of C2H2 

are present for 1,2-DCB and PhCN solutions. 

Surprisingly, the HCI level with 1,2-DCB was just slightly higher than for films 

from PhCN solutions; however, this may not be the case for depositions utilizing H2 as 

the carrier gas, which should facilitate HCI formation. The H2 level initially decreases 

with increasing temperature, reaching a minimum at 600°C, and then increases above this 

temperature. The increase in H2 above 600°C suggests a change in reaction mechanism 

at higher temperature. Results for RGA runs with neat PhCN and 1,2-DCB were similar 

to those containing precursor 1, except that in both cases, the concentration of the 

principal decomposition product (HCN and C6H3, respectively) was higher than the 

molecular solvent ion. This suggests that the primary decomposition products may 
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interact with the growing films and deposit C, causing their concentration to drop relative 

to that for neat solvent. 
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Figure 5-46 Dependence of adjusted partial pressure on temperature for selected gas 
phase species. a) Deposition with PhCN. b) Deposition with 1,2-DCB. 

5.11.4 Conclusions On Effect of Solvent Change 

Carbon and nitrogen levels in the deposited films were highly dependent on the 

nature of the solvent used. The activation energy for C deposition in WNx films grown 

from la in PhCN solutions was 0.70 ± 0.10 eV, while that for 1,2-DCB solutions was 1.0 

± 0.14 eV. This shift in activation energy for C deposition upon changing the solvent is 

evidence for an alteration in the C deposition process. Higher N content for films 

deposited with la in PhCN solution relative to those from 1,2-DCB solutions suggests 

that CN moieties derived from the solvent decompose on the film surface, leaving 

adsorbed C and N. RGA results indicated substantial levels of HCN, along with some 

C6R., consistent with decomposition of the PhCN solvent in the reactor. The C 

deposition source for films from 1,2-DCB solutions is unclear, although deposition 

behavior suggests a kinetically controlled surface process at and below 600°C. Films 
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deposited from 1,2-DCB solutions above 600°C had decreased growth rate and C levels, 

which may be due to a change in C deposition process at the higher temperatures. 

5.12 Conf ormality Tests 

Figure 5-47 indicates that for deposition with lb at 450°C on Si (100) with 2 µm 

diameter features and AR= 2.75, sidewall and bottom conformality were 90 and 50%, 

respectively. Deposition at 500°C resulted in sidewall and bottom conformalities of 45 

and 25%, respectively. As expected, film conformality improves at lower deposition 

temperature, for reasons discussed in Chapter 1. The conformality values at 450°C, 

while better than those at 500°C, are inadequate for industrial applications, however, 

especially considering that the tested feature diameter (2 µm) was much larger than the 

current feature diameter used in IC production (0.1 µm). In addition, film roughness in 

and around the feature is larger than that for deposition on flat Si (100) substrates. The 

reason for this is unclear. 

Figure 5-47 Conformality for films deposited with i-Pr on patterned Si (100) substrates. 
a) 450°C. b) 500°C. 

5.13 Adhesion Tests 

Adhesion to Si (100) substrates for films deposited with and without NH3 was 

tested using the Scotch tape method. In this method, a small grid is scribed onto the film 

surface, and Scotch tape is then pressed directly onto the film. The tape is then pulled off 
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of the film, and is inspected to determine if the film delaminated and stuck to the tape. 

Although this method does not give quantitative data on the strength of a film's adhesion 

to the underlying substrate, it is a quick way to determine if the films are prone to easy 

delamination. All of the films tested in this manner, which were deposited with and 

without NH3, passed this test, as summarized in Table 5-13 below. This indicates that all 

of the films had good adhesion to the underlying substrate, with the film-substrate 

adhesion strength being higher than the film-Scotch tape adhesion strength. 

Table 5-13. Scotch tape test results for films deposited with and without NH3 on Si 
(100) substrates 

Deposition Chemistry 
Deposition Temperature 

Scotch Tape Test Results (aC) 

450 Passed 
500 Passed 

lb+PhCN +H2 550 Passed 
600 Passed 
700 Passed 
450 Passed 
500 Passed 

lb+ PhCN + H2 +NH3 550 Passed 
600 Passed 
700 Passed 

5.14 Conclusions on Use of Cl4(CH3CN)WN-i-Pr to Deposit WNx 

Repeatable deposition of films using the i-Pr precursor with and without NH3 

was achieved. Use of 1,2-DCB in place of PhCN solvent resulted in significantly 

different C incorporation behavior. The PhCN solvent appears to contribute both C and 

N to the films, which typically contain FCC ~-WNxCy and amorphous C, with some 

amount of W03 depending on deposition temperature. All of the films had good 

adhesion to the Si (100) substrates, which is vital to ensure good device lifetime. 
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The minimum film deposition temperature with lb was 450°C, which is higher 

than the current temperature ceiling for IC production ( < 400°C). Films deposited with 

the i-Pr precursor at the lowest achievable temperature were very porous, enabling them 

to absorb significant amounts of O from the air. While addition of NH3 at low 

temperature decreased the O content, these films were also too porous, and had very high 

resistivity. Chlorine present in the films (per SIMS) is also a concern, as it can corrode 

subsequent metallization layers and etch Si substrates. In addition, a -60 A thick 

interface layer containing a mixture of WSh, WO3, SiO2 and SiO was present between 

the film and the Si substrate. This layer alone is almost as thick as the current required 

barrier thickness (100 A), and its presence makes the deposition of ultra-thin (100 A), 

high quality WNx films by MOCVD using lb in our reactor unlikely. The overall film 

thickness was -1500 A, which is much larger than the currently required barrier 

thickness. While decreasing deposition time would decrease the film thickness, it would 

not result in a barrier film with appropriate properties, because the properties of the bulk 

film and the interface layer are not the same. Moreover, a significant incubation time on 

the Si substrates would make it difficult to rapidly deposit a barrier film with appropriate 

thickness in a reasonable amount of time. 

Lastly, conformality of films deposited at 450°C on large diameter features was 

mediocre, suggesting that deposition on state-of-the-art feature sizes would be poor. 

While we do have state-of-the-art substrates with 100 nm features (provided by Intel), 

the recommended temperature ceiling for these substrates is -400°C due to the presence 

of a low-k dielectric material on the substrate surface. A minimum deposition 
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temperature of 450°C was required for deposition with the i-Pr precursor, hence the use 

of these substrates will be deferred to future ALD studies. 

ALD using this precursor may _be a promising way to deposit denser films at low 

temperature. The increase in N content due to NH3 addition during CVD suggests that a 

stepwise i-Pr/NH3 pulse scheme may enable ALD deposition. ALD should improve 

smoothness and conformality of the films, and enable ultra-thin film deposition. The Cl 

content of the precursor would still be an issue during ALD, however. Modification of 

this precursor to eliminate Cl, as well as boosting its N content, would be preferable. 

Finally, further investigation of solvent schemes should be carried out, to determine if 

another solvent with higher thermal stability than PhCN could be used to limit the 

solvent's participation in the deposition process. 



CHAPTER6 
EVALUATION OF Cl4(PhCN)W(NPh) AS A SUIT ABLE WNx PRECURSOR 

MOCVD of thin WNxCy films from benzonitrile solutions of the single-source 

imido precursor Cl4(CH3CN)W(NiPr) (la) as a mixture with its benzonitrile derivative lb 

was discussed in Chapter 5. The simple synthesis of la,b was adapted to produce a series 

of related complexes containing different alkyl or aryl substituents on the imido ligand. 

This feature allowed variation of the N-C bond dissociation energy, which is important 

since this bond must be cleaved during the CVD process. The N-C (imido N to 2° alkyl) 

bond of la,b will be relatively weak, compared to the N-aryl bond of the phenylimido 

complex Cl4(PhCN)W(NPh) (2b). These precursors are shown schematically in Figure 

6-1. WNx (and WNxCy) films were deposited from 2b, and a comparison of material 

deposited from la,b and 2b was performed to determine if the imido N-C bond strength 

has an effect on the MOCVD process. 

1a R = CH3 
1b R = Ph 

y 
N 

c1,,, Ill .,,c1 ··w·· 
c1_........1........_c1 

N 
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R 

2a R = CH3 
2b R = Ph 

Figure 6-1. Structures of the Cl4(RCN)W(NiPr) and Cl4(RCN)W(NPh) precursors. 
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6.1 Film Growth Studies 

Experiments were conducted in the CVD reactor system described in Chapter 4. 

P-type boron doped Si (100) substrates with resistivity of 1-2 Q-cm were used for the 

film growths. Growths were conducted for a fixed time of 150 minutes at temperatures 

ranging from 450-800°C. The system was maintained at vacuum by a mechanical 

roughing pump, with the operating pressure fixed at 350 Torr. Hydrogen (H2) carrier gas 

was used for the depositions. 

6.2 Synthesis of C1'(PhCN)WNPh 

The complex Cl4(OEt2)W(NPh) (3) was synthesized as previously described by 

Schrock et al. [Ped82]. The benzonitrile complex Cl4(PhCN)W(NPh) (2b) was not 

isolated, but was produced in situ by the substitution of the ether ligand of 3 with 

benzonitrile following solvation in the 10: 1 PhCN/Et2O co-solvent utilized for the 

deposition experiments. The acetonitrile complex Cl4(CH3CN)W(NPh) (2a) was 

prepared as previously reported [Nie83]. 

6.3 Solvent Selection 

Deposition of thin films by MOCVD requires transport of the solid phenylimido 

precursor 2b to the reactor in the vapor phase. Previous tests with similar complexes in a 

solid source delivery system resulted in minimal precursor transport, due to the low vapor 

pressure of the compounds. Transport difficulties were overcome by using a nebulizer to 

generate an aerosol of the precursor/solvent mixture, which is conveyed by carrier gas to 

the reactor. Although benzonitrile is an appropriate solvent for deposition from 

isopropylimido complexes la,b, poor solubility of the phenylimido complexes in 

benzonitrile necessitated a co-solvent mixture of 10: 1 benzonitrile:ether to achieve the 
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same precursor concentration (7 .5 mg/mL) previously used with la,b. To determine the 

impact, if any, of the co-solvent on film composition, acetonitrile was tested in place of 

ether. AES results indicated similar film compositions regardless of the co-solvent used. 

6.4 Precursor Mass Spectral Pre-Screen 

All mass spectral analyses were again performed using a Finnigan MAT95Q 

hybrid sector mass spectrometer (Thermo Finnigan, San Jose, CA). Electron ionization 

(El) was carried out in positive ion mode using electrons of 70 eV potential and a source 

temperature of 200°C. Negative ion electron capture chemical ionization (NCI) used 

methane as the bath gas at an indicate pressure of 2x10-5 Torr, an electron energy of 100 

volts and a source temperature of 120°C. All samples were introduced via a controlled 

temperature probe with heating and cooling enabling temperature control down to 35°C. 

The mass resolving power (m/~m) was 5000 full width-half maximum (FWHM). 

As noted before, care must be taken in using mass spectral data to predict CVD 

behavior since the latter is thermal in nature [Lew94]. Nevertheless, mass spectrometry 

does provide insights into the relative fragmentation characteristics of various precursors 

[lnt89]. In order to provide a direct comparison of mass spectral data for a phenylimido 

complex and its isopropyl analogue, the acetonitrile adduct Cl4(CH3CN)W(NPh) (2a) 

was prepared as a model for 2b. Precedent for the modeling of 2a by 2b is provided by 

the virtually identical ion fragmentation patterns for the isopropyl imido complexes la 

and lb [Bch03a]. Mass spectrometry results for 2a could then be compared to our 

previously reported data for the isopropyl imido complex Cl4(CH3CN)W(NiPr) (la) 

[Bch03a]. Accordingly, 2a was analyzed using both positive ion electron-impact (El) 

and negative ion electron-capture chemical ionization (NCI) methods. 
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The EI and NCI mass spectra of 2a are depicted in Figure 6-2, and the relative 

abundances of the observed peaks of the phenylimido and isopropylimido complexes 2a 

and la are summarized in Table 6-1. As observed in the mass spectra of the isopropyl 

precursor, no molecular ion was detected for 2a using either ionization method. The base 

peak in the EI spectrum occurs at m/z=382, and corresponds to the fragment 

[Ch W(NPh)t. The highest mass peak observed in the EI spectrum was [Cl4 W(NPh)t at 

m/z=417 (9% abundance). Interestingly, although the high mass envelopes correspond to 

fragments in which acetonitrile is lost, only a small amount (-1 % abundance) of the 

[CH3CNt ion was detected at mlz=41 in the EI spectrum of 2a. The presence of the 

[Cl4Wt and [ChWt fragments suggests cleavage of the W-N bond occurs in the gas 

phase. Furthermore, observation of the [Pht fragment (m/z=77) indicates that the critical 

N-Ph bond is broken to some extent under EI conditions; however, there is no evidence 

of a metal nitrido fragment in the resulting spectrum. Moreover, the base peak in the NCI 

spectrum corresponds to [Cl4W(NPh)r (m/z=417) while the mass envelope of the nitride 

fragment [Cl4 WNr (mlz=340) has a relative abundance of 4%. The presence of the 

fragment [Cl5W(NPh)r suggests that the nitrile ligand of 2a is removed during the 

process of heating the condensed phase sample to afford [W(NPh)Cl4h prior to 

ionization. 

The mass spectral data for phenylimido complex 2a and isopropylimido complex 

la show some similarities. For both, the most prevalent ion on the high mass end of the 

EI spectrum corresponds to [Ch W(NR)]+, although 2a does also exhibit lower abundance 

peaks from [Cl4W(NPh)t. This, coupled with the lack of molecular ion signals, is 

consistent with high lability of the nitrile ligand in both complexes. Moreover, the 
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presence of the [Cl5W(NPh)r fragment in the NCI spectrum suggests that the !ability of 

the nitrile ligand results in partial conversion of 2a to the dimer [W(NPh)Cl4h prior to 

ionizations. The observation of this chloride transfer process in 2a, but not la, is 

consistent with the greater electron withdrawing nature of the phenyl substituent, as 

compared to isopropyl. 

Table 6-1. Summary of relative abundances for positive ion EI and negative ion NCI 
mass spectra of tungsten imido complexes Cl4(CH3CN)W(NPh) (2a) and 
Cl4(CH3CN)W(NiPr) (la). 

Complex EI Fragments NCI Fragments m/z Abundancea,0 

[Cl4 W(NPh)t 417 9 
[ChW(NPh)t 382 100 

[Cl4Wt 326 7 
[ChWt 291 15 
[PhNt 91 <1 
[Pht 77 22 

[Cs~t 64 1 
Cl4(CH3CN)W(NPh) (2a) [C~3t 51 10 

[CH3CNt 41 1 
[C3H2t 38 1 

[ClsW(NPh)r 452 23 
[Cl4 W(NPh)r 417 100 

[Cl4WNr 340 4 
[Ch W(N'Pr)t 348 100 

[C4Wt 326 26 
[ChWNH]+ 306 78 

[ChWt 291 30 
Cl4(CH3CN)W(N1Pr) (la) [CH3CNt 41 24 

[Cl4 W(N'Pr)r 383 42 
[Cl4WN]- 340 100 

aRelative abundances were adjusted by summing the observed intensities for the 
rredicted peaks of each mass envelope and normalizing the largest sum to 100%. 
Values for la are from Chapter 5. 
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Positive ion electron-impact ionization (EI) and negative ion electron 
capture chemical ionization (CI) mass spectra of 2a. 

The most notable difference in the spectra of 2a and la concerns the fragments 

[ChWNHt and [Cl4WN]-. Since these ions are derived from cleavage of the N-R bond 



308 

of the imido moiety, they are critical to the CVD process. As shown in Table 6-1, 

[Ch WNH]+ appears in the EI spectrum of la with a relative abundance of 78%; however, 

this fragment is not present in the spectrum of the phenylimido complex 2a. 

Nevertheless, the presence of [Pht indicates the N-Ph bond is broken to a certain extent 

under EI conditions. The ion [PhNt (m/z=91) was observed in very small relative 

abundance ( <1 % ), and its subsequent fragmentation may be responsible for the small 

clusters of peaks centered at mlz=64, 51 and 37 [Cro67]. Even more striking is the fact 

that the [Cl4 WNr fragment is the base peak in the NCI spectrum of la, but only accounts 

for 4% relative abundance in the phenylimido complex 2a. 

In relation to the use of Cl4(PhCN)W(NPh) (2b) as a precursor for tungsten 

nitride deposition, the mass spectral data of 2a and la suggest that the N-Ph bond is 

more difficult to break than the N-iPr bond. This is consistent with the homolytic bond 

strength of the two N-R moieties [Ben76]. If N-Ph bond cleavage were involved in the 

rate determining step, 2b would be expected to require higher deposition temperatures 

relative to the isopropyl system. The stronger N-Ph bond may also affect growth rate 

and composition of the deposited films. Additionally, these data suggest that replacing 

the phenyl moiety with a group that will cleave more readily (e.g., allyl) could decrease 

the deposition temperature and improve the compositional characteristics of the WNx 

films. 

6.5 Film Structure 

6.5.1 XRD 

The films typically had a smooth, shiny metallic appearance with color varying 

from black to gold, depending on the deposition conditions. The desired WNx film 
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structure and stoichiometry is face centered cubic (FCC) B-W 2N (B-WNo.s), since this 

phase has the lowest resistivity. The X-ray diffraction (XRD) spectrum in Figure 6-3a is 

consistent with amorphous film deposition from 2b at 475°C, as evidenced by a flat 

profile with no characteristic B-WNx peaks. In contrast, the XRD spectrum shown in 

Figure 6-3b indicates polycrystalline film deposition at 750°C. Four characteristic peaks 

are evident, with relative peak intensities indicating that no preferred crystal orientation 

exists. Although the relative peak intensities in Figure 6-3b are consistent with the 

pattern for polycrystalline B-WN0.5, the 20 peak positions lie between the standard values 

for B-WNo.s and B-WCo.6, which are shown in Figure 6-3c. 

Peak positions between these standard values suggest that C is mixing with N and 

vacancies on tungsten's interstitial sublattice to form B-WNxCy polycrystals. For the 

spectrum in Figure 6-3b, primary reflections at 37 .13 and 43.08 20 degrees are consistent 

with (111) and (200) B-WNxCy growth planes, while additional reflections at 62.73 and 

74.98 20 degrees indicate (220) and (311) planes, respectively. No peaks arising from 

the hexagonal WN or WC phases, or the body centered cubic (BCC) a-W phase were 

evident for any of the films. 

Figure 6-4 illustrates the evolution of film crystallinity with deposition 

temperature for growth from 2b. The trend of increasing crystallinity with deposition 

temperature is similar to that observed for the isopropyl imido precursor lb [Bch03a]. At 

the lowest deposition temperature (475°C), the characteristic B-WNx peaks are not 

observed, indicating that the film is amorphous. 
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Figure 6-3. XRD spectra of films grown from 2b on Si (100) in a H2 atmosphere. a) 
475°C. b) 750°C. c) Standard powder diffraction plot for B-WN0.5 (solid 
lines) and B-WCo.6 (dashed lines). 

As the temperature increases to 500°C, peaks appear at 23.48 (not shown) and 

47.98 28 degrees, consistent with formation of tungsten oxide (WOx, x :::: 3). Repeated 

attempts to deposit films at 500°C resulted in formation of tungsten oxide, while peaks 
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consistent with WNx (or WNxCy) are seen at all deposition temperatures above this. 

Reproducible deposition of tungsten oxide at a single temperature suggests that an air 

leak in the reactor system is unlikely to be the source of 0. Microstructure dependent, 

post-growth O incorporation is a likely cause of oxide formation, especially for low 

temperature, "clean" tungsten films with low C and N levels. This is due to lower 

contamination levels, which make these films less resistant to O in-diffusion and 

reaction. The existence of a second O incorporation pathway involving the Et20 

co-solvent, however, cannot be ruled out. Diethyl ether is known to undergo both 

homogeneous and heterogeneous decomposition at temperatures near 500°C [Fle36, 

Fou79]. Although oxide formation still occurs for films grown at 500°C from 

Cl4(PhCN)W(NPh) (2b) in a benzonitrile/acetonitrile mixture (no Et20 present), the size 

of the oxide crystallites is larger when the ether complex C4(Et20)W(NPh) (3) is used to 

generate precursor or when Et20 is the co-solvent. Even though the film is amorphous at 

475°C, indicating that inadequate thermal energy is available to produce oxide 

polycrystals, the possibility of O incorporation similar to that at 500°C cannot be ruled 

out. High levels of O in the amorphous film, as demonstrated by AES data, support this 

possibility. 

A broad peak near 38.03 28 degrees, which is above the standard peak position 

for ~-WN0_5 (111), appears for deposition at 525°C, and indicates the presence of 

N-deficient polycrystalline ~-WNx (111). A broad peak at 44.03 20 degrees for 

deposition at 550°C indicates the first appearance of ~-WNx (200). As the temperature 

increases to 600°C, film peak positions shift below the standard ~-WN0_5 positions, 

indicating that f3-WNxCy deposition is occurring. Broad peaks emerge at 62.93 and 
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75.58 20 degrees for deposition at 700°C, indicating '3-WNxCy (220) and (311) growth. 

The peaks sharpen further as the temperature increases to 750°C, due to polycrystalline 

grain growth. Peak sharpness decreased somewhat for the film deposited at 800 °C (not 

shown), which is likely due to a decrease in film thickness as measured by XSEM. 

Decreased film thickness may be caused by rapid desorption of reactants from the film 

surface due to high temperatures or by gas phase reactions, which deplete the amount of 

reactant available at the film surface. Some films deposited between 475 and 600°C 

displayed additional peaks at 32.98 and/or 61.68 20 degrees, representing reflections 

from the underlying Si consistent with Si (200) Ka and Si (400) K'3 radiation, 

respectively. 
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Figure 6-4. Change in XRD pattern with deposition temperature for WNxCy grown 

from 2b on Si (100) in a H2 atmosphere. 
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At the highest deposition temperature, minimal N and high C levels suggest that 

the stoichiometry of the P-WNxCy polycrystals may be approaching P-WCy deposition. 

A shift in the position of the peaks toward P-WCo.6 at higher deposition temperature 

provides evidence of this trend. 

6.5.2 Lattice Parameter 

The dependence of lattice parameter on deposition temperature in Figure 6-5 was 

determined by XRD using the 20 position of the (111) P-WNxCy diffraction peak, with 

peak position calibrated to the Si (400) diffraction peak. The standard P-WNo.s (111) 

and P-WC0.6 (111) peak positions are 37.735 and 36.977 20 degrees (Figure 6-3c), 

respectively, and correspond to standard lattice parameter values of 4.126 and 4.236 A. 

The position of the (111) reflection peak can vary as a result of a change in composition 

or a change in the film's residual stress. 
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Figure 6-5. Lattice parameters for films grown from lb and 2b, based on the 
P-WNxCy (111) diffraction peak. The dashed line at 4.126 A represents 
the standard lattice parameter value for P-WNo.s, while the dash-dot line 
at 4.236 A is that for P-WCo.6- Error bars indicate uncertainty in lattice 
parameter(± 0.002 A) due to X-ray Ka line broadening. 
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Assuming that compositional variation is responsible for the peak shift and, thus, 

lattice parameter change, trends in the relative concentrations of N, C, and Va on the 

interstitial sublattice can be suggested by coupling the peak shift with the compositions 

measured by AES (Figure 6-7). If the (111) peak position is higher than 37.735 20 

degrees, corresponding to a lattice parameter below 4.126 A, then minimal C, a 

deficiency of N, and an excess number of vacancies exist in the polycrystals. This is the 

case for depositions between 525 and 575°C. A peak position between 37.735 and 

36.977 20 degrees, which corresponds to a lattice parameter between 4.126 and 4.236 A, 

suggests mixing of N, C and Va on the interstitial sublattice. This is the case for 

depositions at and above 6OO°C. As mentioned above, however, P-WNxCy polycrystals 

may be forming even at the lower temperatures, with C playing a role in the lattice 

parameter increase at lower temperatures. While an explicit relationship between x and y 

in P-WNxCy cannot be determined from XRD and AES data without some assumptions 

(e.g., use of Vegard's law), insight into the relation between C and Va on the interstitial 

sublattice is possible. Nitrogen prefers to occupy interstitial lattice sites in the 

polycrystals, and only resides at the grain boundary when its concentration in the film 

exceeds the P-WNo.s stoichiometry. Low N levels in the 2b films imply that all N 

resides at interstitial sites. Essentially constant, low N levels (Figure 4) indicate that 

changes in lattice parameter will likely depend on the ratio of C to vacancies on the 

interstitial sublattice. 

Values for lattice parameter in the films from 2b tend to follow C content over the 

entire deposition temperature range. This likely reflects an increase in the ratio of C to 

vacancies on the interstitial sublattice with deposition temperature. The lattice parameter 
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for the films from 2b is 4.10 A for 525°c deposition, drops to 4.09 A for 550°c, and then 

increases to 4.14 A for 600°C. The C content follows the same trend (Figure 6-7), 

decreasing from 525 to 550°C, and then increasing up to 600°C. The lattice parameter 

increases only slightly from a value of 4.14 A at 600°c to 4.15 A at 650°c, consistent 

with a small increase in C levels as measured by AES. This behavior is consistent with a 

decrease in compressive film stress, coupled with grain growth. Above 650°C, the lattice 

parameter again increases with C content, reaching 4.19 A at 750°C. 

6.5.3 Polycrystal Grain Size 

Grain size (t) was estimated using the Scherrer equation (Equation 6-1) [Cul78, 

Nag00]. The two main causes of peak broadening in XRD thin film spectra are 

non-uniform film stress and the presence of small crystal grains. If we assume uniform 

film stress, the average crystallite size (t) may be estimated using the Scherrer equation: 

0.9). 
t=-- 

(Bcos8) 
(6-1) 

where A is the X-ray wavelength (1.5406 A for Cu Ka), B is the full width at half 

maximum (FWHM) for the selected diffraction peak and 8 is the Bragg angle for that 

peak. 

The dominant (111) diffraction peak for the films was used as the reference peak 

for FWHM determination. As depicted in Figure 6-6, grain size for the films from 2b 

increased with deposition temperature, varying from 35 to 67 A over the 525 to 750°C 

temperature range. Below 525°C, the films were X-ray amorphous, hence the maximum 

grain size for amorphous films was below 35 A. Interestingly, the grain size is 

essentially constant between 550 and 600°C, which coincides with the transition region 
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between kinetic and diffusion controlled growth. As the deposition temperature 

increases, a competition likely exists between increased grain growth due to higher 

surface diffusivity and decreased grain growth due to increasing C concentration on the 

film surface, which inhibits surface diffusion. Interplay between these phenomena cause 

grain growth in regions with small shifts in C content and leveling off of grain size in 

regions with larger shifts in C content. 
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Change in average grain size with deposition temperature for 
polycrystalline films grown from lb and 2b based on the FWHM of the 
B- WNxCy(ll 1) diffraction peak. Error bars reflect uncertainty in FWHM 
measurements. 

6.6 Film Composition 

AES results for films deposited from the phenylimido complex 2b indicate the 

presence of W, N, C and O (Figure 6-7). No chlorine was detected in the films by AES 

or XPS, placing an upper limit of -1 at. % on Cl content. HCl is the thermodynamically 
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favored gas phase chlorine-containing species, and was observed by residual gas analysis 

during deposition from lb. It is assumed that HCl is the dominant gas phase 

chlorine-containing species for deposition from 2b as well. Neither Ch nor chlorinated 

hydrocarbons were detected in the reactor effluent, leading to the conclusion that Cl is 

lost from the precursor as HCI. From 475 to 500°C, the C level is constant at 

approximately 3 to 5 at. %. The C content jumps from 5 to 14 at. % between 500 and 

525°C. Although XRD indicates B- WNx polycrystalline deposition at 525°C, results for 

growth rate and sheet resistance at this temperature show strong deviation from the trends 

evident between 550 to 750°C. Given the proximity in deposition temperature of the C 

spike (525°C) to the anomalous tungsten oxide formation seen in the XRD (500°C), the 

two phenomena may be related. Above 550°C, the C content rises steadily from 9 to 22 

at. % at 750°C. The increase in C content from lowest to highest deposition temperature 

reflects the increasing tendency of the hydrocarbon groups present in the precursor 

ligands and the solvent to deposit in the films at higher growth temperature. 

The initial N content of films grown at 475°C was 1 at. %. The N content 

increased to a maximum value of 3 at. % at 525°C, and then decreased with increasing 

temperature, dropping below 1 at. % above 700°C. Although metal nitride barriers 

typically exhibit low N content at higher deposition temperatures (due to desorption of N2 

gas), the films deposited from 2b were N-deficient throughout the temperature range 

studied. This N deficiency in the films contrasts with XRD results in Figure 3, which 

indicate B-WNx polycrystal growth at lower temperatures. This may indicate that 

B-WNxCy polycrystal formation begins at temperatures below 600°C, with C filling the 

excess vacancies present in the polycrystals due to N deficiency. 
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Figure 6-7. Comparison of film content for growths from the lb and 2b compounds. 
a)W b)N c)C d)O. Data are from AES measurements after 2.0 minutes 
sputter. 

Although the value of y in ~-WNxCy should be relatively small at the lower 

deposition temperatures, it may be sufficiently large to shift the XRD peak position to 

lower values of 28 (and concomitantly increase the lattice parameter), even at the lower 

temperatures. It should also be noted that preferential incorporation of C and removal of 

N by Ar+ sputtering during AES analysis has been reported to cause artificially high C 

and low N concentration readings [lng82]. Since the AES data were collected after 2.0 
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minutes of sputter, artificially high C and low N compositions may have been observed. 

In addition, the lack of a standard film sample for calibration of elemental concentrations 

means that AES data may vary up to several atom percent from the actual values. 

Despite the error bars on the concentrations, the AES data serve to identify trends in film 

composition with deposition temperature. 

The slight O contamination in the film samples deposited at higher temperatures 

likely resulted from post-growth exposure of the film samples to air. The higher 0 

levels in films deposited at and below 500°C may be influenced by the presence of the 

Et20 co-solvent during growth and exposure of the films to air after growth. Incremental 

AES sputtering showed a steady decrease in O levels with increasing depth into the WNx 

films. The O concentration was highest at 475°C, reaching 15 at. %, and then decreased 

slightly to 11 at. % at 500°C. This behavior is consistent with low density and high 

porosity in the amorphous films deposited below 525°C, which allow substantial amounts 

of O to penetrate into the film lattice. High O concentrations (-20%) attributed to air 

exposure have been reported for porous TiN, TiC and TiCN barriers [Eiz94a, Par96, 

WanOla]. XPS results for O in the films are consistent with W03, which has 

considerably higher thermodynamic stability than ~-WNx or ~-WCx. For example, 

values of the Gibbs energy of formation (~G0 r) at 750°C for the W03, ~-WNo.s and 

~-WCo.s phases are -579 kJ/mol, +21 kJ/mol, and -8.5 kJ/mol, respectively [Gus86, 

Lak79, Lid85]. The experimental observation of lower levels of O at higher deposition 

temperatures is consistent with post-growth O contamination, as oxide formation is 

thermodynamically favored to occur if an O leak into the reactor occurred during growth. 

As the deposition temperature rises from 500 to 525°C, the O content drops sharply to 4 
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at. %, while the C and N levels are moderately steady. This behavior is consistent with 

the change in crystallinity observed by XRD. As the film crystallizes, it becomes more 

dense [Pok91], thereby inhibiting post-growth O diffusion into the lattice and decreasing 

the density of adsorption sites. As deposition temperature increases above 525°C, the 0 

concentration drops further, falling below 1 at. % above 700°C. This drop in O levels 

likely results from film densification (by polycrystal grain growth) and increased C levels 

at higher deposition temperature stuffing the grain boundaries. Porosity of amorphous 

films grown below 525°C may be problematic for diffusion barrier applications, since 

defects in the film may degrade the barrier's resistance to Cu diffusion. A previous 

report, however, indicates that diffusion barrier performance depends more strongly on 

film microstructure than film density [Kim99c]. In addition, impurities such as 0, N and 

C have been reported to enhance the stability of diffusion barrier films [Cha99]. 

6.6.2 Film Growth Rate (XSEM) 

Growth rates were estimated by dividing the total film thickness (from X-SEM or 

AES sputter profile for the sample grown at 425°C) by deposition time. Figure 6-8 

depicts X-SEM photos for films grown at the lowest and highest growth temperature, 

corresponding to deposition rates of 2 and 21 A/min. An Arrhenius plot using the 

measured growth rates (Figure 6-9) clearly delineates two growth regimes. The region 

with the shallow slope above 550°C exhibits a weak dependence on temperature that is 

indicative of mass transfer controlled growth. The region with a steep slope below 550°C 

suggests that growth is controlled by a kinetic process. In this regime, the 

rate-determining step for film growth is presumably reaction on the substrate surface. 

As observed in the XRD and AES studies, the growth rates for films grown at 500 and 
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525°C appear to be anomalous. This may be due to a decrease in the film density causing 

the measured thickness change to overestimate the reaction rate. Excluding the data 

points at 500 and 525°C, a fit of the data gives an apparent activation energy for growth 

of films from 2b in the kinetic regime as 1.41 ± 0.58 eV. 

Figure 6-8. Cross-sectional SEM photo depicting thickness of films grown from 2b 
on a Si (100) substrate. a) 475°C. b) 750°C. 
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Figure 6-9. Plot of film growth rate (G, Afmin) from 2b on Si(lO0) vs. inverse 
temperature. Error bars indicate uncertainty due to deposition temperature 
variation (+/- 10°C) and thickness measurement from X-SEM photos. 
The line fit for the kinetic regime includes data points for 450, 475 and 
550°C, and excludes points at 500 and 525°C. 
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Depositions at 450 and 800°C were done to establish the temperature boundaries 

for film growth from the phenylimido complex 2b. Films deposited at 450°C were not 

visible by X-SEM, but AES depth profiling indicated a nominal film thickness of -100 

A. This thickness value (triangular symbol in Figure 6-9) was used to estimate the value 

of the apparent activation energy for film growth in the kinetic regime. The growth rate 

at 800°C dropped to 13 .A/min (square symbol in Figure 6-9), with a high degree of 

surface roughness visible on the substrates after deposition. These results may be 

explained by either premature gas phase decomposition of the precursor, due to upstream 

heating at the higher temperature or by high desorption rate for a reactant species. 

6.7 Film Electrical Properties 

6.7.1 Film Resistivity 

Film resistivity was calculated with Equation 5-5, as discussed in Chapter 5. 

Sheet resistance measurements were collected using 4-point probe, and film thickness 

measurements were taken from X-SEM images. The variation of film resistivity with 

deposition temperature is shown in Figure 6-10. A deposition at 475°C produced films 

with the lowest resistivity value (225 µ.Q-cm) despite C and O contamination levels of 3 

and 15 at.%, respectively. This is lower than the 620 µ.Q-cm reported for films grown 

from (1BuNH)2W(N1Bu)z at 650°C [Chi93, Tsa96], and also lower than the 750 µ.Q-cm 

value observed for films grown from lb. 

In the temperature range where anomalous growth was observed, 500 to 525°C, 

the resistivity sharply increases, e.g., 73,000 µ.Q-cm at 500°C. This dramatic rise is 

consistent with deposition of tungsten oxide at 500°C. Interestingly, the resistivity 
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climbs even higher to 87,000 µ.Q-cm for deposition at 525°C, despite XRD data 

consistent with polycrystalline ~-WNx, Moving to 550°C, the film resistivity drops to 

4,750 µ.Q-cm, then fluctuates somewhat with increasing growth temperature. Changes 

in the film resistivity above 550°C occur due to the interplay of polycrystal grain growth, 

C content and film thickness. Increased grain growth generally causes a resistivity 

decrease, while increased free C content and film thickness are associated with increased 

resistivity. 

6.7.2 Film Sheet Resistance 

Film resistivities calculated with Equation 5-5 depend on both the sheet 

resistance and thickness of the analyzed films. As deposition temperature increases 

above 550°C, the film thickness also increases. To decouple the impact of film thickness 

from the film's electrical properties, the sheet resistance was plotted as a function of 

deposition temperature (Figure 6-11). The sheet resistance increases sharply with 

deposition temperature from 75 Q/0 at 475 °C to 1600 Q/D at 500 °C, then rises further to 
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2000 .Q/D at 525 °C. This increase in sheet resistance for the less conductive films grown 

at 500 and 525°C indicates that these higher resistivity values (Figure 6-10) are not due 

solely to higher film thickness and is consistent with oxide formation and the spike in C 

content determined by AES (Figure 6-7). As the deposition temperature is increased to 

550 °C, the sheet resistance decreases to 279 .Q/D, concomitant with lower O and C 

content. The sheet resistance, like the resistivity, fluctuates somewhat for deposition 

temperature above 550°C, but eventually reaches a constant value near 210 .Q/D at 

750°c. 
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Figure 6-11. Variation of film sheet resistance with deposition temperature for films 
deposited from lb and 2b. 

6.8 Conclusions on Use of Cl4(CH3CN)WNPh to Deposit WNx 

In terms of their decomposition chemistry, the most significant difference 

between isopropylimido complex lb and phenylimido complex 2b is the dissociation 

energy of the N-C bond in the imido ligand. Based on data from organic model 

compounds, the N-C bond of isopropylimido complex lb is expected to be 

approximately 20 kcal/mol weaker than the analogous bond in 2b [Ben76]. Since 
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cleavage of this bond is necessary for deposition of WNx, one would expect there to be 

differences in film structure, film composition, and lattice parameter between films 

grown from the two precursors. 

Amorphous film growth occurs below 500°C for lb and 2b. At 500°C, a broad 

B-W2N (111) polycrystalline peak appears for films from lb, while polycrystalline oxide 

peaks appear for the material from 2b. Evidence of polycrystalline WNx deposition from 

2b first appears at 525°C. The anomalous film characteristics of material grown from 2b 

at 500°C appear to be linked to the presence of the Et20 co-solvent (necessary because 

the solubilities of lb and 2b differ). The maximum deposition temperature for films 

deposited from the isopropyl complex was 700 °C. Above this temperature, black 

particles were deposited on the substrate and susceptor, which subsequently 

compromised film quality. In contrast, deposition from phenylimido complex 2b was 

possible up to 750 °C. The higher temperature limit for 2b could be due to the enhanced 

N-C bond strength in its imido ligand. 

Carbon levels in the films from 2b were considerably lower than those from lb 

throughout the temperature range (Figure 6-7). From 550 to 750°C, films from both 

precursors exhibited a gradual rise in C content, with the isopropyl imido complex lb 

affording a steeper rise in C as growth temperature increased. Maximum N content for 

films from the two precursors occurred near their respective crystallization temperatures 

(500°C for lb and 525°C for 2b). Throughout the temperature range studied, the N 

content in films deposited from 2b was significantly lower than those grown from lb. 

The fact that films from phenylimido complex 2b contained lower levels of both N and C 

than those from isopropylimido complex lb suggests that the phenylimido moiety is 
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more likely to dissociate intact than the isopropylimido ligand. This is consistent with 

the higher N-C bond strength in the phenylimido group. 

Corroborating evidence for this effect can be found in the mass spectra of la and 

2a. Facile dissociation of the isopropyl group from la is indicated by the observation of 

[ChWNHt at 78% abundance in the EI spectrum and detection of [Cl4WNr as the base 

peak in the NCI trace. Loss of the phenyl moiety from 2a to yield the same ions does not 

occur under EI conditions and the NCI spectrum contains [Cl4 WN]- at only 4% 

abundance. Moderate amounts of [Cl4 Wt and [Ch Wt were detected in the mass spectra 

of 2b under EI conditions, as well as fragments a-d (Figure 6-2), which are consistent 

with what has previously been observed upon generation of NPh + from phenyl azide 

[Cro67]. Although the mass spectral evidence for NPh loss consists of low intensity 

mass envelopes, their presence is significant. Because of the difference in conditions 

between mass spectrometry (ion chemistry) and MOCVD (thermal decomposition), the 

data in Figure 6-2 and Table 6-1 do not rule out loss of NPh as a major heterogeneous 

process during deposition. Ideally, cleavage of the N-C bond in 2b to release a phenyl 

group should occur during CVD of WNx films. However, the high N-C dissociation 

energy would slow this process, allowing cleavage of the W-N bond to compete. 

Isopropylimido complex lb, with its weaker N-C bond, would be more likely to release 

the isopropyl moiety and leave the imido N in the growing film. 

For both precursors, 0 levels were highest for films deposited at the lower end of 

the temperature range (~ 500°C). AES indicated a decrease in O content with increasing 

sputter depth into the films; hence, high O levels were attributed to post-growth exposure 

of the films to air. The low density and high porosity of the amorphous structures grown 
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at lower temperatures allow more rapid diffusion of O from the air into the films and 

provide a large surface to volume ratio for adsorption. High O levels in the films from 

2b, however, may be due to a combination of post-growth exposure to air and the 

presence of Et2O during deposition. Increased C content in the films grown at higher 

temperatures is believed to inhibit post-growth oxidation of the films by stuffing grain 

boundaries. 

Lattice parameter shifts were also dependent on the precursor. Figure 6-5 shows 

the lattice parameter increasing with temperature for films from both lb and 2b at 

temperatures up to 650°C, with films from lb having higher lattice parameter values 

throughout this range. This is expected, due to higher C content in films from the 

isopropylimido complex lb. Just above 675°C, though, the lattice parameter in the films 

from 2b becomes larger than that of the films from lb. Polycrystalline films deposited 

by lb have adequate N, even at high temperatures, to be considered primarily P-WNx 

into which C is incorporated to form P-WNxCy. This P-WNxCy, although N-deficient at 

higher temperatures, contains sufficient N to prevent a shift from formation of P-WNxCy 

toward P-WCy, and leads to an upper limit in lattice parameter for films from lb near 

4.16 A. Thus, the decrease in lattice parameter in films from lb deposited above 650°C 

was attributed to a solubility limit for C in P-WNxCy polycrystals with excess C residing 

at the grain boundaries above 675°C. 

The films from 2b, however, contain so little N that W is effectively left "bare" 

during deposition, enabling formation of carbide by reaction with depositing C at high 

temperature. Minimal N coupled with -20 at. % C above 675°C may mean that a shift 

away from deposition of P-WNxCy toward P-WCy is occurring at high temperature with 
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the 2b precursor. The lattice parameter of 4.19 A for films grown from 2b at 750°C 

indicates that the composition of the B-WNxCy polycrystals is nearing B-WCo.6 (i.e., xis 

approaching zero and y is approaching 0.6), which has a lattice parameter of 4.236 A. 

Although B-WNx films are reported to outperform B-WCy for diffusion barrier 

applications, recent reports indicate interest in B-WNxCy as a potential barrier material. 

Thin films (-250 A) of B-WNxCy have been deposited by ALO onto various substrates 

(e.g., SiO2, Cu, SiC and SiLK) by sequential reaction of WF6, NH3 and BEt3 [Li02, 

Smi02]. Addition of C to B-WNx was reported to lower film resistivity. In addition, 

B-WNxCy with a composition ratio W:N:C ~ 55:15:30 exhibited excellent adhesion to 

Cu. Hence, although films deposited from 2b have low N content ( compared to typical 

WNx films), this precursor may be of interest for B-WNxCy deposition. While we have 

demonstrated the ability of an NH3 co-reactant to dramatically increase the N content for 

films deposited from lb, as discussed in Chapter 5, a similar approach with 2b did not 

result in increased N content in the deposited film. 

Nitrogen levels in the films from 2b are much lower than films from lb at all 

temperatures. This trend in the films grown from the phenylimido precursor can again be 

attributed to the high N-C bond dissociation energy in the imido ligand of 2b, which 

causes less N incorporation into the films, leaving open the possibility of B-WCy 

formation. The XPS binding energy values for Cls and W4f712 energy levels for films 

deposited from 2b at 650°C were 284.6 and 33.0 eV, respectively, while those for 

deposition at 750°C, were 283.6 and 32.1 eV. These data are consistent with a shift 

toward formation of the B-WCy phase for the film deposited from 2b at 750°C [Kou02]. 

The XPS results for films from lb did not indicate this shift. This suggests that adequate 
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N remained in the polycrystals to prevent a shift to carbide formation, forcing additional 

C to deposit at the grain boundaries. 

Grain growth behavior was similar for the two precursors. Grain sizes for films 

grown from lb and 2b increased from lowest to highest deposition temperature, with 

those from 2b generally having smaller size grains than those from lb. Above 600°C, 

where both precursors are operating in the diffusion controlled regime, the films from 2b 

required a -50°C higher temperature to deposit grains of similar size to their lb 

counterparts. This observation can again be traced to the difference in the strengths of 

imido N-C bonds in the precursors, with the weaker isopropyl imido bond affording 

higher growth rate and grain size for a given deposition temperature. 

Deposition rates from the phenylimido complex 2b films were lower than those 

from the isopropylimido complex lb. Film deposition rates ranged from 10 to 27 A/min 

for films from lb, while the range was 2 to 21 A/min for films from 2b. The calculated 

Ea for film growth from 2b in the kinetically controlled regime was 1.41 ± 0.58 eV, as 

compared to 0.84 eV for lb and 0.9 eV for (1BuNH)2W(N1Buh [Chi93, Tsa96]. The 

higher activation energy for 2b is consistent with cleavage of the stronger imido N-C 

bond before or during the rate-determining step of the deposition process. Interestingly, 

the Ea for 2b is above the typical activation energy range for CVD growth in the kinetic 

regime, which is 0.5 to 1 eV [Raa93]. 

With the exception of the anomalous results for growth at 500 and 525°C, 

comparison of the sheet resistances, which negate the impact of film thickness on 

electrical properties, shows that the films from lb and 2b have similar electrical 

properties when deposited at or below 675°C. Above 675°C, lb films have higher sheet 
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resistance than 2b films, consistent with the high C levels in the lb films, which scatter 

electrons flowing through the material. 

The tungsten imido complex Cl4(CH3CN)W(NPh) 2b was tested to determine its 

suitability as a single-source precursor for low temperature growth of ~-WNx thin films. 

Comparison of the film growth properties of 2b to those of its isopropylimido analogue 

lb allowed evaluation of the effect of the imido N-C bond dissociation energy on film 

growth and properties. Films deposited from 2b were deficient in N compared to those 

from lb, consistent with a tendency of the stronger imido N-C bond of 2b to result in 

dissociation of intact NPh fragments during deposition. Since its films contain more N 

and have lower amorphous deposition temperatures and sheet resistances, the isopropyl 

imido precursor lb is superior to 2b for barrier deposition. 



CHAPTER 7 
EVALUATION OF Cl4(CH3CN)WNCH2CH=CH2 AS A SUIT ABLE WNx 

PRECURSOR 

MOCVD of thin WNxCy films from benzonitrile solutions of the single-source 

imido precursors Cl4(CH3CN)W(NiPr) (la, as a mixture with its benzonitrile derivative 

lb) and C4(PhCN)W(NPh) (2b) were discussed in Chapters 5 and 6, respectively. Based 

on mass spectral data of the precursors and film properties from material grown with the 

isopropyl imido and phenyl imido complexes, the isopropyl imido precursor la,b enables 

increased N incorporation relative to the phenyl imido precursor 2b, presumably due to 

the weaker N-C imido bond of the former (Chapter 5 and 6 have more detail). By this 

reasoning, a more promising precursor should contain a weaker N-C imido bond than 

that in either of the previously discussed complexes. Deposition tests were therefore 

undertaken with the allyl imido precursor Cl4(RCN)W(NCH2CH=CH2) (3a, R=CH3 and 

3b, R=Ph). 

7.1 Film Growth Studies 

Experiments were conducted in the CVD reactor system described in Chapter 4. 

P-type boron doped Si (100) substrates with resistivity of 1-2 .Q-cm were used for the 

film growths. Growths were conducted for a fixed time of 150 minutes at temperatures 

ranging from 425 to 675°C. The system was maintained at vacuum by a mechanical 

roughing pump, with the operating pressure fixed at 350 Torr. Hydrogen (H2) carrier gas 

was used for the depositions. 

331 
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All mass spectral analyses were again performed using a Finnigan MAT95Q 

hybrid sector mass spectrometer (Thermo Finnigan, San Jose, CA). Electron ionization 

(El) was carried out in positive ion mode using electrons of 70 eV potential and a source 

temperature of 200°C. Negative ion electron capture chemical ionization (NCI) used 

methane as the bath gas at an indicate pressure of 2x10-5 Torr, an electron energy of 100 

volts and a source temperature of 120 °C. All samples were introduced via a controlled 

temperature probe with heating and cooling enabling temperature control down to 35 °C. 

The mass resolving power (m/Am) was 5000 full width-half maximum (FWHM). 

7.2 Synthesis of Allyl Clt(CH3CN)WNCH2CH=CH2 Precursor 

Standard Schlenk and glovebox techniques were employed in the synthesis of 

Cl4(CH3CN)W(NCH2CH=CH2) (3a). Tungsten oxychloride was prepared by a slightly 

modified literature method [Ped82]. Complex 3a was prepared in an analogous fashion 

to other previously reported tungsten imido precursors [Bch03a]. The benzonitrile 

complex Cl4(PhCN)W(NCH2CH=CH2) (3b) was not isolated, but was produced in situ 

by the substitution of the acetonitrile ligand of 3a with benzonitrile, which was utilized as 

the solvent for the deposition experiments. Tungsten(VI) chloride was purchased from 

Strem Chemical Company. Allyl isocyanate and anhydrous heptane were used as 

purchased from Aldrich Chemical Company. Toluene and hexane were purged with N2 

and dried by passing the degassed solvent through a column packed with activated AhO3 

[Pan96]. Robertson Microlit in Madison, NJ performed the elemental analyses. 

To prepare Cl4(CH3CN)W(NCH2CH=CH2) (3a), tungsten oxychloride (2.047 g, 

5.99 mmol) was slurried in a solution of allyl isocyanate (0.513 g, 6.17 mmol) in heptane 

(60 mL) in a sealed pressure vessel. The mixture was heated for 18 h at 110° C. The 



333 

solvent was removed from the resulting dark red solution in vacuo. The reddish brown 

residue was dissolved in a minimal amount of CH3CN (approximately 10 mL). The 

resulting solution was stirred for two hours and the solvent removed under reduced 

pressure. The resulting brown residue was washed with 5x10 mL of toluene and the 

extracts concentrated to approximately 5 mL. Hexane was added to precipitate the 

product. The orange-brown solid was filtered and washed with pentane to afford 1.59 g 

(63 % yield) of the imido complex. 1H NMR (CDCh, 8): 7.57 (d, J = 5.6 Hz, 2H, 

NCH2CHCH2); 6.07 (dddd, J = 5.6, 10.2, 16.9 Hz, lH, NCH2CHCH2); 5.73 (d, J = 16.9, 

lH, NCH2CHCHH); 5.60 (d, J = 10.2 Hz, lH, NCH2CHCHH); 2.50 (s, 3H, CH3CN). 

13C NMR (CDCh, 8): 129.8, 121.9 (CT!iCHCH2N); 118.9 (CH3CN); 68.3 

(CH2CHCH2N); 3.5 (CH3CN). Anal. Calculated for WCsHsN2Ck C, 14.24%, H, 

1.91 %, N, 6.64%. Found: C, 14.51 %, H, 1.86%, N, 6.43%. 

7.3 Solvent Selection 

For the isopropyl imido system, lb was generated in situ following solvation of 

la in the benzonitrile used as the solvent for the CVD process. In the case of the phenyl 

imido compound, the solid precursor employed was the ether adduct Cl4(OEti)W(NPh) 

(4); however, the limited solubility of this (and other phenyl imido precursors) in 

benzonitrile necessitated the use of a 10: 1 benzonitrile/ether co-solvent mixture. 

Accordingly, compound 4 was converted to the benzonitrile adduct Cl4(PhCN)W(NPh) 

(2b) in situ prior to deposition. Much like the isopropyl imido precursor la, the allyl 

complex 3a is soluble in PhCN allowing this solvent to be used for deposition 

experiments. 
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7.4 Precursor Mass Spectral Pre-Screen 

We have previously shown that mass spectrometry of the tungsten imido 

precursors Cl4(CH3CN)W(NiPr) (la) and Cl4(CH3CN)W(NPh) (2a) affords insights into 

possible fragmentation patterns which arise during the CVD process [Bch03a, Bch03c]. 

Nevertheless, since mass spectrometry is an ionic process, care must be taken in applying 

the fragmentation patterns observed to a thermal process such as CVD [Lew94]. As in 

previous studies, we subjected the allyl imido precursor 3a to both positive ion 

electron-impact (El) and negative ion electron-capture chemical ionization (NCI) 

processes. 

Table 7-1 summarizes the major fragments observed in the EI and NCI spectra of 

precursor 3a. As with the isopropyl and phenyl imido complexes la and 2a, neither 

method detected a molecular ion. Instead the highest mass envelopes in the EI and NCI 

spectra occurred at m/z=346 and 381, corresponding to [ChW(NC3Hs)t and 

[C4W(NC3Hs)r respectively. The [ChW(NC3Hs)t fragment was also the base peak of 

the EI spectrum. A high abundance (95%) peak at m/z=41 corresponds to both the 

acetonitrile fragment [CH3CNt and the allyl fragment [C3H5t from the imido moiety. 

Importantly, the base peak of the NCI spectrum corresponds to the mass envelope 

of the nitride fragment [Cl4 WNr (m/z=340). A small amount of the protonated nitrido 

complex fragment [Ch WNHt was detected in the EI spectrum, but at low relative 

abundance (-12%). As observed with precursors la and 2a, the EI spectrum of the allyl 

imido complex 3a also exhibited fragments corresponding to loss of the imido N. 

Accordingly, mass envelopes at mlz=256 (27% abundance) and 291 (58% abundance) are 

assigned to the fragments [Ch Wt and [Ch Wt respectively. 
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Cleavage of the W-N multiple bond to afford the tungsten chloride fragments 

[Clz wt and [Ch wt seems problematic in regards to CVD of tungsten nitride; however, 

the high-energy nature of EI mass spectrometry most likely accounts for this 

observation. The lack of any molecular ion in either mass spectrum is consistent with 

!ability of the nitrile ligand. More importantly, the observation of the nitride fragments 

[Cb WNH]+ and [Cl4 WN]- indicates that the critical imido N-C bond is broken under the 

ionization conditions. 

Relative to the isopropyl and phenyl imido precursors la and 2a, the allyl 

complex 3a shows some similarities and important differences. In each case, the base 

peak of the EI spectrum corresponds to the loss of CH3CN and one chloride ligand (i.e., 

[CbW(NR)t). The abundance of the protonated nitrido fragment [ChWNH]+ in the EI 

spectrum of the allyl imido complex 3a was only about 12% as compared to the 78% 

relative abundance of the same mass envelope in the spectrum of the isopropyl imido 

precursor la. Strikingly, this fragment is not observed at all in the EI spectrum of the 

phenyl precursor. Additionally, the fragment corresponding to the loss of the nitrile 

ligand (i.e., [Cl4 W(NR)r) was observed in the NCI spectra of all three precursors The 

relative abundance of this fragment is consistent with the relative strength of the N-C 

imido bond for the three precursors. Interestingly, this fragment was the base peak for 

the NCI spectrum of the phenyl precursor 2a, while its relative abundance was lowest for 

3a (5%) and in-between (42%) for la. In contrast, the nitrido fragment [C4WNr was 

the base peak in the NCI spectra of the isopropyl and allyl complexes la and 3a, while 

this mass envelope only accounted for 4% relative abundance in the spectrum of 2a. 
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The greater abundance of the nitrido fragment [Cl4 WN]- in the NCI spectra of la 

and 3a relative to 2a indicates that the N-C bond of the imido ligand is more easily 

broken for the ally! and isopropyl imido precursors than for their phenyl imido analogue. 

This conclusion is supported by the absence of [Ch WNHt in the EI spectrum of 2a and 

its presence in the spectra of la and 3a. These data correlate well with the homolytic 

C-N bond dissociation energies reported for the corresponding amines (C3H5NH2=73 

kcal/mo!, iPrNH2=84 kcal/mo!, and PhNH2=105 kcal/mo!) [Ben76, Luo94]. The smaller 

relative abundance of [Ch WNHt observed for ally! imido complex 3a versus the 

isopropyl imido complex la cannot be easily explained within the context of C-N bond 

strengths. 

Table 7-1. Summary of relative abundances for positive ion EI and negative ion NCI 
mass spectra of tungsten imido complexes Cl4(CH3CN)W(NCH2CH=CH2) 
(3a) 
EI Fragments NCI Fragments m/z Abundancea 

[Cl3W(NC3Hs)]+ 346 100 
[Cl4Wt 326 34 

[ChWNH]+ 306 12 
[ChWt 291 58 
[CliWt 256 27 

[CH3CNt or [C3Hst 41 95 

[Cl4W(NC3Hs)]- 381 5 
[Cl4WNr 340 100 

aRelative abundances were adjusted by summing the observed intensities for the 
predicted peaks of each mass envelope and normalizing the largest sum to 100% 

7.5 Film Structure 

7.5.1 XRD 

The X-ray diffraction (XRD) spectra in Figure 7-1 indicate amorphous and 

polycrystalline film deposition at 450 and 650°C, respectively, from the 3b complex. 

The polycrystalline film has peak locations consistent with polycrystalline~ -WNxCy. 
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Four characteristic peaks are evident, indicating that no preferred crystal 

orientation was present in the films. Primary reflections at 37.18 and 43.33 28 degrees 

are consistent with (111) and (200) ~ -WNxCy growth planes, while additional reflections 

at 62.88 and 74.88 28 degrees indicate (220) and (311) planes, respectively. 

~-WNxCy ~-WNxCy Si (400) 

5000 ~ (111) ;( (200) T= 650 °C Ka 
,_ T= 625 °C Cfl .... ..... 

T= 600 °C = ~ 4000 
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0 
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20 Degrees 
Figure 7-2. Change in XRD pattern with deposition temperature for films grown with 

3b on Si (100) in a H2 atmosphere. 

Figure 7-2 shows the evolution of film crystallinity with deposition temperature. 

For deposition at and below 525°C, the characteristic ~ -WNx peaks are not observed. 

At 550°C, a broad peak appears near 37.63 28 degrees, indicating polycrystalline 

~ -WNxCy (111) growth. As the deposition temperature increases to 575°C, this peak 

sharpens and a broad peak at 44.08 28 degrees appears, indicating ~ -WNxCy (200) 

growth. The peaks sharpen further as the temperature approaches 650°C, indicating 

polycrystalline grain growth. Some of the films displayed two additional peaks at 32.98 
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and 61.63 28 degrees, representing Si (200) Ka and Si (400) KB radiation, respectively. 

Broad peaks emerge at 63.33 and 75.43 28 degrees for growth at 650°C, indicating 

B -WNxCy (220) and (311) growth. Since the formation of polycrystalline films is highly 

undesirable, deposition below 550°C with this precursor is required to grow an 

amorphous film. 

7 .5.2 Lattice Parameter 

The dependence of lattice parameter on deposition temperature in Figure 7-3 was 

determined by XRD using the 28 position of the (111) B-WNxCy diffraction peak, with 

peak position calibrated to the Si (400) diffraction peak. The standard B-WNo.s (111) 

and B-WC0_6 (111) peak positions are 37.735 and 36.977 28 degrees (Figure 7-lc), 

respectively, and correspond to standard lattice parameter values of 4.126 and 4.236 A. 

The position of the (111) reflection peak can vary as a result of a change in composition 

or a change in the film's residual stress. Assuming that compositional variation is 

responsible for the peak shift and, thus, lattice parameter change, trends in the relative 

concentrations of N, C, and Va on the interstitial sublattice can be suggested by coupling 

the peak shift with the compositions measured by AES (Figure 7-5), as discussed in 

Chapter 6. If the (111) peak position is higher than 37.735 28 degrees, corresponding to 

a lattice parameter below 4.126 A, then minimal C, a deficiency of N, and an excess 

number of Va exist in the polycrystals. This is true for deposition with lb at 500°C. A 

peak position between 37.735 and 36.977 28 degrees, which corresponds to a lattice 

parameter between 4.126 and 4.236 A, suggests mixing of N, C, and Va on the interstitial 

sublattice. This is the case for all polycrystalline films deposited from 3b, and for films 

deposited at and above 550°C with lb. As mentioned in Chapter 6, however, B-WNxCy 
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polycrystals may be forming even at the lower temperatures, with C playing a role in the 

lattice parameter increase at lower temperatures. 
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Figure 7-3. Lattice parameters for films grown from lb, 2b and 3b, based on the 
J3-WNxCy (111) diffraction peak. The dashed line at 4.126 A represents the 
standard lattice parameter value for J3-WN0.5, while the dash-dot line at 
4.236 A is that for J3-WC0.6. Error bars indicate uncertainty in lattice 
parameter(± 0.002 A) due to X-ray Ka line broadening. 

Values for lattice parameter in the films from 3b increase with deposition 

temperature. Between 550 and 600°C, the lattice parameter increases from 4.14 to 4.16 

A. While N content decreases from 10 to 8 at.% through this temperature range, C 

content increases from 15 to 34 at.% (Figure 7-5). An increase in lattice parameter 

coupled with constant or decreasing N levels, as occurs for films deposited above 550°C, 

suggests that the amount of C incorporated into the interstitial sublattice is increasing in 

this region, causing expansion of the lattice. Increasing deposition temperature to 625°C 

does not cause a change in lattice parameter, but it increases slightly for deposition at 



341 

650°C to a maximum of 4.17 A. This lattice parameter value coincides with the 

maximum lattice parameter for films deposited from lb, which also occurs at 650°C. 

7.5.3 Polycrystal Grain Size 

Grain size (t) was estimated using the Scherrer equation, as discussed in Chapter 

6. The dominant (111) diffraction peak for the films was used as the reference peak for 

FWHM determination. As depicted in Figure 7-4, grain size for the films from 3b 

increased with deposition temperature, varying from 34 to 48 A over the 550 to 650°C 
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Figure 7-4. Change in average grain size with deposition temperature for 
polycrystalline films grown from lb, 2b and 3b based on the FWHM of the 
~-WNxCy(111) diffraction peak. Error bars reflect uncertainty in FWHM 
measurements. 

temperature range. Below 550°C, the films were X-ray amorphous, hence the maximum 

grain size for these films was below 34 A. The grain size increases most rapidly between 

550 and 575°C, with grain growth slowing above this temperature. As mentioned in 

Chapter 5, increasing deposition temperature causes a competition between increased 

grain growth due to higher surface diffusivity and decreased grain growth due to 
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increasing C concentration on the film surface, which inhibits surface diffusion. 

Interplay between these phenomena cause grain growth in regions with small shifts in 

carbon content and leveling off of grain size in regions with larger shifts in carbon 

content. 

7.6 Film Composition 

Auger results in Figure 7-5 indicate that W, N, C and O were present in the films 

deposited from 3b, while Cl was not detected. The lowest C level, 6 at. %, occurs at the 

lowest deposition temperature, 450°C. Carbon content increases with deposition 

temperature from 6 to 38 at. % between 450 and 600°C. Above 600°C, C content levels 

off near 40 at. %. As in the case for the lb and 2b precursors, the overall trend in C 

content for 3b reflects the increasing tendency of the hydrocarbon groups present in the 

precursor ligands and the solvent to decompose with increasing deposition temperature. 

The N content in films grown at 450°C was 4 at.%, and this rose to a maximum of 

11 at. % for deposition at 500°C. Above 500°C, the N levels decrease, dipping to 2 at. % 

at 650°C. The higher N levels at lower temperature reflect the stability of the W-N 

multiple bond in the precursor molecule, which likely endures at deposition temperatures 

up to 500°C, inhibiting release of N into the gas phase during deposition. The drop in N 

above 500°C may indicate decomposition of the W-N multiple bond in the gas phase 

and/or increased N desorption from the film (to form N2 gas) at higher temperature. 

Again, 0 contamination resulted from post-growth exposure of the film samples 

to air. Incremental AES sputtering showed a steady decrease in O levels with increasing 

depth into the films. The O concentration was highest at 450°C, reaching 16 at. %, and 

decreased slightly to 11 at. % at 525°C. Amorphous films deposited below 550°C had 

low density and high porosity, which allowed substantial amounts of oxygen to penetrate 
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into the film lattice. As the deposition temperature was increased to 550°C, the O content 

dropped sharply to 4 at. %. This was consistent with crystallization of the film in this 
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Figure 7-5. Comparison of W, N, C and O content in the films grown from lb, 2b and 
3b. Data are from AES measurements after 2.0 minutes sputter. 

temperature range. As the film crystallized, its microstructure densified, thereby 

inhibiting post-growth oxygen diffusion into the lattice [Pok91, Jos02]. As deposition 

temperature increased above 550°C, the O concentration dropped further, steadying out 

near 3 at. % at the highest deposition temperatures. This resulted from further film 

densification (by polycrystal grain growth) and increased C levels at higher deposition 
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temperature, which stuffed the grain boundaries and blocked O in-diffusion. Again, 

porosity of amorphous films may be problematic, as defects in the film can degrade the 

barrier's resistance to Cu diffusion. 

7. 7 Film Growth Rate (XSEM) 

Growth rates were estimated by dividing total film thickness (from X-SEM) by 

deposition time. Figure 7-6 depicts X-SEM photos for films grown at the lowest and 

highest growth temperatures, 450 and 650°C, respectively, which have corresponding 

deposition rates of 5 and 10 A/min. An Arrhenius plot using the measured growth rates 

(Figure 7-7) indicates one growth regime, evidenced by a single line without any break 

points. The apparent activation energy (Ea) for deposition with 3b was 0.15 eV, which is 

substantially lower than the typical activation energy range for CVD growth in the kinetic 

regime (0.5 to 1.0 eV) [Raa93]. 

Figure 7-6. Cross-sectional SEM photo depicting thickness of films grown from 3b on 
a Si (100) substrate. a) 450°C. b) 650°C. 

Deposition with 3b at temperatures below 450°C did not result in significant film 

growth. This suggests that while cleavage of the N-C bond in the imido moiety may be 

the rate-determining step for deposition from this family of precursors, another 

gas-phase or surface process dictates the minimum temperature required to initiate 
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deposition. Deposition at 675°C resulted in deposition of black particles on the substrate 

and susceptor surface, indicating that gas-phase nucleation was occurring. For this 

reason, 650°C was deemed to be the upper temperature limit for deposition from this 

precursor. 
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Figure 7-7. Plot of film growth rate on Si (100) vs. inverse temperature for deposition 
from 3b. Error bars indicate uncertainty due to deposition temperature 
variation(+/- 10°C) and thickness measurement from XSEM photos. 

7 .8 Film Electrical Properties 

7.8.1 Film Resistivity 

Film resistivity was calculated with Equation 5-5, as discussed in Chapter 5. 

Sheet resistance measurements were collected using 4-point probe, and film thickness 

measurements were taken from X-SEM images. The variation of film resistivity with 

deposition temperature is shown in Figure 7-8. Deposition at 450°C produced films with 

the lowest resistivity value (287 µQ-cm) despite C and O contamination levels of 6 and 
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16 at.%, respectively. This is slightly higher than the 225 µQ-cm value for a film 

deposited at 475°C with 2b, and lower than the 750 µQ-cm value observed for films 

grown at 450°C from lb. The lower resistivity for films deposited at 450 °C from 3b 

relative to lb was likely due to decreased N content in films from 3b. 
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Figure 7-8. Variation of film resistivity with deposition temperature for films deposited 
with lb, 2b and 3b. 

Film resistivity increases to 1260 µQ-cm for deposition with 3b at 475°C, likely 

due to increases in both N and C levels, which can increase film resistivity. The interplay 

of grain growth, C content and film thickness causes the resistivity to be fairly steady up 

to 600°C. Above this temperature, resistivity increases slightly, which is likely related to 

increased C content at higher temperature. 

7.8.2 Film Sheet Resistance 

To decouple the impact of film thickness from the film's electrical properties, the 

sheet resistance was plotted as a function of deposition temperature (Figure 7-9). The 

sheet resistance results follow a similar trend as the film resistivity. Sheet resistance 
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increases with deposition temperature from 36 Q/0 at 450 °C to 172 Q/0 at 475 °C, and is 

fairly steady to 600°C. Above 600°C, the sheet resistance increases again, reaching a 

maximum value of 274 Q/0 at 650 °C. 
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Figure 7-9. Variation of sheet resistance with deposition temperature for films 
deposited from lb, 2b and 3b. 

7.9 Conclusions on Use of C~(CH3CN)WNCH2CH=CH2 to Deposit WNx 

In terms of their decomposition chemistry, the most significant difference 

between the isopropylimido complex lb, the phenylimido complex 2b, and the allylimido 

complex 3b are the respective dissociation energies of the N-C bond in the imido ligand. 

Using the corresponding primary amines as organic model compounds, the N-C bond of 

complex 3b is expected to be approximately 11 kcal/mo! weaker than the analogous bond 

in lb and 32 kcal/mo! weaker than that in 2b [Ben76]. Since cleavage of this bond is 

necessary for deposition of WNx, one would expect there to be differences in film 



348 

properties and deposition behavior for the three precursors. Table 7-2 summarizes some 

of the main differences in deposition behavior for the three precursors. 

T bl 7 2 C a e - . fD ompansono epos1t1on e av1or or t e ee ecursors Bh. f hThr Pr 

Deposition Deposition 
Approx. Film 

Precursor Temp. Rate 
Crystallization Ea 

Range (QC) (Almin) 
Temperature (eV) 

(QC) 
C4(PhCN)W(NCH2CH=CH2), 

450-650 5-10 550 0.15 
3b 

Cl4(PhCN)W(N1Pr), lb 450-700 10-27 500 0.84 
C4(PhCN)W(NPh), 2b 475-750 2-21 525 1.41 

The Ea for film deposition varied significantly for the three precursors, following 

a trend consistent with the strength of the N-C bond in the imido moiety of the precursor. 

Film deposition from 2b, with the strongest N-C bond, yielded the highest value for Ea 

(1.41 eV), while that from lb yielded an intermediate value (0.84 eV). Deposition from 

3b, which presumably has the weakest N-C bond, yielded the lowest Ea (0.15 eV), which 

is well below the typical activation energy range for CVD growth in the kinetic regime 

(0.5 to 1 eV) [Raa93]. A plot of the Ea values for deposition with the three precursors 

against the N-C imido bond strengths for the analogous amines is linear (Figure 7-10), 

with a goodness of fit (R2) of 0.96. The linear relationship suggests that cleavage of the 

N-C imido bond is the rate-determining step in film growth from the lb, 2b and 3b 

complexes. The strength of the bond in 3b is so low, though, that film growth borders on 

being mass-transfer controlled. While the typical film growth temperature dependence in 

the mass-transfer controlled region is -T1.7-1.s (Chapter 5), the temperature dependence 

for film growth from 3b was slightly higher (-T2·1), indicating that the rate-determining 

step for film growth from 3b has a very weak kinetic barrier. Changing the imido ligand 

from the isopropyl to the ally! complex may lower the N-C imido bond energy to where 
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loss of the imido alkyl is no longer the rate-determining step at the surface. Weakening 

this bond any further would likely eliminate the kinetic barrier posed by this bond, 

causing a shift to mass-transfer controlled growth over the entire deposition temperature 

range. lmido moieties with higher N-C bond energies, such as those in lb and 2b, 

present a substantial kinetic constraint on film growth at lower temperature. 
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Figure 7-10. Variation of apparent film growth activation energy (Ea) with predicted 
N-C imido bond energies for the lb (i-Pr), 2b (NPh) and 3b (Ally!) 
precursors. 

Overall, deposition with 3b resulted in a substantially lower maximum growth 

rate than for deposition with lb or 2b. Deposition rates ranged from 10 to 27 A/min for 

films from lb, while the range was 2 to 21 A/min for films from 2b and 5 to 10 A/min 

for films from 3b. At 450°C, the deposition rate with 3b (5 A/min) was half of the value 

for deposition with lb (10 A/min). 

The shelf life of the 3b precursor was poor relative to lb and 2b, as evidenced by 

a discoloration of the precursor/solvent mixture after sitting in the syringe for more than 1 

to 2 days. This color change was accompanied by a negligible growth rate and/or a shift 
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in film composition away from the general trend. The decrease in deposition rate for 

films from 3b may be due to a lower concentration of precursor available, due to 

decreased stability of the 3b precursor. Alternatively, cleavage of the N-C imido bond 

may occur to a substantial degree in the gas phase for 3b, in contrast to lb and 2b, 

leading to oligomerization or some other gas phase process that consumes the remaining 

W-based moiety. The small kinetic barrier posed by the N-C imido bond in 3b, whose 

deposition behavior borders on being mass-transfer controlled, means that adequate 

energy may be available in the gas phase to cleave this bond prior to the precursor's 

arrival at the deposition surface. 

Film crystallization occurs for growth at 550°C with 3b, compared to 500 and 

525°C for lb and 2b, respectively. This may be due to higher C levels in the films from 

3b relative to those from lb and 2b. Higher C content at a given deposition temperature 

decreases surface diffusivity, thereby suppressing crystallization in the film. The 

maximum deposition temperature for films deposited from 3b was 650 °C, as compared 

to 700 and 750°C for lb and 2b, respectively. For all three precursors, deposition above 

the respective maximum growth temperature resulted in formation of black particles on 

the substrate and susceptor, which subsequently compromised film quality. The 

magnitude of the maximum deposition temperatures for the three precursors reflects the 

stability of the N-C bond in the imido group for each precursor. The precursor 

containing the weakest bond, 3b, has the lowest maximum deposition temperature, while 

the precursor with the strongest bond, 2b, has the highest, with the lb precursor falling in 

between. As mentioned above, the weaker N-C imido bond in 3b did not lead to a 

decrease in the minimum deposition temperature relative to growth with lb. 
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The strength of the N-C imido bond has a strong effect on the amount of N 

incorporated into the film. If the N-C imido bond strength is relatively high, as with 2b, 

the imido-N group stays intact, causing cleavage of the W-N bond, which leaves the 

films deficient in N. If the bond strength is relatively low, as with lb and 3b, the alkyl 

group cleaves from the N more easily, leading to substantial N in the film. The amount 

of N incorporated into films from lb and 3b is similar at all temperatures except the 

lowest one ( 450°C). The value for N content at 450°C is lower for 3b ( 4 at.%) than for 

lb (8 at.%). The reason for this is unclear, as one might expect the weaker N-C bond in 

the allylimido ligand to enhance N incorporation by decreasing the likelihood for the 

entire imido ligand to desorb intact from the reaction surface. If cleavage of the imido 

N-C bond occurs in the gas phase, however, some of the resulting nitrido complexes may 

be consumed in other processes before the W-containing moiety reaches the deposition 

surface. EI mass spectral data indicate 78% and 12% relative abundance for the 

[ChWNHt fragment from la (Chapter 5, Table 5-1) and 3a (Table 7-1), respectively, 

while this fragment did not appear for 2a (Chapter 6, Table 6-1). A lower relative 

abundance for [ChWNHJ+. coupled with higher relative abundances for the [Cl4Wt and 

[Ch Wt fragments and the presence of a [Ch Wt fragment for 3a (Table 7-1), are further 

evidence that loss of imido N is more likely for 3a than for la. This would lead to lower 

N levels in films from 3b relative to lb. These results suggest that an optimal window 

for N-C imido bond energy exists in these precursors, with high and low bond energy 

values detrimentally affecting N content. 

Maximum N content for films from lb and 3b occurred near 500°C, while that for 

2b occurred near 525°C. Throughout the temperature range studied, the N content in 
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films deposited from 2b was significantly lower than those grown from lb and 3b. The 

fact that films from 2b contained lower levels of both N and C than those from lb or 3b 

suggests that the phenylimido moiety is more likely to dissociate intact than the 

isopropylimido or allylimido ones. This is consistent with the higher N-C bond strength 

in the phenylimido group relative to the others. Similar N levels for growth with lb and 

3b at and above 475°C suggest that N derived from PhCN decomposition may supplant 

the precursor as the principal N source for the films deposited above 450°C. While 

deposition from lb in 1,2-DCB rather than PhCN solvent resulted in reduced N levels, N 

was still deposited in those films, indicating that the imido N was retained in the films to 

some degree. Testing the 3b precursor with a N-free solvent, such as 1,2-DCB, would 

be useful to determine if the ally! imido ligand causes a change in precursor-derived N 

content compared to films deposited from lb in 1,2-DCB. 

Carbon levels in the films from 3b were slightly higher than those from lb for 

most deposition temperatures, and significantly higher than those from 2b (Figure 7-5). 

Above 500°C, films from the three precursors typically exhibited a gradual rise in C 

content, with lb and 3b affording a steeper rise in C with increasing growth temperature 

compared to 2b. The fact that films from 2b contained lower levels of both N and C than 

those from lb or 3b suggests that the phenylimido moiety is more likely to dissociate 

intact than the isopropylimido or allylimido ones, consistent with the higher N-C bond 

strength in the phenylimido group. Higher C levels for 3b compared to lb were 

probably caused by the decreased stability of the allylimido ligand relative to the 

isopropylimido one. 
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Oxygen content for films deposited with all three precursors was essentially 

similar. For all three precursors, 0 levels were highest for amorphous films, which were 

deposited at the lower end of the temperature range. AES indicated a decrease in 0 

content with increasing sputter depth into the films; hence, high O levels were attributed 

to post-growth exposure of the films to air. The low density and high porosity of the 

amorphous structures grown at lower temperatures allow more rapid diffusion of O from 

the air into the films and provide a large surface to volume ratio for adsorption. Oxygen 

content drops considerably for films from each of the three precursors above their 

respective crystallization temperatures, due to film densification upon crystallization. In 

addition to crystallization at higher deposition temperature, increased C content in the 

films grown at higher temperature is believed to further inhibit post-growth oxygenation 

of the films by stuffing grain boundaries. 

Lattice parameter shifts were also dependent on the precursor. Figure 7-3 shows 

lattice parameter generally increasing with temperature for films from lb, 2b and 3b. 

Lattice parameter was slightly higher for films deposited with 3b relative to lb, and 

significantly higher than for 2b at deposition temperatures :S 650°C. Higher C content in 

films from lb and 3b compared to 2b is consistent with lower lattice parameter for films 

from 2b, as less C is available to expand the polycrystalline lattice in films from 2b. 

Since N levels are similar for polycrystalline films from lb and 3b, differences in lattice 

parameter are likely caused by differing C content on the interstitial sublattice. Films 

from 3b have slightly higher C content than those from lb, which may explain the 

slightly higher lattice parameter in films from 3b. Interestingly, the lattice parameter for 

films deposited with both lb and 3b is 4.17 A at 650°C. Polycrystalline films deposited 
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by lb and 3b, then, have adequate N, even at high temperatures, to be considered 

primarily ~-WNx into which carbon is incorporated to form ~-WNxCy. The ~-WNxCy 

polycrystals deposited with lb and 3b, although N-deficient at higher temperatures, 

contain sufficient N to prevent a shift from formation of ~-WNxCy toward ~-WCy. This 

is not the case for films from 2b, however, which experience a shift toward ~-WCy for 

deposition at temperatures above 675°C, as discussed in Chapter 6. The difference in 

lattice parameter for films from lb and 3b at 450°C suggests that the imido ligand takes 

part in the deposition of C into the ~-WNxCy polycrystals, potentially by interacting with 

the W atom during deposition. 

Grain growth behavior was similar for the three precursors, with gram size 

increasing from lowest to highest deposition temperature. The smaller grain size for 

films from 2b relative to lb was attributed to the difference in the strengths of imido 

N-C bonds in the precursors, where the weaker bond in lb afforded higher growth rate 

and grain size for a given deposition temperature. While the same bond is presumably 

weakest in 3b, the estimated grain size was surprisingly lower than that for films 

deposited with lb and 2b. The reason for this is unclear, but may be related to 

differences in the decomposition mechanism of 3b relative to lb and 2b, which cause a 

decreased growth rate for films from 3b. 

As mentioned in Chapter 2, recent reports indicate interest in ~-WNxCy as a 

potential barrier material. Although films deposited from 3b had relatively low N content 

(compared to typical WNx films), this precursor may be of interest for ~-WNxCy 

deposition. We have demonstrated the ability of an NH3 co-reactant to dramatically 

increase the N content for films deposited from lb, as discussed in Chapter 5, and a 
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similar approach with 3b may be possible. A similar approach with 2b did not result in 

increased N content in the deposited film, and may be due to the stronger N-C bond in 

the imido group of 2b inhibiting reaction with NH3• If this is the case, the decreased 

energy of the N-C bond in the imido group of 3b relative to lb may make 3b even more 

reactive with NH3 than its lb analogue. 

With the exception of the anomalous results for growth at 500 and 525°C with 2b, 

a comparison of the sheet resistance, which negates the impact of film thickness on 

electrical properties, shows that films from lb, 2b and 3b have similar electrical 

properties when deposited at or below 625°C. The sheet resistances for films from lb 

and 3b are 47 and 36 Q/0, respectively, for deposition at 450°C, rising above these 

values for increasing deposition temperature. The sheet resistance for films from 3b at 

650°C is 274 Q/0 , compared to 139 and 127 Q/0 for films from lb and 2b, respectively. 

The higher value for films from 3b is related both to elevated C content and smaller 

average grain size at 650°C compared to films from the other precursors. Films from lb 

have similar C content ( 43 at.%) to those from 3b ( 40 at.%) at 650°C, but have a larger 

average grain size (60 A) compared to films from 3b (48 A), which tends to lower sheet 

resistance. Films from 2b have a slightly larger grain size (52 A) than those from 3b, and 

also substantially lower C content (13 at.%), both of which tend to decrease sheet 

resistance. 

Comparison of the film growth properties of 3b to those of lb and 2b allowed 

evaluation of the effect of the imido N-C bond dissociation energy on film growth and 

properties. Films deposited from 2b were deficient in N compared to those from lb and 

3b, consistent with a tendency of the stronger imido N- C bond of 2b to result in 
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dissociation of intact NPh fragments during deposition. As mentioned above, an optimal 

window for N-C imido bond energy appears to exist in these precursors. If the energy of 

this bond is too high (as in 2b), the W-N bond cleaves, leaving the films very deficient in 

N. If the bond energy is too low (as in 3b), N-C bond cleavage may occur in the gas 

phase, leading to processes that cause loss of imido N before final reaction at the 

substrate surface. A moderate N-C imido bond energy (as in lb) combines better N 

retention in the films with a substantial growth rate, due to enhanced precursor stability 

(relative to 3b) coupled with greater likelihood of N-C imido bond cleavage (relative to 

2b). 

As discussed in Chapter 6, films from the isopropylimido precursor lb are 

superior to those from the phenylimido precursor 2b for barrier applications because they 

can be deposited at a lower minimum temperature (450°C), contain more N, and have 

lower sheet resistance. Moreover, the isopropylimido precursor lb appears to be superior 

to the allylimido precursor 3b, due to higher growth rate and N content at their mutual 

lowest deposition temperature (450°C). A variety of other precursors, listed in Appendix 

B, have also been tested for MOCVD of WNx. These precursors, however, did not prove 

to be promising. 



CHAPTERS 
COPPER BARRIER TESTS 

8.1 Copper Deposition Results 

Barrier films deposited from the i-Pr complex lb in PhCN solvent at the lowest 

temperature ( 450°C) were used for Cu barrier testing. BCD and sputtering, the details of 

which are discussed in Chapter 4, were used to deposit Cu on the barrier films. Vacuum 

had to be broken after barrier film deposition and prior to Cu deposition, due to the nature 

of our CVD reactor set-up. This vacuum break enables large scale O in-diffusion into 

our barrier films, especially for the highly porous films deposited at low temperature. 

BCD Cu deposited by the bath chemistry detailed in Chapter 4 is reported to enhance the 

removal of surface oxides from the barrier layer, which form due to exposure of the 

barrier films to air [Sha0l] . While some preliminary BCD Cu results are shown below, 

the properties of these films during the Cu removal process (discussed below) made them 

unusable for barrier integrity analyses. Moreover, due to difficulties with Cu oxidation 

during anneals in sweeping N2 flow, only the sputtered Cu/barrier/Si stack samples which 

had been annealed in-vacuo after Cu sputter deposition were examined in detail. 

8.2 Electrical Measurements 

Sheet resistance of the deposited Cu films was measured by 4-point probe. 

Measurements indicated that as-deposited BCD Cu had a sheet resistance of 0.29 Q/0, 

while as-deposited sputtered Cu had a sheet resistance of 0.54 Q/0 . The difference in 

sheet resistance was likely due to film stress and voids in the sputtered Cu, which can 
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increase resistivity. Sputtered Cu films deposited at room temperature suffer from film 

stress and voids due to the inability of Cu atoms on the film surface to diffuse at low 

temperature. The film resistivity can be lowered by sputtering at elevated substrate 

temperature or by annealing the film stack. As discussed in Section 8.4.2, sheet 

resistance for sputtered Cu films decreased to a value of 0.24 Q/0 after annealing the 

film stack in-vacuo at 500°C. 

8.3 Scotch Tape Tests 

Scotch tape tests were conducted on as-deposited ECD and sputtered Cu/barrier 

stacks. The sputtered Cu had poor adhesion to the barrier layer, and came off completely 

onto the Scotch tape, leaving the barrier intact on the Si (100) substrate. This reflects 

poor adhesion at the sputtered Cu/barrier interface, likely caused by a significant quantity 

of oxide at this interface. The ECD Cu had strong adhesion to the barrier, however, 

which may reflect the ability of the electrochemical bath to reduce/remove the oxide at 

the barrier surface before Cu deposition begins. While the ECD Cu had good adhesion to 

the barrier, the ECD Cu and barrier layers came off onto the Scotch tape together. This 

indicates that the barrier/Si adhesion strength was lower than the ECD Cu/barrier 

adhesion strength. This contrasts with Scotch tape tests indicating good barrier/Si 

adhesion strength (discussed in Chapter 5), and suggests that the electrochemical bath 

deposition process weakens the barrier/Si interface. The weakening of this interface may 

be due to removal of oxygen from the bulk of the barrier film (due to the barrier's 

porosity), rather than just the removal of surface oxides. 

8.4 Barrier Integrity Tests 

After Cu deposition, the samples were annealed at various temperatures for 30 

minutes to determine the maximum temperature at which the barrier could repel Cu from 
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diffusing into the Si substrate. Annealing of the samples was first attempted in a 

Bio-Rad SKZ-1 Seiwa Optical microscope with a built-in bell jar chamber and heater 

assembly. N2 gas was flowed through the chamber during annealing to minimize the 

amount of oxygen in the chamber and to sweep out any Cu present in the vapor above the 

sample. Significant oxidation of the Cu during annealing in the bell jar, however, 

necessitated an in-vacuo anneal of the sputtered Cu/barrier/Si stack samples in the 

sputter chamber after Cu deposition. Unlike sputtered Cu, which is deposited in a 

vacuum chamber, BCD Cu was deposited in ambient air, making an in-situ vacuum 

anneal of the BCD Cu/barrier/Si stacks impossible. Moreover, attempts to etch BCD Cu 

from the stack prior to SIMS depth profiling resulted in dissolution of both the Cu and the 

barrier layers into the etchant solution. For this reason, sample stacks containing BCD 

Cu were not useful for SIMS depth profiling analyses. The barrier integrity study was 

therefore focused on the sputtered Cu/barrier/Si stack samples that were annealed 

in-vacuo, as only Cu dissolved into the etchant from these samples. 

8.4.1 XRD 

XRD was done as a quick first check to determine if massive barrier failure had 

occurred. The presence of CuSix compounds on the XRD spectra would indicate 

large-scale Cu penetration into the Si substrate, meaning that the barrier layer failed to 

prevent diffusion. Figure 8-1 shows XRD spectra for BCD Cu/barrier/Si stacks, while 

Figure 8-2 shows spectra for sputtered Cu/barrier/Si stacks. Note that the Si (400) peak 

in the as-received spectrum of Figure 8-1 is not visible, due to higher BCD Cu film 

thickness relative to the sputtered Cu layer shown in the as-received spectrum in Figure 

8-2. The spectrum for the as- received BCD stack (Figure 8-1) shows three Cu 

orientations deposited by BCD, indicating polycrystalline Cu deposition. 
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Figure 8-1. XRD spectra for ECD Cu, before and after annealing in sweeping N2 flow. 

The most intense peak is for Cu (111) at 43.50 20 degrees, which is the desired phase 

from an electromigration and resistivity standpoint, but other peaks for Cu (200) and 

(220) at 50.65 and 74.50 are also present. The as-received spectrum in Figure 8-2 for 

sputtered Cu indicates only two peaks at 43.50 and 50.70 20 degrees, consistent with the 

Cu (111) and (200) orientations. While the Cu (111) and Cu (200) typically appear 

together in deposited Cu films, maximizing the intensity ratio of Cu (111) to Cu (200) is 

desirable. The intensity ratio in the as-received ECD Cu film is -2.8, while that for the 

as-received sputtered Cu was -2.2 (Figure 8-2), suggesting that ECD is superior to 

sputtering for preferential deposition of Cu (111) on our barrier films. 

The spectra in Figure 8-1 for samples after annealing do not indicate the presence 

of any peaks consistent with CuSix compounds, hence massive ECD Cu in-diffusion into 

the underlying Si after annealing up to 400°C is unlikely. While silicides are not present, 

spectra for the annealed stacks do indicate the presence of several Cu and CuOx peaks. 
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The ECD Cu stack sample annealed at 300°C still shows the Cu (111), (200) and (220) 

peaks, but contains oxide peaks as well. Peaks at 35.75 and 39.25 20 degrees are 

consistent with the (111) and (200) growth planes of CuO, respectively, while peaks at 

36.65, 42.55, 61.60 and 74.30 20 degrees are consistent with the (111), (200), (220) and 

(311) growth planes of Cu20, respectively. The ECD Cu stack sample annealed at 400°C 

does not contain any peaks consistent with pure Cu. This stack still contains the Cu20 

(111) and (220) orientations, but the other Cu20 peaks have disappeared in favor of CuO. 

One new CuO peak appears at 49.10 20 degrees, consistent with the (202) orientation. 

While the annealed ECD Cu spectra contain peaks consistent with Cu, CuO and Cu20, 

the annealed sputtered Cu spectra indicate the presence of only CuO and Cu20 

polycrystals. The sputtered Cu sample annealed at 300°C has one peak at 36.65 20 

degrees, which indicates the Cu20 (111) growth plane. The sputtered Cu sample 

annealed at 400°C has peaks at 35.75 and 39.05 20 degrees, which indicate the CuO 

(111) and (200) growth planes. Several of the ECD and sputtered Cu spectra display 

additional peaks at 32.70 and 61.85 20 degrees, representing reflections from the 

underlying Si consistent with Si (200) Ka and Si (400) K~ radiation, respectively. 

The increase in CuO intensity and concomitant decrease in Cu20 intensity when 

increasing annealing temperature from 300 to 400°C indicates the increased stability of 

CuO relative to Cu20, assuming that adequate O is available to make a 1:1 stoichiometric 

oxide. The presence of Cu peaks on the ECD Cu samples after annealing at 300°C, but 

not on the sputtered Cu samples annealed at the same temperature, was due to increased 

thickness of ECD Cu relative to the sputtered Cu layer. The thicker ECD Cu layer was 

not consumed by oxide formation as quickly as the thinner sputtered Cu layer. 
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Figure 8-2. XRD spectra for sputter deposited Cu, before and after annealing in 
sweeping N2 flow 

ECO and sputtered Cu stack samples were observed using a SKZ-1 microscope 

during annealing in the bell jar assembly. A change in the properties of the Cu layer was 

visually apparent, indicated by an abrupt color shift from shiny, metallic Cu to a dull gray 

CuOx at approximately 100 °C. For the samples annealed at 500 °C, the Cu layer was 

observed to peel away from the barrier at approximately 475 °C. 

Figure 8-3 shows XRD spectra for sputtered Cu/barrier/Si sample stacks before 

and after annealing in-vacuo in the sputter chamber. Sputtered Cu/barrier/Si stacks 

annealed in-vacuo in the sputter chamber did not undergo a color shift during annealing, 

as the sputtered Cu maintained the same shiny luster as that for the as-deposited film, 

even after an in-situ anneal at 500°C. This indicated that the source of O leading to 

oxidation of the top surface of the sputtered and ECD Cu during the bell jar anneals was 

atmospheric O rather than O diffusing from the Cu-barrier interface to the surface of the 

Cu. Annealing in vacuo would appear to be a more conservative test than annealing in 
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the bell jar, because Cu is not consumed by reaction with atmospheric oxygen in this 

case, leaving more Cu available to potentially diffuse into the barrier. None of the 

spectra indicate the presence of any peaks consistent with CuSix compounds, even after 
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Figure 8-3. XRD spectra for as-received and annealed sputtered Cu/barrier/Si stacks, 
with annealing temperatures listed on the right side of the diagram. 
Annealing was performed in vacuo in the sputter chamber. 

annealing at 500°C, hence massive in-diffusion of Cu into the underlying Si after 

annealing in vacuo is unlikely. The spectra do indicate the presence of polycrystalline 

Cu, without any oxide peaks being present. Grain growth occurred for the Cu films after 

annealing in vacuo, as is evident by an increase in intensity and sharpness of the Cu (111) 

peak when comparing spectra for the as-received films to the annealed ones. The 

difference between XRD spectra for films annealed in vacuo and in atmosphere 

highlights the importance of annealing in vacuo to prevent degradation and atmospheric 

oxidation of the Cu layer during annealing. The presence of O in the barrier and/or Cu 

layers can be eliminated by depositing the Cu on the barrier layer without a vacuum 
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break ( discussed further in Chapter 9), followed by subsequent annealing of the stack 

in-vacuo. Eliminating O from the barrier and Cu layers would give the most robust test 

of a barrier's ability to resist Cu diffusion. 

8.4.2 Electrical Measurements 

Four-point probe measurements were attempted on the samples that were 

annealed in the bell jar, but the film surface, which was presumably copper oxide, was 

too resistive to give a sheet resistance measurement. Measurements were obtained for 

sample stacks containing sputtered Cu that were annealed in vacuo, however. The results 

are shown in Figure 8-4. The results indicate that the sheet resistance of the as-deposited 

sputtered Cu film drops after the in vacuo anneal. This is consistent with XRD spectra, 
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Figure 8-4. Variation of Cu sheet resistance with annealing temperature for a sputtered 
Cu/barrier/Si stack annealed in vacuo. As-deposited Cu sample shown with 
annealing temperature of 25°C. 

which indicate grain growth in the Cu film after annealing. Increasing grain size in the 

Cu films tends to decrease the resistance to current flow, which is indicated by the drop 

in sheet resistance for annealed films relative to the as-deposited one. Some variation in 
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sheet resistance for the annealed samples is evident in the plot, but the general trend 

indicates a decrease in sheet resistance with higher annealing temperature. If large-scale 

Cu penetration through the barrier was occurring, one would expect an increase in sheet 

resistance as the Cu moves into the barrier and Si substrate. 

8.4.3 Depth Profiling Analysis 

AES depth profiling was done as a first pass to determine if the barrier prevents 

large-scale Cu diffusion. Figure 8-5 shows a depth profile of a Cu/barrier/stack annealed 

at 300°C in the bell jar assembly. After nearly 40 minutes of sputtering, the Cu signal 

disappears to the noise level. The Si signal rises above the noise level after slightly more 

than 40 minutes of sputtering, suggesting that the barrier prevented Cu from intermixing 

with Si during the 300°C anneal. Significant O contamination is evident in the Cu and 

barrier layers, with the Cu layer's O contamination coming from ambient oxygen during 

the anneal. Since the consumption of Cu by oxide formation could presumably slow the 

advance of Cu through the barrier, samples which were annealed in vacuo need to be 

checked by depth profiling. 

In addition to testing of samples annealed in vacuo, depth profiling by SIMS 

should be done to get a more conservative analysis of the barrier's ability (or lack 

thereof) to prevent Cu diffusion, since the elemental detection limits for SIMS are much 

lower than those for AES. To prevent knock-in effects from ion bombardment during 

SIMS, any Cu on the samples after annealing must be stripped off prior to SIMS depth 

profiling [Wan0lb, Bai90]. A variety of etchant recipes for the removal of Cu deposited 

on WNx barrier layers have been reported in the literature. One report suggested a Cu 

etchant containing H3PO4:HNO3:CH3COOH:H2O with a ratio of 80:5:5:10 [Lee98c], 
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while other reports suggested 10% nitric acid (HN03) [lva99] or "diluted" HN03 in water 

[Vij99]. Due to its simplicity, the 10% HN03 in water formulation was used. 
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Figure 8-5. AES depth profile for sputtered Cu/barrier/Si stack after annealing m 
sweeping N2 at 300°C for 30 minutes 

SIMS depth profiles are required both to test barrier integrity and to determine the 

apparent diffusivity and the apparent activation energy for diffusion in the films. Due to 

the current inoperability of the SIMS system, however, these measurements must be 

deferred to future work. 

8.5 Conclusions Regarding Cu Testing of Deposited Barrier Layers 

ECD Cu had superior adhesion to the barrier layer compared to sputtered Cu, and 

may have been due to reduction of oxides on the barrier surf ace before ECD deposition 

initiated. The as-deposited ECD Cu layer also had lower sheet resistance than 

as-deposited sputtered Cu. Annealing of ECD samples had to be done in the bell jar, as 

the ECD process is done at ambient conditions, making a post Cu deposition in vacuo 
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anneal of ECD Cu impossible. Annealing in the bell jar did not cause any Cu silicide 

peaks to appear on the XRD spectra, but did cause large-scale oxidation of the ECD and 

sputtered Cu samples, making this annealing process impractical if further barrier 

integrity testing with 4-point probe is desired. To prevent oxidation of Cu by ambient 

oxygen during annealing, some sputtered Cu/barrier/Si stacks were annealed in vacuo. 

For the sputtered Cu/barrier/Si sample stacks annealed in vacuo, neither XRD nor 

4-point probe measurements were consistent with large-scale Cu diffusion through the 

barrier to the underlying Si, even after a 30 minute anneal at 500°C. 

Due to the possibility of knock-in effects during SIMS analysis, the Cu layer 

should be etched off of the barrier before a SIMS depth profile is collected. Since the 

ECD Cu and barrier came off together during the etch step, a study of ECD Cu/barrier 

integrity (or lack thereof) by SIMS depth profile analysis was impractical. Future SIMS 

depth profiles are still required, however, and await repairs to the SIMS system. 

Due to the high porosity and high O content in the films deposited from lb at 

450°C, further work to deposit dense, amorphous barrier films is necessary, as O may 

have enhanced the ability of these barrier films to resist Cu diffusion. As discussed 

further in Chapter 9, in situ Cu deposition and annealing capability will eliminate the 

occurrence of barrier oxidation prior to Cu deposition tests, giving a truer test of the 

barrier's integrity. 



CHAPTER9 
RECOMMENDATIONS FOR FUTURE WORK 

In this study, we have shown a correlation between precursor structure and 

deposited film properties, and how modifications to the precursor structure can lead to 

desirable ( or undesirable) shifts in these properties. Overall results for the three 

precursors studied in depth, however, indicate that these precursors, deposited by 

solvent/nebulizer based MOCVD, are unable to deposit clean, dense, low resistivity, 

highly conformal barrier films with excellent barrier integrity at low temperature 

( <400°C). Continued synthesis and testing of novel precursors, which lead to industrially 

applicable diffusion barrier materials, will require significant future research and 

development. Several different avenues of precursor optimization and barrier research 

that should be pursued, and these are discussed in some detail below. 

9.1 Control Film Composition 

Contamination levels in the deposited films must be reduced in order for the 

deposited films to be industrially applicable. Contamination by 0, Cl and free C can 

have detrimental effects on film properties, such as increased film resistivity, poor 

inter-layer adhesion, and corrosion of the metallization layers. In addition, the amount of 

N (and C) in ~-WNx (or ~-WNxCy) must be controlled to ensure good film resistivity 

coupled with excellent resistance to Cu in-diffusion. 

To decrease contaminant levels, the precursor's molecular structure must be 

modified. The precursor structure should continue to exclude oxygen, and its R-groups 
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should resist homogeneous and heterogeneous decomposition at the reaction conditions. 

If the R-groups separate from the W-N fragment and remain intact in the gas phase, the 

amount of free C from the R-groups depositing into the growing film decreases. If these 

R-groups decompose during the reaction, though, the amount of free C deposited into the 

film will be significant. In addition, Cl should be eliminated from the precursor, as the Cl 

ligands can cause significant Cl incorporation into the barrier films, which can corrode 

subsequent metallization layers deposited on the barrier. Other N bearing ligands should 

be used to replace the Cl atoms, if possible, both to eliminate Cl and to boost N levels in 

the film. The addition of N-bearing co-reactants (such as NH3) to the reactor should 

also be pursued with any new precursors, as this showed promise in boosting N levels for 

films deposited with the isopropyl imido (lb) precursor. 

Apart from the precursor's structure, the solvent selection issue should be 

revisited, as benzonitrile has been shown to cause significant amounts of unintentional C 

and N incorporation into the films. Another solvent, which has desirable vapor pressure 

properties coupled with minimal operator exposure concerns, should be selected so as to 

minimize C incorporation. We have discussed the use of mesitylene 

[1,3,5-trimethylbenzene] as a possible solvent, and this should be pursued 

experimental} y. 

If intentional deposition of WNxCy films is desired in the future, the amount and 

location of C in the film must be controlled. A thorough study of C deposition and 

positioning in WNxCy films has yet to be done, however. To deposit C into the film in a 

controlled manner, a study using C2Ri as a co-reactant may be done. This C2Ri 

co-reactant would enable us to independently control the C level in film, so that the 
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effect of varymg C content (at a given deposition temperature) on film structure, 

resistivity, and barrier integrity may be observed. These films should be examined with 

XRD, AES, RBS (if available) and XPS to determine their structure, content and 

elemental bonding states. 

To limit contamination in the films caused by background contaminants during 

the reaction, a load-lock chamber should be added to the reactor. After loading the 

substrate and susceptor into this chamber, the loading door would be closed and vacuum 

would be pulled on the chamber. Then, the gate valve on the reactor would be opened, 

and a magnetically coupled loading arm would be used to move the susceptor into the 

reactor, which would be maintained at vacuum and never exposed to atmosphere (except 

during cleanout). A glove box would be required around the thermocouple port on the 

reactor to prevent any air leaks during vertical adjustment of the thermocouple. By 

maintaining the reactor at vacuum between runs, the background contaminant levels 

(especially 0) in the reactor during deposition will be minimized, thereby improving 

properties of the deposited film. This should minimize or eliminate the interface layer 

between the barrier film and the Si substrate, which was discussed in Chapter 5. 

After deposition, barrier integrity must be tested by deposition of a Cu layer, 

followed by subsequent annealing of the Cu/barrier/substrate stack. While a load-lock 

chamber would minimize contamination of the barrier film during deposition, exposure 

of the barrier layer to atmosphere after deposition can cause undesirable oxidation of the 

surface (and potentially bulk) of the film. To prevent oxidation of the barrier film prior 

to Cu deposition, the vacuum break step should be eliminated. Adding a Cu deposition 

reactor, with a transfer chamber connected in vacuo to the barrier deposition system, 
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should make this possible. After Cu deposition, annealing of the Cu/banier/substrate 

stack could be done in the Cu reactor before exposing the sample to air for ex situ 

characterization. 

9.2 Decrease Deposition Temperature 

The deposition temperature for the MOCVD precursor should be decreased below 

400°C, as discussed in Chapter 1. To enable a lower deposition temperature, 

modifications to the precursor's structure, coupled with the possibility of co-reactant 

addition (especially for ALD), should be examined. The precursor structure should be 

altered to contain halide-free ligands that can dissociate at low temperature ( <400°C). 

NH3 is the obvious choice for a N-containing co-reactant, and is typically used for 

co-reactant CVD and ALD of WNx (and WNxCy) films. Reactivity of NH3 drops 

significantly at lower temperature, hence an alternative low-temperature N source should 

be investigated. Plasma cracking of an NH3 or N2 co-reactant, for example, before they 

are introduced to the reactor, may help to drop deposition temperature. Alternatively, 

other less stable N bearing co-reactants, such as hydrazine (N2~), for example, may also 

be promising as a low-temperature N source, and should be tested with the novel CVD 

and ALD precursors generated by further study. Lab safety concerns have prevented us 

from testing N2~ as a co-reactant with existing precursors, so collaborating with a group 

that has N2~-based CVD (or ALD) capability may be useful. 

9.3 Decrease Barrier Thickness 

The current industry goal is to deposit a stable diffusion barrier layer with a 

thickness of 50 A. Deposition rates and precursor chemistry must be controlled to grow 

thin, conformal films that adequately prevent Cu-substrate intermixing. If a good, 

conformal barrier with 50 A thickness is achieved, this should be valuable for several 
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generations of device feature sizes. The use of ALD should enable deposition of 

ultra-thin barrier films to meet the needs of future device generations. Moreover, 

monolayer by monolayer growth that is characteristic of ALD should enhance barrier 

film density, decreasing the number of voids or pores through which Cu may diffuse. 

This would also enhance the ability of the barrier to resist O in-diffusion, if a vacuum 

break is necessary before Cu deposition. 

To ensure barrier deposition by ALD, precursor modifications will be necessary 

so that film growth is stepwise and self-limiting. We have considered the use of an 

N-chloro tungsten imido precursor Cl4(CH3CN)WNC1 for ALD, but moving toward an 

alkyl ligand based chemistry would be preferable to prevent Cl incorporation. 

9.4 Further Conformality Testing 

Although conformality tests have been performed on 2 µm diameter trench 

features with an AR of 2.75, the conformality of films grown by MOCVD precursors 

should be tested on state-of-the-art device feature sizes (diameter :S 0.10 µm). While 

we do have test wafers with 0.10 µm diameter features in hand, these wafers contain 

low-k dielectric material and shallow doped junctions, which must be processed below 

400°C to prevent damage to these components. The deposition temperature must be 

lowered (by precursor modification, use of ALD, etc.) before these test wafers may be 

used in our reactor. 

9.5 Further Adhesion Tests 

Good adhesion is essential so that gaps between the barrier and substrate (where 

electromigration or diffusion may easily occur) do not form. Scotch tape tests were 

conducted to determine if the barriers adhered better to the Si substrates than to the tape, 
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but this is simply a qualitative test. A nanoindentation or scratch test should be done to 

get a quantitative idea of adhesion strength between the barrier and the substrate layers. 

9.6 Further Barrier Integrity Analyses 

To enhance sensitivity of the barrier integrity tests, SIMS depth profiling of the 

barrier films after annealing with Cu in-vacuo should be performed. Another sensitive 

test involves deposition of the barrier films on pre-formed p-n junctions on Si substrates, 

which may be provided by Dr. Norton's group. After barrier deposition, the Cu would be 

deposited, and the Cu/barrier/p-n junction stack would be annealed to a target 

temperature. After annealing, the Cu and barrier would be stripped, and leakage current 

across the p-n junction should be measured. Cu that has penetrated to the Si will cause a 

significant leakage current, making this a very sensitive electrical technique for detecting 

barrier failure. 

While this technique is very sensitive test of Cu diffusion, it is qualitative in 

nature, where the barrier film's ability to resist Cu in-diffusion is judged on a pass/fail 

basis. Typically, the appearance of Cu in the underlying substrate is interpreted as barrier 

failure. Quantitative measurements of copper flux through the diffusion barrier are 

lacking. By measuring the flux of Cu through a barrier layer and the Cu concentration at 

the barrier-substrate interface, Fick's first law may be solved for the true apparent 

diffusivity of the barrier film. This would enable quantitative comparisons of various 

barrier materials, and allow determination of the impact of chemical and microstructural 

differences on barrier behavior. To measure Cu flux through the barrier, the diffusing Cu 

must be "captured" in a medium that will allow easy composition analysis. In addition to 

easy compositional analysis, the capture medium should readily absorb Cu and be well 

mixed, so that the Cu concentration in this medium can be assumed constant. A solid 
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capture medium presumably would contain concentration gradients, making 

concentration determination at the barrier-substrate interface difficult. Si, for example, 

has very low Cu solubility, with Cu preferentially populating defect sites in the Si lattice. 

This would make measurement of an average Cu concentration in the Si difficult, due to 

the dependence of Cu concentration on defect concentration. 

A new technique to capture copper diffusing through a barrier may be set up, 

wherein a stack of low melting point metal/barrier/Cu would be deposited inside a capped 

"crucible" made of an impermeable material (e.g., Si]N4). A known quantity of low 

melting point metal would be the capture medium. During annealing, the metal should 

liquefy to yield a medium with high Cu diffusivity (-10-5 cm2/s), allowing thorough 

mixing and uniform impurity (i.e., Cu) concentration in the melt. The Cu concentration 

at the barrier-metal interface can therefore be approximated as bulk concentration in the 

metal. After annealing for a set time, the stack would be quenched, and the concentration 

in the capture medium can be checked by a variety of methods, such as Rutherford 

backscattering spectrometry (RBS). With the Cu concentration in a known quantity of 

low melting temperature metal determined, the flux of Cu through the barrier, and the 

true apparent diffusivity, can be calculated. This work would need to address several 

potential issues before implementation, including de-wetting of the Cu from the crucible, 

barrier decomposition or dissolution into the liquid metal, and uniformity of crucible 

heating. 

Quantitative barrier diffusivity studies could be coupled with an in-depth analysis 

of diffusion behavior through the grain boundaries in polycrystalline WNx films. 

Depositing amorphous WNx films with x<0.5 by a clean method (such as sputtering), 
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followed by annealing, typically leads to polycrystal ~-WNx films without Nat the grain 

boundary. Increasing N content above x=0.5 should lead to polycrystalline ~-WN0.5 

films with N at the grain boundaries. Quantitative diffusivity through polycrystalline 

films with and without N at the grain boundaries could be measured using the stack cell 

mentioned above. The change in diffusivity with annealing temperature may then be 

used to determine apparent activation energies for diffusion through grain boundaries 

with and without N. This should give insight into nitrogen's ability to chemically repel 

Cu diffusion at the grain boundaries. 

XPS may also be used to study Cu-N interaction at the grain boundary. XPS can 

be used to differentiate between N in the polycrystals and N at the grain boundary. If 

significant repulsion exists between grain boundary N and Cu, a shift in Nls BE for grain 

boundary N may occur after the barrier is exposed to Cu. Experimental evidence of this 

type indicating N-Cu repulsion would be very useful in making a case for the continued 

use of nitride barriers in future device generations, rather than changing over to elemental 

metal barriers such as Ru. 

9.7 Deposition on Alternate Substrate Materials 

Diffusion barrier layers will need to be deposited on a variety of substrates on the 

IC device. Ideally, one barrier material could be used at all points on the IC where a 

barrier is required. If this material could be deposited on all necessary surfaces by a 

single precursor, this would save considerable process time caused by precursor/material 

changeout. While we have studied deposition from a variety of tungsten imido 

precursors on Si substrates, the ability of these precursors to deposit on other potential IC 

substrate materials should be tested. Several potential materials that should be 
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investigated include Si02 (inter-level and gate dielectric), Si]N4 (etch stop layer), new 

low-K dielectric materials such as SiCOH, HSQ and polyimide, and new high-K 

dielectric materials such as HfSiOxNy, In addition, the ability of these precursors to 

deposit a barrier layer on Cu should be tested, as this should be the future metallization 

material at all levels on the IC device. 

9.8 Testing of Films for X-ray Absorption Mask Applications 

Since WNx films have been reportedly used as X-ray absorption masks for 

lithography applications, our deposited films should be tested to determine their 

applicability for this use. Collabor~tion with a lithographic mask maker, for example, 

may enable this type of testing to be done. 

9.9 Deposition of Alternate Barrier Materials 

Other barrier materials in addition to WNx should be considered for future studies. 

Current industrial interest in ALD of TaN and WNxCy, coupled with minimal precursor 

routes to these materials, makes precursor development for these schemes a potentially 

hot area. 

9.10 System Modifications 

Several modifications to the existing MOCVD system would be useful to improve 

its operation. In addition to the load-lock and in-situ Cu deposition chambers discussed 

above, several more modifications to the MOCVD system should be made to improve 

operation. First, some valves in the system, such as the H2, NH3, and B2Ht; source valves, 

should be automated and interlocked to a central control panel. This would enable 

immediate shutdown of flammable/hazardous process gases in the event of a safety 

incident (e.g., fire) in the lab. Another safety issue to be resolved is replacement of the 

H2 gas alarm in the lab. Since the existing alarm is not functioning, a new one should be 
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purchased and installed to ensure that any H2 leaks from the system are immediately 

evident. 

Apart from the deposition system, one modification to the residual gas analysis 

(RGA) cart in the lab is necessary. The roughing and turbo pumps on the RGA cart are 

unable to adequately pump H2 carrier gas, leading to an overpressure in the RGA sensor 

when H2 is used in the reactor. These pumps should be replaced with higher capacity 

models that can handle the expected H2 flowrate from the capillary sample tube to the 

RGA cart. 

Work 1s currently underway to construct a new ALD system for barrier 

deposition, which will have in-situ Cu deposition capability. The system will contain 

separate barrier and Cu deposition reactors, connected by an in-vacuo transfer chamber 

with associated linear magnetic feedthroughs. The barrier chamber will have ALD 

capability, but can be easily changed over to CVD operation by leaving all reactant gases 

flowing simultaneously, rather than having separate pulses isolated by purge and vacuum 

steps. The Cu reactor will be run in CVD mode, based on existing Cu CVD chemistries, 

but will have the potential for operation in ALD mode, if future research on Cu ALD is 

desired. 
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APPENDIXB 
OTHER PRECURSORS TESTED 

Below is a list of precursors that have been tested to check their performance in 

growing tungsten nitride (WNx) thin films. Dr. McElwee-White's group at the University 

of Florida's Department of Chemistry generated the precursors. The precursors have 

been listed in order of promise, with the first precursor/solvent pair showing us the best 

results thus far. Structures of the precursor molecules have been included, as well as the 

delivery system type (solid source vs. nebulizer) and the experimental temperature range 

for each precursor. In some cases, especially those using solid-source delivery, flux of 

the precursor to the reactor was minimal. In other cases using nebulizer delivery, flux to 

the reactor was adequate, but film deposition was minimal. 
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Table B-1. Other precursors tested for MOCVD of WNx 

Deposition 
Delivery Promising? 

Precursor Structure Temp. Range Notes 
(°C) 

Method (Yes/No) 

9 
C I 'I,, . ~ '' ',c I 575-600 Nebulizer Yes 

Film composition 
.. w··· 

Cl~t"'CI 

similar to that for i-Pr 
precursor 1 b 

N 
Ill 

r 
CH 3 

-t 
c1,,, .. ~ ,,,,c1 Purification during .. w· ·· 700-800 Nebulizer Yes 

c1~f ""c1 
precursor synthesis was 

N 
an issue 

Ill 

f 
CH 3 

fl) 

I 
N 

oo, 111 ,,d 
650-700 

Solid Minimal precursor 
·w·· No 

oc'l"O 
Source transport caused by low 

I I 
vapor pressure 

~ 

fl) 

I 
N 

oc .. 111 .. ,,Cl 
700 

Solid Minimal precursor 
w· Source 

No 

oc.,,,,l "N transport caused by low 

Cl ~C 

vapor pressure 

'cH3 



Table B-1. Continued 

Precursor Structure 

'><_ t )< 
NH2 /N~ N 

CJ -........ I / ~ II / Cl 
w w 

cI,......-1 '--.. /I '---c1 
NH2 "-.,. N / NH2 

x + 'x 

y 
NH 

I >-N=W=N-< 
I 

NH 

A 

417 

Deposition 
Temp. Range 

(QC) 

1000 

850 

700 

800 

500 

Delivery 
Method 

Nebulizer 

Solid 
Source 

Solid 
Source 

Nebulizer 

Nebulizer 

Promising? 
(Yes/No) 

No 

No 

No 

No 

No 

Notes 

Minimal 
deposition 

Minimal 
precursor 

transport caused 
by low vapor 

pressure 

Minimal 
precursor 

transport caused 
by low vapor 

pressure 

Minimal 
deposition 

Minimal 
deposition 
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Table B-1 Continued 

Precursor Structure 
Deposition 

Delivery Promising? 
Temp. Range Notes 

(OC) Method (Yes/No) 

Cl 
"-. Cl Cl 

Ph-N:=W/ "-./ N-Ph 500 Nebulizer No 
Minimal 

I 'c1/ \ 
deposition 

Cl Cl 

'f-.... 
Cl 

N~l~N 
.,)( 

w 500 Nebulizer No 
Minimal 

/I' deposition 

)(' NH2 Cl NH2'>( 

CH 3 

I 
CH 2 

I 
C }I,,, .. m ,,,,cl 550-650 Nebulizer No 

Minimal 

. w··· deposition 

c1~k~c1 
Ill 

f 
CH 3 
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