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The speed and reliability of integrated circuits has been improved significantly by 

replacing the Al/SiO2 based metallization scheme with a Cu/low-k based one.  This study 

focused on chemical vapor deposition (CVD) of ultra-thin WNxCy diffusion barrier films using 

novel tungsten metal organic precursors.  The precursors used for deposition of WNxCy thin film 

were Cl4(RCN)W(NC3H5) (3a, R = CH3; 3b, R = Ph), W(N
i
Pr)Cl3[

i
PrNC(NMe2)N

i
Pr] (4) and 

(CH3CN)Cl4W(NNMe2) (5).  The thin films deposited in a aerosol assisted, vertical CVD reactor 

were evaluated for their material properties and diffusion barrier efficacy.   

Successful thin film deposition of WNxCy by MOCVD utilizing 3a,b, H2 and NH3 was 

achieved in the temperature range of 450 to 750 °C.  The lowest temperature for film growth was 

450 °C.  The WNxCy films consisted of W, N, C and O as determined by AES.  The Cl content of 

the film was below the detection limit of XPS (ca. 1 at. %).  As compared to films deposited with 

3a,b in H2, those deposited with 3a,b, H2 and NH3 had a higher N content.  The higher nitrogen 

content in films deposited with NH3 resulted in higher film resistivity with the lowest measured 

resistivity of 1690 -cm for the film grown at 550 C.  The apparent activation energy for the 

film growth from 3a,b, H2 and NH3 in the kinetically controlled growth regime was 0.34 eV, 
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which is significantly higher than the activation energy of 0.15 eV observed for film growth from 

3a,b in H2.  

Successful WNxCy thin film deposition could be achieved for 4 with coreactant(s) NH3 + 

H2, only NH3, and only H2.  The lowest temperature for which film growth occurred was 300 °C 

with either NH3 + H2 or only NH3 coreactant(s).  Comparison of films deposited with 

coreactant(s) NH3 + H2, only NH3, and only H2 shows that the best films, in terms composition, 

resistivity, and microstructure, are deposited using only NH3 as a coreactant.  The films 

deposited with NH3 at 400 °C had a high N content of 28 at. % and were X-ray amorphous.  The 

films also showed very good conformality in a 0.2 µm wide, 2:1 aspect ratio feature.  Diffusion 

barrier testing showed that films deposited at 400 °C with only NH3 coreactant were able to 

prevent Cu diffusion after annealing at 500 °C for 30 min in vacuum.   

Chemical vapor deposition of WNxCy was achieved using 5 with H2 as a coreactant.  It was 

determined that H2 coreactant is essential for deposition of WNxCy films from 5.  The lowest 

growth temperature for 5 was 300 °C.  Films consisted of W, N, C, and O as determined by AES 

and no Cl impurity was detected by XPS.  The film N content was significantly higher for films 

deposited from 5 as compared to those deposited from 3a,b or 4.  An Amorphous film 

microstructure was observed for deposition below 550 °C.  The apparent activation energy for 

the film growth in the kinetically controlled growth regime was 0.52 eV.  The films showed a 

high resistivity compared to the bulk resistivity of pure W2N and W2C.  Diffusion barrier testing 

showed that films deposited at 350 and 400 °C were able to prevent bulk Cu diffusion after 

annealing at 500 °C in vacuum for 30 min.  

CVD thin film deposition from 3a,b, 4, and 5 highlights the importance of precursor 

selection and deposition parameters (e.g., coreactant selection, deposition temperature) on the 
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film properties and diffusion barrier performance.  Detailed film characterization and preliminary 

diffusion barrier testing revealed that films deposited with 3a,b and NH3 exhibited the most 

promise for diffusion barrier applications.  

To aid the precursor screening process and help understand the mechanism of precursor 

fragmentation prior to the growth studies, quantum mechanical (QM) calculations using density 

functional theory were carried out.  Statistical mechanics along with QM calculations were 

employed to determine the energy barrier of potential reaction pathways which would lead to the 

deposition of WNxCy thin film.  QM calculations for fragmentation of precursor 5 showed that 

the first step of precursor fragmentation was dissociation of the CH3CN ligand, followed by 

removal of the Cl ligands by either sigma-bond metathesis or reductive elimination. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

In the last few decades, electronic devices have become an integral part of our day-to-day 

life.  From personal computers to laptops, cell phones to PDAs, almost all the electronic devices 

contain integrated circuits (ICs).  The exponential growth in functionality of these ICs is the 

result of continued miniaturization of the devices in circuits, leading to an increase in chip 

functionality and decrease in cost. 

Semiconductor devices can be built on various substrates, which include the elemental 

semiconductors silicon and germanium, and compound semiconductors such as GaN and GaAs.  

While compound semiconductors are used for specialized applications such as communication 

ICs, most of the ICs today use silicon as the substrate.  The abundance of silicon ICs is primarily 

because SiO2 can be grown easily on silicon substrate.  SiO2 is also an excellent insulator that 

can easily passivate the silicon surface. 

The manufacturing of ICs can be divided in two phases: front-end-of-line (FEOL) 

processing and back-end-of-line (BEOL) processing.  FEOL is the initial processing on 

semiconductor substrate to build devices such as transistors and resistors.  Major FEOL 

processes include epitaxial silicon film deposition, dopant implantation, diffusion, oxidation and 

deposition, and associated patterning steps.  BEOL processing includes all the steps involved in 

connecting the active components of the circuitry via metal wiring.  BEOL processing includes 

deposition of contacts, insulators, metal lines and vias, dielectric and associated patterning steps.  

The deposition of bonding sites for chip to package connection and wafer dicing are included in 

BEOL processing. 
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The basic structures deposited during FEOL processing of ICs are resistors, capacitors, 

diodes, transistors, fuses, and conductors.
1
  Transistors are the building block of an IC.  They act 

as a switch or an amplifier in an IC.  There are many different types of transistors, the most 

prominent being field effect transistor (FET) and bipolar junction transistor (BJT).  Figure 1-1 

shows a metal gate metal-oxide-semiconductor field effect transistor (MOSFET).  In a MOSFET, 

when a sufficient voltage is applied to the gate metal, current flows between the source and drain 

through the channel region.  By controlling the gate voltage, the transistor can be turned on or 

off.  MOS devices are voltage amplifiers, whereas BJTs are current amplifiers.  MOS transistor 

circuits have the advantage of small area requirement and higher yield in processing.  Unlike 

BJTs, the MOS transistor is normally in “off” mode and hence it is ideal for low power 

application.  Moreover, lower power requirement results in low heat generation in MOS 

transistors.  MOS transistor circuits require fewer processing steps resulting in lower cost per 

transistor.  Because of these advantages, the majority of devices used in ICs today employ 

MOSFETs.  The CMOS (complimentary metal-oxide-semiconductor) FET is formed in both p-

channel and n-channel MOS transistor.  CMOS uses lower power than similar circuits and is 

most popular in low power application. 

Various devices deposited during FEOL processing are connected to each other via a three 

dimensional network of metal lines known as interconnects.  The application of metals in ICs is 

known as metallization.  The metal lines are separated from each other by dielectric materials.  

Figure 1-2 shows a cross-section of a three-level metallization scheme. 

Interconnects can be „local‟ interconnects or „global‟ interconnects.  Local interconnects 

primarily refer to interconnects that connect the gate, source, and drain in MOSFET.  Typical 

local interconnects are doped polysilicon and refractory metal silicide.  Local interconnects can 
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have higher resistivity because the current in them travels for very short distances.  But local 

interconnects need to be able to withstand higher processing temperature.  Global interconnects, 

on the other hand, travel long distances and need to have lower resistivity.  Typical global 

interconnect metals are aluminum and copper. 

1.2  Device Scaling and Moore’s Law 

Moore‟s Law is an empirical observation that the number of components per chip (or chip 

functionality) doubles every 24 months.  The law is attributed to Gordon Moore, co-founder of 

Intel Corporation.  Figure 1-3 shows how the number of transistors per microprocessor has 

roughly doubled every 24 months over the last three decades. 

The scaling of transistors in the earlier years was achieved primarily through the 

improvements in the FEOL processes.  Between 1970 and 1990, the speed of IC was primarily 

determined by the speed of the transistors.  Much of the speed increase achieved in transistors 

was by scaling the transistor dimensions such as oxide film thickness and channel length and 

width.  Scaling of the device resulted in a higher transistors density per chip for a given chip 

area, lower the cost per transistor and increasing speed.  The disadvantage of scaling is the higher 

current density in the transistors.  Figure 1-4 shows how overall device performance varies with 

the scaling of the device.
2
  For earlier generation devices with large feature size, the gate delay 

dictated the overall device performance.  With the shrinking of device dimensions, interconnect 

delay becomes much more important.  In fact, interconnect delay is the dominant factor in 

determining the device speed for sub-100 nm devices.   
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1.3 Interconnects - Challenges 

1.3.1 Delay in Interconnects 

The time delay in an interconnect circuit depends on two factors: resistance of the 

conductor and the capacitance of the dielectric material.  For a MOS circuit, the RC delay is 

defined in terms of the circuit response.
3
 

out out
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V (t)=V (max) 1-exp
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       (1-1) 

The output voltage of the circuit at time t is outV (t) , maximum output voltage is outV (max) , the 

resistance of the metal line is R, and the total capacitance of the circuit is C.  The resistance of 

interconnect line is defined in terms of its length L, width W, thickness tM, and resistivity ρ. 

M

L
R=ρ

Wt
          (1-2) 

The capacitance between silicon substrate and metal line (metal to ground), CM-G, is given by 

Equation 1-3. 
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          (1-3) 

ε and tD are the dielectric constant of the dielectric material and thickness of the dielectric line 

respectively, and ε0 is the permittivity of free space.  The capacitance between two metal lines 

(CM-M) separated by distance D is given by Equation 1-4.
4
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The total capacitance, C, can then be calculated from Equations 1-3 and 1-4. 
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KI is a constant that depends on the fringing field effect.  The RC delay is calculated from 

Equations 1-2 and 1-5. 

2
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Wt t D

  
 
 

        (1-6) 

As the critical device dimension shrinks, CM-M dominates the overall capacitance C (Figure 1-5).
5
  

The RC delay can then be written as Equation 1-7. 

2

I 0K ρL
RC  

WD


          (1-7) 

For local interconnects the shrinking of the transistor leads to a corresponding decrease in 

L, W and D.  Therefore, the actual delay in the local interconnect does not increase with device 

scaling.  However, the chip area increases with each successive technology node.  This leads to 

an increase in the length of global interconnects and a corresponding increase in the RC time 

delay. 

1.3.2 Electromigration in Interconnects 

Electromigration is the phenomenon by which high current density in the interconnect 

lines leads to the movement of the metal atoms in the direction of the electron flow.  Most 

present day microprocessors operate at high temperature (ca. 100 °C).  At high temperature, the 

metal atoms in the interconnect have higher mobility.  When high energy electrons transfer their 

momentum to these mobile metal atoms, there is a movement of metal atoms in the direction of 

electron flow.  This atom movement leads to formation of voids at the cathode and hillocks at the 

anode (Figure 1-6) 

Electromigration, which causes failure of the circuit, is one of the most important concerns 

for interconnect reliability.  As the interconnect dimensions shrink with each successive 

generation, the current density in the interconnects also increases.  The scaling of interconnects 
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requires higher electromigration resistance in interconnect materials.  Electromigration becomes 

a major concern for aluminum-based metallization scheme.  Figure 1-7 shows that the mean time 

to failure for aluminum interconnect sharply decreases if the current density in the interconnect 

exceeds 3 MA/cm
2
. 

1.3.3 Power Consumption in Interconnects 

The power consumption in an interconnect operating at frequency f and voltage V is 

given by Equation 1-8. 

P = CV
2
f            (1-8)  

The shrinking of interconnect dimensions causes an increase in parasitic capacitance, thereby 

increasing the power required to operate the IC.  The power requirement in ICs is increasingly 

becoming an important issue because of the popularity of battery operated mobile devices.  Since 

the improvements in power storage capacity of batteries has not increased as fast as the power 

requirement of ICs, there is an increased focus on developing lower power ICs.  To reduce the 

power requirement of interconnects, it becomes important to decrease the capacitance of the 

inter-metal dielectric. 

1.4 Transition from Al-W-SiO2 to Copper low-k Metallization Scheme 

Until the 1990‟s, aluminum had been the preferred metal for interconnect lines and SiO2 

was the preferred dielectric.  Tungsten was deposited in the vias to connect different levels of 

aluminum lines.  The Al-W-SiO2 based metallization scheme has many advantages.
6
  Aluminum 

can be easily deposited with evaporation or sputtering techniques with film resistivity close to 

the bulk resistivity of 2.7 µΩ-cm.  Aluminum is easy to pattern as it can be readily etched by dry 

or reactive ion etching.  Aluminum also has good adhesion to the SiO2 surface.  Addition of 0.5 

at. % copper to aluminum increases the electromigration resistance of aluminum interconnects.   
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1.4.1 RC Delay in Aluminum Interconnects 

One of the major problems with the Al-W-SiO2 based interconnect scheme is that RC 

delay in these interconnects, which is a significant factor in determining the speed of an IC.  The 

interconnect delay surpassed the transistor delay below 0.25 µm minimum feature size (Figure 1-

4).  To leverage the gains made in transistor speeds and density, a reduction in interconnect delay 

is required.  Increase in signal noise and higher power requirement for narrower global 

interconnect lines necessitated use of new dielectric material with dielectric constant lower than 

that of SiO2 (dielectric constant k = 3.9). 

1.4.2 Electromigration in Aluminum Interconnects 

 Another major problem with the aluminum-based interconnect scheme is reliability.  In 

1960s, it was discovered that electromigration can damage the aluminum lines and compromise 

the interconnect reliability.
7
  Electromigration of aluminum atoms at the Al-W interface results 

in movement of aluminum atoms away from the interface by grain boundary diffusion.  The 

vacancies created by aluminum atoms due to electromigration accumulate to form a void.  If the 

size of the void becomes larger than the diameter of the via, an opening in the circuit is created.  

This phenomenon, which leads to the failure of the interconnect, is referred to as “wear-out” 

mode of failure.  The “wear-out mode” in Al-W-SiO2 metallization scheme results in a decrease 

in lifetime of multilevel metallization by a factor of 50 as compared to single level aluminum 

interconnect.
8
  A short-term solution to electromigration problem in Al-W-SiO2 metallization 

was to use small amount of solute (1 - 4 at. % copper) in aluminum lines.  Ames et al.
9
 found that 

the addition of 4 at. % copper in aluminum strips increased the electromigration resistance by a 

factor of 70 as compared to pure aluminum strips under similar testing conditions of 175 °C 

temperature and 4 MA/cm
2
 current density.  Copper in aluminum forms Al2Cu precipitates along 

the grain boundaries of aluminum crystallites.  While the exact mechanism behind the increase in 
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electromigration resistance of aluminum by addition of copper is not completely understood, it is 

believed that copper may either decrease the concentration of vacancies in grain boundaries or 

increase the activation energy of aluminum diffusion through grain boundaries.   

The use of copper as solute extended the use of aluminum as the preferred material for 

interconnects.  However, with further increase in current density in interconnects, even the 

aluminum doped with copper could not provide sufficient electromigration resistance.  Sakimoto 

et al.
10

 studied the mean time to failure (MTTF) of aluminum (0.5 at. % copper) at 200 °C.  The 

MTTF showed a dramatic decrease at current densities of 3 MA/cm
2
 and higher.  Higher current 

densities in interconnects demand a new interconnect material that has a higher resistance to 

electromigration than aluminum doped with copper.   

1.4.3 Copper Interconnects 

One way to reduce the RC delay in interconnects is to use a material with higher electrical 

conductivity as interconnect.  Table 1 shows the conductivity of the 5 most conductive metals.  

The metal with lowest bulk resistivity is silver.  But silver shows low resistance to 

electromigration.  Gold also has a lower bulk resistivity compared to aluminum, but gold is much 

more expensive and the performance gain in terms of resistivity is minimal.  Copper with bulk 

resistivity close to silver is a much better conductor than aluminum.  Moreover, copper has a 

melting temperature (1083 °C), which is much higher than that of aluminum (660 °C).  Atomic 

diffusion is slower in copper owing to its high melting temperature, and hence is expected to 

have a better electromigration resistance as compared to aluminum.  The semiconductor industry 

has gradually moved towards copper metallization for global interconnects because of lower 

resistivity and superior electromigration resistance of copper.  IBM was the first major chip 

manufacturer to announce successful implementation of copper interconnects in 1997. 
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1.4.4 Low-k Dielectrics 

Another way of reducing the RC time delay is to use dielectric material with a lower 

dielectric constant.  The dielectric constant of a material depends on the polarizability of its 

constituent atoms or molecules; the higher the polarizability, the higher the dielectric constant.  

SiO2 has a dielectric constant of 3.9.  For SiO2 based materials, low dielectric constant film can 

be obtained by replacing the Si-O bonds in the film with Si-C or Si-F bonds, which have a much 

lower polarizability as compared to Si-O bonds.  The C and F atoms are incorporated in the film 

by introducing an organic precursor or a fluorinated silicon precursor source during the plasma 

enhanced chemical vapor deposition (PECVD) of SiO2.   

Another important class of materials that has been investigated for dielectric application 

includes silsesquioxane (SSQ) group based materials.  Since the cubic SSQ cells occupy a much 

larger volume than tetrahedral SiO2, the k-value of SSQ is lower than that of SiO2.  

Silsesquioxane unit cell contains Si-O bonds in a cubic arrangement.  In hydrogen terminated 

SSQ (HSSQ), unit cells are connected to each other via oxygen atoms, whereas the cube corners 

are terminated by hydrogen.  In methyl terminated SSQ (MSSQ), the cubes are connected by –

CH2 group, while cube corners are terminated by –CH3 group. 

Non-polar organic compounds have also been investigated for dielectric application.  

Aliphatic compounds have the lowest k-value but they are thermally unstable at temperature 

higher than 300 °C.
11

  Aromatic compounds and cross-linked polymers have a higher thermal 

stability.  Table 1-2 lists the important polymeric materials that have been studied for their 

potential application as dielectric material in ICs.   

Decreasing the density of polarizable molecules is an effective way of reducing the k-

value, however, it often comes at the expense of mechanical strength.  Density can be decreased 

by introducing micro/meso pores in the dielectric film.  Most materials have some inherent 



 

28 

porosity, though the pore size might be very small.  This inherent porosity is referred to as 

constitutive porosity.  To increase the k-value of dielectric film, intentional doping of thermally 

unstable molecules is used.  Once these unstable molecules are evaporated or decomposed by 

thermal treatment, they leave behind a matrix of void spaces or pores resulting in a decrease in k-

value of the film.  These void causing agents are referred to as porogens and are very effective in 

lowering the k-value of dielectric film.  The porosity that is increased after the growth of the 

film, by agents such as porogen or by selective etching of the film, is referred to as subtractive 

porosity.  For silica based films deposited by PECVD, CHx is used as porogen.  Xerogels and 

aerogels both have ultra low-k values primarily due to their subtractive porosity. 

Presently, many IC manufacturers have successfully integrated PECVD deposited carbon 

doped oxide (CDO or SiOC) into their metallization schemes in 90 nm devices with effective k-

value of 2.7 - 2.9.  While acceptance of copper as the metal of choice for interconnects has been 

ubiquitous, the semiconductor industry has not yet singled out a single dielectric material for 45 

nm devices.  Carbon doped oxides have been preferred over other low-k materials for 65 nm 

devices, however, industry is still evaluating different materials and processes for a suitable low-

k dielectric (< 2.5) at the 45 nm technology node. 

1.5 Challenges to Copper Metallization 

The introduction of new materials has led to new challenges in fabrication of ICs.  These 

challenges are related to the processing of the new material or the integration of new material 

with other components of the IC.  Copper metallization has introduced many processing and 

integration related challenges and this section highlights the most important challenges. 

1.5.1 Diffusion of Copper in Silicon 

In a transistor, interstitial impurities such as Cu, Ni, Fe, and Li can be incorporated during 

various processing steps.  The tolerance level of these impurities in the device depends on the 
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energy level of the impurity in band structure of the device, device dimension, diffusivity, and 

interaction of the impurity with silicon and dopants.  If an impurity has an energy level lying 

deep in the band gap of the semiconductor, such impurities can be detrimental to the device 

performance.  These „deep impurities‟ can act as alternate recombination centers and hence 

decrease diffusion length, increase junction leakage, and decrease minority carrier life time.
3
  

Moreover, the tolerable amount of defects in silicon decreases as the device dimension shrinks.  

Copper is an extremely fast diffuser in silicon.  The diffusion coefficient of copper in 

silicon at 500 °C is 2.0 × 10
-5

 cm
2
/sec.

14
  Furthermore, copper is mobile in silicon even after 

annealing.  Copper can travel significant distances within the silicon wafer even at room 

temperature.  The interaction of copper in silicon depends on the doping of the silicon substrate.  

In n-type silicon, copper primarily forms neutral or negatively charged precipitates.  Since 

interstitial copper is positively charged in silicon
15

, there is either no barrier or electrostatic 

attraction between interstitial copper and copper precipitates.  Hence, in n-type silicon, copper 

readily forms Cu3Si precipitates.  These copper precipitates can act as recombination centers for 

minority carriers and significantly lower minority carrier lifetime.
16

  In p-type silicon, copper 

precipitates are positively charged species.
17

  There is electrostatic repulsion between the 

positively charged copper in precipitates and positively charged interstitial copper, which acts as 

a barrier in nucleation and precipitation of copper in p-type silicon.  The out diffusion of copper 

to the silicon surface is also dependent on the type of doping of silicon.  If the surface of a p-type 

Si wafer is free of native oxide, copper diffuses from the bulk to the surface of the wafer.  Since 

surface segregated copper can easily be etched by a H2O2 and HF mixture, it is inferred that the  

copper does not form Cu3Si precipitates.  For n-type silicon wafer, out diffusion occurs only 

when the wafer is heated to 400 °C. 
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The primary reason why copper is extremely undesirable in silicon is that it forms deep 

levels in the band gap of silicon (Figure 1-8).  If copper exists in the triplet state, it forms three 

acceptor levels in the silicon band gap at 0.24, 0.37 and 0.52 eV.
3
  Once copper has diffused in 

silicon, the high diffusivity of copper in silicon ensures that the detrimental effects of copper 

spreads throughout the device.  Copper is also detrimental if it diffuses into the dielectric film.  

Copper in dielectrics decrease the breakdown voltage of the dielectric and also increases the 

parasitic capacitance, thus negating the benefits achieved from low-k dielectric film.  

To prevent diffusion of copper into dielectric films, researchers have investigated various 

thin films that can act as diffusion barrier between copper and the dielectric.  Industry presently 

employs a TaN/Ta bilayer as diffusion barrier/adhesion promoter.  TaN has good diffusion 

barrier properties and has good adhesion to SiO2.  Ta, on other hand, shows good adhesion to 

copper and TaN films.  Ta also promotes the growth of copper (111) crystals during physical 

vapor deposition (PVD) copper seed deposition.  It is well known that copper (111) has higher 

electromigration resistance as compared to other crystal orientations.  With the scaling of 

interconnects, the barrier film also has to shrink.  This is a major challenge in copper 

metallization because the PVD process currently employed to deposit the barrier film can not be 

extended for future generations of interconnects.  The challenges in barrier deposition are 

discussed in detail in section 1.6.  

1.5.2 Patterning of Copper 

One of the main challenges in initial adoption of copper interconnects in ICs was its 

patterning scheme.  Since copper does not form any volatile by-products at low temperature, 

reactive ion etching (RIE) can not be employed for patterning copper.
18

  This problem was 

addressed by a radical change in patterning scheme for interconnect layers.  For aluminum 

metallization, aluminum is deposited first, followed by patterning via lithography and etching 
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steps.  The SiO2 dielectric was then deposited into the aluminum pattern.  To implement copper 

metallization, the scheme of deposition is reversed.  The dielectric film is deposited first, and 

then the lines and vias for the metals are patterned in the dielectric via lithography and etching 

steps, followed by deposition of copper in the lines and vias.  The film stack is then subjected to 

chemical-mechanical polishing step (CMP) to planarize the copper layer and remove the barrier 

layer on the dielectric surface.  This approach of deposition is often referred to as the „dual-

damascene‟ patterning scheme.  Figure 1-9 shows the basic steps in the dual-damascene 

processing scheme.  It should be noted that since the purpose of the figure is to highlight the 

main steps in dual damascene processing, deposition of other layers such as diffusion barrier, 

dielectric etch-stop layers and capping layers during the dual damascene processing are not 

included in the figure. 

In the dual damascene scheme, either the trench can be formed first followed by the via, or 

the via can be patterned first followed by the trench.  In „trench first approach‟, patterning of the 

via results in „pooling‟ of the photoresist in the trenches.  The „pooling‟ increases the thickness 

of dielectric in the trenches, making it difficult to etch the vias through the thicker dielectric 

layer.  Hence, industry has adopted the „via first approach‟ for patterning the dielectric layer for 

devices with minimum feature size of 0.25 µm or lower. 

The detailed description of steps involved in copper interconnects are as follows:  

 The copper line is coated with the first etch-stop layer (usually SiN or SiCN).  Dielectric film 

(layer 1) is deposited on the etch-stop layer, followed by deposition of the second etch-stop 

layer.  Another dielectric film (layer 2) is deposited on the second etch-stop layer followed 

by the deposition of the third etch-stop layer. 

 Mask is applied to pattern the vias (for „via first approach‟).  Anisotropic etch cuts through 

the top etch-stop and dielectric layers to form the vias.  This process is optimized to stop at 

the etch-stop layer at the bottom of via.  The photoresist is then removed.  

 Mask is applied to pattern the trenches.  Anisotropic etch cuts through the third etch-stop and 

second dielectric layer to form the trenches.  The photoresist deposited at the bottom of the 
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via prevents over etching of the via during the trench etch process. Low energy etching step 

removes the mask from bottom of the via.  The mask layer is then removed. 

 Diffusion barrier and adhesion promoter thin films are deposited by PVD process (TaN/Ta 

bilayer). 

 Copper thin film, which acts as „seed‟ layer for subsequent electrochemical plating process, 

is deposited by PVD.  The trenches and vias are filled with bulk copper by electrochemical 

plating. 

 Excess copper over the barrier film is removed by CMP that stops at the first etch-stop layer. 

As the feature size shrinks further, new processes and/or materials are expected to be 

introduced in the dual damascene patterning scheme.  For instance, the integration of ultra low-k 

dielectric films in the interconnects would require additional steps such as pore sealing to close 

the meso pores in the dielectric film prior to barrier film deposition.
11

 

1.5.3 Dielectric Integration and Reliability 

Presently, industry has successfully integrated CDOs in the interconnect stack.  These 

dielectric films have k-value in the range of.2.7 to 2.9.  But as device dimension shrinks further, 

films with lower k-value will be required to decrease the parasitic capacitance and power 

requirements.  Introduction of highly porous films lowers the dielectric constant of films but it 

comes at the cost of mechanical stability.
19

  Moreover, future interconnects will need processes 

such as CVD or ALD to deposit conformal diffusion barrier films.  Gaseous reactants used in 

CVD or ALD process can easily diffuse through the interconnected pores in the dielectric film, 

thereby increasing the parasitic capacitance of the dielectric film.  An ideal dielectric film should 

have uniformly distributed pores that are not interconnected to one another.  These isolated pores 

prevent the diffusion of precursor molecules used in CVD and ALD process through the 

dielectric film and aid uniform deposition of barrier film.  But as the porosity of dielectric film is 

increased to lower the k-value of dielectric film, these pores become more interconnected to one 

another.  These interconnected pores act as pathways for diffusion of precursor molecules 
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through the dielectric film.  Interconnected pores also make it difficult to deposit uniform barrier 

film that can prevent copper diffusion into the dielectric.  Various processes such as plasma 

exposure have been proposed to plug or block the open pores on the surface of the dielectric 

film. 

Adhesion of the dielectric film to the diffusion barrier is also of concern for new dielectric 

films that are being investigated for future interconnects.  Failure modes such as time-dependent 

dielectric breakdown (TDDB) that were not previously observed for SiO2 based interconnects, 

have become reliability issues for low-k dielectrics because of film adhesion problems.
20

 

In summary, lowering of the k-value comes at the expense of mechanical stability, ease of 

integration with barrier film deposition process, and adhesion and interconnect reliability.  

Extensive research is ongoing to find suitable processes and materials for deposition low-k 

dielectric film and its integration in the dual damascene processing scheme. 

1.5.4 Electromigration 

Numerous studies have shown that copper has better electromigration resistance as 

compared to aluminum.  However, as the dimensions of the interconnect shrink, electromigration 

in copper can result in poor reliability of interconnects.  Moreover, the electromigration 

mechanism in aluminum interconnect is very different from that in copper.  While 

electromigration in aluminum interconnect occurs via the „wear-out‟ mode of failure (vide 

supra), electromigration in copper interconnects is primarily a surface migration mode.  Surface 

migration has lower activation energy as compared to grain boundary diffusion.  Copper 

electromigration occurs via surface diffusion because copper does not adhere well with dielectric 

films such as SiO2.
21

  The top surface of trench is in direct contact with the dielectric and the 

surface diffusion of copper atoms occurs at this interface. 
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One of the approaches that has found success in limiting electromigration in copper is 

alloying of copper metal.  The solute atoms in the copper alloy block the kink sites on the surface 

of the dielectric forming the copper line, thereby hindering the surface diffusion of copper and 

increasing the electromigration resistance.  Solutes such as Sn and Zr have shown significant 

improvements in electromigration resistance when added to copper.
22

  The downside of alloying 

copper is that the RC time delay increases as the resistance of copper alloy is higher than that of 

pure copper metal.  Moreover, current copper bulk deposition in vias and trenches is done via an 

electrochemical plating process.  Addition of solute in copper by the electrochemical plating 

process would require significant modifications to the existing process and further research needs 

to be done in order to adopt this approach. 

Another approach that has found wide acceptance in increasing electromigration resistance 

of copper is the use of cap layer to separate the copper-dielectric interface.  An ideal cap layer 

would have good adhesion to both the copper and dielectric films.  Good adhesion between 

copper and cap layer can significantly reduce electromigration failure in interconnect lines.  

Recent studies have investigated various cap layers such as Ta, Ta/TaN, Pd, SiNx, SiCxNyHz and 

CoWP.
23-26

  The disadvantage of using a cap layer is that it increases the effective k-value of the 

dielectric film as the cap layer reduces the area of dielectric film. 

Industry is believed to introduce copper alloy for improving electromigration resistance of 

copper because this approach is considered fairly low risk.  In the long term, it is believed that 

capping layers can alleviate electromigration in copper interconnects for several generations.
20

  

Moreover, capping layers such as CoWP can be selectively deposited on copper line by 

electroless plating and hence the deposition of capping layer will not require patterning or 

etching steps.  The primary reason why implementation of capping layer is pushed to future 
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generations is because there is skepticism of introducing additional layer to the interconnect 

stack.  Additional layers in interconnect stack introduce new processes, material(s) and 

integration related challenges that need to be addressed. 

1.6 Problem Statement 

1.6.1 Limitations of PVD 

Of all the future challenges to the scaling of copper metallization discussed in the previous 

section, one of the most important challenges is the scaling of the diffusion barrier film.  With 

the shrinking dimensions of interconnect lines, the thickness of diffusion barrier needs to be 

reduced.  In fact, according to the roadmap for future interconnects published by „International 

Technology Roadmap of Semiconductors‟ (ITRS), a consortium of industry and academic 

institutions, the thickness of barrier layer needs to be scaled down from 72 to 37 Å by year 2007 

and to 24 Å by year 2013.
27

  The scaling of barrier film is required for two reasons.  First, as 

copper line and via dimensions shrink, the relative volume that the barrier film occupies in the 

line or via increases resulting in decrease in available area for copper.  This could increase both 

the RC time delay of the interconnect and the current density in the copper lines and vias.  

Secondly, the barrier forms a part of electrical circuit where a via contacts the line.  The thinner 

the barrier, the lower is the resistance to electron transport between via and line.  Extensive 

research is being done to find a suitable process along with new material for deposition of low 

resistivity ultra-thin barrier film with good conformality and adhesion to copper and dielectric 

layers. 

Physical vapor deposition, which is presently employed to deposit diffusion barrier film, is 

believed to be incapable of depositing ultra-thin films with conformal coverage.  The PVD 

process is a „line of sight‟ process and the directional nature of the deposition process results in 

excess deposition at the edges and poor sidewall coverage inside the trenches and vias.  Ionized 
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PVD (I-PVD), a variant of PVD, employs a high density plasma to ionize the metal ions during 

deposition.  These ions are then directed perpendicular to the wafer surface via magnets to obtain 

better sidewall coverage.
28

  While I-PVD has helped in extending the usefulness of PVD for 

deposition of diffusion barrier film, future generations of diffusion barrier films would require 

deposition techniques that have a significantly better step coverage than I-PVD.   

Chemical vapor deposition (CVD) is a technique that employs gaseous reactants to deposit 

thin films.  Films deposited by CVD have much better step coverage than the best variant PVD 

process.  Atomic layer deposition (ALD), a variant of CVD process, also has excellent step 

coverage and precise control over film thickness.  Similar to CVD, ALD employs gaseous 

reactants but the delivery of the reactants is done in a sequential manner.  One ALD cycle 

consists of 4 steps (Figure 1-10).  In the first step, the substrate is exposed to reactant A, which 

adsorbs the first layer on the substrate surface by chemisorption and subsequent layers by 

physisorption.  In the next step, excess reactant A is purged from the reactor and the reactant 

molecules that are physisorbed on the chemisorbed layer are removed from the reactor.  In the 

third step, a co-reactant B is introduced into the reactor.  Co-reactant B reacts with the 

chemisorbed A to form a monolayer thick film.  In the last step, excess B is purged from the 

reactor.  If chemisorption occurs in a self-limiting mode, one ALD cycle should ideally be able 

to deposit a monolayer film.  Atomic layer deposition is believed to be capable of extremely 

uniform film deposition in very high aspect ratio features. 

1.6.2 Drawbacks of TaN Deposition via CVD or ALD 

Another challenge to scaling of the diffusion barrier is the material.  While PVD TaN has 

been very successful so far as a diffusion barrier, future interconnects require films deposited 

with CVD or ALD.  Many investigators have attempted the growth of TaN thin films via CVD 

and ALD.  But the growth of the resistive Ta3N5 phase during attempts to grow TaN by CVD 
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results in an increase in resistivity of the film.
29

  Presently, many new materials are being 

investigated for diffusion barrier application, the details of which are included in the next 

chapter. 

1.6.3 Desired Properties of Diffusion Barrier Film and its Deposition Process 

The following are the main requirements of a diffusion barrier film: 

 Prevent copper diffusion under device operating conditions 

 Good adhesion with copper, dielectric, and etch-stop layers 

 Low resistivity (< 400 µΩ-cm) 

 Good mechanical and thermal stability 

 CMP removal rate of the barrier film similar to that of copper 

 

Together with the material, there are certain process requirements for deposition of the 

diffusion barrier film: 

 Capable of ultra-thin film deposition (few nm thick) 

 Excellent conformality 

 Low deposition temperature (< 500 °C) 

 No pin-holes in the barrier film 

 

Film properties that are considered beneficial for diffusion barrier film include: 

1 Amorphous microstructure: Diffusion through the barrier film primarily occurs via grain 

boundary diffusion.  One of the ways of hindering the diffusion of copper through the 

barrier film is to deposit a single crystal barrier film.  However, thermal requirements and 

lattice mismatch make deposition of a single crystal film impractical.  The next best option 

is to deposit an amorphous barrier film.
30

 

2 Sufficient N content: Transition metal nitrides have been found to have good diffusion 

barrier properties.  The primary reason, it is believed, is the presence of excess N at the 

grain boundaries of the film.  Since N does not form a stable compound with copper, the 

presence of N hinders the diffusion of copper through the grain boundaries.  So, an 

effective diffusion barrier should have sufficient N to “stuff” the grain boundaries to 

prevent copper diffusion. 

3 Low impurities incorporation: Oxygen impurities form oxides that have a high resistivity.  

So, incorporation of O has to be minimal in the diffusion barrier film.  In addition, 

impurities such as Cl and F are also undesirable because they increase the film resistivity 

and adversely affect the adhesion of barrier film with copper. 
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1.7 Hypothesis 

Thin film WNxCy deposited by metal-organic chemical vapor deposition (MOCVD) would 

be capable of meeting the material and process requirements expected from a good diffusion 

barrier film.  WNxCy, a ternary transition metal compound, is expected to be able to be grown 

with an amorphous microstructure because the presence of a third element in the binary 

transition metal nitride matrix disrupts the crystal lattice to favor the growth of amorphous film.  

Carbon in the film is expected to lower the film resistivity of WNxCy because WCx is more 

conductive than WNx. 

An important focus of the present work is deposition of WNxCy thin films using metal 

organic precursors.  Films deposited by single-source metal organic precursors should help to 

lower the deposition temperature.  Low deposition temperature from these films should also aid 

the deposition of amorphous films.  Precursors used for MOCVD should help in preventing 

incorporation of halides in the film.  Previous studies have shown that WNx films have excellent 

diffusion barrier properties.
31,32,33

  It is anticipated that WNxCy films deposited with the metal 

organic precursors used in the present work would also have excellent diffusion barrier 

properties.  The WNxCy films deposited by MOCVD are expected to have good thermal and 

mechanical stability, good adhesion to dielectric and copper films, and a CMP removal rate 

similar to that of copper. 

Since the deposition technique used in the present work is CVD, it is expected that the 

process would yield films with excellent conformality.  As discussed earlier, films deposited by 

CVD have a much better conformality than those deposited by PVD.  Film thickness control of 

CVD is expected to be similar to that of PVD.  The precursors that are successful in CVD 

deposition of WNxCy films can then be used to attempt film growth by ALD to get even better 

conformality and precise thickness control.
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Table 1-1.  Bulk resistivity at room temperature of the five most conductive elemental metals 

Metal Bulk Resistivity (µΩ-cm) 

Silver (Ag) 1.6 

Copper (Cu) 1.7 

Gold (Au) 2.4 

Aluminum (Al) 2.6 

Molybdenum (Mo) 5.2 

 

 

 

 

 

Table 1-2.  Dielectric constant of materials with low-k value 

Material Dielectric 

Constant (k) 

Reference 

Silicon-based 

       SiF 

       Si-C 

 

3.2 – 3.4 

2.7 – 2.8 

 

11 

11 

Silsesquioxane (SSQ) based 

       HSSQ 

       MSSQ 

 

2.8 – 3.0 

2.7 – 2.9 

 

12 

13 

Polymer based 

       Polyimides 

       Parylene-N  

       Parylene-F       

       Teflon (PTFE) 

 

3.0 – 4.0 

2.6 

2.2 

1.9 – 2.1 

 

12 

12 

12 

12 

Highly porous oxides 

       Xerogels/Aerogels 

 

< 2.5  

 

12 
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Figure 1-1.  Cross-sectional view of metal-oxide-semiconductor field effect transistor 

(MOSFET) 

 

 

 

 

 

Figure 1-2.  A cross-sectional view of metallization scheme 
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Figure 1-3.  Scaling of transistors in the last 3 decades for Intel Corporation microprocessors 

(Wikipedia, http://en.wikipedia.org/wiki/Moores_law, May, 2007) 
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Figure 1-4.  The device delay as a function of different device generations.
2
  Adopted from M. T. 

Bohr, “Interconnect scaling - the real limiter to high performance ULSI,” Proceedings 

of IEEE International Electron Devices Meeting, 241 (1995).  ©1995 IEEE. 

Reproduced with permission. 

 

 

Figure 1-5.  Effect of feature size scaling on total capacitance.
5
  Adopted from S. P. Jeng, R. H. 

Havemann, and M. C. Chang, “Process integration and manufacturability issues for 

high performance multilevel interconnect”, Mat. Res. Soc. Symp. Proc. 337, 24 

(1994).  © 1994, Materials Research Society, Pittsburgh, PA.  Reproduced with 

permission. 
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Figure 1-6.  Damaged Al interconnect line showing the formation of hillock and void due to 

electromigration.  Adopted from K. Wetzig and C. M. Schneider, Metal Based Thin 

Films for Electronics, 2nd Edition, 231 (Wiley-VCH, 2006), © Wiley-VCH Verlag 

GmbH & Co. KGaA. Reproduced with permission. 

 

 

Figure 1-7.  Electromigration lifetime for aluminum interconnects at different current densities.
10

  

Adopted from M. Sakimoto, T. Fujii, H. Yamaguchi, and K. Eguchi, “Temperature 

measurement of Al metallization and the study of Black‟s model in high current 

density”, Proceedings of the IEEE Reliability Physics Symposium, Las Vegas, NV, 

333 (1995).  © 1995 IEEE.  Reproduced with permission. 
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Figure 1-8.  Band diagram of copper impurity in silicon.  A) p-type silicon.  B) n-type silicon
13

  

Adopted from A. A. Istratov, C. Flink, and E. R. Weber, “Impact of the unique 

physical properties of copper in silicon on characterization of copper diffusion 

barriers”, Physica Status Solidi B: Basic Research 222, 261 (2000).  © Wiley-VCH 

Verlag GmbH & Co. KGaA. Reproduced with permission. 

 

 

Figure 1-9.  Simplified steps in damascene processing for copper deposition.  A) Single 

damascene copper deposition.  B) Dual-damascene copper deposition.
35

  Adopted 

from D. T. Price, R. J. Gutmann, and S. P. Murarka, “Damascene copper 

interconnects with polymer ILDs”, Thin Solid Films 308–309, 525 (1997).  © 

Elseweir.  Reproduced with permission. 
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Figure 1-10.  Schematic of one ALD cycle forming a monolayer of film 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Diffusion in Thin Films 

To prevent diffusion of copper into silicon by depositing a barrier film between the two 

materials, it is important to understand the fundamental mechanism of diffusion through thin 

films.  When two dissimilar materials are put in contact with one another, atoms from one 

material diffuse into the other and vice versa because of the difference in concentration gradient.  

Fick‟s law (Eq. 2-1 for 1D diffusion) gives a relation between the atomic flux at position x and 

the local concentration gradient of diffusing species. 

dC
J= - D

dx

 
 
            (2-1)  

The atomic concentration is C and atomic flux in direction x is J.  For solids the diffusion 

coefficient, D, is most often expressed by Equation 2-2. 

a-E

RT
0D = D  e 

          (2-2) 

Where, D0 is a constant which is independent of temperature.  It depends on the thermodynamic 

and kinetic properties of interaction between the two materials.  Ea is the activation energy for 

diffusion, R is the universal gas constant, and T is the temperature in K.  The activation energy 

for diffusion depends on the mechanism of diffusion.  Diffusion can occur for example by lattice 

diffusion, surface diffusion, grain boundary diffusion or dislocation diffusion.  There is a 

hierarchy of diffusion rates for these mechanisms of diffusion.  Experimental observations for 

diffusion reveal that the activation energy for diffusion through a material depends on its 

absolute melting temperature (Eq. 2-3). 

a mE  A T
          (2-3) 
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The proportionality constant, A, depends on many factors such as lattice structure and material 

interactions.  The melting temperature (in Kelvin) of the film through which the material is 

diffusing is Tm.  The values of A for surface, grain boundary, dislocation and lattice diffusion are 

13, 17, 25 and 34 J/(gmol.K), respectively and the corresponding values of pre-exponential term 

D0 are 0.014, 0.3, 2.1 and 0.5 cm
2
/sec, respectively.

36
  Since the diffusion of material across 

surfaces is being considered, the surface diffusion can be ignored in the discussion.  It is quite 

evident that the activation energy for diffusion is lower for grain boundary diffusion as compared 

to lattice diffusion.  Since the diffusion coefficient varies exponentially with activation energy, 

the diffusion coefficient for grain boundary diffusion is several orders of magnitude higher than 

that for lattice diffusion. 

Since both lattice and grain boundary diffusion depend on temperature, a cross over occurs 

where the mechanism of diffusion changes from one to the other.  The temperature at which this 

crossover occurs is known as the Tammann temperature.  It is widely believed that the Tammann 

temperature is between one-half or two-thirds of the melting temperature Tm of the solid.
37

  Since 

almost all the potential diffusion barrier films have high melting temperature, grain boundary 

diffusion is the predominant mechanism by which diffusion occurs in these films.  The problem 

becomes severe for thin film diffusion barriers because the grain boundaries in thin films are of 

the order of thickness of the film for polycrystalline films. 

The discussion on various diffusion mechanisms reveals two important properties of a 

good diffusion barrier film: high melting temperature and defect-free microstructure.  A high 

melting temperature material is expected to have a higher activation energy for diffusion.  The 

primary reason why diffusion barrier research has focused on transition metal compounds is 

because of the high melting temperature of transition metals along with their compounds such as 
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nitrides and carbides.  The melting temperature of some transition metals and their compounds 

are listed in Table 2-1. 

A perfect diffusion barrier would have no grain boundaries or micro-structural defects.  A 

defect-free single crystal would be the best diffusion barrier because of the absence of grain 

boundaries.  However, lattice mismatch and thermal budget limitations make the growth of 

single crystal diffusion barriers difficult.
38

  The next best solution is amorphous films as these 

films have no long range order.  Hence, one of the primary structural requirements for diffusion 

barrier is to have amorphous microstructure.  It should be noted that the material has to be 

perfectly amorphous.  Nano-crystalline film, which has grain boundaries of the order of few 

nanometers, is worse than polycrystalline film as it provides a network of pathways through 

which copper could diffuse. 

2.2 Refractory Carbides and Nitrides as Diffusion Barriers  

The majority of research towards finding diffusion barrier materials for copper 

metallization has focused on transition metals and their compounds.  In particular, transition 

metal nitrides and carbides have been extensively researched as diffusion barrier to copper.  To 

understand what makes these refractory carbides and nitrides good candidates for diffusion 

barrier application in copper metallization, a brief survey of the general properties of these 

compounds is presented. 

Transition metal carbides and nitrides can have a significant concentration of vacancies.  

These compounds can have significantly varying C or N content with appreciable vacancy 

concentration.Therefore, these compounds generally deviate from stoichiometric formulations.  

Carbon and nitrogen are interstitially located in the transition metal sublattice.  Two kinds of 

bonding exist in these compounds, metal-to-metal and metal-to-nonmetal (C or N).  The metal-
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to-metal bonding is „metallic‟ whereas the metal-to-nonmetal bonding is covalent.  The metal-to-

oxygen bonding is presumed to be ionic. 

Transition metals and their compounds have many properties that make them good 

candidates for diffusion barrier application.  Carbides and nitrides of transition metals have 

extremely high melting temperatures (2000 - 4000 °C) and are therefore referred to as „refractory 

carbides and nitrides‟.  For instance, TaC has a melting temperature of 3983 °C, which is the 

highest melting temperature of any known material.
39

  Since the activation energy for diffusion 

depends on the melting temperature of the compound (vide supra), refractory carbides and 

nitrides can be expected to be good barriers against copper diffusion. 

Diffusion barrier films should show good mechanical stability because thin films deposited 

by vacuum processes are almost always under stress.
40

  The processes subsequent to deposition 

of barrier films also involve thermal cycling and contribute to the stress levels in the barrier film.  

Poor mechanical strength could cause fracture of the film and lead to diffusion of copper through 

macroscopic gaps in the barrier film.  Refractory carbides and nitrides are also known for their 

excellent mechanical stability.  These compounds, such as TiN and WC, are extremely hard and 

have found application as wear-resistant coatings.  While the exact reason for the extreme 

hardness of these materials is not known, it is believed that the presence of either C or N in 

transition metal stiffens the metal matrix resulting in increased hardness of refractory carbides 

and nitrides as compared to corresponding transition metals.
39

  Refractory nitrides and carbides 

are brittle and they undergo minimal plastic deformation at low temperature (< 800 °C).  

However, these compounds become plastic at higher temperature. 

Another important property of the barrier film is its electrical resistivity.  In dual 

damascene processing, one trench and via feature is separated from the other by the barrier film.  
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The barrier film forms part of the interconnect stack and hence low resistivity of barrier film is 

desired.  Most refractory carbides and nitrides are metallic in nature and have low resistivity.  

Moreover, the resistivity of these compounds shows little temperature dependence.  The 

resistivity of refractory carbide or nitride thin film depends on factors such as porosity, non-

metal to metal ratio and impurity concentration.  Oxygen impurity is always present in refractory 

carbides and nitrides due to the high affinity of these compounds for oxygen.  Oxygen in the 

lattice can scatter electrons and increase the resistivity of the film.  It should be noted that even 

though refractory carbides have low resistivity in general, a large variation in resistivity values 

for the same refractory carbide or nitride is observed because of factors discussed above. 

2.3 Deposition Methods for Diffusion Barrier Films 

Thin films can be prepared by various techniques such as evaporation, PVD, CVD and 

ALD.  Films for diffusion barrier applications have been predominantly deposited by PVD and 

CVD or one of their variants.  The deposition technique is an important consideration for 

diffusion barrier film because many film properties depend strongly on the deposition process.  

Properties such as adhesion, microstructure, impurity concentration, within wafer uniformity, 

and conformality depend on the deposition process.  This section details the advantages and 

limitations of most common deposition techniques for diffusion barrier film deposition.  

Important processing parameters for these deposition techniques and their general implications 

on film properties are also discussed. 

2.3.1 Physical Vapor Deposition 

In general, PVD includes deposition processes such as evaporation, sputtering, pulsed laser 

deposition, and high velocity oxygen fuel.  For diffusion barrier film deposition, the most 

prominent PVD technique used is sputtering.  In sputtering, ions generated by a plasma are 

accelerated towards the target (substrate).  The sputtered target atoms deposit on the substrate 
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resulting in the formation of thin film.  Plasma generation can be done either by radio frequency 

(RF) or direct current (DC).  Radio frequency sputtering is used for a non-conducting target, 

whereas DC sputtering is used for conducting targets.  When a magnetron is used to trap the 

electrons in the plasma closer to the target for low pressure plasma sustainability, the process is 

referred to as magnetron sputtering.  For deposition of a metallic substance, pure metal is used as 

the target.  To deposit alloys such as WNx, a reactive gas (e.g., N2) is used along with an inert 

gas to incorporate nitrogen into the metal.  This process is often referred to as reactive ion 

sputtering. 

Important processing parameters for PVD are deposition pressure, applied voltage, target 

to substrate distance, partial pressure of reactive gas (for reactive ion sputtering), substrate 

temperature, and bias voltage on the substrate.  The most important factor affecting the film 

properties is the energy of sputtered particles at the substrate surface.  Applied voltage, target-to-

substrate distance, chamber pressure and bias voltage on the substrate determine the energy of 

the sputtered particles impacting the surface of the substrate.  Applied voltage determines the 

energy of the sputtered particles ejected from the target surface.  The deposition pressure 

determines the mean free path of the sputtered particles.  The higher the mean free path, the 

higher the kinetic energy of the particles deposited on the substrate.  The target-to-substrate 

distance, chamber pressure, and the bias on the substrate determine how much of the energy of 

the sputtered particle is lost due to collisions prior to reaching the substrate surface.  All these 

factors can influence the film adhesion, porosity, crystallinity, texture, and substrate damage.  

The substrate temperature can also influence the crystallinity and texture of the deposited film.
41

  

The partial pressure of reactive gas used in reactive ion sputtering can influence the 

incorporation of reactant atoms in the deposited films.
42
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The advantages of sputtering are good film adhesion, uniform film deposition, low 

contamination and ease of deposition.  The stoichiometry of alloys deposited by reactive ion 

etching can also be altered easily be changing the partial pressure of reactant gas.  The major 

disadvantage of this technique is that it has poor conformality for ultra-thin barrier film 

deposition.  While I-PVD can extend the use of PVD technique by improving the conformality of 

films deposited by PVD
28,43

, new deposition techniques will be required in the future to deposit 

highly conformal films in high aspect ratio features.  Another disadvantage of PVD is the 

columnar microstructure of films deposited by PVD.  Columnar microstructure provides short 

pathways for copper to diffuse along grain boundaries. 

Although it is well acknowledged that PVD cannot be extended to deposition of ultra thin 

barrier films, researchers have used the technique extensively because PVD is one of the easiest 

techniques to test new materials for diffusion barrier application. Unlike CVD which requires 

suitable precursors for deposition of thin films, PVD only needs a suitable target of good purity 

for deposition.  A review of PVD films is not included in this section because PVD process is not 

capable of depositing ultra thin barrier films for future interconnects.  Moreover, films of a 

particular material deposited by PVD films can have markedly different properties than the same 

material deposited by CVD because of the differences in deposition mechanism. 

2.3.2 Chemical Vapor Deposition 

In CVD, gaseous reactants or precursors are used to deposit thin films onto the substrate.  

For deposition of diffusion barrier film, the different variants of CVD that have been 

predominantly used are plasma enhanced CVD (PECVD), low pressure CVD (LPCVD), metal-

organic CVD (MOCVD), aerosol assisted CVD (AACVD), atomic layer CVD (ALCVD or 

ALD) and plasma assisted ALD (PAALD). 
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The important processing parameters for a CVD reactor are reactor pressure, precursor(s) 

selection and their carrier gas flow rates, substrate temperature, and for PECVD and PAALD,  

power of plasma.  The reactor pressure determines the number of collisions that involve the 

precursor molecules in the gas phase, which is important for determining the rate of homogenous 

gas phase reactions.  The reactor pressure together with carrier gas flow rates and substrate 

temperature determine the flow dynamics inside the reactor.  The thermal energy supplied to the 

substrate aids the precursor decomposition on the substrate surface and is important to 

determining the rate of heterogeneous reactions. 

A characteristic growth curve for thermal CVD is shown in Figure 2-1.  Two distinct 

growth rate regimes are visible in the curve.  At low deposition temperature, there is an 

exponential increase in film growth rate with deposition temperature.  This behavior is observed 

when the rate determining step for the film growth is thermally activated, most commonly by 

surface reaction, hence this growth rate regime is often termed „reaction limited‟ or „kinetically 

controlled‟.  The growth rate in this growth regime, G, is given by Equation 2-4. 

aE

RTG Ae


           (2-4) 

The activation energy for the film growth is Ea, proportionality constant is A, the universal gas 

constant is R and the absolute temperature of deposition is T.  The slope of the plot of ln(G) vs. 

1/T gives the value of Ea. 

At higher deposition temperature, the film growth rate is proportional to T
m

, where m has a 

value of approximately 1.5.  In this growth regime, the rate determining step is the mass transfer 

of the precursor to the substrate surface and hence it is often termed „mass transfer controlled‟ 

growth regime.  This growth regime is sensitive to the reactor pressure and flow dynamics of the 

reactor.  By reducing the reactor pressure, the growth rate increases because the boundary layer 
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thickness decreases with decrease in pressure.  A decrease in boundary layer thickness increases 

the mass transfer of the reactants to the substrate surface and increases the film growth rate. 

A CVD process uses a heated substrate to aid the decomposition of the precursor(s) on the 

substrate.  In PECVD, a plasma is used to aid the decomposition of the precursor(s).  The 

primary advantage of PECVD is that the plasma facilitates the deposition of films at low 

temperature as compared to thermal CVD.  This is particularly important when halides such as 

WF6 or WCl6 are used as precursors because halide precursors usually require very high 

temperature for decomposition.  The disadvantage of PECVD is that plasma gives directionality 

to the atoms, molecules and/or ions and this has an adverse effect on the conformality of 

deposited film.  Another disadvantage of PECVD is that excessive fragmentation of the 

precursor leads to incorporation of impurities such as halides into the film.  Halide impurities are 

undesirable in diffusion barrier films since they can increase the resistivity of the film.  

Moreover, halides present at the interface are known to create adhesion problems between the 

barrier and copper.
44

  Excessive fragmentation can also lead to deposition of undesirable 

compounds.  For instance, PECVD of WNx has W also present in the film.  Precise control of the 

precursor fragmentation due to the plasma is difficult.  The plasma can also result in damage to 

the substrate surface. 

In LPCVD, the deposition of thin films is carrier out at sub-atmospheric pressures.  Low 

pressure increases the mean free path of the precursor(s), which in turn decreases the collision 

rate of precursor molecules and carrier gas in the gas phase prior to reaching the substrate 

surface.  Low pressure also improves the within wafer uniformity of the film.  Most CVD 

processes used in the semiconductor industry are LPCVD processes. 
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In MOCVD, a metal-organic precursor is used for deposition of thin film.  As compared to 

CVD, which uses inorganic precursors, MOCVD has many advantages.  Inorganic precursors 

predominantly use halogen containing precursors such as WCl6, which are corrosive.  Moreover, 

the byproducts of the halogen containing precursors are HCl or HF, which are also very 

corrosive and can etch the underlying substrate.  Films deposited by halogen containing 

precursors have shown pitting because of the etching action of precursor or byproducts (vide 

infra).  In general, halogen containing precursors are hazardous and need special handling.  In 

MOCVD, the precursor is mostly non-corrosive. The metal organic precursor may or may not 

have halide containing ligands.  Most of the by-products of metal-organic precursors that do not 

contain halides are non-corrosive and hence do not cause pitting of the substrate.  Even for 

halogen containing metal-organic precursors, the likelihood of pitting is less because of the 

presence of non-corrosive organic byproducts.  A limitation of MOCVD is that sometimes 

carbon containing ligands can also incorporate into the film.  The C impurity can be either 

beneficial or not depending on application of the thin film.  For diffusion barrier application, 

particularly for WNx, a small amount of C is beneficial because it can increase the 

recrystallization temperature of the film.  But greater amounts of C deposition can lead to 

significant increase in film resistivity and hence is not desirable for diffusion barrier film.  

Overall, MOCVD is a very good technique for diffusion barrier film deposition because of its 

low deposition temperature, non-corrosive precursor, minimal halide contamination, and 

minimal substrate damage. 

AACVD is a variant of CVD where solid precursor is dissolved in a solvent and delivered 

to the reactor by aerosol generation.  The aerosol generation is achieved by a nebulizer and the 

aerosol is transferred to the reactor by carrier gas.  The advantage of using AACVD is that solid 
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precursors with low vapor pressure can be delivered to the CVD reactor.  The disadvantage of 

AACVD is that the solvent could participate in the homogenous or heterogeneous reactions, 

thereby altering the film properties. 

ALD (or ALCVD) is a limiting case of CVD in which the substrate is exposed to the 

precursors in a sequential manner to achieve self-limiting growth (vide supra).  The major 

advantage of the ALD process is the precise thickness control and excellent conformality.  Since 

the growth of film occurs layer by layer, an ALD process can give very good thickness control 

and the conformality is also excellent.  In fact, researchers have shown that even in features with 

200:1 aspect ratio, the ALD process achieves excellent conformality.
45

  Another important 

advantage of ALD is that since the precursors are introduced in the reactor alternately, there is no 

homogenous reaction of precursors. 

The two plots that are characteristic of an ALD process are growth rate versus temperature 

and growth rate versus precursor exposure time (Figures 2-2 and 2-3).  In Figure 2-2, the growth 

rate increases linearly with temperature at lower temperature.  Since the precursor adsorption and 

reaction between precursor and surface are thermally activated processes, the thermal energy 

available for precursor reaction at low deposition temperature is insufficient to achieve complete 

saturation or reaction.
46

  The second growth regime is characterized by film growth rate 

independent of temperature.  This region is often referred to as the „process window‟ of ALD 

because the film growth rate is insensitive to substrate temperature.  The third growth regime is 

characterized by decomposition of the precursor resulting in a „CVD-like‟ growth.  Figure 2-3 

shows how the growth rate of film varies with exposure time.  Initially when complete saturation 

of the surface is not achieved, film growth rate increases with an increase in the exposure time.  

Once complete saturation is achieved, the growth rate is independent of precursor exposure time, 
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unless sufficient time is given for chemical reaction between the chemisorb layer and any gas 

phase species, including impurities. 

2.4 Characterization and Testing of Diffusion Barrier Films 

Diffusion barrier films need to be characterized to understand the factors that affect the 

diffusion barrier performance of the film.  The barrier film also needs to be tested for its ability 

to prevent copper diffusion.  This section summarizes various techniques that have been used for 

diffusion barrier film characterization and testing. 

2.4.1 Diffusion Barrier Film Characterization 

There are a number of properties of the deposited film that are very important.  These 

include microstructure, composition, density, resistivity, thickness, surface roughness, bonding 

between different atoms and adhesion of barrier film to copper and dielectric (low-k or SiO2).  

Various techniques used to analyze these film properties are listed in Table 2-2.  This section 

details the efficacy of each technique in analyzing various film properties without discussing the 

guiding principles of each technique.  Detailed explanation of principles of analysis techniques 

used in the present work are given in the Chapter 3.  

X-ray diffraction (XRD) is the most common technique used to determine the crystallinity 

and microstructure of thin films.  For ultra thin films, grazing incidence XRD (GIXD) is used 

because it has a small depth of resolution.  These techniques can also determine the texture of the 

films.  Electron diffraction is another highly sensitive technique that can determine the 

crystallinity in thin films.  Imaging techniques such as SEM and TEM can provide information 

on grain structure of the films.  High resolution images have been used by many researchers to 

determine whether the films have equiaxed or columnar microstructure. 

Film composition can be determined by Auger electron spectroscopy (AES), X-ray 

photoelectron spectroscopy (XPS), secondary ion mass spectroscopy (SIMS), energy dispersive 
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X-ray spectroscopy (EDS), Rutherford back scattering (RBS) and elastic recoil detection analysis 

(ERDA).  Auger electron spectroscopy and XPS are very effective techniques in determining the 

elements present in the deposited film.  All the elements in the periodic table, except H and He, 

can be detected by using AES and XPS.  However, film composition determination requires the 

calibration to identify the relative sensitivity factors needed for quantification in both AES and 

XPS.  Pure elemental sensitivity factors can be used for quantification to obtain an estimate of 

film composition but elemental sensitivity factors do not account for the matrix effect.  Both 

techniques have a detection limit of approx. 1 at. %.  Both AES and XPS are surface sensitive 

techniques with sampling depth of few tens of nanometers.  Both these techniques have been 

widely used for film composition determination and depth profiling of diffusion barrier films.  

Secondary ion mass spectroscopy can be used for determination of film content, but this 

technique is not used for determination of film composition.  Its main use is in determination of 

trace impurities in the film.  The technique can detect impurity concentrations of ppm or even 

ppb levels.  The technique can also detect presence of H and He in the film.  Energy dispersive 

spectroscopy is another technique that has been used to determine elements present in the film, 

however it can determine film composition only semi-quantitatively.  This technique can detect 

elements with atomic number greater or equal to 6.  Since EDS has poorer sensitivity to lighter 

elements in a heavy element matrix, this technique is not commonly used for transition metal 

nitrides and carbides.  The sensitivity of this technique is 1 at. %.  Rutherford back scattering 

(RBS) has been widely used for film composition determination of barrier films.  This technique 

has the advantage of not requiring standards for film composition determination.  The detection 

limit of RBS is about 4 at. % and hence this technique is not suitable for trace impurity detection.  

Elastic recoil detection analysis is a complimentary technique to RBS and it can detect lighter 
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elements such as H in heavier element matrix.  This technique has been widely used to determine 

H element composition in deposited films.  This technique has a detection limit of 0.1 at. % and 

a depth of resolution of few tens of nanometers.  

The common techniques used to determine film thickness are cross sectional scanning 

electron microscopy (X-SEM) and transmission electron microscopy (TEM) imaging.  Both 

these techniques provide an accurate measure of film thickness.  Film thickness from 

profilometer measurements requires depositing film on a section of the substrate and profiling 

the step created by the film on the substrate.  The accuracy of this technique depends on the 

resolution of the profilometer, which is usually few tens of angstroms.  Rutherford back 

scattering and XRR can also provide measurement of film thickness, but these techniques are 

indirect techniques.  The accuracy of the measurement by RBS and XRR depends on the 

accuracy of the variables used in simulation. 

Two techniques that have been prominently used to determine film density are RBS and 

XRR.  Both these techniques are indirect techniques for density measurement.  Rutherford back 

scattering uses atomic density and the thickness obtained from either SEM or TEM analysis to 

simulate the value of film density.  Film density can be obtained from XRR by simulating the 

fringes in the spectrum.  Simulation of XRR pattern requires accurate values of film thickness 

and roughness.  Accuracy of both XRR and RBS in determining film density depends on the 

accuracy of parameters used in the simulation. 

The most common technique for determination of diffusion barrier resistivity is four point 

probe.  Four point probe determines the value of sheet resistance and this value when multiplied 

with the film thickness (from SEM or TEM) gives the resistivity of the film.  Bonding between 

elements present in the film can be determined by XPS analysis.  The change in bonding state of 
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an atom results in a shift in the binding energy observed in XPS spectra.  This shift in binding 

energy can be used to determine the atomic bonding of a particular element in the film.  X-ray 

photoelectron spectroscopy is the only technique that can give the bonding information of atoms 

in thin films. 

Surface roughness of the film can be determined by various techniques such as AFM, 

stylus profilometer, scanning tunneling microscopy (STM), optical profilometer, SEM, TEM and 

X-ray reflectivity (XRR).  Of these techniques, AFM and stylus profilometer are contact 

techniques because the probe used for roughness measurement is in contact with the surface.  

Non-contact techniques used for surface roughness measurement include STM, optical 

profilometer, SEM, TEM and XRR.  

Among the contact measurement techniques, AFM provides the best surface resolution of a 

fraction of an Ångstrom.  Atomic force microscopy can give 3-dimensional images of the 

scanned surface and provide values of root-mean squared (RMS) surface roughness and average 

grain size.  The probe used in AFM is a cantilever that scans across the surface.  A stylus 

profilometer uses a diamond stylus to scan across a surface and provide 2-dimensional image of 

the surface.  The resolution of a stylus profilometer is few tens of nanometer.  Stylus 

profilometer is commonly used to measure uniformity of film in trenches or vias, whereas AFM 

is commonly used to measure surface roughness of a blanket film.  Since both AFM and stylus 

profilometer are contact measurement techniques, they can damage the surface because of 

scratching by the probe. 

 Non-contact techniques include imaging techniques such as SEM and TEM.  These 

techniques are good for qualitative determination of surface roughness but not suitable to obtain 

RMS roughness.  An optical profilometer uses light scattering to probe the surface roughness.  
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This technique has a good spatial resolution of few nanometers and can provide 3-dimensional 

images as well as RMS roughness of the film.  The disadvantage of this technique is that the 

surface has to be reflective.  Since most of the diffusion barrier films are metallic in nature, this 

technique can be used to measure surface roughness of diffusion barrier films.  X-ray reflectivity 

is an indirect method for surface roughness measurement and it requires accurate values of film 

thickness and density to simulate fringes in the XRR spectra.  X-ray reflectivity is not commonly 

used for surface roughness measurement.  Scanning tunneling microscopy uses a very sharp 

probe which tunnels current through the sample surface to obtain images of the surface with 

atomic scale resolution.  This technique requires very careful sample preparation and the imaging 

area is very small.  Hence this technique is not commonly used to measure surface roughness of 

diffusion barrier films. 

The best method to determine the adhesion strength of a barrier to copper and dielectric is 

the four point bend test.  This test measures the adhesion energies of interfaces in a multilayer 

thin film stack.  Another method that is commonly used to determine the adhesion of barrier film 

qualitatively is the Scotch tape test.  This test uses an adhesive tape that is applied to the thin film 

and the tape is pulled to determine if the thin film adheres to the substrate.  The Scotch tape test 

is primarily used for preliminary evaluation of barrier film adhesion to copper and dielectric. 

2.4.2 Diffusion Barrier Testing 

Various direct and indirect methods are used to test the effectiveness of diffusion barrier 

film in preventing copper diffusion.  There are numerous techniques that can detect copper 

diffusion through the barrier into silicon and the most effective technique to detect trace amount 

of copper in silicon is electrical characterization.  For a MOS test structure, electrical 

characterization techniques that are used to detect trace amount of copper in silicon or SiO2 are 

flat band voltage shift in CV measurement, I-V measurement and triangular voltage sweep 
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(TVS).
47

  For a Schottky contact test structure, the transient ion drift (TID) method can be used 

to detect and quantify the amount of copper that has diffused into silicon through the barrier after 

the film has been subjected to thermal stress or bias temperature stress. 

Ideally, a diffusion barrier test should involve integration of the barrier in actual chip 

followed by electrical characterization to determine the barrier performance.  However, 

preliminary diffusion barrier testing is often done on test structures such as a MOS capacitor to 

check for diffusion of copper through the barrier film.  In a MOS test structure, copper metal 

dots are deposited on barrier/ SiO2/ Si stack.  The test structure is then stressed at high 

temperature (150 – 300 °C) under a bias of few MV/cm.  This accelerated diffusion test is often 

referred to as bias temperature stress (BTS).  Electrical characterization is then done to detect 

any diffusion of copper through the barrier into the oxide and silicon.  In CV measurement, the 

flat band voltage is measured before and after BTS.  If copper has diffused through the barrier 

film, the flat band voltage shifts indicating that the barrier film has failed.  The I-V measurement 

can also be done on a MOS capacitor after BTS.  In an I-V measurement, if the leakage current 

density of the capacitor is higher than 10
-6

 A/cm
2
 for the applied electric field of 1.2 MV/cm, 

then the capacitor is considered a failed capacitor.
48

  A leaked capacitor would mean that copper 

has diffused through the barrier film.  In TVS measurement, a positive voltage is applied to the 

copper electrode and is slowly made negative at a constant rate.  If copper has diffused through 

the barrier, the mobile copper ions are injected back into the oxide from the Si-SiO2 interface.  

This results in a jump in the measured current and copper diffusion through the barrier can be 

detected.  Among the three techniques, i.e. flat band voltage shift in CV measurement, I-V 

measurement and TVS, the TVS technique is the most sensitive in detecting the presence of 

copper in silicon.
48

 



 

63 

In the TID technique, a Schottky barrier test structure is made by depositing barrier film on 

p-type Si.  Copper metal dots are then deposited on the barrier and encapsulated by a protection 

layer.
49

  If the Schottky test structure is quenched after thermal stressing, most of the copper in 

silicon remains as an interstitial for a few hours.
50

  The interstitial copper ions in silicon tend to 

drift out when high electric field is applied.  The resulting change in electric charge distribution 

induces a transient capacitance signal, which can be correlated to the copper ion concentration in 

silicon.  This method has a detection limit of 10
12

 at/cm
3
. 

For preliminary evaluation of diffusion barrier efficacy, researchers have used other 

simpler techniques that do not require fabrication of a device.  In one such test, a Cu/barrier/Si 

(or SiO2) structure is thermally stressed by annealing at temperatures between 200 and 800 °C.  

The higher the temperature at which the barrier shows copper diffusion into silicon, the better is 

the diffusion barrier performance.  The diffusion of copper through the barrier is then detected by 

various techniques such as four point probe, depth profiling (by AES, XPS or SIMS) and XRD.  

Four point probe measurement gives the sheet resistance of the Cu/barrier/Si(SiO2) stack.  When 

copper diffuses through barrier film, there is a sharp increase in sheet resistance.  Depth profiling 

by AES, XPS or SIMS uses Ar
+
 sputtering to sample through the Cu/barrier/Si(SiO2) stack and 

detect if copper has diffused through the barrier into silicon.  The disadvantage of depth profiling 

is that copper can be knocked forward the barrier film during the Ar
+
 sputtering and the resulting 

artifact could give a false positive.  A solution to the „knock-on‟ problem with sputtering is to 

etch the copper layer after thermal stressing and prior to depth profiling.  Since bulk copper has 

been etched, the „knock-on‟ effect due to sputtering can be avoided.  The detection limit for 

copper by depth profiling depends on the technique used for elemental detection.  Secondary ion 

mass spectroscopy provides the best resolution in detecting the presence of copper (detection 
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limit ca. 10
15

 atoms/cm
3
).  Both AES and XPS can detect copper if its concentration in silicon is 

ca. 1 at. %.  Pre- and post anneal XRD measurements can provide information on diffusion of 

copper through the barrier and into the silicon.  Copper forms Cu3Si in silicon at a relatively low 

temperature of 150 °C.  The annealing temperature at which Cu3Si peaks appear in the XRD 

spectra indicates the lowest temperature at which the barrier film has failed.  All these 

techniques, i.e. sheet resistance measurement, XRD, four point probe measurement and depth 

profiling, have poorer resolution in detecting copper in silicon than electrical characterization.  

However, these techniques can be very helpful in preliminary screening of diffusion barrier films 

as these techniques are much simpler than electrical characterization. 

Most of the research on diffusion barriers has been focused on refractory nitrides and 

carbonitrides of Ti, Ta and W (vide supra).  The following sections review the work done on 

refractory nitrides and carbonitride thin films of Ti, Ta and W deposited by CVD and ALD 

techniques with primary focus on the suitability of these films for diffusion barrier application. 

2.5 Titanium Nitride as Diffusion Barrier 

2.5.1 Chemical Vapor Deposition of Titanium Nitride 

Table 2-3 shows the inorganic and metal organic precursors that have been used to deposit 

TiNx thin films by CVD.  TiNx has been deposited using the inorganic precursors TiCl4 and TiI4 

as Ti source and NH3 or N2 plasma as N source.  Thermodynamically, the reaction between TiCl4 

and NH3 is feasible at temperature as low as 300 °C, but appreciable film growth rate is observed 

only at 400 °C by thermal CVD.
51

  Two different processes, LPCVD and APCVD (atmospheric 

pressure chemical vapor deposition) have been used for thermal reaction of TiCl4 and NH3.  Both 

APCVD and LPCVD deposit nearly stoichiometric TiN films with N:Ti ratio close to 1.  

Deposition by APCVD gives more uniform growth but the film contains a large amount of Cl 

impurity.  At 400 °C, the films contain as high as 50±20 at. % Cl impurity.  Increasing the 
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deposition temperature leads to decrease in Cl content and films deposited at 620 °C have Cl 

content of 5 ± 2 at. %.
51

  Film resistivity has a direct correlation with the Cl content of film.  The 

resistivity of film decreases from 6000 µΩ-cm for films grown at 400 °C to 200 µΩ-cm for films 

grown at 620 °C.  When LPCVD is used to deposit TiN films from TiCl4 and NH3, the film 

impurity content and resistivity are better than those deposited by APCVD.  Films deposited by 

LPCVD show 3 - 4 at. % Cl impurity for deposition at 450 °C and high quality films with 

impurity content below the detection limit of AES and RBS are deposited at 650 °C.
52

  However, 

O and H content in the film increases with increasing deposition temperature.  Because of low Cl 

content, films deposited with LPCVD have a lower resistivity.  Resistivity of the film decreases 

from 290 µΩ-cm for films grown at 450 °C to 110 µΩ-cm for films grown at 700 °C.  The XRD 

spectra of films deposited below 600 °C show that TiN films are textured with (200) preferred 

orientation.  However, the films deposited at 700 °C show a preferred orientation of (111).
53

  

Diffusion barrier testing by leakage current testing on p
+
n junction of TiN/TiSi2 bilayer 

deposited with CVD showed that the bilayer was able to prevent copper diffusion after annealing 

at 550 °C for 30 min in N2 environment.
54

  Annealing above 550 °C caused an increase in 

leakage current suggesting that copper had diffused through the barrier film. 

The main challenge for the LPCVD TiN process from TiCl4 and NH3 is the high Cl content 

of film for low temperature deposition.  It is believed that Cl impurities in the film have high 

diffusivity.  If these impurities diffuse to the interface, corrosion and adhesion problems can 

result.  Increasing deposition temperature does reduce Cl content, but higher temperature 

processing is not desirable because of the thermal instability of low-k dielectrics above 450 °C.  

Yokoyama et al.
53

 tried to use high temperature anneal in H2 environment to remove Cl impurity 

from the film.  The process did reduce the Cl content of film from 5.7 at. % to 2.7 at. % after 



 

66 

annealing at 1000 °C for 30 min., but the complete Cl elimination from the film was not 

achieved.  The N:Ti ratio of the film also decreased from 1.02 to 0.97 after the annealing 

process, suggesting that the Cl and N are lost from the film as NH4Cl.  Chlorine remains in the 

film after annealing due to the low volatility of TiNxCly even at 1000 °C.  Besides the Cl 

problem, LPCVD from TiCl4 deposits polycrystalline films that have columnar microstructure.  

As discussed earlier, columnar microstructure provides short diffusion pathways for copper 

diffusion and is highly undesirable.  The process has problems with particulates because NH3 

reacts with TiCl4 to form NH4Cl, a white solid.  TiCl4 also reacts with NH3 at room temperature 

to form TiCl4.2NH3, which is also a solid.
55

  This problem cannot be solved without changing the 

precursor chemistry of deposition. 

To address the Cl impurity concern, two different approaches have been attempted.  One is 

the use of an alternate halide source such as TiI4 and the other is the use of N2 plasma as N 

source.  TiI4 approach is believed to lower the halide content of film because the Ti-I bond is 

weaker than the Ti-Cl bond.  The heat of formation of Ti-I at 298 K is -92 kcal/mol whereas the 

heat of formation of Ti-Cl  is -192 kcal/mol at 298 K.
56

  Moreover, since I is a larger element 

compared to Cl, it would require much higher activation energy as compared to Cl to diffuse out 

of TiNx and into the Si.  TiNx deposition by LPCVD from TiI4 and NH3 shows that the films 

deposited are nearly stoichiometric with N:Ti ratio of 1.06:1 at 430 °C deposition 

temperature.
56,57

  The I and O impurities in films are less than 2 and 1 at. %, respectively.  The 

density of the film is also higher by approx. 10 % as compared to the density of PVD TiNx film.  

The film has resistivity as low as 100 µΩ-cm and the step coverage in a 0.5 µm 3:1 AR feature is 

90%.  The TiI4 process does yield better films as compared to films deposited using TiCl4.  
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However, the films are still polycrystalline and amorphous film growth could not be realized.  

Diffusion barrier testing for copper metallization was not reported for films deposited with TiI4. 

PECVD has been used to deposit TiNx using TiCl4 and H2 + N2 plasma.
58,59

  When RF H2 

+ N2 plasma is used, violet colored films were deposited below 300 °C.
59

  The authors argued 

that the films were probably TiCl3.  A minimum temperature of 300 °C was required to deposit 

TiNx films.  The films deposited at and above 300 °C were TiNx.  The films were slightly Ti-rich 

and the lowest Cl content was 3 at. % at 500 °C deposition temperature.  Increasing the H2 flow 

resulted in an increase in Cl content, whereas an increase in the N2 flow decreased the Cl content 

of the film.  Other properties of the film deposited with plasma assistance were similar to those 

for film deposited by LPCVD process.  While the use of plasma did allow deposition to occur at 

lower deposition temperature, higher temperature close to 500 °C was still needed to deposit 

films with minimal Cl impurity and low resistivity.  So, the plasma process did not show any 

significant advantage over the LPCVD process. 

Tetrakis (dimethylamido) titanium (TDMAT) has been used as a precursor for TiN 

deposition.  When TDMAT is used in an inert atmosphere as a single source precursor, TiNxCy 

films are deposited.
60

  Films can be deposited at temperature as low as 250 °C.
61

  Film deposited 

at 300 °C has 27 at. % Ti, 17 at. % N, 11 at. % O and 35.2 at. % of C.  X-ray photoelectron 

spectroscopy analysis of the film shows that the C in the film exists in both carbidic form 

(bonded to Ti) and amorphous or organic form.
62

  Films are also resistive, with the resistivity 

varying from 1500 to 5000 µΩ-cm.  The films showed an „aging‟ effect as evidenced by the post 

growth increase in resistivity with time due to oxygen and moisture incorporation in the film.  

Diffusion barrier testing of the film shows that the barrier fails after vacuum annealing at 500 °C.  

The poor performance of the barrier films was attributed to the porous nature of the film.
63
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When TDMAT is used with H2 and NH3, films were nearly stoichiometric with N:Ti ratio 

of 1.
64

  Since TDMAT undergoes transamination reaction in solution, NH3 was used as co-

reactant to aid the transamination reaction in gas phase.  The transamination reaction also lowers 

the C incorporation in the films.
65

  The films have a low C content of less than 3 at. % and the O 

content of the film varied between 4 and 9 at. %.  The use of NH3 has a significant effect on the 

lowest deposition temperature for film growth.  Films could be deposited at temperatures as low 

as 30 °C.  The films also showed an „aging‟ effect as the resistivity of the film increased by 20 % 

within 24 hours of exposure to the ambient.  The films were quite conductive and the resistivity 

varied between 400 to 1500 µΩ-cm for as deposited films.  However, the films were 

polycrystalline and showed columnar microstructure.
64

  Moreover, films deposited with NH3 

showed poor step coverage and the films were less conformal at higher deposition temperature.
66

  

The conformality of the film was 30 % at 450 °C deposition temperature.  So, the process with 

NH3 is not suitable for diffusion barrier application. 

Hydrazine (N2H4) has been used as a co-reactant with and without NH3 to deposit TiNx 

thin films using TDMAT.
67

  N2H4 has a higher N:H ratio and lower dissociation temperature 

(140 °C) as compared to NH3.  When N2H4 is used with TDMAT to deposit thin films, the N:Ti 

ratio of film can be modulated by changing the N2H4:TDMAT ratio.  The films contain very high 

O content (ca. 36 at. % at 100 °C deposition temperature).  The films also show the „aging‟ effect 

and the film resistivity more than doubles after 150 min exposure to ambient.  The resistivity of 

the as deposited film is 3000 µΩ-cm for deposition at 200 °C.  The „aging‟ effect is attributed to 

the diffusion and subsequent reaction of oxygen with the unsaturated Ti atoms.  To improve the 

film properties, a mixture of N2H4 and NH3 was used to deposit thin films.  The films deposited 

with N2H4 and NH3 were polycrystalline and nearly stoichiometric TiN with O content below the 
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detection limit of RBS.  The authors argued that while N2H4 was a better reducing agent, NH3 

was a better transamination reagent.  So, the films deposited with N2H4 and NH3 had the best 

film properties.  The resistivity of the film was ca. 1000 µΩ-cm so the use of NH3 with N2H4 

couldn‟t lower the film resistivity.  No diffusion barrier testing on these films has been reported 

so far.  

Plasma has been used both during growth and post-growth to improve the properties of 

film deposited with TDMAT.  When the N2 plasma treatment is used post-growth, films show an 

increase in N:Ti ratio.
68,69

  The C content of the film decreases from 23 at. % to 3 at. % upon 

exposure to N2 plasma.  The films also show a low resistivity of 720 µΩ-cm and no „aging‟ 

effect is observed for plasma exposed films.  The decrease in resistivity due to plasma exposure 

is believed to be because of a decrease in (N+C+O):Ti ratio because N, C and O act as scattering 

centers for electrons.
69

  The plasma treatment is helpful only if done in situ.  Once the films are 

exposed to the ambient, subsequent plasma exposure does not cause a dramatic improvement in 

film properties.  Plasma exposure also increases the film density.  The plasma exposure, 

however, does not have any effect on diffusion barrier performance of the film.  Films that are 

exposed to N2 plasma after deposition fail at the same temperature of 550 °C as the films that are 

not exposed to plasma. 

Tetrakis(ethylmethylamido) titanium (TDEAT) has been used as a Ti precursor to deposit 

TiNx films with and without co-reactant NH3.  When the precursor is used without NH3, a 

minimum temperature of 350 °C is required for thin film deposition.
70

  For films deposited at 

450 °C, the film has a N:Ti ratio of 1.  The films have significant C content (20 at. %) suggesting 

that the films are actually TiNxCy.  The films have a high O contamination of 18 at. % possibly 

because of the post growth diffusion of O in porous TiNxCy films.  The film density has a value 
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of 3.0 g/cc, which is low as compared to the bulk TiN density of 5.4 g/cc.  The film shows an 

„aging effect‟, whereby the film resistivity increases with exposure time to the ambient because 

of the adsorption of O in the film.  The resistivity of film deposited at 420 °C increases from 

1500 µΩ-cm to ca. 8000 µΩ-cm after exposure to air for 24 hr.
68

  To improve the film resistivity, 

in situ N2 plasma exposure was employed.  The plasma process densifies the films and 

incorporates N into the film as evidenced by the increase in N content from 23 to 44 at. % after 

plasma exposure.  The C content of the film also shows a small decrease from 30 to 23 at. % 

after plasma exposure.  The O in the film is decreased to below 3 at. % by plasma exposure 

resulting in a decrease in film resistivity to below 1000 µΩ-cm.  The film does not show an 

„aging effect‟ as the film resistivity increases by only 4 % after air exposure for 24 hr.  Since 

Wang et al.
68

 deposited TiNx for application as a barrier for W in plugs, no copper diffusion 

testing was performed. 

To improve the properties of films deposited with TDEAT, NH3 has been used as a co-

reactant.  With NH3, TDEAT shows an increase in growth rate by a factor of 2 - 3 as compared 

to deposition without NH3.
70

  It is believed that this increase in growth rate is because of 

transamination.  The films are slightly N-rich with N:Ti ratio of 1.2:1 for deposition at 425 °C.  

The C and O contamination in the film is ca. 0.5 at. %.  The films deposited with NH3 have a 

higher density of 4.2 g/cc (at 425°C) as compared to that for films deposited without NH3.  

Increasing deposition temperature, pressure or NH3 flow rate results in a decrease in film density 

and resistivity.  However, increase in TDEAT flow results in a decrease in film density and 

resistivity.
71

  The lowest resistivity of 200 µΩ-cm was observed for deposition at 425 °C.  The 

drawbacks of using NH3 as co-reactant are the poor conformality and particle generation due to 

high precursor reactivity.  Poor conformality is observed with NH3 because NH3 addition 
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increases the growth rate of film and the growth mechanism changes from surface reaction 

limited to mass transfer limited.  A process operated in the mass transfer limited growth regime 

is expected to give poor conformality.
64

  Increase in deposition temperature further increases the 

reactive sticking coefficient and worsens the conformality.
71

  The conformality of film deposited 

with NH3 at 425 °C in a 0.45 µm 3 AR contact hole is only 30 %.  So, the process with NH3 is 

not suitable for deposition of highly conformal diffusion barrier film. 

To improve the property of film deposited with TDEAT, Yun et al.
72

 used N2 and H2 

plasma to deposit thin films via PECVD.  When N2 plasma is used to deposit TiNx, the films 

were C-rich (45 at. %) and the Ti and N content of the film was 25 and 13 at. %, respectively.  

The films had a resistivity of 1500 – 1700 µΩ-cm.  When H2 plasma was used instead of N2 

plasma, the films show low C content (17 at. %), but the film N content was also reduced (6 at. 

%).  The film resistivity was between 1200 and 1500 µΩ-cm.  Overall, the use of plasma with 

TDEAT does not result in deposition of good quality films with low resistivity and favorable 

composition. 

2.5.2 Atomic Layer Deposition of Titanium Nitride 

Table 2-4 shows the precursors that have been employed for deposition of TiNx thin films 

by ALD.  Two main inorganic Ti sources used to deposit TiNx are TiCl4 and TiI4.  Since Ti in 

these precursors is in the +4 oxidation state, reducing agents are needed to reduce Ti to the +3 

oxidation state in TiN.  The reducing agents that have been used are NH3, Zn, 

dimethylhydrazine, tert-butylamine and allylamine. 

The deposition using TiCl4 and NH3 has been attempted between 350 and 500 °C.  The 

growth by ALD mode is nonlinear for first 50 cycles because of the initial nucleation and growth 

on the SiO2 substrate.
72,172

  The temperature process window, which is characteristic of an ALD 

process, is not observed for TiCl4 and NH3 chemistry.  The growth rate per cycle increases with 
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increase in deposition temperature.  Films deposited were polycrystalline and showed dense 

columnar structure.
73,74

  The ratio of Ti:N was ca. 1:1, but the films contained Cl contamination.  

Similar to CVD deposition, ALD showed a decrease in Cl contamination with an increase in 

deposition temperature.
75

  The resistivity of film decreased from 250 to 50 µΩ-cm as the 

deposition temperature was increased from 350 to 500 °C.  There is a direct correlation between 

Cl contamination in the film and the resistivity of the film.  Increase in the Cl contamination 

increases film resistivity.
75

  At least 100 nm thick barrier film was required for complete surface 

coverage of TiNx on SiO2 as determined by low energy ion scattering spectroscopy (LEISS).  

The adhesion of TiN film with copper and SiO2 was excellent.  The adhesion energy values for 

TiN on SiO2 and copper were 60 and 25 J/m
2
, respectively as determined by the four point bend 

test.
76

  In BTS testing of 5 nm thick TiN film, the barrier film did not fail after stressing at 2 

MV/cm at 200 °C for various times. 

There are 3 critical drawbacks of TiNx films deposited with TiCl4 and NH3.  First, the films 

are polycrystalline and have columnar microstructure.  As discussed earlier, polycrystalline films 

can act as fast diffusion pathways for copper and hence are undesirable.  The films also had 

columnar microstructure, which provides shorter pathways for copper diffusion.  Second, the 

deposition temperature to obtain good quality TiNx films with minimal Cl contamination is close 

to 500 °C, which is relatively high since the low-k dielectrics are thermally unstable at this 

temperature.  Higher deposition temperature for TiCl4 is needed because the Ti-Cl bond is very 

strong (bond energy of 429 kJ/mol).  Moreover, higher temperature is also needed because at low 

temperature, NH3 reacts with Cl adsorbed on surface to form NH4Cl and temperature above 370 

°C is required to sublime NH4Cl.
74

  Third, HCl formed as a byproduct of the reaction can 
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severely etch the substrate and cause pitting.  Severe copper pitting has been observed when 

TiNx is grown on copper.
73,74,77

 

One of the ways to reduce deposition temperature is to use PAALD.  Plasma assisted ALD 

using TiCl4 and NH3 has been investigated by Elers and coworkers.
78

  Similar to thermal ALD, 

PAALD also did not show the characteristic ALD process window for growth temperature.  The 

growth rate of films deposited with PAALD was significantly higher than that for thermal ALD 

process.  Film deposited by PAALD had lower Cl contamination as compared to films deposited 

with ALD and the lowest Cl contamination of 1.2 at. % was observed at 400 °C deposition 

temperature.  The change of plasma power in PAALD resulted in a change in N:Ti ratio in the 

film.  The N:Ti ratio increased with an increase in plasma power.  Such modulation of 

composition is not possible for thermal ALD, where composition is determined only by growth 

temperature.  While PAALD did have some advantage over thermal ALD, the process still was 

not able to deposit Cl-free films.  Moreover, the films were polycrystalline with columnar 

microstructure.  Furthermore, the use of halide chemistry also meant that the process would 

cause pitting on the substrate surface. 

To overcome the problems related to corrosive byproducts of the reaction, additional 

reducing agent such as Zn has been used in the ALD process.
75,79

  When Zn is used as a reducing 

agent, there is no difference in growth rate per cycle.  However, the Zn does influence the film 

texture.  When Zn is used as reducing agent along with NH3, the films have (111) preferential 

orientation, whereas without Zn the preferred orientation of the film is (100).  No Zn impurity is 

found in the TiNx films.
75

  The film composition with or without Zn is similar except Cl content, 

which is higher for films deposited without Zn.  Films deposited with Zn also had about 5 times 

lower resistivity than those deposited without Zn.  Even though very good film qualities are 
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obtained with Zn pulses in TiNx ALD, this process is not suitable for diffusion barrier deposition 

because Zn is an electrically active impurity in silicon and its incorporation in active areas of a 

transistor can severely affect the device performance. 

Since 1,1-dimethylhydrazine (DmHy) is a much stronger reducing agent than NH3, ALD 

TiNx using TiCl4 and DmHy has been investigated.
80

  The films deposited had a very high Cl 

content, up to 23 at. % at 200 °C deposition temperature.  The films were also more resistive 

because of the increased Cl and C content in the film.  The lowest resistivity obtained was 500 

µΩ-cm at 350 °C deposition temperature.  The films were weakly polycrystalline.  The use of 

DmHy did not show any significant improvements over NH3 as co-reactant.  In fact, the 

resistivity and impurity content of films deposited was worse when DmHy was used. 

tert-Butylamine and allylamine have also been investigated as reductive N sources to lower 

the deposition temperature of TiNx ALD using TiCl4.
81

  Depositions were done between 400 and 

500 °C.  Films deposited with tert-butylamine had a low growth rate of 0.03 Å/cycle.  Addition 

of NH3 to tert-butylamine increased the growth rate to 0.15 Å/cycle.  Film resistivity was similar 

to those deposited with NH3 only and the contamination level of C and H was also below 1 at. %.  

By using tert-butylamine, the deposition temperature could be lowered from 500 to 400 °C to 

obtain low resistivity TiNx films with minimal Cl contamination (1.4 at. %).  However, the 

process could not deposit amorphous TiNx films. 

When allylamine was used as the reducing agent, the films had higher C and Cl 

contamination of 7 and 6 at. %, respectively.
81

  This resulted in an increase in film resistivity to 

360 µΩ-cm.  Addition of NH3 to allylamine did not have any significant effect, although the Cl 

contamination decreased to 4 at. % and C contamination increased to 9 at. %.  As with tert-

butylamine, films deposited with allylamine were weakly polycrystalline.  Additional diffusion 
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barrier testing of TiNx films deposited with either tert-butylamine or allylamine has not been 

reported yet. 

TiNx ALD has been attempted using TiI4 and NH3.
79,82,83

  The ALD process did not show 

the characteristic temperature process window as the film growth rate increased with increase in 

deposition temperature.
83

  The films were Ti-rich and the N content of film increased from 20 at. 

% at 350 °C to 45 at. % at 500 °C.  Impurity content of the film, as measured by RBS, showed 

that the films had low I content (2 at. % at 350 °C and 0 at. % at 400 °C).  The films were 

heavily contaminated with O and the film O content decreased with increase in deposition 

temperature.  Films deposited at 350 °C showed O content of 40 at. %, while those deposited at 

500 °C showed O content of 10 at. %.  The TiNx films were polycrystalline and the preferred 

orientation was dependent on deposition temperature.  Films deposited below 425 °C showed 

preferred orientation of (100), whereas films deposited above 450 °C showed preferred 

orientation of (111).  The film resistivity for deposition at 400 °C was 380 µΩ-cm.  Overall, high 

porosity and the presence of impurities such as I and O made the films deposited by this process 

unsuitable for diffusion barrier deposition.  

To overcome the issues related to halogen impurities in films deposited using inorganic 

precursors, organometallic Ti precursors have been investigated for deposition of ALD TiNx thin 

films.  Tetrakis(ethylmethylamido) titanuim (TEMAT), or Ti[N(C2H5)(CH3)]4, has been used 

with NH3 to deposit ALD TiNx thin films.  Self-limiting growth of TiNx has been reported using 

TEMAT.
84,85

  Unlike ALD from halide precursors, ALD from TEMAT showed the characteristic 

ALD process window.  While one report established the ALD process window for TEMAT 

between 150 and 220 °C,
85

 another report located the ALD process window between 170 and 

210 °C.
84

  The deposition temperature for TEMAT is considerably lower than that for inorganic 
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Ti precursors.  The growth rate per cycle is 5 Å/cycle, which is about 1.6 ML/cycle for TiNx 

film.  It has been argued that the film growth of more than 1 ML/cycle is possible if NH3 can 

react with TEMAT adsorbed on the surface and TEMAT can react with chemisorbed NH3.  Film 

growth during the individual pulses of both TEMAT and NH3 would result in film growth rate 

greater than 1 ML/cycle.
84

  Unlike films grown with inorganic Ti precursors, films grown with 

TEMAT had amorphous microstructure.  While films deposited with inorganic Ti precursors had 

a N:Ti ratio close to 1:1, films deposited with TEMAT had N:Ti ratio of 0.55 suggesting that the 

film deposited is actually Ti2N.  C and H contamination in the film was 4and 6 at. %, 

respectively for films deposited at 200 °C.  The film resistivity varied between 230 µΩ-cm for 

films grown at 160 °C to 8000 µΩ-cm for films grown at 200 °C.  Diffusion barrier testing for 

Ti2N films showed that the barrier was able to prevent bulk copper diffusion after annealing at 

600 °C in vacuum (as determined by XRD of film post-anneal).  After annealing at 650 °C, 

Cu3Si peaks appeared in XRD suggesting that copper had penetrated through the barrier film.  

Ti2N films deposited by TEMAT showed many properties expected from a good diffusion 

barrier film.  To evaluate if Ti2N is effective in preventing trace copper diffusion, additional 

electrical testing of barrier film is required. 

TDMAT has also been used with NH3 to deposit TiNx films via ALD.  Unlike TEMAT, 

TDMAT did not show the characteristic temperature process window for ALD.  The reaction of 

TDMAT and NH3 is not self limiting.  Precursor decomposition study by FTIR indicated weak 

dependence of growth rate on TDMAT exposure time because of incomplete desorption of 

residual Ti(N(CH3)2)x species.
86

  Mechanistic study by FTIR also indicated that the film growth 

occurs via transamination between TDMAT and NH3.  Similar to TEMAT, TDMAT was also 

able to deposit TiNx thin films at relatively low deposition temperature.  At 180 °C deposition 
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temperature, the growth rate of TiNx was 2 Å/cycle.
87

  Films were Ti-rich and the N:Ti ratio of 

ca. 0.5 indicated the presence of Ti2N.  The C contamination in the film was less than 10 at. % 

but the films had a very high O contamination which decreased with increase in deposition 

temperature.
86

  The films were highly porous (> 35% porosity) which explained the low density 

of Ti2N film.  The highest film density was 3 g/cc while the bulk density of stoichiometric TiN is 

5.2 g/cc.  High porosity results in an increase in O diffusion through the barrier film and a 

corresponding increase in film resistivity.  The lowest resistivity of 1.4 × 10
4
 µΩ-cm was 

observed at 240 °C deposition temperature.  High porosity and extremely high resistivity of Ti2N 

films deposited by TDMAT makes this process unsuitable for diffusion barrier application. 

To improve the Ti2N film quality, post-growth rapid thermal nitriding and plasma exposure 

have been explored.
87

  Rapid thermal nitriding at 500 °C resulted in a net decrease in organic C 

in the film (ca. 5 at. %) and the films were amorphous even after nitriding.  Increasing the 

nitriding temperature to 700 °C resulted in formation of macroscopic cracks in the barrier film.  

Post-growth plasma exposure decreases the film C content below the detection limit of XPS.  

Since higher N content was observed on the surface of Ti2N than in bulk, N most likely gets 

incorporated in the film during plasma exposure.  The plasma exposure lowered the film 

resistivity from 2 × 10
4
 to 3000 µΩ-cm due to lowering of C content and minimal O 

incorporation.  The plasma exposure also resulted in the densification of the Ti2N surface.  The 

only disadvantage of the plasma process was that it changed the film microstructure from 

amorphous to weakly polycrystalline as indicated by the Ti2N peak in the XRD spectrum. 

TiNx film growth by PAALD using TDMAT with remote N2, N2 + H2 and H2 plasma has 

been investigated.
88,89

  The use of plasma was aimed at reducing the film C content.  Since the 

plasma is generated ex situ, the likelihood of surface damage by plasma is also minimized.  
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Unlike thermal ALD of TiNx using TDMAT and NH3, the PAALD process did show a 

characteristic ALD temperature window of 200 - 300 °C where the film growth rate did not 

change with deposition temperature.  Plasma also resulted in dense films which produced low 

levels of O impurities (ca.10 at. %).  The C content of the film was also < 10 at. %.  The film 

resistivity was between 300 and 500 µΩ-cm.  Film resistivity was lowest for films deposited 

using the N2 plasma process, followed by those deposited using H2 + N2 plasma.  The highest 

resistivity was observed for films deposited with H2 plasma.  The C impurities also showed a 

similar trend for different plasma exposures with the lowest C content observed for films 

deposited with N2 plasma.  While thermal ALD affords 100% conformal coverage in high aspect 

ratio features, the step coverage for PAALD process was 95 % in 1:10 aspect ratio feature.  

Diffusion barrier testing of 19 nm TiNx films deposited with different plasma exposures showed 

that copper was able to diffuse through the film after annealing at 500 °C as witnessed by the 

emergence of Cu3Si peaks in XRD spectra.  The failure temperature of barrier film was same 

irrespective of whether N2, H2 + N2 or N2 plasma was used for film deposition.
89

  Even though 

the PAALD film was able to decrease the film resistivity as compared to thermal ALD, the 

copper diffusion barrier performance of the film was not satisfactory. 

2.6 Tantalum Nitride as Diffusion Barrier 

2.6.1 Chemical Vapor Deposition of Tantalum Nitride 

CVD of TaNx has employed both inorganic and metal organic precursors as the Ta source 

(Table 2-5).  The three main inorganic precursors that have been employed to deposit TaNx thin 

films are TaCl5, TaF5 and TaBr5.  TaI5 has not been employed for CVD because it requires very 

high temperature to obtain sufficient vapor pressure for delivery in a CVD reactor.
90

  TaCl5, TaF5 

and TaBr5 are polycrystalline solids at room temperature with sufficient vapor pressure at 
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elevated temperature for delivery in a CVD reactor.  The N sources employed with these Ta 

precursors have been either NH3 alone or NH3 with H2. 

Chemical vapor deposition of TaNx from TaCl5 and NH3 at the low deposition temperature 

of 350 °C is not suitable for diffusion barrier application because the films had very high 

resistivity (> 10,000 µΩ-cm) and high Cl contamination (4.5 at. %).
90

  Since the Ta-Cl bond is 

very strong, higher energy is required to cleave the bond.  When TaNx films are deposited using 

TaF5 and NH3 at 350 °C, films have a relatively low resistivity of 1650 µΩ-cm.  However, 

considerable F contamination (4.0 at. % F) was observed and the step coverage of the film was 

poor (75%).
90

  The poor step coverage for TaNx films deposited by TaF5 can be explained by 

considering the high growth rate of deposition.  Films deposited with TaF5 had a growth rate of 

1.5 nm/sec, which is high for a typical CVD process.
90

  TaNx deposition from thermal CVD 

using TaCl4 and TaF5 has not been pursued further, possibly because of the high temperature 

required to deposit TaNx films with low resistivity and acceptable halogen contamination. 

TaBr5 has been studied as a precursor for CVD of TaNx using H2 and NH3 co-reactants.  It 

has been argued that since Br is a larger atom than Cl and F, impurity incorporated in the film 

would have lower diffusivity in TaNx film and the impurity would not influence the diffusion 

barrier property of the film.  Moreover, since the bond energy of Ta-Br in TaBr5 is lower than 

that for Ta-Cl in TaCl5, lower deposition temperature would be required for the TaBr5 and NH3 

reaction.  Chen et al.
91

 reported deposition of TaNx films between 350 and 500 °C using TaBr5, 

H2 and NH3.  The films were N-rich with N:Ta ratio varying between 1.75:1 and 1.87:1 for 

deposition between 350 and 500 °C, indicating that the N:Ta ratio was not very sensitive to the 

reaction temperature.  The N-rich film deposited with TaBr5 indicates that film is possibly Ta3N5 

and not TaN.  The O and C contamination in the film was below the detection limit of AES.  
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Films contained Br as an impurity and the Br content in the film decreased with increase in 

deposition temperature.  The highest Br content of 5 at. % was observed for deposition at 350 °C 

while the Br content in film was below the detection limit of AES for deposition at 500 °C.  The 

film crystallinity was strongly dependent on deposition temperature.  Films deposited at 350 and 

425 °C were amorphous whereas films deposited at 500 °C were polycrystalline with the peak 

positions in XRD spectrum indicating the presence of tetragonal Ta3N5 and hexagonal TaN 

phases.  Film resistivity also showed a strong dependence on deposition temperature with the 

lowest resistivity of 5040µΩ-cm observed at 500°C.  The resistivity of the films decreased with 

increase in deposition temperature.  To ascertain the diffusion barrier efficacy of TaNx films, 

Kaloyeros et al.
92

 performed extensive barrier testing on TaNx films deposited at 425 °C.  The 

Cu/TaNx/Si stack was annealed between 450 and 650 °C to determine the temperature at which 

barrier film failed.  From post-anneal XRD analysis, it was confirmed that the barrier film was 

able to prevent bulk diffusion of copper up to 650 °C annealing as no Cu3Si peaks were observed 

in the XRD spectrum.  X-ray photoelectron spectroscopy depth profile also confirmed that 

copper had not diffused through the barrier film.  However, when the Seeco etch pit test was 

performed to identify trace copper diffusion through the barrier, films annealed at 600 and 650 

°C showed etch pits, suggesting that a trace amount of copper had actually diffused through the 

barrier film.  To compare diffusion barrier efficacy of films deposited by PVD and CVD, the 

authors also deposited PVD TaNx films with the same N:Ta ratio.  TaNx films deposited by PVD 

did not fail the Seeco etch pit test after annealing at 650 °C.  The difference in diffusion barrier 

efficacy of CVD TaNx and PVD TaNx was attributed to the polycrystalline phase difference 

between CVD and PVD films.  The PVD TaNx films exhibited hexagonal TaN phase, which has 

a N:Ta ratio of 1:1.  Since the PVD films had a 1.78:1 N:Ta ratio, the excess N in PVD films 
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might „stuff‟ the grain boundaries thereby preventing copper diffusion.  For CVD films, the 

predominant phase is believed to be Ta3N5.  The emergence of Ta3N5 peaks in XRD spectra 

when CVD TaNx film is annealed at 650 °C further supports this assumption.
92

  In Ta3N5, the 

N:Ta ratio is 1.67:1, which means that there is very little excess N to „stuff‟ the grain boundaries 

in CVD TaNx films.  This difference is believed to be responsible for the difference in diffusion 

barrier efficacy of CVD and PVD TaNx films with similar N:Ta ratio.  Overall, the primary 

concerns for TaNx films deposited from TaBr5 are their higher resistivity at acceptable deposition 

temperature, lower recrystallization temperature and deposition of Ta3N5 phase instead of the 

desired TaN phase.  A possible approach that might result in lowering recrystallization 

temperature, decrease in resistivity and also possibly disrupt the growth of Ta3N5 would be to 

grow a ternary compound such as TaNxCy using TaBr5, NH3 and a C source.  The ternary 

compound could lower the recrystallization temperature and C in the film could disrupt the 

growth of Ta3N5 phase. 

PECVD of TaNx has been attempted with TaCl5
90,93

, TaF5
93

 and TaBr5.
93,94

  Hillman et al.
90

 

used N2 plasma to deposit TaNx thin films.  The films had a low halogen contamination with the 

lowest halogen content of 1 at. % observed for film deposited with TaCl5.  The resistivity of film 

deposited with TaCl5, TaF5 and TaBr5 was 395, 615 and 710 µΩ-cm, respectively for deposition 

at 350 °C.  The film composition and texture were not reported.  The diffusion barrier testing of 

films deposited by these three precursors was done by depositing 20 nm barrier film and 

annealing the Cu (160 nm)/ TaNx (20 nm)/ Si stack at 550 °C for 30 min in N2 environment.  

Films deposited from TaCl5, TaBr5 and TaF5 failed after anneal and copper in silicon was 

detected by SIMS depth profiling.  Hence, PECVD process using halide precursors was not able 

to deposit good quality diffusion barrier films. 
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Metal organic sources have also been explored as Ta source for CVD of TaNx.  The metal 

organic sources that have been explored so far include tert-butylimido tris(diethylamido) 

tantalum (TBTDET), pentakis(dimethylamido) tantalum (PDMAT), pentakis(diethylamido) 

tantalum (PDEAT), ethylimidoethyl(C,N) tris(diethylimido) tantalum, and 

tertiaryamylimidotris(dimethylamido)tantalum (TAIMATA).  Tsai et al.
95-97

 have extensively 

studied deposition of CVD TaNx films from TBTDET.  The precursor was used as a single-

source precursor between 450 - 650 °C deposition temperature.  Films deposited were 

polycrystalline with the N:Ta ratio close to 1.  The C and O impurities in the film were less than 

10 and 5 at. %, respectively at 600 °C deposition temperature.  X-ray photoelectron spectroscopy 

analysis indicated that C present in the film was in carbide phase.  The resistivity of film 

decreased from 10,000 µΩ-cm at 500 °C deposition temperature to 600 µΩ-cm at 650 °C 

deposition temperature.  Diffusion barrier testing on 120 nm TaNx films deposited at 650 °C 

revealed that trace amount of Cu could diffuse through the barrier film after the Cu/TaNx/Si (p
+
n 

diode) structure was annealed at 550 °C and bulk copper diffusion occurred at 600 °C as 

evidenced by the formation of Cu3Si.
97

  The authors also deposited 120 nm PVD TaNx film to 

compare the diffusion barrier performance of CVD TaNx films vis-à-vis PVD TaNx films.  The 

PVD barrier film showed trace copper diffusion at 600 °C and bulk copper diffusion at 650 °C.  

The authors argued that the PVD TaNx showed better diffusion barrier performance than CVD 

TaNx primarily because PVD TaNx films had a preferred orientation of (111), which has a higher 

thermal stability than the (200) orientation observed for CVD TaNx films.  However, the film 

texture should not play such a significant role in diffusion barrier performance because the CVD 

films are polycrystalline and show both (111) and (200) reflections in XRD spectra.
95

  A more 

plausible explanation for poorer barrier performance of CVD films is the columnar 
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microstructure of the films deposited by CVD at higher temperature.  Overall, CVD TaNx films 

deposited using TBTDET without any co-reactant had several limitations including high 

deposition temperature, polycrystalline microstructure with columnar grains, high resistivity and 

poor barrier performance.  The use of NH3 or H2 co-reactants might decrease the deposition 

temperature and improve film properties of TaNx, but such an approach has not been explored 

yet. 

Fix et al.
98

 used PDMAT with NH3 to deposit TaNx films between 200 and 400 °C 

deposition temperature.  The films deposited with PDMAT had amorphous microstructure.  

Charging effects were observed when TaNx films were observed under electron microscope 

suggesting that the films were non-conducting.  The films were N-rich with a N:Ta ratio of 1.7:1.  

The film had significant H content as measured by hydrogen forward recoil spectroscopy.  The O 

and C contamination in the film was less than the detection limit of RBS (typically 3 - 4 at. %).  

The resistivity of the film was greater than 10
6
 µΩ-cm and is indicative of the growth of the non-

conducting Ta3N5 phase.  The growth of highly resistive Ta3N5 makes the PDMAT precursor 

unsuitable for diffusion barrier deposition. 

PDEAT has been used with and without ammonia to deposit TaNx films.  When PDEAT 

was used without NH3, the films deposited between 275 and 400 °C were Ta-rich films with 

significant C content (> 20 at. %) indicating that the films were actually TaNxCy.
99

  X-ray 

diffraction spectra indicated that the films deposited above 275 °C were polycrystalline with 

peak positions corresponding to TaN(111) phase.  The films deposited at low deposition 

temperature were very resistive (ρ > 10
4
 µΩ-cm) and the lowest resistivity of 6000 µΩ-cm was 

observed for film deposited at 400 °C.  Cho et al.
100

 investigated the use of NH3 as a co-reactant 

to deposit TaNx films.  The film deposited at 325 °C was polycrystalline with TaN(111) as the 
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dominant phase.  The addition of NH3 dramatically increased the film N content and the N:Ta 

ratio for films deposited with NH3 was 1.75:1.  The addition of NH3 also decreased the C content 

of the film to below 10 at. %.  The Seeco etch pit test on 50 nm thick barrier film showed that the 

barrier film was able to prevent copper diffusion after annealing at 600 °C.  The comparison 

between films deposited with and without NH3 indicated that films deposited with NH3 were 

better at preventing copper diffusion.  It was argued that finer grain structure together with dense 

microstructure of films deposited with NH3 was responsible for enhancing the diffusion barrier 

quality.  The major drawbacks of films deposited with PDEAT and NH3 were the high resistivity 

(6000 µΩ-cm) and poor conformality of the films. 

When a mixture of EtN=Ta[NEt2]3 and Ta[N(Et2)]5 was used with H2 to deposit thin films 

between 375 and 500 °C, the resulting films were C-rich and the N content of the film was less 

than 1 at. %.
101

  However, when a mixture of EtN=Ta[NEt2]3 and (Et2N)3Ta[(NEt-CMeH] was 

used without any co-reactant to deposit thin films between 500 and 600 °C, the films had a 

significant N and C with the Ta:C:N ratio of 1:1:1 at 600 °C.
102

  The XRD measurement of films 

showed peaks corresponding to polycrystalline cubic TaN even though the film had significant C 

content.  The report did not mention film resistivity and no diffusion barrier testing was done on 

the films. 

TAIMATA has been used with NH3 to deposit barrier films at 250 °C.
103

  The report 

focused on the barrier efficacy and its integration with SiOC:H dielectric.  Film characterization 

was not discussed in detail.  Bias temperature stress testing at 0.75 MV/cm and 350 °C on 10 and 

15 Å thick barrier film showed that the TaNx film was able to prevent copper diffusion.  The 

precursor shows promise as a diffusion barrier but a detailed analysis of films deposited from 

TAIMATA is yet to be reported. 
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Overall, the biggest challenge for CVD TaNx deposition is the growth of insulating Ta3N5 

phase.  Since Ta is in the +5 oxidation state in both the precursor and the deposited film, the use 

of a stronger reducing agent such as dimethylhydrazine might help in reduction of Ta to the +3 

oxidation state to form conducting TaN films. 

2.6.2 Atomic Layer Deposition of Tantalum Nitride 

The precursors utilized for ALD TaNx have been the same as those used for CVD TaNx 

(Table 2-6).  TaCl5 has been used with NH3 to deposit TaNx thin films by thermal ALD.
104,105

  

The films deposited with the TaCl5 and NH3 are N-rich and polycrystalline.  The XRD spectrum 

for films deposited at 400 °C show the presence of the tetragonal Ta3N5 phase.  The film growth 

rate is 0.22 - 0.24 Å/cycle and the temperature window for the ALD process is 300 – 500 °C.  

The films contain less than 5 at. % Cl and less than 2.5 at. % H impurity.  Similar to CVD, ALD 

using TaCl5 and NH3 shows that the Cl impurity in TaNx films decreases with increasing 

deposition temperature.  The resistivity of the film varies from 0.5 × 10
6
 – 200 × 10

6
 µΩ-cm.  

The film is highly resistive because of the presence of the non-conducting Ta3N5 phase.  Similar 

to CVD, ALD from TaCl5 also shows that the reducing power of NH3 is not sufficient to reduce 

Ta from the +5 oxidation state in TaCl5 to the + 3 oxidation state in TaN. 

To aid the reduction of Ta, Zn has been utilized as an additional reducing agent in the ALD 

process for deposition using TaCl5.
105

  When a Zn pulse is used between the TaCl5 and NH3 

pulses in the ALD process, the film growth rate is 0.2 Å/cycle at 400 °C and 0.15 Å/cycle at 500 

°C.  The characteristic temperature window of ALD could not be established because the growth 

rate was not constant between 400 and 500 °C.  The films deposited were cubic TaN and 

impurity content in the film was lower than that for films deposited without a Zn pulse.  The 

impurity content of film was 0.1 – 4.0 at. % Cl, 3.0 - 4.0 at. % O, less than 0.5 at. % H and less 

than 0.5 at. % Zn.  The films were quite conductive and the lowest resistivity of the film was 900 
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µΩ-cm.  The main challenges for deposition with Zn as a reducing agent are the polycrystalline 

films deposited with the ALD process, incorporation of electrically active Zn impurity in the 

films and higher deposition temperature.  As discussed earlier, Zn is an electrically active 

impurity and its diffusion in the device can cause severe degradation of device performance.  

Deposition below 400 °C is not possible with Zn because Zn has a low volatility and its delivery 

below 400 °C is not possible. 

There are a number of other reducing agents that have been used with and without NH3 to 

deposit TaNx from TaCl5 and TaBr5.  These reducing agents include DmHy
80

, tert-butyl amine 

(with and without NH3) and allylamine (with and without NH3).
106

  When DmHy was used as a 

reducing agent, no significant improvement in film properties was achieved as compared to NH3 

based ALD.  The film deposited from TaCl5 and DmHy was insulating Ta3N5 and the resistivity 

of the film was too high to be measured by the standard four point probe technique. 

tert-Butyl amine has been used with and without NH3 to deposit TaNx films from TaCl5 

and TaBr5.
106

  When tert-butyl amine is used without NH3, deposition with TaCl5 has a higher 

growth rate and yields films with lower resistivity as compared to TaBr5.  Films deposited with 

TaCl5 are amorphous at 350 °C deposition temperature but polycrystalline TaN films are 

deposited above 400 °C.  The films with TaCl5 and tert-butyl amine show Cl impurity between 3 

and 8 at. %.  Film impurity content and resistivity decreases with increase in deposition 

temperature. Similar to CVD, low temperature ALD utilizing halide precursors gives highly 

resistive films with high impurity content.  Good quality films with resistivity below 2700 µΩ-

cm are obtained at 500 °C deposition temperature but such high temperature is not suitable for 

barrier film deposition.  To improve the film quality, NH3 is used along with tert-butyl amine as 
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a reducing agent.  The process does show improvement with respect to impurity content in the 

film and resistivity.  However, amorphous film deposition could not be obtained for this process. 

When allylamine is used with and without NH3 to deposit TaNx films from TaCl5, the films 

deposited were polycrystalline TaN.
106

  The films were highly resistive with lowest resistivity of 

18000 µΩ-cm.  Thus, the process with allylamine did not show any significant improvement 

over the tert-butyl amine process.  

Plasma assisted ALD of TaNx films using TaCl5 and H2 + N2 plasma has been reported.
107

  

Depending on the partial pressure of N2 in plasma, the film N content could be varied to deposit 

Ta-rich Ta2N films, stoichiometric TaN films or N-rich Ta3N5 films.  The growth rate increased 

with deposition temperature indicating that no characteristic ALD process window was observed 

for PAALD process.  The TaN films deposited were quite conductive with resistivity varying 

between 350 and 400 µΩ-cm.  Films had a high H impurity of about 11 at. % and low Cl content 

of less than 3 at. %.  Similar to thermal ALD, PAALD also showed decrease in Cl impurity with 

increase in deposition temperature.  Overall, PAALD was able to deposit good quality films that 

might be suitable for the diffusion barrier application.  However, the process could not yield 

amorphous films. 

Metal organic precursors such as TBTDET, TDMAT and TAIMATA have been used to 

deposit TaNx films by ALD.  Chemical vapor deposition using these precursors deposited films 

that had high C and O impurities and high resistivity.  The ALD process, if used with the same 

CVD precursors, is expected to yield films with low C content and dense microstructure at lower 

deposition temperature. 

When TBTDET is used with NH3 to deposit TaNx films in ALD mode, amorphous TaNx 

films are deposited between 150 and 300 °C.  The films deposited are Ta-rich and the N:Ta ratio 
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is 0.73:1.  The films contained low C contamination (< 5 at. %) but had a higher level of O 

impurity (ca. 17 at. %).  The films were highly resistive (> 10
6
 µΩ-cm at 260 °C) despite high Ta 

content in the film.  High resistivity could possibly result from the formation of Ta3N5, high O 

contamination and/or low density of the film (3.6 g/cc).  The resistivity of the film decreases to 

15000 µΩ-cm when the deposition temperature is increased to 450 °C.
108

  Choi et al.
109

 reported 

that the temperature window for the ALD process is between 200 and 250 °C, but the growth 

rate versus temperature curve shows that no saturation region can be conclusively determined.  

The growth rates of 1.1 and 0.4 Å/cycle have been reported for ALD using TBTDET and 

NH3.
109,110

  If deposition is done in the ALD process window and the growth occurs through the 

ALD mode, the growth rate per cycle should be independent of all other reactor conditions such 

as reactor pressure.  The discrepancy in the growth rates reported by Choi et al.
109

 and Park et 

al.
110

 suggests that the film growth from TBTDET might actually not be in „ALD mode‟.  

Overall, TBTDET is not a suitable precursor for diffusion barrier deposition because of the 

deposition of highly insulating films.  

PAALD of TaNx films from TBTDET and H radical has been reported.
110

  This ALD 

process is unique in that it employs TBTDET as a single source precursor as H radicals are used 

for reduction of TBTDET.  The intent behind using H radicals is that all the N atoms attached to 

Ta atoms via single bonds are cleaved by H radical while the N atom attached to Ta via a double 

bond survives the H radical exposure, leading to the formation of stoichiometric TaN film.  The 

PAALD process showed a growth rate of 0.8 Å/cycle.  The resulting TaNx films are Ta-rich with 

N:Ta ratio of 3:5.  The films deposited had high C content (20 at. %) and it could be argued that 

the films were actually TaNxCy instead of TaNx.  The films were polycrystalline and had low 

resistivity of 1000 µΩ-cm.  The films were considerably denser than those deposited with 
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thermal ALD. Overall, the plasma process improved the film property of films deposited using 

TBTDET.  The process, however, deposited polycrystalline films.  No diffusion barrier testing 

was reported for films deposited via this process.  

Thermal ALD from PDMAT and NH3 has been used to deposit TaNx films.
111-114

  The 

process shows that the growth rate is constant at 0.3 Å/cycle between 225 and 300 °C, indicating 

that the growth in this temperature window is truly in ALD mode.
114

  The film composition and 

microstructure strongly depends on the substrate used for deposition.
113

  The films deposited on 

Si, SiO2 and Cu are N-rich, with N:Ta ratio of 2:1 for deposition at 275 °C.
111,113

  However, 

when the same process is used to deposit TaNx films on Ta, the films are Ta-rich with N:Ta ratio 

of 1:2.  The films have a high level of H impurity that can be removed by annealing the film at 

600 °C for 1 hr.  The C and O impurity in the film is 2 and 5 at. %, respectively.  Even though 

the films have high N content, the microstructure analysis indicates the presence of cubic TaN 

phase.  The excess N is believed to reside in Ta vacancies in the Ta sublattice.
111

  The films 

deposited are nanocrystalline with average grain size of 4 nm.  10 nm thick TaNx film was able 

to prevent Cu diffusion after annealing at 750 °C for 30 min in vacuum.  The biggest drawback 

of the film was its extremely high resistivity, which could not be measured by standard four 

point probe technique.  Overall, the TaNx films deposited with PDMAT and NH3 in ALD mode 

not suitable for barrier application primarily because of its extremely high resistivity.  

To deposit more conductive films using PDMAT, PAALD has been investigated.
112,114,115

  

Kim et al.
115

 investigated the effect of plasma on the deposition of TaNx films.  When H2 plasma 

is used, the film growth rate saturates between 225 and 300 °C, indicating that ALD growth 

mode is achieved with PDMAT and H2 plasma.  The deposited film is Ta-rich, with N:Ta ratio 

between 0.7 and 0.8.  The film C and O content is ca. 15 and 15 at. %, respectively.  The films 
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are conductive with resistivity of 350 µΩ-cm observed for deposition at 250 °C.  The 

microstructure analysis by TEM reveals that the film contains 2 -3 nm cubic TaN crystallites in 

an amorphous matrix.  Diffusion barrier testing of the film shows that 3 nm TaNx film is able to 

prevent copper diffusion after annealing at 750 °C in vacuum.  This process could be a potential 

candidate for deposition of diffusion barrier film.  When N2 + H2 plasma is used with PDMAT, 

the film N:Ta ratio varies between 1.2 and 1.6, depending on the partial pressure of N2 in the 

plasma.  A sharp decrease in C and O content is also observed, with the impurity content 

decreasing with increasing N2 partial pressure.  But the additional N in the film results in an 

increase in film resistivity and the lowest resistivity of ca. 800 µΩ-cm was observed at low N2 

partial pressure.  Diffusion barrier testing for TaNx film shows that 0.6 nm barrier film is able to 

prevent copper diffusion after annealing at 800 °C.  From the diffusion barrier standpoint, N2 + 

H2 plasma yields better films than films deposited with H2 plasma.  Overall, PAALD from 

PDMAT provides various options to modify film composition and further investigation on 

integration of TaNx films could provide additional information on suitability of the film for 

diffusion barrier application.  The effect of plasma exposure on underlying layers along with 

conformality of the film also needs to be investigated. 

Metal organic precursor TAIMATA has also been investigated with NH3 co-reactant for 

deposition of TaNx thin films by ALD.
109

  Films deposited by thermal ALD between 150 and 

175 °C exhibit a growth rate that is constant at 0.2 Å/cycle implying that the growth is self-

limiting in this temperature window.  The films deposited are N-rich with N:Ta ratio of 1.31.  

The films had minimal C contamination (< 5 at. %) but the O contamination was high (ca. 20 at. 

%).  The XRD spectra indicate the presence of the insulating Ta3N5 phase.  The films deposited 

with thermal ALD had extremely high resistivity and hence are not suitable for diffusion barrier 
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application.  When H2 plasma is used instead of NH3 to deposit TaNx films by PAALD, 

conductive films with low resistivity of 366 µΩ-cm were deposited for growth at 250 °C.
116

  The 

low resistivity of PAALD TaNx films is probably because of a more favorable N:Ta ratio of 0.71 

and the absence of insulating Ta3N5 phase.  The films also had a high C content of about 15 at. 

%.  The growth rate per cycle is 1.2 Å/cycle.  Films deposited by PAALD are polycrystalline 

with the XRD peak position indicating the presence of cubic TaN phase.  The conformality of 

the films deposited with PAALD was 94% achieved in a 10:1 aspect ratio 0.25 µm via.  The 

major drawback of PAALD using TAIMATA is that the process could not deposit amorphous 

TaNx films. 

To summarize, both inorganic and metal-organic precursors have been used to deposit 

TaNx films by ALD.  The biggest challenge for inorganic precursors such as TaCl5 is the 

formation of the insulating Ta3N5 phase instead of the conductive TaN phase.  Moreover, the 

films deposited with halide precursors contain halogen impurities and the use of stronger 

reducing agents or plasma could not completely eliminate the halogen incorporation in the film 

for low deposition temperature.  The use of metal-organic precursors was also more likely to 

deposit Ta3N5 phase at low temperature and the use of plasma was essential to obtain conducting 

TaNx thin films with a favorable N:Ta ratio.  Further investigation needs to be done on PAALD 

to achieve the deposition of TaNx films on different substrates and determine if plasma has any 

adverse effects on the substrate. 

2.7 Tungsten Nitride as Diffusion Barrier 

2.7.1 Chemical Vapor Deposition of Tungsten Nitride 

Table 2-7 shows the precursors that have been used to deposit WNx thin films by CVD.  

WCl6 has been used with NH3 and H2 to deposit WNx thin films for application in catalysis.
117,118

  

However, the lowest deposition temperature for this precursor is 500 °C, so this precursor has 
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not been explored for diffusion barrier application.  Another inorganic precursor, WF6, has been 

explored for deposition of WNx films.  This precursor, when used with NH3 as co-reactant, 

results in the formation of WF6:NH3 adduct even at temperature as high as 600 °C.
119

  The films 

are highly resistive and the lowest resistivity of 3000 µΩ-cm is observed for films deposited at 

350 °C.
120

  To prevent the adduct formation, H2 is used as an additional reducing agent.  The 

resulting process deposits polycrystalline WNx films and the lowest deposition temperature is 

450 °C.  Because of F impurity in the films, relatively high deposition temperature and high film 

resistivity, this process also has not been further investigated for diffusion barrier film 

deposition.  A modification to the process is the use of SiH4 as a reducing agent.
120

  The lowest 

deposition temperature for this process is 385 °C.  The resulting films are W-rich and the N:W 

ratio decreases with an increase in SiH4 partial pressure.  X-ray diffraction measurement 

indicates that the films are polycrystalline and the peaks in XRD spectra indicate the presence of 

β-W2N.  Addition of SiH4 as co-reactant also decreases the film resistivity to below 600 µΩ-cm 

and film resistivity decreases with an increase in SiH4 partial pressure.  Diffusion barrier testing 

revealed that 6 nm thick barrier film can prevent Cu diffusion after annealing at 450 °C for 4 

hours.  However, the study by Gonohe found that adhesion of the WNx film to low-k dielectric 

film was extremely poor.
120

  X-ray photoelectron spectroscopy analysis showed that the presence 

of F at the WNx/ low-k interface caused the delamination of the WNx film.  The presence of F at 

the interface was due to the reaction of WF6 with the dielectric surface.  Chemical pretreatment 

of the dielectric film prevented the reaction of WF6 with the dielectric film and no F impurity 

was detected at the barrier-dielectric interface.  Details of the chemical pretreatment process 

were not discussed in the paper. 
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PECVD using WF6 as tungsten source has been used to deposit WNx thin films.  NH3 

plasma, NH3 + H2 plasma and N2 + H2 plasma have been used as the N source.  When deposition 

is done with NH3 plasma
121-123

, the resulting WNx films are N-rich.  The film composition can be 

varied by changing the NH3:WF6 feed ratio, deposition temperature and plasma power.  X-ray 

diffraction measurement reveals that the films are polycrystalline with peak positions indicating 

the presence of β-W2N.  Gas phase reaction between reactants can cause particle formation 

during deposition and optimization of the NH3:WF6 flow ratio is necessary to avoid this problem.  

Films can be deposited at temperature as low as 250 °C, however the films have a high F 

contamination at low deposition temperature.  The lowest F contamination of 0.1 at. % is 

obtained for deposition at 625 °C.
121

  The major problem of using this chemistry to deposit WNx 

thin film is the formation of an interfacial W layer about 5 nm thick due to the high reactivity of 

WF6 and Si.  This can also result in etching of the substrate.
122

  On SiO2 surface, a WO3 layer is 

first formed prior to the deposition of WNx film.  Another issue with the PECVD process is the 

poor conformality.  Film conformality of only 33% is obtained for deposition in a 0.14 µm 9:1 

aspect ratio feature.
123

  Hence this process is not suitable for diffusion barrier deposition. 

PECVD of WNx using WF6 has also been done using both NH3 and H2 plasma instead of 

just NH3 plasma as discussed previously.
124-130

  The advantage of PECVD is that by altering the 

NH3:WF6 ratio and the plasma power, the resulting WNx films could be deposited as 

stoichiometric W2N, W-rich WNx or N-rich WNx.
130

  Films can be deposited at temperature as 

low as 150 °C.
129

  An increase in the NH3:WF6 ratio results in a decrease in growth rate, increase 

in crystallinity and better film adhesion to the substrate.  The films have low resistivity and the 

resistivity of the film depends, among other factors, on the film N content and deposition 

temperature.  Due to higher F incorporation at low deposition temperature, the film resistivity 
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decreases with increase in deposition temperature.  Film resistivity as low as 90 µΩ-cm has been 

reported for WNx films deposited by this process.
125

  Particle formation during deposition has 

also been reported and the NH3:WF6 flow ratio has to be optimized to avoid this problem.
129

  The 

main drawback of this process is that pitting of the Si surface is observed due to the reaction of 

WF6 with the underlying Si substrate.
128

 

WF6 has been used with N2 + H2 plasma to deposit WNx thin films.
124-130

  N2 is used as the 

N source to prevent particle problems associated with the use of NH3.  By changing the plasma 

power, N2/H2 ratio and deposition temperature, films with varying N:W ratio can be deposited by 

PECVD.  As compared to the NH3 plasma process, the N2 plasma process requires higher 

deposition temperature to deposit WNx films.  The film resistivity depends strongly on the N:W 

ratio and resistivity for stoichiometric W2N and W-rich WNx films varies between 200 and 400 

µΩ-cm.
131

  The stoichiometric W2N and W-rich WNx films are amorphous while N-rich WNx 

films are polycrystalline.  Similar to the NH3 plasma process, the N2 plasma process also resulted 

in the presence of F at the barrier substrate interface.  The F contamination at the interface was 

more severe for SiO2 substrate than Si substrate.
32

  The F contamination resulted in poor 

adhesion of the barrier film with Si and SiO2.  The use of N2 plasma could not prevent the 

deposition of highly undesirable F impurity at the barrier substrate interface. 

The three main metal organic precursors that have been used to deposit WNx thin films are 

bis(tert- butylimido)bis(tert-butylamido) tungsten (TBTBW), tungsten hexacarbonyl and 

pentacarbonyl tungsten(1-methylbutylisonitrile).  Depositions with TBTBW precursor have been 

attempted using inert gas argon and co-reactant NH3.
31,132,133

  Films deposited with NH3 have a 

lower C content and higher N content as compared to those deposited without NH3.
132

  The 

lowest deposition temperature for this precursor is 450 °C.  When the deposition is done with Ar 
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carrier gas at 600 °C, the film contains ca. 70 at. % W, 10 - 15 at. % N, 10 - 15 at. % C and 5 at. 

% O as measured by AES.  The apparent activation energy for film growth in the kinetically 

controlled growth regime is 0.9 eV.
31

  Films were polycrystalline and the XRD spectra indicated 

the presence of β-W2N in the film.
133

  The film was highly resistive at low deposition 

temperature and the resistivity of film decreased with increase in deposition temperature.  The 

lowest resistivity of film was 620 µΩ-cm for deposition at 600 °C.  The possible reaction 

pathways for this precursor have also been investigated by Crane and coworkers.
134

  Because of 

the relatively high deposition temperature, high resistivity of the film and polycrystalline 

microstructure, TBTBW is not a good precursor candidate for deposition of diffusion barrier thin 

films. 

Tungsten hexacarbonyl has been successfully used to deposit WNx thin films with NH3 as 

co-reactant.
135-137

  Films can be deposited at temperature as low as 200 °C.  Kelsey et al.
135

 

reported that the films were amorphous for deposition below 275 °C as measured by XRD and 

TEM.  However, Lee et al.
136

 reported that the films deposited at 250 °C were weakly 

polycrystalline with the peak position indicating the presence of β-W2N.  This discrepancy could 

result from the different deposition conditions used for the deposition of WNx films.  The 

apparent activation energy for film growth is 1 eV for growth in the kinetically controlled growth 

regime.  The N:W ratio for the film was 1:1, however the presence of the W2N polycrystalline 

phase in XRD spectra suggests that the films were actually W2N polycrystals embedded in a N-

rich amorphous WNx matrix.  The films had C and N impurities of less than 10 at. % and the 

impurity content of the film decreased with increase in deposition temperature.  Low C impurity 

in the film was possibly due to weak coordinate covalent bonds between CO and W in the 

precursor.  Kelsey et al.
135

 reported that the films were also highly conductive and had their 
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lowest resistivity of 123 µΩ-cm for deposition at 400 °C, while Lee et al.
136

 reported film 

resistivity of ca. 900 µΩ-cm for the same deposition temperature.  This discrepancy in resistivity 

could be due to the different film thicknesses used by Kelsey et al. and Lee et al.  While Kelsey 

et al. measured resistivity for relatively thick WNx film (50 nm), Lee et al. measured resistivity 

for a much thinner film (15 nm).  As discussed earlier, resistivity could increase for thinner films 

because of the increase in electron scattering due to surface and grain boundary scattering.  The 

process deposited highly conformal films with conformality of 90 % observed for deposition of 

50 nm thick films in a 0.25 µm via with an aspect ratio of 4:1.
135

  To determine the diffusion 

barrier effectiveness, a Cu/WNx (15nm)/Si stack was annealed in Ar environment for 1 hour.
136

  

The post-anneal XRD and sheet resistance measurements indicated that the film was able to 

prevent copper diffusion after 600 °C annealing.  After annealing at 620 °C, the XRD spectra 

showed the emergence of Cu3Si peaks indicating bulk diffusion of copper through the barrier 

film.  Tungsten carbonyl is hence a good candidate for diffusion barrier deposition.  Further tests 

are needed to evaluate the effectiveness of the WNx film in preventing trace copper diffusion. 

Another precursor, pentacarbonyl tungsten (1-methylbutylisonitrile), has also been used 

with NH3 to deposit WNx thin films.
138

  The films were stoichiometric W2N with amorphous 

microstructure.  Detailed film characterization or diffusion barrier testing for this precursor has 

not been reported. 

2.7.2 Atomic Layer Deposition of Tungsten Nitride 

Table 2-8 shows the precursors that have been used to deposit WNx films by ALD.  George 

and coworkers
139,140

 first reported the deposition of WNx thin films by ALD using WF6 and NH3 

as precursors.  The films were deposited between 327 and 527 °C.  Minimum growth 

temperature for ALD growth was 327 °C because below this temperature, WFx:NH3 adduct 

formation was observed by FTIR due to incomplete reduction of WF6 by NH3.  X-ray 
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photoelectron spectroscopy analysis showed that the films had a N:W ratio of 1:3.  The films had 

low C and O contaminations of ca. 5 and 3 at. %, respectively.  No F contamination was detected 

by XPS.  The ALD process had a deposition rate of 2.5 Å/cycle.  The characteristic ALD process 

window was observed between 325 and 525 °C.
140

  X-ray diffraction measurement showed that 

the films deposited were polycrystalline with the peak positions indicating the presence of β-

W2N.  The average grain size of crystallites calculated from the peak broadening of β-W2N peaks 

in XRD spectra was 110 Å.  The films deposited have high resistivity of 4500 µΩ-cm.  To 

deposit WNx films with lower film resistivity, Kim et al.
141

 used diborane (B2H6) as an additional 

reducing agent along with NH3.  The use of B2H6 resulted in films with significantly lower 

resistivity (< 450 µΩ-cm).  The growth rate of the film was 2.8 Å/cycle and the N:W ratio was 

0.82.  The XRD measurement revealed that the film contained a two phase mixture of β-W2N 

and δ-WN.  The density of the film was 15 g/cc, which is close to the bulk density of both β-

W2N and δ-WN.  X-ray photoelectron spectroscopy measurement indicated that in addition to 

WNx, the film also contained the oxynitride phase WNxOy.  The source of oxygen in the film was 

not discussed.  No diffusion barrier testing was reported for these films. 

As discussed earlier, a major drawback of the process using WF6 is that it can react with 

the underlying Si substrate to form a thin pure tungsten film before the deposition of WNx.  This 

could increase the total thickness of the barrier film and is not desirable.  To prevent or minimize 

the reaction of WF6 with the underlying Si substrate, Sim et al.
142,143

 used pulsed plasma 

enhanced ALD (PP-ALD).  Plasma was used during the NH3 pulse only because if plasma is 

applied during the WF6 pulse, W particles could be generated and subsequently incorporated into 

the film.  The process was able to deposit WNx film on a Si substrate without the formation of 
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pure W interface.  However, the films also contained F as an impurity though the F content was 

not quantified by the authors. 

The only metal-organic precursor that has been used to deposit WNx films by ALD is 

bis(tert-butylimido)-bis(dimethylamido)tungsten.
45,144

  The precursor, when used with NH3 in 

ALD mode, deposits WNx thin films.  No ALD process window was observed between the 

deposition temperature of 250 and 300 °C.  The N:W ratio was 1:1 and films did not contain C 

impurity as indicated by AES and XPS measurements.  X-ray diffraction and HRTEM 

measurements indicated that the films were amorphous.  The films were stable after annealing at 

700 °C.  Subsequent heating at 725 °C resulted in decomposition of film into pure W and N2 gas.  

The growth rate was 1 Å/cycle.  The films were very smooth with a RMS roughness of 3.3 Å.  

The ALD process also demonstrated 100 % step coverage in a 200:1 aspect ratio feature.  WN 

film as thin as 1.5 nm was able to prevent copper diffusion after annealing at 600 °C.  The only 

drawback of this film was its high resistivity (1500 – 4000 µΩ-cm).  The resistivity of the film 

could be reduced by annealing the film at 700 °C in forming gas, but annealing at such high 

temperature is not desirable for diffusion barrier application. 

2.8 Tungsten Nitride Carbide as Diffusion Barrier 

2.8.1 Atomic Layer Deposition of WNxCy 

Numerous studies on ALD WNxCy growth have been reported.  Most of the reports of 

WNxCy by ALD have used ASM microchemistry‟s Pulsar
TM

 ALD deposition tool.  Almost all of 

the reports on ALD WNxCy have employed halide chemistry with WF6 as the tungsten source, 

NH3 as the nitrogen source and triethyl boron (TEB) as the carbon source.  The composition of 

films deposited was W:N:C = 55:15:30.
145

  The concentration of impurities such as O, F and B in 

the film was low (< 0.5 at. % O, < 0.5 at. % F and < 0.5 at. % B).
146

  However, F was detected at 

the interface of Si and WNxCy.
89

  This is undesirable since halogens present at the interface can 



 

99 

severely affect adhesion of the films.  In fact, the adhesion energy of WNxCy with SiO2 is 1.5 

J/m
2
 as measured by the four point bend test.

77
  The low adhesion strength, however, did not 

cause delamination of the film during the CMP process.
76

  Despite the use of a halide precursor, 

the deposition of WNxCy did not show any pitting on copper and WNxCy had good adhesion with 

copper.
145

 The WNxCy film was nanocrystalline with the peak position indicating the presence of 

WNx and WCx or a single WNxCy phase.  The average crystallite size was between 3 and 7 

nm.
147

  Unlike TiN films deposited by ALD, WNxCy films did not exhibit a columnar grain 

structure, which is desirable because a columnar structure could provide short diffusion paths for 

copper to diffuse.  The density of the film was 15.37 g/cc, which is close to the bulk value.  The 

dense microstructure of WNxCy was believed to be responsible for minimal O diffusion through 

the film after exposure to air.  The film was stable after annealing at 700 °C.  After annealing at 

800 °C, a multiphase mixture containing metallic W, WC and WCx emerges as evidenced by the 

corresponding peaks in the XRD spectrum.  The N from the film is lost as N2 gas after annealing 

at 800 °C.  While WCx reacts with Si to form W5Si3 at 700 °C
148

, no silicide formation is 

observed for WNxCy films even after annealing at 800 °C.
89

  The growth rate of the film was 0.8 

- 0.9 Å/cycle.  The resistivity of the film was 300 – 400 µΩ-cm for films deposited between 300 

and 400 °C. 

Growth of ALD WNxCy film was sensitive to the surface on which the films were 

deposited.
149

  This is particularly important because in dual damascene structures, the diffusion 

barrier film is deposited simultaneously on three different surfaces, (i.e. copper, dielectric (SiO2 

or low-k dielectric) and the etch stop layer (SiC or Si3N4)).  A transient growth regime is 

observed up to film thickness of 5 nm for growth on SiO2 and SiC, however deposition on Si3N4 

shows a much shorter transient regime.  Surface treatment has been proposed to speed up the 
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nucleation and growth of ALD films.
150

  WNxCy film deposited on PECVD SiO2 pretreated with 

NH3 plasma showed complete surface coverage after 40 ALD cycles whereas WNxCy deposited 

on untreated PECVD SiO2 required 50 cycles to achieve complete surface coverage. 

The WNxCy film was compatible with dielectric films such as SiO2 and SilK
TM

 and etch 

stop layers such as SiC and Si3N4.
145

  However, for ultra low-k films, the precursor diffuses 

through the pores of the dielectric.  Diffusion of the precursor through both HSQ and MSQ 

dielectric films with pore size of 4 - 5 nm has been reported.
73

  Nitrogen plasma was able to seal 

the pores of these dielectric films and prevent the diffusion of the precursor(s) into the dielectric 

film.  Surface treatment of SilK
TM

 dielectric by O2 inductively coupled plasma (ICP) in an 

oxygen rich environment and reactive ion etch (RIE) done in a nitrogen rich environment have 

been investigated to seal the pores of the dielectric film.
151

  Hydrophilic groups created on the 

dielectric surface during surface treatment are expected to enhance ALD growth.  N2 RIE was 

able to densify the dielectric surface and close the pores of the dielectric film.  However, since 

the O2 ICP does not have any ion bombardment, the dielectric films remained semi-permeable 

after surface treatment.  WNxCy films on plasma treated polymer were smoother, more so for 

film deposited on an N2 RIE treated surface than film grown on O2 ICP treated surface.  Films 

deposited by ALD were continuous after 10 nm for untreated polymer, 3.5 nm for the O2 ICP 

treated surface and 1.4 - 2.3 nm for the N2 RIE treated surface. 

The thermal stability of ALD WNxCy as measured by XRD showed that the film failed 

after annealing at 700 °C as evidenced by the formation of Cu3Si.
147

  However, the etch pit test, 

which can detect trace diffusion of copper through the barrier film, showed that the diffusion of 

copper through the WNxCy film occurs after annealing at 600 °C for 30 min.
89

  Electromigration 

resistance of copper deposited on WNxCy has been compared with copper deposited on PVD Ta, 
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which is the liner material currently used in industry.
76

  For the electromigration test performed 

at 325 °C and 2 mAmp current, copper film deposited on WNxCy has better electromigration 

resistance than copper film deposited on PVD Ta.  The dominant failure mechanism of copper 

deposited on WNxCy in dual damascene structure was voiding in M2 trench starting at the via 

and propagating along the capping layer.  Bias temperature stress tests done at 300 °C and 0.7 

MV/cm bias showed that 2.7 nm WNxCy film failed after 30 min stress, while 5 nm WNxCy 

barrier did not fail.  These reports confirm that WNxCy can prevent copper diffusion under 

normal operating conditions and has good electromigration resistance. 

A major integration problem of WNxCy barrier film was its galvanic corrosion by the H2O2 

based slurry used in CMP of copper.  The large potential difference between Cu and WNxCy in 

H2O2 causes the corrosion of WNxCy by H2O2.  The corrosion occurs by dissolution of W as 

tungsten oxide.  To overcome this problem, a CMP slurry based on HNO3 has been proposed.
152

  

The use of HNO3 based slurry can reduce the WNxCy corrosion.  Additives such as 

monosaccharides or organic acids can be used to slow the excessive loss of copper by HNO3. 

2.8.2 Chemical Vapor Deposition of WNxCy 

WNxCy is a very promising material for diffusion barrier application as discussed above.  

However, the use of WF6 leads to F deposition at the barrier-substrate interface
89

 leading to poor 

adhesion of the barrier film to the substrate.  Moreover, WF6 has problems related to its handling 

and storage.  An alternate method for the deposition of WNxCy is thus desirable.  Three different 

metal organic precursors have been used to deposit WNxCy thin films [Cl4(RCN)W(NPh) (1a, R 

= CH3 and 1b, R = Ph), Cl4(RCN)W(NC
i
Pr) (2a, R = CH3 and 2b, R = Ph) and 

Cl4(RCN)W(NC3H5) (3a, R = CH3 and 3b, R = Ph)].
153-157

  From the study of films deposited 

using these precursors, it was evident that the N-C imido bond strength has a significant effect on 

the N content of the deposited film.  Films deposited with 1a,b were W-rich and poor in N 
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because the strong N-C imido bond results in the cleavage of W-N bond.  Films deposited with 

2a,b and 3a,b have a higher N content due to relatively weaker N-C bond strength, even though 

the N content was below the desirable levels for diffusion barrier application. 

Previous studies on WNxCy deposition by MOCVD using 1a,b, 2a,b and 3a,b have shown 

that the films have low N content.  As discussed earlier, excess N in diffusion barrier films is 

desirable because it improves the diffusion barrier performance by „stuffing‟ the grain 

boundaries.  Another concern for deposition using precursors 1a,b, 2a,b and 3a,b was that the 

lowest temperature at which films could be deposited was 450 °C or higher.  It is desirable to 

deposit WNxCy films at even lower temperature as low-k dielectrics are thermally unstable above 

450 °C.  In the present work, further investigation is done to deposit WNxCy thin films with 

alternate chemistries to deposit films with higher N content at temperature below 450 °C.  To 

improve film N content, two different approaches have been used.  One is the use of precursors 

with higher N:W ratio such as W(N
i
Pr)Cl3[

i
PrNC(NMe2)N

i
Pr] (4) and (CH3CN)Cl4W(NNMe2) 

(5).  The other approach is to use co-reactant NH3 to increase film N content.   

Chapter 4 investigates the use of NH3 with 3a,b to increase the film N content.  Chapter 5 

discusses the results for film deposition using 4 and H2.  Chapter 6 discusses the results obtained 

from thin film deposition using 4 and NH3 (with and without H2).  The results obtained from thin 

films deposited with 5 and H2 are discussed in Chapter 7.  To facilitate the understanding of the 

gas phase reactions of 5, Chapter 8 discusses results from quantum mechanical calculations using 

density functional theory.  Chapter 9 provides a summary of work reported in this manuscript 

and discusses future work that would enhance our understanding of WNxCy thin film deposition 

using MOCVD.
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Table 2-1.  Melting temperature of Ti, Ta, and W and their nitrides and carbides39 

Transition Metal Tm  ( °C) 

Titanium 1677 

Tantalum 2997 

Tungsten 3380 

Titanium Nitride 2949 

Tantalum Nitride 3093 

Tungsten Nitride < 800 for WN 

Titanium Carbide 3067 

Tantalum Carbide 3983 

Tungsten Carbide 2776 

 

Table 2-2.  Techniques used for characterization of diffusion barrier thin films 

Film Property Characterization Technique Acronym(s) 

Microstructure X-ray diffraction XRD 

Grazing Incidence XRD GIXD, GIXRD 

Scanning electron microscopy SEM 

Electron diffraction in transmission electron 

microscopy TEM 

Composition Auger electron spectroscopy AES 

X-ray photoelectron spectroscopy XPS, ESCA 

Electron dispersive X-ray spectroscopy EDS, EDX 

Secondary ion mass spectroscopy SIMS 

Rutherford back scattering RBS 

Elastic recoil detection analysis ERDA 

Film Thickness Scanning electron microscopy SEM 

Transmission election microscopy TEM 

Profilometer   

Rutherford backscattering RBS 

X-ray reflectivity XRR 

Density X-ray reflectivity XRR 

Rutherford backscattering RBS 

Resistivity Four point probe   

Surface roughness Atomic force microscopy AFM 

Optical profilometer   

Stylus profilometer   

X-ray reflectivity XRR 

Atomic Bonding X-ray photoelectron spectroscopy XPS 

Film Adhesion Four point bend test, Scotch tape test  
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Table 2-3.  Precursors used for deposition of TiNx thin films by CVD 

Technique  Ti source N source Reference 

CVD  Inorganic 

Precursor 

TiCl4 NH3 51-55, 158-

160 

    TiI4  56, 57 

  Metal-organic 

Precursor 

tetrakis (dimethylamido) 

titanium (TDMAT) 

 60-62, 68, 69, 

72, 161 

    tetrakis (dimethylamido) 

titanium  

H2 or N2 + post-

growth plasma 

exposure 

68, 69, 162-

164 

    tetrakis (dimethylamido) 

titanium 

NH3 60, 64-66, 165 

    tetrakis (dimethylamido) 

titanium  

hydrazine 67 

    tetrakis (diethylamido) 

titanium (TDEAT) 

inert gas 70, 64, 68, 

166 

    tetrakis (diethylamido) 

titanium  

NH3 64, 66, 70, 71 

PECVD Inorganic 

Precursor 

TiCl4 H2, N2 plasma 58, 59 

  Metal-organic 

Precursor 

tetrakis (diethylamido) 

titanium 

H2 or N2 plasma 72 

 

 

Table 2-4.  Precursors used for deposition of TiNx thin films by ALD 

Technique  Ti 

source 

N source Reference 

ALD Inorganic Precursor TiCl4 NH3 73, 74, 77, 83, 86, 172 

  TiCl4 Zn + NH3 75, 79 

  TiCl4 dimethylhydrazine 80 

  TiCl4 tert-butylamine 81 

  TiCl4 allylamine 81 

  TiI4 NH3 79, 81, 83 

 Metal-organic 

Precursor 

TDMAT NH3 86, 87, 167, 168 

  TEMAT NH3 84, 85, 167 

PAALD Inorganic Precursor TiCl4 NH3 78 

 Metal-organic 

Precursor 

TDMAT remote N2 /H2 

plasma 

88, 89 

 



 

105 

Table 2-5.  Precursors used for deposition of TaNx thin films by CVD 

Technique  Ti source N source Reference 

CVD  Inorganic 

Precursor 

TaCl5 NH3 90, 169 

  TaF5 NH3 90 

  TaBr5 NH3 90  

  TaBr5 H2 + NH3 91, 92 

 Metal-organic 

Precursor 

tert-butylimido tris(diethylamido) 

tantalum (TBTDET) 

 95-97 

  pentakis(dimethylamido) tantalum 

(PDMAT) 

NH3 98, 170 

  pentakis(diethylamido) tantalum 

(PDEAT) 

NH3 99, 100 

  tert-amylimidotris(dimethylamido) 

tantalum (TAIMATA) 

NH3 103 

  ethylimidoethyl(C,N) 

tris(diethylimido) tantalum 

H2 91 

PECVD Inorganic 

Precursor 

TaCl5 N2 90, 93 

  TaF5 N2 90 

  TaBr5 N2 90 

  TaBr5 N2 + H2 94 

  TaBr5 N2 90 
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Table 2-6.  Precursors used for deposition of TaNx thin films by ALD 

Technique  Ta source N source Reference 

ALD Inorganic 

Precursor 

TaCl5 NH3 104, 105 

  TaCl5 Zn + NH3 105 

  TaCl5 1,1 dimethyl hydrazine 80 

  TaCl5 tert-butylamine (+NH3) 

or allylamine (+ NH3) 

106 

  TaBr5 tert-butylamine (+NH3)  106 

 Metal-

organic 

Precursor 

tert-butylimido 

tris(diethylamido) 

tantalum (TBTDET) 

NH3 108-110 

  pentakis(dimethylamido) 

tantalum (PDMAT) 

NH3 111-114 

  tertiaryamylimidotris 

(dimethylamido) 

tantalum (TAIMATA) 

NH3 109, 116 

PAALD Inorganic 

Precursor 

TaCl5 N2/H2 plasma 107 

 Metal-

organic 

Precursor 

tert-butylimido 

tris(diethylamido) 

tantalum (TBTDET) 

H radicals 110, 171 

  pentakis(dimethylamido) 

tantalum (PDMAT) 

H2/N2 plasma 112, 114, 115  

  tertiaryamylimidotris 

(dimethylamido) 

tantalum (TAIMATA) 

H2 plasma 116 
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Table 2-7.  Precursors used for deposition of WNx thin films by CVD 

Technique  W source N source Reference 

CVD  Inorganic  WCl6 NH3 + H2 117, 118 

 Precursor WF6 NH3 + H2 119 

  WF6 NH3 + 

SiH4 + H2 

120 

 Metal organic 

Precursor 

tert-butylimino tert-

butylamido tungsten 

NH3 or Ar 31, 132-134 

  tungsten hexacarbonyl NH3 135-137 

  tungsten pentacarbonyl 

1-methylbutylisonitrile 

NH3 138 

PECVD Inorganic  WF6 NH3 

plasma 

121-123 

 Precursor WF6 H2 + NH3 

plasma 

124-130 

  WF6 H2 + N2 

plasma 

32, 131 

 

 

 

 

Table 2-8.  Precursors used for deposition of WNx thin film by ALD 

Technique W source  N source Reference 

ALD Inorganic  WF6 NH3 139, 140 

 Precursor WF6 NH3 and B2H6 141 

PAALD Metal organic 

Precursor 

bis(tert-butylimido) 

bis(dimethylamido) tungsten 

NH3 45, 144 

 Inorganic 

Precursor 

WF6 NH3 plasma 142, 143 
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Figure 2-1.  Arrhenius plot for CVD showing mass transfer limited and reaction limited growth 

regimes.  G is the film growth rate and T is the deposition temperature in K 
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Figure 2-2.  Characteristic ALD growth rate vs. T curve showing different growth regimes 
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Figure 2-3.  Characteristic ALD plot showing the exposure time required to achieve self-limiting 

growth 
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CHAPTER 3 

EXPERIMENTAL TECHNIQUES FOR THIN FILM DEPOSITION AND 

CHARACTERIZATION 

3.1 Description of the CVD Reactor 

All the depositions of WNxCy were done in a custom CVD reactor (Figure 3-1).  Metal 

organic precursor used for CVD deposition was dissolved in benzonitrile solvent and loaded into 

a syringe.  The solution was delivered into a nebulizer at a constant flow rate of 4 mL/hr.  The 

nebulizer contains a quartz plate that converts the precursor-solvent mixture into aerosol and the 

aerosol is carried to the reactor via carrier gas (H2, H2 + NH3 or N2 + NH3).  The aerosol/ carrier 

gas mixture was delivered to the reactor through heated delivery tube.  The delivery tube was 

heated to prevent condensation and accumulation of condensates on the tube wall.  The substrate 

was heated by RF generator and the RF power was adjusted to change the temperature of the 

substrate.  A detailed description of the system has been reported previously.
173

 

3.2 Modification of the CVD Reactor 

There were 4 major changes made in the experimental setup: 

 Installation of H2 and N2 purifiers in the H2 and N2 delivery lines  

 Reconfiguration of the gas lines downstream of the reactor  

 Modification to the line for delivery of NH3  

 Replacement of MKS mass flow and pressure programmer/ display 

 

3.2.1 Installation of H2 and N2 Purifiers in the H2 and N2 Delivery Lines 

The precursors used for CVD deposition are oxygen sensitive.  Hence, the CVD reactor 

should contain a minimal amount of oxygen during film growth.  Ultra high purity gases (H2 and 

N2) obtained from Praxair contain a few ppm of oxygen and water vapor.  The intent behind 

installing purifiers was to reduce the impurity levels of carrier gas from ppm level to ppb level.  

Figure 3-2 shows the change in feed line configuration before and after the installation of gas 

purifiers.  The purifiers were made by Saes Corporation (model # PS11-MC1N for N2 
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purification and PS11-MC1H for H2 purification).  The purifier uses activated catalyst to adsorb 

gases such as O2, H2O, CO and CO2.  The installation of the purifier requires that they be 

installed vertically with the gas inlet from the top.  The gas lines were purged prior to installation 

of purifier since exposure to atmosphere can poison the catalyst in the purifier.  The purifier also 

contained a particle filter that removes particles with size larger than 0.003 µm in diameter.  The 

purifier was connected to the lines by VCR fittings.  The purifier is designed to operate at a 

maximum flow of 5000 sccm with nominal flow of 500 sccm. 

3.2.2 Reconfiguration of the Gas Lines Downstream of the Reactor 

One of the major operational problems for the CVD system was the failure of the throttle 

valve.  The throttle valve uses a small disc with an o-ring inside a cylindrical bore to modulate 

the conductance through the valve.  To control the reactor pressure, a throttle valve controller 

adjusts the disc position in the valve based on the difference between pressure input from the 

Baratron pressure gauge and the set point for the reactor pressure.  The main problem with the 

throttle valve was the swelling of the o-ring on the disc due to absorption of benzonitrile solvent.  

Since the cold trap, intended to remove condensables such as solvent vapor, was installed 

downstream of the throttle valve, the disc was exposed to the benzonitrile solvent.  The swelling 

of the disc‟s o-ring due to benzonitrile absorption resulted in rupture of the o-ring.  

Consequently, the throttle valve was not able to control the reactor pressure.  The frequency of 

throttle valve failure was once every four to six experiments. 

To alleviate the problem of throttle valve failure, the downstream of the reactor was 

reconfigured (Figure 3-3).  A cold trap was installed between the reactor and throttle valve so 

that benzonitrile could be condensed and removed from effluent gas to minimize the exposure of 

throttle valve o-ring to benzonitrile.  As a result of this modification, the frequency of throttle 

valve failure was reduced to once every 50 experiments. 
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The glass cold trap was replaced by a new stainless steel cold trap (Figure 3-4).  The 

stainless steel cold trap was designed such that its total internal volume was same as that of the 

glass cold trap.  The glass cold trap had no port for removing the condensate collected at the 

bottom of cold trap.  The stainless steel cold trap had an inclined bottom to collect the 

benzonitrile and other condensables near the purge port.  After every experiment, about 1 - 2 ml 

of solvent (primarily benzonitrile) condensed in the cold trap.  Before starting new experiment, 

the solvent collected in the cold trap was removed by opening the purge valve at the bottom of 

the cold trap. 

3.2.3 Modification to the Line for Delivery of NH3 to the Reactor  

When NH3 was used as a co-reactant, the gas was delivered using a secondary NH3 line 

labeled as „Old NH3 feed port‟ in Figure 3.5.  Films deposited when NH3 was used as co-reactant 

were quite non-uniform in thickness.  The primary reason for this non-uniformity was the 

inhomogeneous distribution of NH3 because of the proximity of the NH3 feed port to the 

substrate surface.  To alleviate this problem, a modification was made in the system near the H2 

inlet line at the nebulizer.  The line was split to allow for the introduction of NH3 along with the 

H2.  The new port from which NH3 was introduced is labeled „new NH3 feed port in Figure 3-5.  

This modification allowed the NH3 gas to mix properly with the H2 carrier gas prior to the 

exposure of the gas mixture on the substrate.  Films deposited after this modification had 

uniform film thickness as measured by SEM. 

3.2.4 Replace MKS Mass Flow and Pressure Programmer Display 

The old MKS mass flow and pressure programmer (MKS 147) failed to control the flow 

rate of NH3 and had to be replaced.  The manufacturing of MKS 147 pressure and flow controller 

has been discontinued by MKS Inc.  So, a new MKS mass flow and pressure programmer 

display (MKS 647B) was installed in the system.  The MKS 647B mass flow and pressure 
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programmer/display has a LCD display while the old MKS 147 had a CRT display.  Most of the 

other features of MKS 647 B are similar to that of MKS 147.  However, the new controller 

required rewiring of the transducer input into the controller. 

3.3 Operating Procedure for CVD Deposition 

The operating procedure for CVD deposition has been described previously.
173

  The only 

change made to the procedure was that after the growth, the substrates were taken out of the 

CVD chamber only after the substrate temperature reached room temperature.  The old 

procedure allowed for the substrates to be unloaded from the reactor once the substrate 

temperature was below 75 °C.  The procedure was modified primarily to minimize the diffusion 

of oxygen into the deposited film. 

3.4 Deposition Parameters 

Table 3-1 shows the flow rates of precursor, solvent and carrier gas used for CVD growth.  

For a particular set of experiments, all the deposition parameters except substrate temperature 

were held constant.  Depositions at different growth temperature were done to understand the 

effect of substrate temperature on film properties such as growth rate, crystallinity, resistivity, 

atomic bonding and efficacy as a diffusion barrier. 

3.5 Dimensionless Numbers for CVD Reactor 

Dimensionless numbers can provide valuable insight into the effect of various process 

parameters such as temperature and pressure on reactor flow pattern.  This section discusses the 

calculation results for important dimensionless numbers for the CVD film growth for the reactor 

and deposition conditions discussed previously.  The calculation of dimensionless numbers has 

been done by using the thermophysical properties of carrier gas alone unless specified otherwise. 
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3.5.1 Prandtl Number 

The Prandtl number, Pr, is the ratio of momentum diffusivity to thermal diffusivity. 

p

ν μ
Pr= =

α k/c
          (3-1) 

The kinematic viscosity is ν, thermal diffusivity is α, viscosity is µ, thermal conductivity is k and 

specific heat at constant pressure is cp.  Chapman-Enskog theory can be used to estimate the 

Newtonian viscosity.
174

 

0.5
-6

2

μ

(MT)
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        (3-2) 

The molecular weight is M (kg/kgmol), temperature is T (K), collision diameter is ζ (Å) and 

dimensionless collision integral is Ωμ.  Ωμ is a function of dimensionless temperature, kBT/ε.  For 

H2 and N2 carrier gases used for CVD deposition, the value of ε/kB are 38.0 and 91.5 

respectively.  Since the depositions were done between 300 and 750 °C, the value of 

dimensionless temperature is greater than 6.0.  For dimensionless temperature greater than 6.0, 

Ωμ is given by Equation 3-3.
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           (3-3) 

For N2 and H2, the value of ζ is 3.681 and 2.915 respectively.
176

  Substituting these values in 

Equation 3-2, the value of µ for H2 and N2 carrier gases be calculated. 

2

0.6487

Hμ =4.5864×T
         (3-4) 

2

0.6487

Nμ =4.5864×T
         (3-5) 

The thermal conductivity for a polyatomic gas is given by modified Eucken correlation (Eq. 3-

6).
174
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pc MμR
k= 1.32 -1 +1.77

M R

  
  

           (3-6) 

The Universal gas constant (8314 J/mol-K) is R.  Since depositions in CVD reactor were done at 

high temperature and low pressure, the ideal gas assumption is valid.  For an ideal polyatomic 

gas, cp is given by Equation 3-7. 

p

7R
c =

2M            (3-7) 

Substituting the values of cp, µ, R and M in Equation 3-6, the value of k can be calculated (Eq. 3-

8 and 3-9). 

2

-3 0.6487

Hk =4.6742 10  T
        (3-8) 

2

-3 0.6487

Nk =6.8995 10  T
        (3-9) 

From Equations 3-4, 3-5, 3-7, 3-8 and 3-9, the value calculated for Pr is 0.690 for both H2 and N2 

carrier gases.  The value of Pr indicates that the thermal boundary layer and the velocity 

boundary layer for both H2 and N2 carrier gases are important for thermal diffusion 

consideration. 

3.5.2 Knudsen Number 

Knudsen number (Kn) determines if the continuum approach can be used for the fluid flow 

in CVD reactor.  For a dilute gas mixture in which species B is the predominant gas, Knudsen 

number is given by Equation 3-10.
177
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           (3-10) 

The characteristic length of the reactor is L, molecular weight of dilute species A (precursor 

3a,b, 4 or 5) is MA, molecular weight of species B (H2 or N2) is MB, the collision diameter of 

species A is ζA and the mole fraction of species B is xB.  For the CVD reactor used for film 
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growth, the diameter of the reactor (0.0597 m) was used as the characteristic length of the 

reactor.  The present work used 3 different precursors, 3a,b, 4 and 5a,b with N2 and/or H2 carrier 

gases.  The approximate values of ζA used for 3a,b, 4 and 5a,b were obtained from X-ray 

crystallography.  The distance between furthest atoms in the X-ray crystallographic structure of 

all three precursor molecules was ca. 10 Å and this value was used as an approximation of ζA.  It 

should be noted that the X-ray crystallographic structure does not account for the substitution of 

acetonitrile ligand by benzonitrile when the solid precursor is dissolved in benzonitrile solvent.  

T is calculated by averaging the temperature of the heated impinging jet (50 °C) and the 

temperature of the substrate (between 300 and 750 °C).  Table 3-2 shows the values of Knudsen 

number for precursors 3a,b, 4 and 5 at different deposition temperature.  For Kn < 0.01, 

continuum approach is valid for analyzing the system.  Since for all the different precursors and 

carrier gases the Kn number is of the order of 10
-7

, continuum approach is valid.  

3.5.3 Reynolds Number 

The Reynolds number (Re) is the ratio of inertial to viscous force.  Reynolds number for a 

CVD system is given by Equation 3-11.
177
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2
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σ Ω L m
Re=3.747×10

M A T

   
                  (3-11) 

The cross-sectional area of the reactor is Acs (m
2
) and the mass flow rate of the carrier gas is 

•

m  

(kg/s).  Reynolds number is calculated using carrier gas only because the molar flow rate of 

carrier gas is at least 3 orders of magnitude higher than that of the precursor.  Acs for the reactor 

is 2.8 × 10
-3

 m
2
 and mass flow rate for H2 and N2 are 3.41 × 10

-7
 kg/s and 4.77 × 10

-6
 kg/s 

respectively.  Table 3-3 shows the value of Re for H2 and N2 at different deposition temperature.  

Since the value of Re is less than 2000, the flow through the reactor is laminar. 
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3.5.4 Peclet Number 

The Peclet number (Pe) is a dimensionless number related to the rate of advection of flow 

to its thermal diffusion.  It is calculated by multiplying Reynolds number with Prandtl number.  

Forced convective heat transfer can be neglected if Pe
0.5

 << 1.  Table 3-3 shows the values of Pe 

and Pe
0.5

 calculated for H2 and N2 carrier gases at different deposition temperature.  Since 

(Re•Pr)
0.5

 for H2 and N2 is not << 1, forced convective heat transfer through the reactor can not 

be neglected. 

3.5.5 Grashof Number 

The Grashof number (Gr) is the ratio of buoyancy force to viscous force on a fluid.  This 

dimensionless number is helpful in determining the occurrence of turbulence for free convection.  

If the Grashof number is less than 10
5
, no turbulence effects are expected for free convection.  

Grashof number for the CVD reactor is given by Equation 3-12.
177

 

  
2
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Gr=1.9903×10 Mσ Ω L
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        (3-12) 

The characteristic temperature difference, ΔT, is calculated by subtracting the impinging jet 

temperature from the temperature of the substrate.  Table 3-4 summarizes the Grashof number 

calculated for H2 and N2 at different deposition temperature.  For H2, the value of Gr is less than 

10
5
 indicating that turbulence is not expected for free convection.  However, Gr for N2 is 

significantly higher than 10
5
 suggesting that turbulence is expected for free convection when N2 

is used as carrier gas.  Experimentally, when N2 is used as carrier gas, condensates of 

benzonitrile are observed in the view port.  Since the view port is located above the shower head, 

benzonitrile condensation on view port is possible only if longitudinal convective rolls are 

present in the reactor.  However, when H2 is used as carrier gas, no such condensation is 
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observed on the view port.  This observation along with the value of Grashof number for N2 

confirms that buoyancy effects are important when N2 is used as a carrier gas. 

3.5.6 Rayleigh Number 

The Rayleigh number (Ra) is the ratio of thermal flux by free convection to that by 

diffusion.  Rayleigh number is defined as the product of Grashof number and Prandtl number.  

Table 3-4 summarizes the Rayleigh number calculated for H2 and N2 carrier gas for different 

deposition temperature.  Natural convective heat transfer can be neglected if (Ra*Pr)
0.25

 << 1.  

Since the value of (Ra*Pr)
0.25

 is not << 1 for both H2 and N2 carrier gas throughout the 

deposition temperature, natural convective heat transfer cannot be neglected.  Longitudinal 

convective rolls have been observed in horizontal CVD reactor for Ra > 1708.
177

  For both H2 

and N2, the value of Ra is greater than 1708 indicating that convective rolls are present in the 

reactor.  Furthermore, the convective rolls are expected to be more severe for N2 carrier gas 

because the Ra value for N2 is two orders of magnitude higher than 1708.  Experimentally, the 

condensation of benzonitrile on the view port confirms that the problem of recirculation is more 

severe for N2 as compared to H2 carrier gas. 

3.6 Techniques Used for Thin Film Characterization 

3.6.1 X-Ray Diffraction 

The film crystallinity was examined by Philips APD 3720, operating from 5 - 85 

2degrees with Cu Kα radiation.  X-rays were generated at 40 kV voltage and 20 mA current.  

Monochromatic Cu Kα radiation was obtained by filtering out the Cu Kβ radiation using a Ni 

filter.  When the films were extremely thin (few nm thick), film crystallinity was measured by 

GIXD technique using Phillips MRD X‟Pert system. Cu K radiation, generated at 45 kV and 40 

mAmp (1.8 kW), was used for the GIXD analysis.  The angle of incidence for measurements was 

2 and the step size was 0.02 per step.  The peaks obtained from the XRD and GIXD spectra 
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were compared with reference spectra in the JCPDS database
178

 to determine the crystalline 

phase(s) present in the film.  Table 3-5 lists the reference peak positions and their relative 

intensities for β-W2N, β-W2C, α-W2C, WO3 and Si.
178

 

The broadening of peak in XRD spectra can be used to calculate the grain size of the 

crystallites by Scherrer‟s equation (Eq. 3-13).
179

 

t = 0.9 / (B cos )         (3-13) 

The wavelength of X-rays used for measurement is , the angle of incidence is , and the 

broadening of the diffraction line measured as full width at half maximum (FWHM) is B.  For β-

W2N or β-W2C peaks, the most intense (111) diffraction peak was used to determine FWHM. 

The peak position in an XRD spectrum can also be used to calculate the lattice parameter 

of the unit cell.  The inter-planar spacing, d, is obtained from Bragg‟s Law. 

λ
d=

2sinθ           (3-14) 

The value of λ for Cu Kα1 radiation is 1.5405 Å.  The lattice parameter, a, for a cubic cell is 

given by Equation 3-15. 

2 2 2

2 2

1 1
= (h +k +l )

d a          (3-15) 

The Miller Indices are h, k and l.  For a hexagonal crystal, the lattice parameter is given by 

Equation 3-16. 

2 2 2

2 2 2

1 4 1
= (h +hk+k )+ (l )

d 3a c         (3-16) 

For hexagonal crystal, two different peak positions are required to solve for lattice parameters a 

and c. 
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3.6.2 Auger Electron Spectroscopy 

Film composition was determined by AES.  In AES, energetic electrons are used to knock 

out core electron of atoms close to the surface of the thin film.  The excited atom relaxes to lower 

energy state by either Auger emission or X-ray fluorescence.  In Auger emission, the excited 

atom relaxes to lower energy state by transitions of an electron from higher energy level to the 

inner shell.  The excess energy from the transition causes another electron from higher energy 

level to eject from the atom.  The kinetic energy of the ejected Auger electron can be used to 

identify the energy levels for that particular transition.  Determination of the energy levels can 

then be used for elemental identification.  In AES spectra, the number of electrons ejected is 

plotted versus the kinetic energy and the data are differentiated for better resolution.  Elemental 

identification is then done by comparing the peak positions in the AES spectrum to reference 

spectral lines of different elements. 

Auger electron spectroscopy measurements were done using a Perkin-Elmer PHI 660 

Scanning Auger Multiprobe.  A 5 kV acceleration voltage and 50 nA beam current was used for 

the Auger analysis.  The beam diameter was 1 m and the angle of incidence was 45°.  The AES 

spectra were obtained between 50 and 2050 eV with a step size of 1 eV.  Prior to AES 

measurement, the sample surface was cleaned by sputter etching for 30 sec using Ar
+
 ions.  The 

etch rate for the sputtering was calibrated at 100 Å/min using a Ta2O3 standard.  The ion gun for 

sputtering was operated at 15 mA current at Ar pressure of 1.5 × 10
-3

 Pa.  The beam voltage of 

the ion gun was 5 keV. 

A general expression for determination of quantification of atomic concentration in given 

by Equation 3-17. 

a a a
a

i i i

N I /S
X = =

N I /S           (3-17) 
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where,  

Xa = concentration of any constituent a in the sample 

Na = number of atoms per unit volume of constituent a 

∑Ni = sum of number of atoms per unit volume of all the constituents of the film 

Ia = Auger intensity of a particular transition for constituent a 

∑Ii = sum of Auger intensities of all the constituents of the film 

Sa = relative sensitivity factor for constituent a 

Si = relative sensitivity factor of constituent i 

Auger intensity is calculated from peak-to-peak height in the numerically differentiated 

EdN(E)/dE spectrum.  The spectrum is numerically differentiated according to the Savitzky-

Golay differentiation algorithm using five differentiation points.  The relative sensitivity factor is 

calculated by comparing the peak intensity of a pure element with that of a reference standard 

(typically the Cu LMM transition obtained at 10 keV).  Table 3-6 lists the relative sensitivity 

factors of C, N, O and W used for quantification in AES.
180

  The table also lists the position of 

peaks used for quantification of different elements.  It should be noted that the calculation of 

atomic concentration using Equation 3-17 does not take the matrix effect into account.  If an 

element is present in a matrix of other elements, its properties such as Auger transition 

probability, secondary ionization by scattered electrons and inelastic mean free path are different 

from that of pure element.  This change in sensitivity factor is often referred to as the matrix 

effect.  The elemental composition obtained by using pure elemental sensitivity factors can have 

significant error because of the matrix effect.  While the absolute value of film composition 

might not be accurate, the film composition values can be helpful in comparing films deposited 
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at different process conditions.  Accurate calculation of film composition requires the calibration 

of the sensitivity factors using a WNxCy standard of known composition.  

The change in elemental composition of the film with depth was measured by AES depth 

profile.  In this technique, the sample surface is sputtered and then analyzed to identify the 

intensity of peaks of elements present in the film.  This process is repeated to obtain the depth 

profile for different elements.  An AES depth profile can be obtained in two different ways: 3-

point depth profiling and survey depth profiling.  The main difference between these two 

techniques is the manner in which peak intensity is calculated.  In survey depth profiling, an 

entire survey of a particular peak is taken to determine the peak intensity.  In 3-point depth 

profiling, a peak is identified by measuring the peak at 3 points.  Two of the three points 

correspond to the baseline of the peak and the third point corresponds to the highest point of the 

peak.  From these three points, the peak intensity is calculated.  The advantage of 3-point depth 

profiling over survey profiling is that since only 3 points of a peak are measured, the 

measurement is much faster and a better depth resolution can be achieved.  The disadvantage of 

this technique is that precise elemental composition can not be determined.  In the present work, 

3-point technique was used for depth profiling. 

3.6.3 X-Ray Photoelectron Spectroscopy 

XPS analysis was done to obtain bonding information of atoms in thin films.  Surface 

analysis by XPS is done by irradiating the sample surface with monoenergetic soft X-rays and 

measuring the energy of the electrons ejected from sample by photoemission process. The kinetic 

energy of an emitted electron, KE, is given by Equation 3-18. 

KE = hν – BE - φs          (3-18) 

The energy of the photon is hν, the binding energy of atomic orbital from which the electron is 

generated is BE and the work function of the spectrometer is φs.  Since each element has a 
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unique binding energy, XPS can be used to determine the elements present in the sample.  

Depending on the bonding of a particular atom in the sample, the binding energy of that atom 

shifts.  This shift can be used to obtain the bonding information of an element in the sample.  

Table 3-7 lists the binding energies of atoms in different compounds of W, C, N and O along 

with pure elemental binding energies of polymeric and graphitic carbon. 

X-ray photoelectron spectroscopy measurements were taken using a Perkin Elmer PHI 

5600 system.  X-ray photoelectron spectroscopy spectra were taken using monochromatic Mg 

Kradiation with the X-ray source operating at 300 W (15 kV voltage and 20 mA current).  The 

sample surface was sputter etched for 15 min using Ar
+
 ions to remove surface contaminants.  

The etch rate for the XPS system was calibrated at 10 Å/min using Ta2O3 standard.  The ion gun 

for sputtering was operated at 15 mA current at a Ar pressure of 1.5 × 10
-3

 Pa.  The beam voltage 

of the ion gun was 5 keV. 

3.6.4 Scanning Electron Microscopy 

Film thickness measurement was done using SEM.  In SEM, an electron beam is attracted 

towards substrate by a positive bias on the substrate.  Secondary electrons are generated from the 

interaction of electron beam with the substrate surface.  Secondary electrons have low energy (2 

– 5 eV) and are generated very close to the surface.  By mapping the coordinates with the 

intensity of the secondary electron, an image is constructed.  For the present study, JEOL JSM 

6400 and JEOL JSM 6335F scanning electron microscopes were used for measuring film 

thickness.  To generate electron beam, JEOL JSM 6400 microscope uses thermionic emission 

whereas the JEOL JSM 6335F uses field emission technique.  In thermionic emission, a tungsten 

filament was heated to 2400 °C to generate electrons.  In field emission, electrons were 

generated by applying high bias of 15 kV on a single crystal tungsten tip.  For measurements of 
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less than 40,000x magnification, SEM JEOL 6400 was used.  To obtain resolution higher than 

40,000x, a field emission SEM JEOL JSM 6335F was used.  To measure film thickness, the 

substrate was cleaved and the cross-section of the substrate was viewed under the SEM.  

3.6.5 Four Point Probe 

Film sheet resistance was measured by using a four point probe.  A four point probe 

consists of four sharp metallic probes lined with one another.  Current is passed through the outer 

probes and the voltage is measured by the inner probes.  Based on the V and I measured, the 

sheet resistance is calculated using Equation 3-19. 

s

V
R =4.53×

I           (3-19) 

The sheet resistance of deposited films was measured using an Alessi Industries four-point 

probe.  The resistivity of the film, ρ, is then calculated by Equation 3-20. 

sρ=R ×t
           (3-20) 

The thickness of the film, t, is obtained from SEM imaging. 

3.7 Diffusion Barrier Testing 

For diffusion barrier testing, copper film was deposited on the WNxCy thin film using Kurt 

J. Lesker CMS-18 multi-target sputter system.  Prior to the deposition of copper on the barrier 

film, the film was exposed to air for 1 - 2 hr.  The base pressure of the sputter system was 10
-6

 

Torr and deposition was done at 5 mTorr with Ar used as sputter deposition gas.  The forward 

sputtering power for Cu target was 250 W and the film growth rate was 240 Å/min.  The 

thickness of copper deposited on the barrier film was 100 Å.  After the copper deposition, the 

Cu/WNxCy/Si stack was annealed in the same sputter chamber with the chamber pressure of ca. 

10
-6

 Torr.  The annealing temperature was varied between 200 and 600 °C. 
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To check for diffusion of copper through the barrier film, two different procedures were 

used.  Pre- and post-anneal XRD measurement were done to check for bulk diffusion of copper 

through the silicon.  X-ray diffraction was done using the same procedure described earlier.  If 

the copper diffuses through the silicon, copper forms a stable compound Cu3Si.  A Cu3Si peak in 

the post-anneal XRD spectrum would indicate the diffusion of copper into the silicon and the 

failure of the barrier film.  Another method used to detect diffusion of copper in silicon was 3-

point AES depth profile.  An AES depth profile can indicate the presence of copper in the barrier 

as well as silicon.  The advantage of this technique over XRD is that it has higher sensitivity (1 

at. %).  The disadvantage of 3-point AES depth profile is that during sputtering, the Ar
+
 ion can 

knock copper atoms into the barrier film and also into silicon if the barrier film is very thin.  This 

effect of sputtering is commonly referred as the „knock-on‟ effect.  The „knock-on‟ effect can 

lead to artifacts in the depth profile.  To avoid this problem especially for ultra thin diffusion 

barrier films, the copper film was etched off after annealing.  The copper etching was done by 

dipping the Cu/WNxCy/Si stack in 50 % HNO3 solution for 3 seconds.  The 3-point depth profile 

was done following the etching of the copper layer. 
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Table 3-1.  Process parameters for CVD of thin films from precursors 3a,b, 4 and 5 

Process Parameter Precursor and Carrier Gas 

3a,b+NH3+H2

(Ch. 4) 

4 + H2 

(Ch.5) 

4+NH3+H2 

(Ch.6) 

4+NH3+N2 

(Ch.6) 

5 + H2  

(Ch.7) 

Temperature (°C) 450 - 750 400-750 300 - 750 300 - 750 300 – 750 

Pressure (Torr) 350 350 350 350 350 

H2 Flow Rate (sccm) 1000 1000 1000 0 1000 

N2 Flow Rate (sccm) 0 0 0 1000 0 

NH3 Flow Rate (sccm) 25 0 30 30 0 

Precursor conc.  

(mg/mL benzonitrile) 

11.2 9.0 9.0 9.0 7.4  

 

 

 

 

 

 

 

 

Table 3-2.  Knudsen number for precursors 3a,b, 4 and 5 with H2 or N2 carrier gas for different 

deposition temperature 

Deposition 

Temperature (°C) 

Knudsen Number 

Precursor 3a,b Precursor 4 Precursor 5 

H2 N2 H2 N2 H2 N2 

300 1.83×10
-7

 3.77×10
-7

 1.05×10
-7

 3.42×10
-7

 1.16×10
-7

 3.76×10
-7

 

350 1.94×10
-7

 3.98×10
-7

 1.11×10
-7

 3.61×10
-7

 1.23×10
-7

 3.97×10
-7

 

400 2.04×10
-7

 4.19×10
-7

 1.17×10
-7

 3.8×10
-7

 1.29×10
-7

 4.18×10
-7

 

450 2.14×10
-7

 4.4×10
-7

 1.23×10
-7

 4×10
-7

 1.35×10
-7

 4.39×10
-7

 

500 2.24×10
-7

 4.61×10
-7

 1.29×10
-7

 4.19×10
-7

 1.42×10
-7

 4.6×10
-7

 

550 2.34×10
-7

 4.82×10
-7

 1.35×10
-7

 4.38×10
-7

 1.48×10
-7

 4.8×10
-7

 

600 2.45×10
-7

 5.03×10
-7

 1.4×10
-7

 4.57×10
-7

 1.55×10
-7

 5.01×10
-7

 

650 2.55×10
-7

 5.24×10
-7

 1.46×10
-7

 4.76×10
-7

 1.61×10
-7

 5.22×10
-7

 

700 2.65×10
-7

 5.45×10
-7

 1.52×10
-7

 4.95×10
-7

 1.68×10
-7

 5.43×10
-7

 

750 2.75×10
-7

 5.66×10
-7

 1.58×10
-7

 5.14×10
-7

 1.74×10
-7

 5.64×10
-7

 

 



 

128 

 

Table 3-3.  Reynolds number for H2 and N2 carrier gas for different deposition temperature 

Deposition 

Temperature (°C) 

Reynolds Number Peclet Number (Re*Pr)
0.5

= (Pe)
0.5

 

H2 N2 H2 N2 H2 N2 

300 0.62 4.23 0.43 2.92 0.66 1.71 

350 0.60 4.08 0.41 2.82 0.64 1.68 

400 0.58 3.95 0.40 2.72 0.63 1.65 

450 0.56 3.82 0.39 2.64 0.62 1.62 

500 0.55 3.71 0.38 2.56 0.61 1.60 

550 0.53 3.60 0.37 2.49 0.61 1.58 

600 0.52 3.51 0.36 2.42 0.60 1.56 

650 0.50 3.41 0.35 2.36 0.59 1.53 

700 0.49 3.33 0.34 2.30 0.58 1.52 

750 0.48 3.25 0.33 2.24 0.57 1.50 

 

 

 

 

 

Table 3-4.  Grashof number for H2 and N2 carrier gas for different deposition temperature 

Deposition 

Temperature (°C) 

Grashof Number Rayleigh Number (Ra*Pr)
0.25

 

H2 N2 H2 N2 H2 N2 

300 5388 247106 3718 170503 7 19 

350 5120 234829 3533 162032 7 18 

400 4788 219585 3304 151514 7 18 

450 4433 203332 3059 140299 7 18 

500 4081 187170 2816 129147 7 17 

550 3744 171695 2583 118470 6 17 

600 3428 157206 2365 108472 6 17 

650 3136 143827 2164 99240 6 16 

700 2869 131580 1980 90790 6 16 

750 2626 120432 1812 83098 6 15 
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Table 3-5.  Reference XRD peaks and their relative intensity for Si, β-W2N, β-W2C, α-W2C and 

WO3 from JCPDS
178

 for Cu Kα radiation 

Si β-W2N β-W2C α-W2C WO3 

2θ Intensity 2θ Intensity 2θ Intensity 2θ Intensity 2θ Intensity 

28.44 100 37.73 100 36.98 40 34.52 25 23.64 100 

47.30 55 43.85 47 42.89 100 38.03 22 33.64 69 

56.11 30 63.73 33 62.03 30 39.57 100 41.46 20 

69.13 6 76.52 44 74.20 50 52.30 17 48.43 16 

76.38 11 80.59 13 78.23 10 61.86 14 54.57 36 

      69.79 14 60.25 22 

      72.84 2 70.75 6 

      74.98 12 75.81 11 

      75.98 10 78.06 2 

      81.33 2 80.87 3 

 

 

 

 

Table 3-6.  Elemental relative sensitivity factors for AES quantification along with position of 

peaks in dN(E)/d(E) spectra used for quantification
180

 

Element Relative sensitivity 

factor 

Position of peak used for 

quantification (eV) 

C 0.14 272 

N 0.23 381 

O 0.4 510 

W 0.08 1736 
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Table 3-7.  Binding energy of C, N, O and W in different compounds 

Compound Binding Energy (eV) Reference 

 C1s N1s O1s W4f7/2  

W2N -- 397 -- 32.8-33 122, 181, 182 

W2C 283.4-283.6 -- -- 31.4-31.7 183-185 

WC 282.7-283.5 -- -- 31.8-32.4 183-186 

WO2 -- -- 530.2 32.8-33.0 183-186 

W2O5 -- -- -- 34.4-34.7 186, 187 

WO3 -- -- 530.3-531.0 35.5-36.0 186-190 

Pure W -- -- -- 31.2– 31.8 186, 188, 189, 191, 194 

Amorphous C 284.5-285.2 -- -- -- 183 

Graphitic C 284.4-284.5 -- -- -- 192, 193 

Diamond-like C 285.3 -- -- -- 192, 193 

 

 

 

Figure 3-1.  Schematic of CVD reactor used for thin film deposition 
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Figure 3-2.  Line diagram of the carrier gas feed line. A) Before installation of gas purifier.  B) 

after installation of gas purifier 
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Figure 3-3.  Flow diagram of reactor downstream. A) Before reconfiguration.  B) After 

reconfiguration 
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Figure 3-4.  Design of new cold trap made of stainless steel 
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Figure 3-5.  Schematic of the old and new NH3 feed port 
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CHAPTER 4 

WNxCy THIN FILM DEPOSITION FROM Cl4(RCN)W(NC3H5), NH3 AND H2 

Our group has previously reported growth of WNxCy thin films from 3a,b.
157 

 Films grown 

from 3a,b below 550 °C were amorphous and had a low resistivity at lower deposition 

temperature (287 µΩ-cm at 450 °C).  However, films had low N content even though the low N-

C imido bond dissociation energy for 3a,b is expected to result in higher N content in the film.  

Film deposited with 3a,b at 450 °C had only 4 at. % N and the highest N concentration of 11 at. 

% was for film deposited at 550 C.  A nitrogen deficient diffusion barrier film is not desirable 

because such films can easily form grain boundaries that can act as pathways for copper 

diffusion.  In addition to having low N content, films deposited with 3a,b had high O content (16 

at. % at 450 °C and 11 at. % at 525 °C).  When ammonia was used as a co-reactant for 

deposition from precursor 2a,b, the WNxCy films had higher N content and lower O content.
155

  

In this chapter, deposition of WNxCy thin films from 3a,b and ammonia is discussed with 

primary focus on diffusion barrier application.  The intent of using ammonia as co-reactant is to 

increase the N content and decrease the O content so that films deposited with 3a,b are more 

suitable for diffusion barrier application.  The data for films deposited with 3a,b and H2 (without 

ammonia) previously reported
157

 have been included to evaluate the effect of ammonia addition 

on film properties.  The films deposited with 3a,b and ammonia are also compared with those 

deposited with 2a,b and ammonia to evaluate the effect of C3H5 and 
i
Pr substituents in tungsten 

imido precursors on film properties. 

4.1 Precursor Synthesis 

Standard Schlenk and glovebox techniques were employed in the synthesis of 3a.  

Tungsten oxychloride was prepared by a slightly modified literature method.
195

  Tungsten 

oxychloride (1.229 g, 3.60 mmol) was added to a solution of allyl isocyanate (0.366 g, 4.41 
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mmol) in heptane (60 mL) in a sealed pressure vessel and the resulting mixture was heated at 

110 °C for 36 h.  After the solvent was removed in vacuo, the reddish brown residue was 

dissolved in ca. 10 mL of CH3CN.  The resulting solution was stirred for two hours and the 

solvent was removed under reduced pressure.  Brown residue from the mixture was washed with 

5 x 10 mL of toluene and the extracts concentrated to approximately 5 mL.  The product was 

precipitated by adding hexane.  The orange-brown solid was filtered and washed with hexane to 

afford 0.974 g (64 % yield) of the imido complex.  The benzonitrile complex 

Cl4(PhCN)W(NC3H5) (3b) was produced in situ by substitution of the acetonitrile ligand of 3a 

with benzonitrile, which was utilized as the solvent for the deposition experiments.  Figure 4-1 

shows the X-ray crystallographic structure of 3a.
157

  Table 4-1 lists important bond distances and 

bond angles for 3a. 

4.2  Film Composition 

Figure 4-2 shows the AES results for films deposited in the presence and absence of NH3 

at temperature ranging from 450 to 750 °C.  The Auger spectra for films deposited with 

ammonia indicate the presence of W, N, C, and O in the films.  Note that the AES measurements 

for films deposited with ammonia were done after sputtering for 30 sec whereas those for films 

deposited without ammonia were measured after 2 min of sputtering.  Sputter etching can change 

the near surface composition of compounds due to preferential sputtering.
196

  In fact, tungsten 

nitride has been reported to undergo preferential erosion of nitrogen during sputter etching.
189

  

Despite preferential sputtering, the film composition obtained from Auger measurements can be 

very useful in comparative analysis of films deposited at different temperature. 

For films deposited with ammonia at 450 C, the W concentration was 51 at. %, which 

increases to 61 at. % for growth at 475 C.  This is accompanied by a decrease in N 
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concentration from 23 at. % to 17 at. %.  Above 450 C, the W concentration gradually 

decreases, accompanied by an increase in C content in the films. 

The film deposited with ammonia at 450 C shows the highest N concentration of 23 at. %.  

As the deposition temperature is increased, the N concentration in the film decreases.  The 

lowest N concentration of 8 at. %. is observed for films grown at 750 C.  

The carbon concentration remains relatively steady at ca. 20 at. % for growth between 450 

and 500 C.  Between 500 and 600 C, the C concentration increases twofold and continues to 

rise with growth temperature.  Increased incorporation of C from decomposition of the precursor 

ligands and the benzonitrile solvent is consistent with such an increase in C concentration.  

Oxygen incorporation in the film remains below 6 at. % throughout the deposition 

temperature range.  While the O concentrations at the lower end (450 – 500 C) and higher end 

(650 – 750 C) of the temperature range are slightly higher than that at the center (525 – 600 C), 

the O concentration remains fairly constant over the range of deposition temperature.  Oxygen is 

incorporated into the films either from residual gas in the reactor during growth or from exposure 

of film to atmosphere after growth.
156

  

In comparison to films grown in the absence of ammonia, deposition with ammonia as co-

reactant resulted in a decrease in W concentration, increase in N concentration, and a marked 

decrease in O concentration (Figure 4-2).  The increase in N concentration for depositions with 

ammonia is quite dramatic in the low temperature range, as exemplified by the effect for growth 

at 450 C, where the addition of ammonia increases the N concentration from 4 at. % to 23 at. %.  

The increase in N concentration suggests that the ammonia molecule reacts with 3a,b either in 

the gas phase (homogeneous reaction) or on the substrate (heterogeneous reaction), resulting in 

higher N incorporation in the film.  Below 650 C, C incorporation for depositions with 
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ammonia was higher than that for depositions without ammonia.  Even at low temperature, when 

C deposition from the solvent is low
156

, the C content of films deposited with ammonia is higher 

than for films deposited without ammonia.  

Due to the presence of chlorine in the precursor complex 3a, the possible presence of 

chlorine in the films was of interest.  This analysis could not be carried out by Auger 

spectroscopy because the W NNN peak overlaps with the Cl LMM peak at 180 eV.  Thus, XPS 

data were collected for films deposited at 450, 600 and 750 C (Figure 4-3) to ascertain if the 

films contained chlorine.  No chlorine peaks were observed for either the Cl 2s or Cl 2p3/2 at 270 

eV and 199 eV, respectively, confirming that the chlorine content in the films was lower than the 

detection limit of XPS (ca. 1 at. %).  Fe 2p peaks at 723 eV and 711 eV in the XPS spectra are 

artifacts that arise from the sample holder (which contains Fe) due to small sample sizes.  

4.3 X-Ray Diffraction Measurement 

4.3.1 Film Crystallinity 

Figure 4-4 shows the XRD spectra for films deposited using 3a,b and ammonia.  The three 

prominent peaks in the spectra at 33.05, 61.70 and 69.15 degrees 2θ correspond to standard 

reference peaks of Si(200) Kα, Si(400) Kβ and Si(400) Kα respectively.  The XRD spectrum at 

650 °C showed a small peak at 38.45 degrees 2θ indicating the presence of crystalline phase of 

β-W2N or β-W2C.  The deposition at all other temperature except 650 °C showed no peaks 

corresponding to β-W2N or β-W2C, indicating that the films were X-ray amorphous. 

If films are very thin, the XRD measurements cannot detect a crystalline phase because of 

the low intensity of the diffracted X-ray beam.  For very thin polycrystalline films, the XRD 

measurements done in the Bragg-Bretano geometry (θ-2θ scans) do not show diffraction peaks 

because of low intensity signal from the film and the XRD spectrum is dominated by the high 

intensity substrate peak.  In GIXD, the scan is done at grazing incidence; hence most of the 
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signal from the diffraction is generated from the top 1 - 2 nm of the thin film.  The substrate 

peak, if present, do not dominate the GIXD spectrum.  The depth of penetration of X-rays can be 

increased by increasing the angle of incidence in the GIXD measurement.  Grazing incidence 

XRD measurements were done for films deposited with 3a,b and ammonia to determine if the 

films were amorphous as indicated from the XRD measurements by Bragg-Bretano geometry.  

Figure 4-5 shows the grazing incidence XRD spectra for films deposited between 450 and 700 

°C.  Figure 4-6 shows the thickness of films for which grazing incidence XRD spectra were 

taken.  The XRD spectrum of the film deposited at 450 C indicates that it is X-ray amorphous.  

At 500 C, there are three peaks that emerge at 37.47, 43.49 and 63.71 2θ degrees.  All three 

peaks lie between the standard diffraction peaks for -W2N and -W2C, suggesting the existence 

of separate -W2N and -W2C phases or the presence of a single WNxCy phase.  As the 

deposition temperature is increased from 500 to 550 C, the same three peaks appear, though the 

intensity of these peaks is lower than that for films deposited at 500 C.  In the same temperature 

range, the tungsten concentration changes from 59 at. % to 49 at. %.  A lower tungsten 

concentration would lead to decrease in the W2N phase, W2C phase or both, resulting in a 

decrease in the film crystallinity.  The XRD spectrum for film deposited at 600 C shows the 

highest level of crystallinity.  As the deposition temperature is increased from 550 to 600 C, the 

nitrogen concentration decreases while the carbon concentration increases.  An increase in 

crystallinity would suggest an increase in the -W2C phase.  The films deposited at 650, 700 and 

750 C show a decrease in crystallinity, evidenced by decrease in peak intensity.  At higher 

temperature, an increase in amorphous C deposition would hinder the formation of crystallites, 

which is consistent with the decrease in film crystallinity at higher deposition temperature.  
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Peaks at 650, 700 and 750 C are much broader possibly due to increased film strain at high 

temperature. 

We have previously reported XRD spectra for films deposited with 3a,b without 

ammonia.
157

  The films deposited without ammonia are amorphous below 550 C.  At and above 

550 C, the film crystallinity increases with deposition temperature.  Films deposited with 

ammonia do not show this consistent increase in crystallinity with deposition temperature.  In 

fact, for higher temperature depositions with ammonia, the film crystallinity actually decreases.  

This observation reinforces the assertion that the ammonia co-reactant alters the mechanism of 

film deposition. 

4.3.2 Lattice Parameter 

Figure 4-7 shows the change in lattice parameter with deposition temperature for growth 

with and without ammonia.  The -WNxCy (111) peak position from XRD spectra was used to 

calculate the lattice parameter.  All the films deposited with ammonia between 500 and 750 C 

have a lattice parameter between the standard lattice parameters for β−W2N (111) and β−W2C 

(111).  The changes in lattice parameter with deposition temperature could result from either 

uniform strain or compositional variation.  Since the WNxCy films are not highly ordered, 

compositional variation rather than uniform strain is believed to be the primary factor affecting 

lattice parameter.  The lattice parameter decreases with an increase in deposition temperature for 

depositions with ammonia between 500 and 700 C, whereas it increases with an increase in 

deposition temperature for depositions without ammonia.  A decrease in lattice parameter could 

result from a decrease in N and/or C in interstitial sublattice and an increase in the vacancy 

concentration.  For films deposited with ammonia, the N concentration decreases with deposition 

temperature whereas the C concentration increases.  One possible explanation for the decrease in 
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lattice parameter with increase in deposition temperature is that the variation in N concentration 

in the films is primarily responsible for the lattice parameter variation and the additional carbon 

deposited at higher temperature incorporates outside the WNxCy polycrystals.  

4.3.3 Polycrystal Grain Size. 

The grain size (t) was calculated using the Scherrer equation (vide supra).  The most 

intense (111) diffraction peak was used to determine FWHM.  Figure 4-8 shows the change in 

grain size with temperature for films deposited with and without ammonia.  The average grain 

size calculation shows that films deposited with 3a,b and ammonia are nanocrystalline between 

500 and 750 C deposition temperature, with the average grain size ranging from 37 to 60 Å.  A 

previous study has reported the growth of nanocrystalline WNxCy between deposition 

temperature of 225 and 400 C.
197

  In the present work, we found that the films deposited with 

3a,b and ammonia were amorphous at 450 C deposition temperature and nanocrystalline growth 

is observed at deposition temperature of 500 C and higher.  At a deposition temperature of 500 

C, the average grain size of crystallites for film deposited with ammonia is 56 Å.  The average 

grain size remains almost unchanged at 550 C.  Between 550 C and 700 C, the average grain 

size gradually decreases from 58 Å to 39 Å.  As the deposition temperature increases, the excess 

C deposited from the solvent/precursor fragmentation could hinder the growth of polycrystals, 

resulting in a decrease in grain size.  

The comparison of grain size for experiments with and without ammonia shows that for 

deposition at temperature 600 C and below, the average grain size is higher for films deposited 

with ammonia than for those deposited without ammonia.  At 600 C, the grain size for film 

grown with ammonia is similar to that for film grown without ammonia within the margin of 
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error.  At 650 C, the grain size for film deposited with ammonia is slightly lower than the grain 

size for films deposited without ammonia.  

4.4 Film Growth Rate 

Growth rates were estimated by dividing film thickness (measured from X−SEM) by 

deposition time.  Figure 4-9 shows X−SEM images for films grown at 450 and 650 °C.  The 

growth rate for 3a,b with ammonia ranged from ca. 4 Å/min at 450 C to ca. 17 Å/min at 750 C.  

It should be noted that for growth using 3a,b without ammonia, the concentration of 3a,b in 

benzonitrile was 7.5 mg/mL (1.7 × 10
-2

 moles/L) whereas for growth using 3a,b with ammonia, 

the 3a,b concentration in benzonitrile was 11.2 mg/mL (2.66 × 10
-2

 moles/L).  Because the 

introduction of ammonia as co-reactant decreases the film growth rate, a higher concentration of 

3a,b was necessary to obtain films that were sufficiently thick for materials characterization.  

This trend is different from that previously observed for growth from 2a,b, where the use of 

ammonia as co-reactant resulted in an increase in growth rate at lower temperature and a 

decrease at higher temperature.
155

  Figure 4-10 shows Arrhenius plots of growth rate for 

experiments with and without ammonia.  The apparent activation energy (Ea) for film growth 

from 3a,b and ammonia was 0.34 eV, which is significantly higher than the 0.15 eV activation 

energy reported for depositions with 3a,b precursor without ammonia.  

4.5 Film Resistivity 

Figure 4-11 shows film resistivity at different deposition temperature for films grown with 

and without ammonia.  For depositions with ammonia, the resistivity is 5820 Ω−cm for 450 C 

deposition temperature and increases to 7190 Ω−cm for 500 C.  Interestingly, the film 

resistivity has the lowest value of 1690 Ω−cm for growth at 550 C, even though the film 

deposited at that temperature has lower W content and higher N content.  Resistivity increases to 
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12650 Ω−cm at 600 C and continues to increase with an increase in deposition temperature 

until it reaches its highest value of 24178 Ω−cm at 700 C.  The decrease in W concentration 

and concomitant increase in C concentration between 550 and 700 C is believed to be the reason 

for the increase in film resistivity.  If the C in films exists as WCx, it would decrease the film 

resistivity.  But an increase in resistivity with increase in C content of film could possibly result 

from the incorporation of additional C at the grain boundary (outside the WNxCy polycrystal) at 

higher deposition temperature.  The film resistivity was considerably higher for films deposited 

with ammonia compared to films deposited without ammonia.  This behavior is expected since 

ammonia tends to increase N content in the films and higher N content leads to higher film 

resistivity.  

4.6 Comparison of Films Deposited from 3a,b and 2a,b 

The comparison of films deposited from 3a,b and ammonia with those deposited from 2a,b 

and ammonia
155

 can provide insight into the effect of different ligands (C3H5 and 
i
Pr) on film 

properties.  Films deposited at 450 °C from 3a,b and ammonia have similar W and N content, 

higher C content and lower O content as compared to films deposited with 2a,b and ammonia at 

same temperature (Figure 4-2).  At 500 and 600 °C deposition temperature, films from 2a,b 

exhibit  higher N content and lower C content as compared to films deposited with 3a,b and 

ammonia at the same temperature.  The comparison of film crystallinity for films deposited with 

3a,b and ammonia with those deposited with 2a,b and ammonia shows that while 3a,b results in 

crystalline films at and above 500 °C, films deposited with 2a,b do not show crystallinity until 

600 °C and higher.  This trend in crystallinity can be explained by considering that the film 

growth rate for films deposited with 2a,b and ammonia is considerably higher (17 - 23 Å/min) 

than that for films deposited with 3a,b and ammonia (4 - 17 Å/min), especially at lower 
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deposition temperature.  Higher growth rate could shorten the time for crystallites to grow via 

surface diffusion, resulting in amorphous film growth. 

The comparison of film resistivity (Figure 4-11) shows that at 450 and 500 °C deposition 

temperature, films grown with 3a,b and ammonia have a significantly lower resistivity than 

those grown with 2a,b and ammonia.  Interestingly, films deposited with both precursors have 

the lowest resistivity for deposition at 550 °C.  Above 550 °C, there is a dramatic increase in 

resistivity of films deposited with 3a,b and ammonia while the resistivity of films grown with 

2a,b and ammonia levels off. 

Evaluation of all films grown from 3a,b or 2a,b and ammonia shows that film deposited 

with 3a,b and ammonia at 450 °C is the best candidate for diffusion barrier application because 

of its high N content, low O content, low deposition temperature, amorphous microstructure and 

lowest resistivity among the amorphous films grown from 3a,b or 2a,b with ammonia.  

Diffusion barrier testing is required to ascertain if this film is suitable for diffusion barrier 

application. 

4.7 Conclusions 

Successful thin film deposition of WNxCy by MOCVD utilizing 3a,b, H2 and ammonia has 

been achieved.  When used as a co-reactant with the allylimido complexes 3a,b, ammonia 

significantly alters the composition, crystallinity, and resistivity of the resulting films as 

compared to films grown without ammonia.  Films deposited with ammonia had significantly 

higher carbon and nitrogen content and substantially lower oxygen content.  No chlorine was 

detected in the XPS spectra of films grown over the entire deposition temperature range.  While 

films grown without ammonia showed an increase in film crystallinity with increasing deposition 

temperature, those grown with ammonia exhibited more complex behavior, with crystallinity 

peaking for growth at 600 C.  The activation energy for the film growth from 3a,b and ammonia 
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is estimated to be 0.34 eV, which is significantly higher than the activation energy of 0.15 eV 

reported for film growth from 3a,b without ammonia.  Films deposited with ammonia have 

higher resistivity as compared to films deposited without ammonia because of a higher N and C 

concentration coupled with a lower W concentration.  The lowest resistivity for films deposited 

with ammonia was the value of 1690 -cm obtained from growth at 550 C.  

Films deposited with 3a,b and ammonia have higher C content and lower O content than 

those grown from 2a,b and ammonia.  The N content of film grown with 3a,b and ammonia is 

similar to that for film grown with 2a,b and ammonia at 450 and 700 °C.  Films grown with 2a,b 

and ammonia below 600 °C were amorphous, whereas deposition from 3a,b and ammonia 

resulted in amorphous film below 500 °C.  At temperature below 550 °C, films deposited with 

3a,b and ammonia had a significantly lower resistivity as compared to films deposited with 2a,b 

and ammonia.  But above 550 °C, films deposited with 3a,b and ammonia had a much higher 

resistivity as compared to those deposited with 2a,b and ammonia. 

From a diffusion barrier application standpoint, it has been demonstrated that ammonia can 

be used with 3a,b to increase the N content of WNxCy films.  A corresponding increase in film 

resistivity is also seen and some optimization may be needed to strike a balance between higher 

N content and lower film resistivity. 



 

146 

 

Table 4-1.  Bond distances (Å) and angles (degrees) for Cl4(CH3CN)W(NC3H5) (3a) 

Bond Distance/angle Bond Distance/angle 

W-N(1) 1.687(9) W-Cl(4) 2.351(9) 

W-N(2) 2.308(8) N(1)-C(1) 1.508(17) 

W-Cl(1) 2.339(10) C(1)-C(2)' 1.51(2) 

W-Cl(2) 2.317(8) C(2)'-C(3)' 1.36(3) 

W-Cl(3) 2.324(9) N(2)-C(4) 1.130(12) 

C(1)-N(1)-W 167(2) N(1)-W-N(2) 175.8(15) 

N(1)-W-Cl(2) 90.6(8) N(2)-W-Cl(2) 86.0(7) 

N(1)-W-Cl(3) 93.6(7) N(2)-W-Cl(3) 84.0(6) 

Cl(2)-W-Cl(3) 88.7(4) C(4)-N(2)-W 175(3) 

N(1)-W-Cl(1) 102.4(8) N(2)-W-Cl(1) 81.1(7) 

C(2)'-C(1)-N(1) 114.2(21) C(3)'-C(2)'-C(1) 120(2) 

Cl(3)-W-Cl(1) 90.18(13) N(2)-C(4)-C(5) 178(2) 

 

 

 

Figure 4-1.  Thermal ellipsoids diagram of the molecular structure of Cl4(CH3CN)W(NC3H5) 

(3a).  Thermal ellipsoids are plotted at 50% probability
157
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Figure 4-2.  Composition of films deposited from 3a,b (with and without ammonia
157

) and 2a,b 

with ammonia
155

 at different deposition temperature as determined by AES on Si 

(100) substrate. 
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Figure 4-3.  X-ray photoelectron spectroscopy patterns of films deposited at 450, 600 and 750 C 

from 3a,b and ammonia on Si (100) substrate. 
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Figure 4-4.  X-ray diffraction spectra of films deposited on Si (100) substrate from 3a,b and 

ammonia 
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Figure 4-5.  Grazing incidence XRD spectra of films deposited on Si (100) substrate from 3a,b 

and ammonia.  The solid and dashed vertical lines indicate the location of reference 

peaks for standard powder diffraction of -W2N and -W2C respectively  



 

151 

 

 Figure 4-6.  Thickness of film (obtained from X-SEM) at different deposition temperature for 

films deposited with 3a,b and ammonia on Si(100) substrate  
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Figure 4-7.  Lattice parameters for films grown from 3a,b on Si (100) substrate with and without 

ammonia.  The solid line at 4.126 Å corresponds to the standard lattice parameter for 

β−W2N.  The dashed line at 4.236 Å corresponds to standard lattice parameter for β 

−W2C (111).  Error bars indicate uncertainty in determination of peak position for 

lattice parameter calculation. 
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Figure 4-8.  Average grain size at different deposition temperature for films grown from 3a,b 

with and without ammonia
157

 on Si (100) substrate. 

 

 

Figure 4-9.  Scanning electron microscope images for films grown from 3a,b with ammonia.  A) 

Film deposited at 450 °C.  B) Film deposited at 650 °C 
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Figure 4-10.  Arrhenius plot of log of film growth rate vs. inverse temperature for deposition 

from 3a,b (with and without ammonia
157

) and 2a,b with ammonia
155

 



 

155 

 

 

Figure 4-11.  Change in film resistivity with deposition temperature for films grown on Si (100) 

from 3a,b (with and without ammonia
157

) and 2a,b with ammonia
155
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CHAPTER 5  

DEPOSITION OF WNxCy USING W(N
i
Pr)Cl3[

i
Pr(NMe2)N

i
Pr] AND H2 

Transition metal guanidinate and amidinate complexes have been used to deposit a variety 

of materials including TiCxNy, Fe, Co, Ni, Cu, and TaN
198-201

 by CVD and/or ALD. The success 

with these complexes suggested preparation of guanidinato derivatives of 2a,b as precursor 

candidates.  This chapter discusses the deposition of WNxCy thin films using 

W(N
i
Pr)Cl3[

i
PrNC(NMe2)N

i
Pr] (4), a guanidinato derivative of 2a,b, and evaluates its potential 

for deposition of diffusion barrier films.  The film properties obtained from 4 are compared to 

those from 2a,b to assess the effect of the guanidinato ligand.  The WNxCy films were also 

evaluated as diffusion barriers by coating them with PVD Cu and annealing the Cu/WNxCy/Si 

stack in vacuum at different temperature. 

5.1 Precursor Synthesis
202

 

A 250 mL Schlenk tube was charged with LiNMe2 (0.223 g, 4.38 mmol) and 100 mL of 

Et2O.  The resulting colorless suspension was cooled to 0 °C.  1,3-diisopropylcarbodiimide (0.69 

mL, 4.4 mmol) was added drop wise to the suspension at 0 °C.  After warming the reaction 

mixture to room temperature over 2 h, the resulting cloudy solution of lithium guanidinate 

reagent was cannula-transferred into a 250 mL Schlenk tube containing a solution of 

W(NCH(CH3)2)Cl4(OEt2) (2.00 g, 4.38 mmol) in Et2O (100 mL) at -78 °C.  The reaction mixture 

was stirred for 20 min at -78 °C and then warmed to room temperature overnight in the absence 

of light.  The solvent was removed from the reaction mixture in vacuo and extraction into Et2O 

(200 mL) followed by filtration yielded a dark amber solution.  Et2O was removed in vacuo to 

give crude 4 as a dark amber powder. Pure 4 crystals (1.27 g, 56%) were obtained by 

recrystallization from a toluene solution layered with hexane at -20 °C.  Figure 5-1 shows the X-
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ray crystallographic structure of precursor 4 and Table 5-1 lists important bond distances and 

bond angles for 4 obtained from the X-ray structure. 

5.2 Film Growth 

The concentration of 4 in benzonitrile was 9.0 mg/mL and the flow rate of precursor 

solution was 4 mL/hr.  The H2 flow rate was held constant 1000 sccm and reactor pressure was 

350 Torr.   Detailed description of reaction conditions is provided in Chapter 3.  The lowest 

temperature at which appreciable film growth was observed from precursor 4 was 400 °C.  Films 

were generally smooth and had a shiny metallic surface with film color varying from golden 

(deposition below 500 °C) to shiny black (deposition at and above 400 °C). 

5.3 Film Composition 

Figure 5-2 shows AES results for films deposited with precursors 4 and 2a,b using H2 as 

co-reactant and carrier gas.  The AES spectra indicated the presence of W, N, C, and O in films 

deposited with precursor 4.  For films deposited with 4 at 400 °C, the W concentration is 53 at. 

%. As the deposition temperature is increased to 450 °C, the W content reaches its highest value 

of 66 at. %, then gradually decreases to 37 at. % for deposition at 700 °C, reflecting an increase 

in C content as the deposition temperature rises.  The N content of films deposited with precursor 

4 has its highest value of 12 at. % for deposition at 400 °C.  The N content of the film decreases 

as deposition temperature is increased from 400 to 650 °C, then remains almost unchanged 

between 650 and 750 °C.  The variation in the final film N content with growth temperature is 

likely influenced by several factors, including N volatilization, competition between C and O for 

bonding with W sites, and precursor decomposition pathways and rates. 

Both C and O were detected in significant amounts in all films.  The C content of film 

deposited with precursor 4 decreases from 20 at. % at 400 °C deposition temperature to 14 at. % 

at 450 °C.  At growth temperatures between 450 and 700 °C, the C content of film continuously 
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increases and reaches its highest value of 57 at. % at 700 °C.  Figure 5-3 shows a monotonic 

increase in C/W ratio with deposition temperature between 450 and 700 °C.  In a previous study 

using precursor 2a,b, it has been demonstrated that the extent of C incorporation depended upon 

the solvent (1,2-dichlorobenzene or benzonitrile).
155

  It is possible, of course, that the precursor is 

also involved in the C incorporation mechanism directly through its decomposition pathway or 

indirectly by reaction with the solvent or one its decomposition products.  The O content of film 

deposited with 4 at 400 °C is 15 at. % and it gradually decreases to 3.0 at. % at 600 °C.  Between 

600 and 750 °C deposition temperature, the O content of film is ca. 3.0 at. %.  Oxygen is 

believed to be incorporated into the films either from residual gas (oxygen or water vapor) in the 

reactor during growth or from atmospheric oxygen exposure post-growth.
155

 

It is desirable for barrier application to deposit the film at the lowest temperature that gives 

suitable properties, which includes amorphous microstructure, a high value of N/W atomic ratio 

and low oxygen content.  The comparison of films deposited from 4 and 2a,b reveals that the 

observed lowest deposition temperature for 4 is one experimental increment (50 °C) lower that 

the lowest growth temperature of 450 °C for 2a,b.  No film deposition was observed for 4 at 350 

°C as measured by AES.  The comparison of film composition at 450 °C shows that film 

deposited from 4 has higher W and N content, similar C content and significantly lower O 

content as compared to film deposited with 2a,b using the same solvent.  For deposition at and 

above 500 °C, the N and O content of films deposited with 4 and 2a,b are quite similar.  Since 

the number of N atoms per W atom in 4 is double that in 2a,b, it might be expected that films 

deposited with 4 would have a higher N/W ratio as compared to those deposited with 2a,b.  The 

highest N/W ratio for films deposited with 4 is 0.24 at 400 °C, which is considerably higher than 

the highest N/W ratio 0f 0.16 observed for films deposited with 2a,b at the higher temperature 
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450 °C. This difference in N/W ratio is significant and larger than other values observed for 1a,b 

and 3a,b.  Since the difference in O content between films deposited from 4 and 2a,b is 

significant only at temperature below 500 °C, it is believed that films deposited below 500 °C by 

4 are more dense that those deposited from 2a,b.  Higher density in the film would hinder O 

diffusion and decrease subsequent O incorporation.  Films deposited with 4 have a significantly 

lower W content and a higher C content as compared to films deposited with 2a,b for deposition 

temperature above 500 °C.  At higher deposition temperature, decomposition of C containing 

ligands and the benzonitrile solvent results in C incorporation in the film. 

As discussed earlier, Cl impurity is highly undesirable in the diffusion barrier film.  Since 

the precursor 4 has three Cl atoms per molecule, there is a possibility of Cl incorporation into the 

film.  X-ray photoelectron spectroscopy measurements were done to detect Cl in the thin film 

because AES was not capable of detecting Cl impurity in W containing film (vide supra).  The 

detection limit of XPS technique is ca. 1 at. %.  Figure 5-4 shows the XPS profiles of films 

deposited at 400, 500, 600 and 700 °C.  The sample surface was sputter cleaned with Ar
+
 ions for 

5 min prior to the measurement.  The spectra do not show any Cl peak indicating that the Cl 

content of the film was below the detection limit of the XPS. 

5.4 X-Ray Diffraction of Films  

Figure 5-5 shows the XRD patterns for films deposited with 4 between 400 and 750 °C.  

X-ray diffraction spectra for films deposited at 400 and 450 °C show no peaks attributable to the 

film, but only peaks associated with the substrate (Si(200) Kα, Si(400) Kβ, and Si(400) Kα 

reflections at 33.10, 61.75 and 69.20° 2θ, respectively). The absence of other peaks in these two 

spectra suggests that films deposited at 400 and 450 °C are X-ray amorphous.  The XRD pattern 

for the film deposited at 500 °C shows the emergence of crystallinity as evidenced by the two 

broad peaks at 37.74 and 44.40°.  These peaks lie between the standard peak position of β-W2N 
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[37.74 2θ for (111) phase and 43.85 ° 2θ for (200) phase] and β-W2C [36.98 2θ for (111) phase 

and 42.89 ° 2θ for (200) phase], indicating the presence of either the solid solution β-WNxCy or a 

physical mixture of β-W2N and β-W2C.
178

  Films deposited at 550, 600, and 650 °C show 

evidence of increased crystallinity with four peaks observed at approximately 37.50, 43.70, 

63.55 and 75.05°, corresponding to the (111), (200), (220) and (311) phases of β-WNxCy, 

respectively.  The (111) peaks become sharper at higher deposition temperature, suggesting an 

increase in grain size.  The XRD spectra for films deposited at 700 and 750 °C show convoluted 

peaks, which are deconvoluted as shown in Figures 5-6 and 5-7, respectively.  Deconvolution of 

XRD peaks for film deposited at 700 °C affords 5 peaks at 35.40, 37.60, 38.20, 40.00 and 

43.10°.  The two peaks at 37.60 and 43.10° match the standard β-W2N (111) and β-W2N (200) 

peaks at 37.75 and 43.85°, respectively.  The three peaks at 35.40, 38.20 and 40.00° are close to 

the peaks of the binary compounds α-W2C (100), α-W2C (002) and α-W2C (101) with reference 

values of 34.52, 38.03 and 39.57°, respectively.
178

  The deconvolution of XRD spectra for films 

deposited at 700 °C indicates the presence of a physical mixture of β-W2N and α-W2C phases.   

 Deconvolution of XRD spectra for films deposited at 750 °C also show 5 peaks at 34.90, 

37.60, 38.80, 39.80 and 43.10°.  The peaks at 37.60 and 43.10° match the standard β-W2N (111) 

and β-W2N (200) peaks reasonably well.  The other three peaks at 34.90, 38.80, and 39.80 again 

match reasonably well with the standard α-W2C (100), α-W2C (002), and α-W2C (101) peaks 

values, respectively.  Thus the film deposited at 750 °C is a binary mixture of β-W2N and α-W2C 

phases with neither of the two phases showing any preferred orientation. 

As discussed in Chapter 4, GIXD is more sensitive in detecting crystalline phases in thin 

films because of its larger interaction volume.  As discussed in Chapter 4, XRD measurements 

for films grown with 3a,b and ammonia showed no peaks while the GIXD spectra showed peaks 
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corresponding to β-W2N or β-W2C.  Hence, to ascertain crystallinity of films grown from 4 with 

greater accuracy, GIXD measurements were done (Figure 5-8).  Grazing incidence XRD 

measurements confirmed that the films deposited by 4 at 400 and 450 °C are X-ray amorphous 

as no peaks corresponding to the thin film were observed.  The films deposited between 500 and 

650 °C are polycrystalline with the peak position indicating the presence of a solid solution of β-

WNxCy or a mixture of β-W2N and β-W2C.  For deposition at 700 and 750 °C, the GIXD spectra 

show peak convolution similar to that observed in XRD spectra.  Hence the GIXD results 

reaffirmed the results obtained from XRD.  

For XRD measurements, the X-rays penetrate completely through the thin film and into the 

substrate as indicated by the large Si peak observed in the XRD spectra.  The intensity of the 

diffracted beam would depend on both the crystallinity of the film as well as the thickness of the 

film assuming all other parameters such as film density are constant.  Since the film thickness is 

different for deposition at different temperature, XRD measurements cannot be used to compare 

crystallinity for films deposited at different growth temperature.  But for GIXD measurement, X-

rays penetrate only the top 1 - 2 nm of the film because of the shallow angle of incidence.  

Hence, even if the films are of varying thickness, GIXD would have a constant interaction 

volume if all the films are thicker than 2 nm and the depth of penetration of X-rays is same for 

films deposited at different growth temperature.  Since the smallest film thickness for growth 

from 4 is 45 nm, GIXD measurements can be used to compare film crystallinity of films for 

deposition at different temperature assuming film density is constant.  Figure 5-8 shows that the 

intensity of the WNxCy peak increases as deposition temperature is increased from 500 to 600 

°C, indicating that the film crystallinity increases.  This increase in crystallinity is probably 

because increased energy is available for crystallite formation and surface diffusion with an 
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increase in deposition temperature.  As deposition temperature is increased from 600 to 650°C, 

the WNxCy peak intensity decreases, suggesting a decrease in film crystallinity.  As shown from 

XPS analysis (vide infra), additional C deposited at 700 °C segregates to form both graphitic and 

diamond-like C.  It is possible that the C segregation starts at 650 °C resulting in a decrease in 

surface diffusivity of the adsorbed species during film growth.  The decrease in surface 

diffusivity causes a decrease in film crystallinity for deposition at 650 °C.  The film crystallinity 

decreases further at 700 °C deposition temperature as suggested by a decrease in peak intensity 

of convoluted W2N and W2C peaks. The XPS spectrum for deposition at 700 °C shows that there 

is large amount of elemental C (diamond-like and graphitic) present in the films, further 

supporting the assertion that C segregation results in a decrease in film crystallinity.  At 750 °C 

growth temperature, the peak intensity increases again but the increase is observed for the peak 

corresponding to W2C suggesting that the crystallinity increase is due to the growth of W2C 

crystalline phase (Figure 5-7). 

5.5 Lattice Parameter 

Since β-W2N and β-W2C have the same crystal structure with only a 2.7% lattice 

mismatch, it is possible that a solid solution of significant extent is formed.  As described 

elsewhere, XRD peak shifts can be used to estimate the combined extent of the solid solution and 

residual strain.
157

  The (111) peak of β-WNxCy or β-W2N and β-W2C has the highest intensity 

and thus was used for calculating the lattice parameter.  Figure 5-9 shows the change in lattice 

parameter with deposition temperature for films deposited with 4 and 2a,b.  For films deposited 

with 4, the lattice parameter is 4.12 Å for deposition at 500 °C, which is nearly identical to the 

literature value of 4.126 Å for β-W2N.
178

  As the deposition temperature increases from 500 to 

650 °C, there is a concomitant increase in the estimated lattice parameter.  Changes in the lattice 

parameter can result from an increase in uniform strain in the film or a change in film 
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composition.  Uniform strain can be introduced by differential thermal expansion.  Since the 

films grown from 4 are highly disordered and have small grains (< 50 Å, vide post), minimal 

uniform strain is expected to exist in these films.  Thus, the increase in lattice parameter between 

500 and 650 °C is attributed to the increase in C content and decrease in N content.  For film 

deposited with 4 at 700 and 750 °C, the measured lattice parameter for the β-W2N peak is 4.13 

and 4.14 Å, respectively.  The lattice parameters of α-W2C for film grown at 700 °C are: a = 2.97 

Å and c = 4.68 Å, while the values are: a = 2.92 Å and c = 5.18 Å for the film grown at 750 °C. 

Comparison of films deposited with 4 and 2a,b shows that for films grown between 500 

and 600 °C, those deposited with 4 have a slightly larger lattice parameter than those deposited 

with 2a,b.  This is consistent with the higher C content in the films deposited from 4.  The lattice 

parameter for films deposited from 4 and 2a,b increases with deposition temperature between 

500 and 650 °C.  This increase in lattice parameter value with deposition temperature is due to an 

increase in C content with temperature for films deposited with both 4 and 2a,b.  

5.6 Grain Size 

As discussed in Chapter 3, the average grain size for polycrystalline materials can be 

estimated using the Scherrer equation if it is assumed that XRD peak broadening is due to the 

crystallite size distribution.  Again, since the (111) reflection was most intense, it was used to 

determine FWHM and estimate the change in grain size with temperature for films deposited 

with 4 (Figure 5-10).  

For films grown at 500 °C, the average grain size of crystallites for material deposited 

from 4 is 25 Å.  Between 500 and 650 °C, the average grain size gradually increases from 25 Ǻ 

to 34 Å.  Higher surface diffusivity of atoms at higher deposition temperature facilitates 

nucleation and grain growth.  At 700 and 750 °C, a two phase mixture of α-W2C and β-W2N 

phases is formed.  The average grain size for the α-W2C phase, calculated from the (101) peak, is 
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30 and 42 Å for deposition at 700 and 750 °C, respectively.  The average grain size for β-W2N 

phase, calculated from (111) reflection, is 39 and 47 Å for deposition at 700 and 750 °C, 

respectively.  The comparison of grain size for 4 and 2a,b shows that the average grain size for 

films deposited with 4 is lower than that for films deposited by 2a,b over the entire deposition 

temperature range. 

5.7 Film Growth Rate 

The growth rate for films grown from 4 was calculated from the measured film thickness 

(X-SEM) and deposition time.  Figure 5-11 shows X−SEM images for films grown between 400 

and 750 °C in 50 °C intervals.  The growth rate varied from 3 Ǻ/min to 24 Ǻ/min, with the 

lowest growth rate observed at 400 °C and highest growth rate observed at 700 °C.  There is an 

exponential increase in film thickness between 400 and 600 °C.  As the deposition temperature is 

increased from 600 to 700 °C, there is a small increase in growth rate from 21 Å to 24 Å.  The 

growth rate decreases to 17 Å/min as the deposition temperature is increased to 750 °C.  To 

determine whether a further decrease in growth rate is observed at higher temperature, growth 

was attempted at 800 °C.  There was no hard film deposited at 800 °C, however there was a 

carbon-like deposit observed on the substrate surface, which could easily be removed from the Si 

substrate by a cotton swab. 

Figure 5-12 shows Arrhenius plots of growth rate for deposition from 4 and 2a,b in the 

presence of hydrogen.  The growth rate for films deposited with 4 is lower than that for films 

deposited with 2a,b between 400 and 650 °C.  The Arrhenius plot for 4 is consistent with film 

growth between 400 and 600 °C being surface reaction limited with a change to mass transfer 

limited between 600 and 700 °C.  The decrease in growth rate at 750 °C and no film growth at 

800 °C is possibly because of homogenous decomposition of the precursor above 750 °C.  While 

the transition from surface reaction limited growth to mass transfer limited growth occurs 
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between 550 and 600 °C for 2a,b, 4 shows the same transition at 600 °C.  The activation energy 

for 4 calculated from the Arrhenius relationship for film growth using 4 is 0.54 eV, which is 

significantly lower than 0.84 eV activation energy reported for 2a,b.  The value of activation 

energy for 4 is within the typical values between 0.5 and 1.0 eV observed for CVD growth in 

surface reaction limited regime.  

5.9 Atomic Bonding from XPS Measurement 

Figure 5-13 shows the XPS measurements for films deposited from 4 at 400, 500, 600, and 

700 °C and Table 3-7 (Chapter 3) summarizes the reference peaks of elemental C, elemental W 

and different compounds of W, N, C and O obtained from the literature.  Table 5-2 and 5-3 

summarizes the peak parameters from peak fitting analysis done for the XPS peaks of W, C, N 

and O.  The deconvolution of W 4f7/2 and 4f5/3 peaks was done by using the peak separation 

between 4f7/2 and 4f5/2 peaks of 2.1 eV and peak area ratio 4f7/2: 4f5/2 of 4:3.  The deconvolution 

of W 4f and 4p peaks for film deposited at 400 °C indicates the presence of three different 

binding states of W.  The first W 4f7/2 peak at 31.9 eV lies between the reference W peaks of 

W2N (~33.0 eV) and W2C (~ 31.5 eV), indicating that the W atom is bonded to both C and N.  

The second 4f7/2 peak at 34.0 eV lies between the reference WO2 peak at 32.9 eV and W2O5 peak 

at 34.6 eV, suggesting that the phase of tungsten oxide is WOx with the value of x between 2.0 

and 2.5.  The third W 4f7/2 peak at 35.7 eV corresponds to the W present in WO3.  As the 

deposition temperature is increased from 400 to 700 °C, the intensity of the W peak 

corresponding to WNxCy increases whereas the intensity of W peak corresponding to both WOx 

and WO3 decreases. 

For deposition at 400 °C, the N 1s peak is at 397.8 eV and corresponds well with the 

reference N 1s peak for WNx film.
119

  As the temperature is increased to 500 °C, a broad 

shoulder which is centered at 399.2 eV develops.  This broad peak indicates that a small amount 
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of N is present in amorphous state most probably at grain boundaries.
119

  The relative intensity of 

the amorphous N peak around 399.5 eV increases as the deposition temperature is increased 

from 500 to 600 °C.  This indicates that although the overall N content of film decreases as 

deposition temperature is increased from 500 to 600 °C, the relative % of N present in the 

amorphous state increases with respect to that bonded to W.  The XPS spectra at 700 °C shows 

no N 1s peak even though the AES measurements indicate the presence of N because of the poor 

detection limit of XPS for detecting light elements (N) in a heavy element matrix (W). 

For deposition at 400 °C, a small broad C 1s peak at 283.8 eV is observed in the XPS 

spectrum.  This peak position is slightly higher than the reference C 1s peak for W2C at ~ 283.5 

eV.  At 500 °C, the C 1s peak can be deconvoluted into two different peaks at 283.5 eV and 

284.9 eV.  The former peak corresponds to C bonded to W and the latter peak reflects C present 

in amorphous phase.  As the deposition temperature is increased from 500 to 600 °C, the peak 

intensity of both carbidic and amorphous C increases.  The C 1s spectrum for deposition at 700 

°C can be deconvoluted into three distinct peaks at 283.6 eV, 284.5 eV, and 285.5 eV.  The first 

peak at 283.6 corresponds to carbidic carbon bonded to W.  The second and third peaks at 284.5 

and 285.5 eV reflect the presence of graphitic carbon (sp
2
 bonded C) and diamond-like C (sp

3
 

bonded C).  Previous studies on diamond-like C films have shown the presence of C as both 

graphitic C with a peak at ca. 284.5 eV and diamond-like C with a broad peak at ca. 285.3 

eV.
192,193

  The presence of graphitic and diamond-like C for films deposited at 700 °C shows that 

besides phase separation of α-W2C, C separates from the WNxCy as graphitic and diamond-like 

C. 

The O 1s peak for deposition at 400 °C can be deconvoluted into two peaks at 530.8 and 

531.8 eV.  The peak at 530.8 eV corresponds to O bonded to W in WOx or WO3.  Since O is 
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present as O
2-

, the O peak does not show peak separation between the two different bonding 

states in WOx and WO3.  The other peak at 531.8 eV corresponds to O present in WNxCy.  

Previous study on tungsten oxynitride has shown that XPS spectra for O 1s show a peak at 531.7 

eV for O present in WNx matrix.
203

  The O 1s peaks for films deposited at 500, 600 and 700 °C 

can be similarly deconvoluted to two peaks corresponding to O present as WOx or WO3 and O 

present in the WNxCy matrix. 

To summarize the XPS results, film deposited at 400 °C shows presence of the WNxCy 

with a significant amount of WOx and WO3.  At 500 °C, the bulk of the film is WNxCy with 

small amounts of WOx and WO3.  Additionally, film deposited at 500 °C shows the presence of 

both C and N in an amorphous state probably at grain boundaries.  Incidentally, the lowest 

temperature at which the presence of amorphous C and N is observed is 500 °C, which is also the 

temperature at which crystallinity is first observed.  The film deposited at 600 °C consists of 

WNxCy, a small amount of WOx/WO3 together with amorphous N and C.  At 700 °C, the film 

shows the presence of WNxCy, graphitic and diamond-like C and a small amount of WOx/WO3. 

5.8 Film Resistivity 

Figure 5-14 shows the film resistivity at different deposition temperature for films grown 

with precursors 4 and 2a,b.  For depositions with 4 at 400 °C, the resistivity is 1150 μΩ−cm.  

The resistivity decreases to 980 μΩ−cm for deposition at 450 °C due to higher W content and 

lower C and N content of the film.  Between 450 and 600 °C deposition temperature, the film 

resistivity gradually increases from 980 to 6857 μΩ−cm.  This increase is attributed to a decrease 

in W content of the film. The resistivity of films deposited at 700 and 750 °C is ca. 2400 μΩ−cm.  

The XRD spectra indicate the formation of a two phase mixture of β-W2N and α-W2C at these 

temperatures and XPS measurement shows the separation of C to form graphitic C and diamond-

like C.  The phase separation at 700 and 750 °C results in segregation of excess amorphous C as 
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α-W2C, graphitic C and diamond-like C resulting in decrease of film resistivity.  The decrease in 

resistivity as deposition temperature is increased from 600 to 650 °C could result from the onset 

of phase separation at 650 °C, even though the phase separation is not clearly seen in the XRD 

spectrum at 650 °C. 

Comparison of resistivity for films deposited with 4 and 2a,b reveals that while the lowest 

resistivity obtained with 2a,b is 750 μΩ−cm at 450 °C, the lowest resistivity obtained with 4 is 

980 μΩ−cm at 450 °C.  The resistivity of films deposited with 2a,b increases throughout the 

deposition temperature, whereas the resistivity of films deposited with 4 show a steep increase 

between 450 and 600 °C followed by a decrease in resistivity between 600 and 750 °C because 

of the phase separation of W2N and W2C. 

5.9 Diffusion Barrier Testing 

To determine the effectiveness of diffusion barrier deposited with 4, barrier films deposited 

at 450 and 500 °C were coated with 100 nm PVD Cu.  The thickness of films deposited at 450 

and 500 was 45 and 55 nm, respectively.  The Cu/barrier/Si stack was annealed in vacuum at 

temperature ranging from 200 to 600 °C for 30 min to determine the temperature at which Cu 

diffuses through the barrier film into the Si substrate.  After annealing, three-point AES depth 

profile and XRD measurements were done to detect copper diffusion through the barrier film.  

Figure 5-16 shows the depth profile for a post-anneal Cu/WNxCy/Si stack for WNxCy films 

deposited from 4 at 450 °C.  For anneal at 200 °C for 30 min, the AES depth profile shows that 

the Cu/WNxCy interface is similar to that for films that were not annealed (Figure 5-15), 

suggesting that no bulk copper diffusion had occurred.  As the anneal temperature is increased to 

400 °C, there is slight mixing of the Cu/WNxCy interface, however, the copper has not diffused 

through the barrier film.  For 500 °C anneal, there is further diffusion of Cu in the WNxCy film, 

but the barrier film is able to prevent complete diffusion of Cu through it.  After annealing at 600 
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°C, the AES profile shows that there is complete diffusion of copper through the barrier film.  

Intermixing is also observed for the WNxCy/Si interface.  The depth profiling shows that 45 nm 

barrier film of WNxCy deposited from 4 at 450 °C is able to prevent bulk Cu diffusion when 

annealed at 500 °C for 30 min. 

Figure 5-17 shows the XRD plots for films deposited from 4 at 450 °C before annealing 

and after annealing at 200, 400, 500 and 600 °C.  No peak(s) corresponding to WNxCy is 

observed because film deposited at 450 °C is X-ray amorphous.  As discussed in the literature 

review chapter, the recrystallization temperature is important for diffusion barrier film because 

diffusion along grain boundaries is believed to be the primary cause for barrier failure.  

Amorphous W2N film deposited by PVD recrystallizes after annealing at 600 °C.
182

  However, 

for WNxCy film deposited by 4, the film does not recrystallize even after annealing at 600 °C as 

seen from the XRD pattern.  This is expected since ternary compounds tend to have higher 

recrystallization temperature as compared to binary compounds. 

The pre-anneal XRD profile shows peaks at 31.1, 50.75 and 74.55 2θ degrees and these 

peaks correspond to Cu (111), Cu (200) and Cu (220) reflections, respectively.  After annealing 

at 200 °C, the intensity of Cu peaks increases because of grain growth in the Cu film.  No peak 

corresponding to CuSix compound is observed indicating that there is no bulk diffusion of copper 

after annealing at 200 °C.  As the annealing temperature is increased, the intensity of Cu peaks 

further increases because of grain growth, however, no other peaks is observed besides peaks 

corresponding to Cu and Si substrate suggesting that bulk phase copper diffusion did not occur 

even after annealing at 600 °C.  This result contradicts the AES measurement which shows that 

Cu has diffused through the barrier film and into Si substrate after annealing at 600 °C.  This 

apparent contradiction occurs because XRD can detect CuSix compound formation only after 
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sufficient amount of the silicide has formed.  If a small amount of Cu has diffused through the 

barrier at the onset of barrier failure, XRD is not able to detect small quantities of CuSix whereas 

AES can detect Cu in barrier film or Si even if the Cu content is ca. 1 at. % because of the higher 

sensitivity of AES.  As discussed in the Chapter 2, XRD and four point probe are the least 

sensitive techniques for detecting copper diffusion through the barrier.  Previous studies have 

also shown that even though the barrier film has failed at lower annealing temperature, XRD 

only detects the barrier failure at much higher anneal temperature.
63

 

Figure 5-18 shows the 3 point AES depth profile for a post-anneal Cu/WNxCy/Si stack for 

WNxCy films deposited from 4 at 500 °C.  After annealing at 200 °C and 400 °C for 30 min, the 

Cu-WNxCy interface is similar to that for films that were not annealed, suggesting that no bulk 

diffusion of copper has occurred.  For 500 °C annealing, slight mixing of Cu-WNxCy interface is 

evident in the AES depth profile.  Copper diffuses through the barrier film after annealing at 600 

°C and significant intermixing of Cu and WNxCy is observed in AES depth profile.  The AES 

depth profiling shows that 55 nm barrier film of WNxCy deposited with 4 at 500 °C is also able 

to prevent Cu diffusion when annealed at 500 °C for 30 min. Figure 5-19 shows the XRD 

measurements on a Cu/WNxCy/Si stack before annealing and after annealing at 200, 400, 500 

and 600 °C.  Similar to film deposited at 450 °C, the film deposited at 500 °C do not show 

recrystallization of the barrier film.  The XRD spectra do not indicate formation of CuSix even 

after annealing at 600 °C for the reason discussed above, even though the barrier film has failed. 

5-10 Conclusions 

It has been demonstrated that the mixed imido guanidinato complex 

W(N
i
Pr)Cl3[

i
PrNC(NMe2)N

i
Pr] (4) can be used in an aerosol assisted CVD system to deposit 

WNxCy thin films.  A comparison of effect of Cl4(CH3CN) and Cl3(
i
Pr(NMe2)N

i
Pr ligands on 

film properties is presented by comparing the film composition, crystallinity, lattice parameter, 
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grain size, growth rate and resistivity of films deposited with 4 and 2a,b.  The AES spectra 

showed the presence of W, N, C and O in this material.  When compared with films grown with 

2a,b, the films grown with 4 have a higher C/W ratio and a similar N/W ratio.  The O content of 

films deposited with 4 is also significantly lower than that for films deposited with 2a,b, 

especially at lower deposition temperature.  The lowest growth temperature for 4 is 400 °C, 

which is 50 °C lower than that for 2a,b.  For both 4 and 2a,b, films grown at and above 500 °C 

are crystalline. From the diffusion barrier application standpoint, films deposited with 4 at 450 

and 500 °C were able to prevent copper diffusion after annealing at 500 °C for 30 min in 

vacuum.  Since the film deposited from 4 at 450 °C is amorphous, has the lowest resistivity of 

980 μΩ−cm and can prevent Cu diffusion after annealing at 500 °C, films deposited from 4 at 

450 °C are candidates for diffusion barrier application. 
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Table 5-1.  Selected bond distances (Å) and bond angles (°) for 4 

  Bond Length 

(Å) 

  Bond Angle 

(degree) 

W-N1 2.247(4) N1-W-N3 163.23(18) 

W-N2 1.961(4) N2-W-Cl3 155.81(13) 

W-N3 1.702(4) Cl1-W-Cl2 167.30(5) 

W-Cl1 2.3752(15) N2-W-N3 101.44(19) 

W-Cl2 2.3819(16) N1-W-N2 61.88(16) 

W-Cl3 2.3833(14) W-N1-C1 90.3(3) 

C1-N2 1.399(6) N1-C1-N2 107.8(4) 

C1-N1 1.294(6) W-N2-C1 100.0(3) 

C1-N4 1.373(6) W-N3-C10 168.4(8) 
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Table 5-2.  Analysis results from the deconvolution of the XPS peak of W for films deposited from 4 on Si(100) substrate at 400, 500, 

600 and 700 °C 

Deposition   WNxCy WOx   (2.0 < x < 2.5) WO3 

temperature  Peak 

Position 

% Area FWHM Peak 

Position 

% Area FWHM Peak 

Position 

% Area FWHM 

  (eV)  (eV) (eV)   (eV)  (eV) 

400 W4f7/2 31.95 20.4 1.61 34.01 17.0 1.84 35.74 15.9 2.00 

 W4f5/2 33.90 15.3 1.94 36.01 11.1 1.97 37.94 11.9 1.81 

 W4p3/2 37.10 3.8 2.15 39.27 2.8 1.64 41.04 1.8 1.20 

500 W4f7/2 31.89 40.4 1.36 33.51 8.7 1.52 37.61 4.8 1.96 

 W4f5/2 34.06 30.3 1.48 35.61 6.6 2.17 37.49 1.0 1.75 

 W4p3/2 35.51 6.3 2.02 38.81 1.3 1.27 41.11 0.6 2.16 

600 W4f7/2 32.01 38.2 1.30 33.72 7.8 1.61 35.31 7.4 1.78 

 W4f5/2 34.10 29.8 1.50 35.59 5.9 2.01 37.41 5.6 2.44 

 W4p3/2 37.40 3.0 1.98 38.89 0.9 1.41 40.71 1.4 3.45 

700 W4f7/2 32.05 36.3 1.28 33.54 9.9 1.61 35.33 7.5 2.14 

 W4f5/2 34.15 27.2 1.33 35.64 7.4 1.86 37.53 5.6 2.15 

 W4p3/2 37.45 2.7 2.04 38.94 2.0 1.22 40.83 1.4 2.10 
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Table 5-3.  Analysis results from the deconvolution of XPS peaks of C, N and O for films deposited from 4 on Si(100) substrate at 

400, 500, 600 and 700 °C  

Deposition   C 1s   N1s   O1s   

temperature  Peak 

Position 

% Area FWHM Peak 

Position 

% Area FWHM Peak 

Position 

% Area FWHM 

  (eV)  (eV) (eV)  (eV) (eV)  (eV) 

400 Peak 1 283.83 100.0 2.29 397.81 100.0 1.83 530.85 15.9 2.00 

 Peak 2 -- -- -- -- -- -- 531.85 11.9 1.81 

500 Peak 1 283.51 73.7 1.48 397.71 84.1 1.50 530.77 66.2 1.59 

 Peak 2 284.95 26.3 2.19 399.25 15.9 1.77 532.11 33.8 2.03 

600 Peak 1 283.59 72.3 1.54 397.73 64.6 1.73 530.57 49.4 1.46 

 Peak 2 285.06 27.7 1.98 399.49 35.4 2.87 531.69 50.6 2.02 

700 Peak 1 283.60 19.2 1.53 -- -- -- 530.77 52.4 1.81 

 Peak 2 284.50 44.2 1.64 -- -- -- 531.91 47.6 2.48 

 Peak 3 285.50 36.6 2.43 -- -- -- -- -- -- 
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Figure 5-1.  Thermal ellipsoids diagram of the molecular structure of 

W(N
i
Pr)Cl3[

i
Pr(NMe2)N

i
Pr].  Thermal ellipsoids are drawn at 40 % probability, and 

the hydrogen atoms have been omitted for clarity.
202
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Figure 5-2.  Composition of films deposited from 4 and 2a,b on Si (100) substrate at different 

deposition temperature as determined by AES after 0.5 min of sputtering 
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Figure 5-3.  N/W and C/W atomic ratios for films deposited from 4 and 2a,b on Si (100) 

substrate at different deposition temperature as determined by AES after 0.5 min of 

sputtering  
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Figure 5-4.  X-ray photoelectron spectroscopy patterns for films deposited from 4 at 400, 500, 

600 and 700 °C on Si(100) surface 
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Figure 5-5.  X-ray diffraction patterns for films deposited from 4 on Si (100) substrate  
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Figure 5-6.  Deconvolution of XRD peaks for films deposited from 4 at 700 °C on a Si (100) 

substrate.  The dashed line represents raw data, solid lines represent individual peaks 

of β-W2N and α-W2C used for deconvolution and the bold solid line represents the 

profile calculated from individual peaks. 
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Figure 5-7.  Deconvolution of XRD peaks for films deposited from 4 at 750 °C on a Si (100) 

substrate.  The dashed line represents raw data, solid lines represent individual peaks 

of β-W2N and α-W2C used for deconvolution and the bold solid line represents the 

profile calculated from individual peaks. 
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Figure 5-8.  Grazing incidence X-ray diffraction spectra for films deposited from 4 on Si (100) 

substrate  
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Figure 5-9.  Lattice parameters for films grown from 4 and 2a,b on Si (100) substrate. The solid 

line at 4.126 Å corresponds to the standard lattice parameter for β−W2N.  The dotted 

line at 4.236 Å corresponds to standard lattice parameter for β−W2C (111).  Error 

bars indicate uncertainty in determination of peak position for lattice parameter 

calculation. 
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Figure 5-10.  Average grain size at different deposition temperature for films grown from 4 and 

2a,b on Si (100) substrate 
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Figure 5-11.  Scanning electron microscope images for films grown from 4 on Si (100) substrate 

between 400 and 750 °C in 50 °C increments 
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Figure 5-12.  Arrhenius plot of log of film growth rate vs. inverse temperature for deposition 

from 4 and 2a,b on a Si(100) substrate 
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Figure 5-13.  Deconvolution of the XPS peaks of W, N, C and O for film deposited from 4 at 

400, 500, 600 and 700 °C on Si (100) substrate 
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Figure 5-14.  Change in film resistivity with deposition temperature for films grown on Si (100) 

from 4 and 2a,b 
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Figure 5-15.  Pre-anneal AES depth profile of Cu (100 nm)/ WNxCy (45 nm)/Si (substrate) stack 

for WNxCy film deposited at 450 °C (using precursor 4) showing the Cu-barrier 

interface. 
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Figure 5-16.  Auger electron spectroscopy depth profiles of Cu (100 nm)/ WNxCy (45 nm)/Si 

(100) stack for WNxCy film deposited at 450 °C (using precursor 4) and annealed in 

vacuum for 30 min at A) 200 °C  B) 400 °C  C) 500 °C  D) 600 °C.  
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Figure 5-17.  X-ray diffraction plots for Cu/WNxCy/Si stack (WNxCy films deposited from 4 at 

450 °C) before annealing and after annealing at 200, 400, 500 and 600 °C 
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Figure 5-18.  Auger electron spectroscopy depth profiles of Cu (100 nm)/WNxCy (55 nm)/Si 

(100) stack for WNxCy film deposited at 500 °C (using precursor 4) and annealed in 

vacuum for 30 min at A) 200 °C  B) 400 °C  C) 500 °C  D) 600 °C. 
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Figure 5-19.  X-ray diffraction plots for Cu/WNxCy/Si stack (WNxCy films deposited with 4 at 

500 °C) before annealing and after annealing at 200, 400, 500 and 600 °C 

 

 

 

 



 

194 

CHAPTER 6 

DEPOSITION OF WNxCy FROM W(N
i
Pr)Cl3[

i
PrNC(NMe2)N

i
Pr]: EFFECT OF NH3 CO-

REACTANT ON FILM PROPERTIES 

Chapter 5 discussed the growth of WNxCy films from 4 and H2 co-reactant.  When 4 is 

used with H2 as co-reactant, the films deposited by CVD are W rich and deficient in N.  The 

highest N content of 12 at. % is observed for deposition from 4 at 400 °C.  To increase the film 

N content, the effect of NH3 co-reactant on deposition of WNxCy using 4 was investigated.  The 

effect of NH3 co-reactant on lowest deposition temperature, film crystallinity, growth rate and 

resistivity was also studied.  Two different experiments were done, one using a mixture of NH3 

and H2 as co-reactants (designated as 1A) and other using a mixture of NH3 and N2 as co-

reactants (designated as 1B).  Table 6-1 shows the molar flow rate of reactants for 1A and 1B.  

Films deposited for 1A and 1B are compared to those deposited with only H2 as co-reactant 

(designated as 1C) to understand the effect of NH3 (with or without H2) on film properties. 

6.1 Film Growth Studies  

Films grown by procedures 1A and 1B were generally smooth and had a shiny metallic 

surface with film color varying from golden to shiny black.  The lowest temperature at which 

appreciable film growth was observed for 1A and 1B was 300 °C.  The use of NH3 (with or 

without H2) lowers the deposition temperature by 100 °C (two experimental increments).  

Addition of NH3 as co-reactant lowers the energy barrier for film growth resulting in film 

deposition at lower temperature. 

6.2 Film Composition 

Figure 6-1 shows AES results for 1A, 1B and 1C.  For films deposited with co-reactants 

NH3 + H2 (procedure 1A), the W content varies between 51 and 59 at. % between 300 and 650 

°C.  The N content in the film is relatively constant at ca. 18 at. % between 300 and 400 °C with 

the highest value of 21 at. % observed for deposition at 450 °C.  Between 450 and 750 °C, the N 
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content gradually decreases from 21 at. % to 10 at. %.  The sources of N in the film are 4, NH3 

and benzonitrile.  The decrease in N content with increase in deposition temperature could result 

from cleavage of N containing ligands from the precursor, lower incorporation of N from NH3 

and benzonitrile or volatilization of N from the film at higher deposition temperature.  

Volatilization of N from WNxCy films has been reported to occur at 700 °C,
89

 hence the decrease 

in N content between 450 and 700 °C is due to decrease in N incorporation from precursor 

and/or NH3.  The C content of the film monotonically increases from 11 at. % at 350 °C to 43 at. 

% at 750 °C deposition temperature.  The increased C content of the film is due to incorporation 

of C from the precursor and/or benzonitrile into the film.  The O content of the film decreases 

from 17 at. % at 350 °C to 4 at. % at 500 °C and remains constant at ca. 4 at. % between 500 and 

750 °C.  Oxygen can be incorporated into the film during growth or post-growth.  The sources of 

O during film growth are residual gases (oxygen and water vapor) in the reactor and O impurity 

in the precursor (usually in the ppm levels).  Oxygen can also be incorporated into the film due 

to post-growth exposure to air.  The XPS results (vide infra) show that O in the film is 

incorporated both during growth and post-growth.  The O incorporated during film growth forms 

WOx (2 < x < 2.5)/WO3 whereas the O incorporated due to post-growth exposure to air is 

incorporated in the WNxCy lattice.  

For films deposited with only NH3 co-reactant (procedure 1B), the W and O content of 

film decreases and N and C content of film increases between 300 and 500 °C.  Between 500 and 

750 °C, the W and O content of the film remains relatively unchanged at ca. 39 at. % and 3 at. % 

respectively, the N content of film decreases from 30 at. % to 15 at. % and the C content of the 

film increases from 30 to 49 at. %.  This observation suggests that at 500 °C deposition 

temperature, there is a major change in mechanism of reaction for 1B.  Deposition temperature 
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higher than 500 °C triggers decrease in N content possibly due to cleavage of N containing 

ligand(s) in the precursor or lower N incorporation from NH3. 

Comparison of composition of films deposited for 1A, 1B and 1C shows that the most 

prominent effect of using NH3 as co-reactant (with or without H2) is the significant increase in 

film N content throughout the deposition temperature range.  In general, the film N content 

shows a twofold increase for 1A and a threefold increase for 1B as compared to 1C.  While 

previous studies on 2a,b and 3a,b have shown an increase in film N content when NH3 + H2 is 

used as co-reactant, the work on precursor 4 shows that the film N content can be further 

increased by using only NH3 as co-reactant. 

6.3 Film Crystallinity 

Figure 6-2 shows the XRD patterns for films deposited for 1A between 300 and 750 °C.  

The XRD spectra for films deposited between 300 and 450 °C show no peaks attributable to the 

film, but only peaks associated with the substrate (Si(200) Kα, Si(400) Kβ, and Si(400) Kα 

reflections at 33.10, 61.75 and 69.20° 2θ, respectively).  The absence of other peaks in these two 

spectra suggests that films deposited for 1A below 500 °C are X-ray amorphous.  The XRD 

pattern for the film deposited at 500 °C shows the emergence of crystallinity as evidenced by the 

two broad peaks at 37.26 and 43.69°.  These peaks lie between the standard peak position of β-

W2N [37.74 2θ for (111) phase and 43.85 ° 2θ for (200) phase and β-W2C [36.98 2θ for (111) 

phase and 42.89 ° 2θ for (200) phase
178

, indicating the presence of either the solid solution β-

WNxCy or a physical mixture of β-W2N and β-W2C.  Since the intensity of the most intense 

reflection (111) is small, the other peaks corresponding to (220) and (311) reflections at 63.55 

and 75.05° are not clearly visible in the XRD spectra.  Figure 6-3 shows the XRD patterns for 

films deposited for 1B between 300 and 750 °C.  The XRD spectra for 1B show no peaks 
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attributable to the film, but only peaks associated with the Si substrate suggesting that films 

deposited are X-ray amorphous throughout the deposition temperature range. 

The comparison of films deposited for 1A, 1B and 1C shows that the films are amorphous 

for deposition below 500 °C irrespective of the co-reactant used.  But at and above 500 °C, 1A 

and 1C result in formation of polycrystalline phases while 1B films are amorphous.  This 

suggests that when H2 is used as co-reactant for 1A and 1C, the reaction mechanism at 

temperature above 450 °C encourages the formation of crystallites, resulting in formation of 

polycrystalline thin films.  When only NH3 is used as co-reactant for 1B, the reaction mechanism 

hinders the formation of crystallites resulting in deposition of amorphous films throughout the 

deposition temperature range. 

6.4 Lattice Parameter 

Figure 6-4 shows the change in lattice parameter with deposition temperature for 1A and 

1C.  The (111) peak of β-WNxCy has the highest intensity and thus was used for calculating the 

lattice parameter.  For 1A, the lattice parameter is 4.17 Å for deposition at 500 °C, which is 

between the literature value of lattice parameter for β-W2N (4.126 Å) and β-W2C (4.236 Å).  As 

the deposition temperature is increased from 500 to 550 °C, the lattice parameter decreases to 

4.15 Å.  Since the lattice mismatch between β-W2N and β-W2C is only 2.7 %, it is possible that 

W, N and C form a solid solution.  For a WNxCy solid solution, an increase in interstitial 

concentration (C, N and/or O) in the non-metal sublattice would result in an increase in lattice 

parameter while an increase in vacancy concentration in the non-metal sublattice would result in 

a decrease in lattice parameter.  Transition metal nitrides and carbides are known to have 

appreciable vacancy concentration on both non-metal and metal sublattices.
39

  Since the 

(C+N+O)/W ratio remains unchanged between 500 and 550 °C, the decrease in lattice parameter 

suggests an increase in vacancy concentration for deposition at 550 °C.  Between 550 and 700 
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°C, the lattice parameter gradually increases from 4.15 to 4.19 Å.  In the same temperature range, 

the (C+N+O)/W ratio increases primarily because of an increase in C content while the N and O 

content of the film decreases.  The additional C can be incorporated into the W sublattice in 

carbidic form or outside the W sublattice in amorphous form.  The increase in lattice parameter 

between 550 and 700 °C suggests that there is a net increase in the amount of C present in the W 

sublattice as the temperature is increased from 550 to 700 °C.  As the deposition temperature is 

increased from 700 to 750 °C, the lattice parameter decreases from 4.19 to 4.15 Å even though 

the C content of the film increases suggesting either a net decrease in amount of C present in W 

sublattice because of phase separation of C to form graphitic/ diamond-like C (vide infra) or an 

increase in vacancy concentration. 

Comparison of films deposited with procedures 1A and 1C shows that for films grown at 

500 °C, 1A results in a higher lattice parameter than 1C because of the higher (C+N+O)/W ratio.  

For deposition between 550 and 650 °C, 1A results in a higher lattice parameter than 1C even 

though the (C+N+O)/W ratio for 1A is smaller than that by procedure 1C indicating that films 

deposited for 1C have a higher vacancy concentration in that temperature range.  For deposition 

between 700 and 750 °C, 1C affords a lower lattice parameter than 1A because 1C results in 

phase separation of α-W2C causing a decrease in C content in the W sublattice of WNxCy phase. 

6.5 Grain Size 

For polycrystalline materials, the XRD peak broadening could be due to crystallite size 

distribution, instrumental broadening or uniform strain in the film.  Line profile analysis can be 

used to deconvolute the effect of crystallite size distribution from the effect of uniform strain on 

XRD peak broadening.  Line profile analysis of XRD spectra for 1A indicated that the peak 

broadening was primarily due to crystallite size distribution and the effect of uniform strain on 

peak broadening was negligible.  If the XRD peak broadening is entirely due to crystallite size 
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distribution, Scherrer‟s equation can be used to calculate the average crystallite size.  Since the 

(111) reflection was most intense, it was used to determine FWHM and estimate grain size for 

1A and 1C.  Figure 6-5 shows the average crystallite size for 1A and 1C using Scherrer‟s 

equation.  For 1A, the average grain size is approx. 48 Å for deposition between 500 and 650 °C.  

Average grain size increases slightly to 55 Å for deposition at 700 °C and drops again to 50 Å 

for deposition at 750 °C.  Overall, the average grain size measurement indicates that the films 

deposited by 1A at and above 500 °C are nanocrystalline and the effect of deposition temperature 

on average grain size is minimal. Comparison of films deposited using 1A and 1C shows that 

films deposited for 1A have a larger average grain size than those deposited for 1C over the 

entire deposition temperature range.  

6.6 Film Growth Rate 

The growth rate for 1A and 1B was calculated from film thickness measurement using X-

SEM.  Figures 6-6 and 6-7 show X−SEM images for films grown at different deposition 

temperature for 1A and 1B respectively.  For 1A, the growth rate varied from 3 to 14 Ǻ/min 

between 300 and 750 °C.  Figure 6-8 shows the Arrhenius plot for films grown for 1A, 1B and 

1C.  For films grown between 300 and 550 °C by 1A, the growth rate increases logarithmically 

with inverse of temperature, indicating that the growth is in the kinetic controlled growth regime 

and surface reaction is the rate limiting step.  As discussed earlier, the slope of an Arrhenius plot  

can be used to calculate the value of Ea.  For 1A, the apparent activation energy is 0.45 eV.  

Between 550 and 750 °C, the Arrhenius plot for 1A shows a small negative slope.  Growth for 

1A between 550 and 750 °C is in the diffusion limited growth regime and the negative slope is 

probably because of homogenous gas phase decomposition of the precursor, which leads to 

decrease in growth rate with increase in deposition temperature.  For 1B, the Arrhenius plot 

shows that film growth between 300 and 400 °C is in the kinetically controlled growth regime 
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and the apparent activation energy for film growth is 0.27 eV.  Between 400 and 750 °C, the film 

growth rate for 1B is almost constant indicating that the growth is in the diffusion limited growth 

regime. 

Comparison of film growth for 1A, 1B and 1C shows that the rates of films growth by 1C 

have the highest value for Ea of 0.54 eV while the growth for 1A has the lowest value of Ea of 

0.27 eV.  While the Ea value for 1B is higher than 1A, the growth rate for 1B is significantly 

higher than that for 1A suggesting that the addition of H2 to NH3 significantly increases the film 

growth rate. Overall, the selection of co-reactant(s) has a significant impact on the film growth 

rate and the lowest deposition temperature for precursor 4.  The temperature at which the growth 

mechanism changes from kinetically controlled to diffusion limited is also different for 1A, 1B 

and 1C because of difference in mechanisms of film growth and the changes in hydrodynamic 

properties for different co-reactant mixtures. 

6.7 Atomic Bonding  

Figure 6-9 shows the results of XPS peak deconvolution and Tables 6-2 and 6-3 show the 

peak fit parameters obtained from deconvolution for films deposited by 1A.  The reference peaks 

for elemental C, elemental W and different compounds of W, N, C and O are listed in Table 3-7 

(Chapter 3).  The deconvolution of W 4f7/2 and 4f5/3 peaks was done by using the peak separation 

between the 4f7/2 and 4f5/2 peaks of 2.1 eV and peak area ratio 4f7/2: 4f5/2 of 4:3.  The 

deconvolution of W 4f and 4p peaks for film deposited by 1A at 300 °C indicates the presence of 

three different bonding states of W.  The first W 4f7/2 peak at 32.1 eV lies between the reference 

W peaks of W2N (~33.0 eV) and W2C (~ 31.5 eV), indicating that the W atom is bonded to both 

C and N.  The second 4f7/2 peak at 33.7 eV lies between the WO2 peak at 32.9 eV and W2O5 peak 

at 34.6 eV, suggesting that the phase of tungsten oxide is WOx (2 < x < 2.5).  The third W 4f7/2 

peak at 35.7 eV corresponds to W present in WO3.  As the deposition temperature is increased 
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from 300 to 400 °C, the W peak corresponding to WNxCy increases whereas the intensity of W 

peak corresponding to WOx and WO3 decreases, which is consistent with the AES results that 

shows a decrease in O content of the film in the same deposition temperature range.  For 

deposition at 500 °C and above for 1A, the W peaks can be deconvoluted into only WNxCy and 

WOx peaks and there is no evidence of the presence of WO3.  Comparison of W peaks for 1A 

and 1C shows that while 1C shows evidence of WO3 throughout the deposition temperature 

range, 1A shows the presence of WO3 only below 500 °C suggesting that use of NH3 as co-

reactant suppresses the formation of WO3 phase. 

The N peak for 1A at 300 °C can be deconvoluted into two peaks.  The first N 1s peak at 

397.7 eV corresponds well with the reference N 1s peak for WNx film.
119

  The second peak at 

399.9 eV suggests that N is also present as amorphous N.
119

  Between 300 and 700 °C, the N 

peak can be similarly deconvoluted into a dominant peak around 397.5 eV and a broad shallow 

peak around 399.5 eV implying that the bulk of the N is bonded to W and a small amount of N is 

present in amorphous phase.  

Between 300 and 500 °C, the C 1s peak for 1A can be deconvoluted into two peaks around 

283.6 eV and 285.4 eV.  The former peak corresponds to C bonded to W (reference peak at 

283.5 eV) and the latter peak reflect C present as amorphous carbon (reference peak between 

284.5 and 285.2 eV).  For deposition at 600 and 700 °C, the C 1s spectra can be deconvoluted 

into three distinct peaks at 283.5 eV, 284.5 and 285.8 eV.  The first peak corresponds to carbidic 

carbon bonded to W.  The second and third peaks at 284.5 and 285.5 eV reflect the presence of 

graphitic carbon (sp
2
 bonded C) and diamond-like C (sp

3
 bonded C) respectively.  Previous 

reports have indicated that the XPS peaks for graphitic C and diamond-like C appear at ca. 284.5 

eV and ca. 285.3 eV respectively.
192,193

  The presence of graphitic and diamond-like C for films 
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deposited at 600 and 700 °C shows that C separates from the WNxCy phase as has been reported 

previously for 1C.  While films deposited by 1C show evidence of phase separation of C to form 

graphitic and diamond-like C only at 700 °C, films deposited for 1A and 1B show the initiation 

of similar process at 600 °C suggesting that the use of NH3 co-reactant (with or without H2) 

lowers the initiation temperature for C phase separation. 

The O 1s peak for deposition between 300 and 700 °C can be deconvoluted into two peaks 

at ca. 530.7 and ca. 532.0 eV.  The peak at 530.7 eV corresponds to O bonded as WOx or WO3.  

The other peak at 532.0 eV corresponds to O present in WNxCy.  As discussed Chapter 6, O 

could be incorporated into the film either during film growth because of oxygen and water vapor 

impurity in the reactor or after the film growth because of exposure to atmosphere.  The presence 

of WOx/WO3 phase suggests that residual gas in reactor and/or O impurity in the precursor 

react(s) with the precursor to form WOx/WO3 during the film growth.  The source of O bound to 

W in WNxCy is most likely atmospheric O that diffuses through the film when the film is 

exposed to atmosphere.  In summary, deconvolution of the O 1s peak suggests that O is 

incorporated in the film during growth as WOx/WO3 and post growth as O loosely bound to W in 

WNxCy. 

XPS results for 1A show that films deposited between 300 and 400 °C are WNxCy with 

significant amount of WOx and WO3 along with small amounts of amorphous N and C.  For 

deposition between 400 and 500 °C, the bulk of the film is WNxCy with a small amount of WOx 

and increased amounts of amorphous C and N.  The film deposited at 600 and 700 °C consists of 

WNxCy, a small amount of WOx along with graphitic and diamond-like C. 

XPS measurements for 1B (Figure 6-10, Tables 6-4 and 6-5) show that there is no major 

difference in the bonding states of W, N and O for 1A and 1B.  The only major difference is seen 
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for the bonding state of C, especially for deposition below 500 °C.  For deposition at 300, 350 

and 400 °C, the C 1s peak for 1A shows that C is present in both carbidic and amorphous phases, 

whereas the C 1s peak for 1B shows that C is present in only carbidic form.  For 1B, the broad 

amorphous C peak at 284.8 eV appears only at 500 °C deposition temperature. This observation 

suggests that the use of only NH3 as co-reactant favors the deposition of carbidic C, particularly 

at low deposition temperatures.  

6.8 Film Resistivity 

Figure 6-11 shows the variation of film resistivity with deposition temperature for films 

grown using procedures 1A, 1B and 1C.  For 1A at 300 °C, the resistivity is 4182 μΩ−cm.  As 

the deposition temperature is increased from 300 to 600 °C, the film resistivity gradually 

increases to 8395 µΩ-cm possibly due to increase in C content of the film.  Film resistivity peaks 

for deposition at 650 °C and decreases thereafter.  Deposition for 1B shows that low resistivity 

(393 µΩ-cm) films are deposited at 300 °C.  For growth between 350 and 400 °C, there is a 

sharp increase in film resistivity because of the decrease in W content of the film.  Between 400 

and 550 °C resistivity increases due to the increase in C and N content of the film.  Above 500 

°C, resistivity decreases for 1B because of a decrease in N content of the film. 

Comparison of film resistivity for 1A, 1B and 1C shows that the co-reactant used for 

deposition of WNxCy from 4 can have a significant effect on resistivity.  When either only H2 or 

only NH3 are used as co-reactants, low resistivity films are deposited at low deposition 

temperature.  However, when both H2 and NH3 are used together for deposition, high resistivity 

films are deposited throughout the deposition temperature range.  A number of factors could 

affect the film resistivity including metal to non-metal ratio, crystallinity, grain size, density and 

bonding state of non-metals; the choice of co-reactants affect each of these factors due to 

different reaction mechanisms for each co-reactant mixture. 
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6.9 Diffusion Barrier Testing 

To determine the effectiveness of diffusion barrier film deposited by procedures 1A and 

1B, barrier films deposited at 300, 350 and 400 °C were coated with 100 nm PVD Cu.  Prior to 

the deposition of Cu thin film, the barrier film was exposed to atmosphere for approximately 1-2 

hour(s).  The Cu/barrier/Si stack was annealed in vacuum at 500 °C for 30 min.  After annealing, 

three-point AES depth profile and XRD measurements were done to detect copper diffusion 

through the barrier film. 

6.9.1 Barrier Testing for 1A  

Figure 6-12 shows the depth profile of pre- and post-anneal Cu/WNxCy (1A)/Si stacks for 

WNxCy films deposited at 300, 350 and 400 °C.  The thickness of the film deposited at 300, 350 

and 400 °C was 37, 75 and 75 nm respectively.  For deposition at 300 °C, the pre-anneal depth 

profile (Figure 6-12 A) indicates that the copper has already penetrated through the barrier into 

the Si substrate.  This is an artifact resulting from the „knock-on‟ effect of sputtering (vide 

supra).  The post-anneal profile (Figure 6-12 B) for deposition at 300 °C shows that the Cu has 

penetrated deeper into the barrier film, indicating that the barrier film was unable to prevent Cu 

diffusion.  For deposition at 350 °C, the comparison of pre- and post-anneal depth profile (Figure 

6-12 C and D) shows that copper diffuses through the barrier film after annealing.  For 

deposition at 400 °C, the pre-anneal depth profile shows sharp interfaces between Cu/ barrier and 

barrier/Si.  After annealing at 500 °C for 30 min, Cu has further penetrated into the barrier but 

not completely, indicating that 75 nm WNxCy film (1A) was able to prevent Cu diffusion through 

the barrier film after vacuum annealing at 500 °C.  Intermixing is seen in the depth profile for 

both Cu/ barrier interface and the barrier/ Si interface.   

A number of factors could influence the diffusion barrier performance of WNxCy including 

film density and composition.  For 1A, the film composition is relatively constant for deposition 
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at 300, 350 and 400 °C.  To determine the density of the films for different deposition 

temperature, an indirect method is the comparison of their relative sputter rate.  For films with 

similar composition, denser films would have a lower sputter rate as compared to less dense 

films and vice versa.  Table 6-6 shows the sputter rate for the barrier film deposited by procedure 

1A at 300, 350 and 400 °C.  Comparison of the relative sputter rate for 1A shows that film 

deposited at 300 and 350 °C have a higher sputter rate and hence lower density as compared to 

film deposited at 400 °C.  So, the better diffusion barrier performance of film deposited at 400 

°C is primarily because of higher film density. 

Figure 6-13 shows the pre- and post-anneal XRD measurements for films deposited by 

procedure 1A.  For 300 °C, the pre-anneal depth profile shows five peaks at 43.50, 50.70, 61.75, 

69.30 and 74.60 2-θ degrees.  The peaks at 43.50, 50.70 and 69.30 degrees correspond to 

Cu(111), Cu(220) and Cu(220) phases whereas the peaks at 61.75 and 69.30 degrees corresponds 

to Si(400) kα and Si(400) kβ respectively.  The XRD profile also indicates that PVD copper 

deposition on WNxCy shows a preferential orientation of (111).  This is highly desirable because 

the Cu(111) phase has a better electromigration resistance as compared to other crystalline 

phases.  The post anneal XRD profile shows an increase in the intensity of peaks corresponding 

to copper suggesting grain growth of Cu crystallites due to annealing.  No peaks corresponding 

to Cu3Si are observed in the post-anneal XRD profile even though the AES depth profile shows 

that copper has diffused through the barrier film.  This apparent contradiction is due to the poor 

sensitivity of XRD in detecting small amount of Cu3Si crystallites.  The pre- and post-anneal 

XRD spectra for barrier film deposited for 1A at 350 and 400 °C show results similar to those of 

film deposited at 300 °C.  No evidence of Cu3Si is seen in post-anneal XRD spectra for barrier 
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film deposited at 350 and 400 °C suggesting that no bulk diffusion of Cu has occurred after 

annealing. 

6.9.2 Barrier Testing for 1B 

Figure 6-14 shows the depth profile for pre- and post-anneal Cu/WNxCy/Si stacks for 

WNxCy films deposited by procedures 1B at 300, 350 and 400 °C.  The thickness of WNxCy film 

from deposition at 300, 350 and 400 °C was 12, 23 and 45 nm respectively.  Since the films 

deposited by 1B are much thinner than those deposited by 1A, the „knock-on‟ effect of sputtering 

was anticipated to be worse.  Etching off the Cu layer prior to AES depth profiling can eliminate 

the artifact arising from the „knock-on‟ effect.  The Cu layer was etched-off using 50 % HNO3 

solution before AES depth profiling.  For deposition by procedure 1B at 300 °C, the post-anneal 

profile shows that Cu has diffused through the barrier layer into the Si.  Comparison of the 

barrier/ Si interfaces for the pre- and post-anneal depth profiles shows no evidence of 

intermixing at this interface.  For deposition at 350 °C, a trace amount of copper can be seen in 

the post-anneal depth profile indicating that the barrier film was not effective in preventing 

copper diffusion.  For deposition at 400 °C, the post-anneal AES depth profile shows that there is 

no copper diffusion through the barrier film suggesting that the barrier film was able to prevent 

Cu diffusion after annealing at 500 °C.  No intermixing at the barrier/ Si interface is observed.  

Overall, for both 1A and 1B films, barrier films deposited at 300 °C are not able to prevent Cu 

diffusion whereas barrier films deposited at 400 °C are able to prevent Cu diffusion after 

annealing at 500 °C.  To identify the factor(s) that make film deposited at 400 °C effective as 

diffusion barriers, the sputter rate of films deposited at 300, 350 and 400 °C by procedure 1B 

was calculated from the AES depth profile as discussed above (Table 6-6).  The sputter rate for 

films deposited by 1B is expected to be higher than that for films deposited for 1A because of 

lower W content in the films deposited for 1B.  Unlike films deposited for 1A, films deposited 
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for 1B show variation in W content for deposition at 300, 350 and 400 °C, hence the sputter rates 

for these films cannot be directly correlated to film density because film composition influences 

sputter rates.  As expected, the sputter rate for film deposited at 400 °C is lower than that that for 

film deposited at 300 and 350 °C because of the higher non-metal (N+C+O) to W ratio for film 

deposited at 400 °C.  Hence, no conclusive evidence of effect of density on diffusion barrier 

performance could be obtained from sputter rates for films deposited for 1B.  Another important 

factor that influences diffusion barrier performance is the film composition.  Film deposited at 

400 °C has significantly higher N content as compared to films deposited at 300 and 350 °C.  

One of the reasons for the better diffusion barrier performance of film deposited at 400 °C for 1B 

could be its higher N content. 

Figure 6-15 shows the pre- and post-anneal XRD measurements for barrier films deposited 

by procedure 1B.  Similar to Figure 6-13 for 1A, Figure 6-15 for 1B shows no evidence of 

copper diffusion for films deposited at 300, 350 and 400 °C.  The only peaks observed 

correspond to copper and Si, suggesting that no bulk diffusion of copper has occurred through 

the barrier film after annealing.  Similar to films deposited by 1A, films deposited by 1B also 

show preferential deposition of Cu(111) phase when copper is deposited by PVD. 

6-10 Film Conformality 

As discussed in Chapter 2, the conformality of barrier film is of utmost importance for 

deposition in high aspect ratio features.  Since the film deposited by procedure 1B at 400 °C 

showed good diffusion barrier performance and high N content, conformality test was done for 

deposition at 400 °C with only NH3 as co-reactant.  Deposition was done on patterned chips 

provided by Samsung.  The dielectric material in the test chip was FSG and the feature size was 

0.2 µm with aspect ratio of 2:1.  Figure 6-16 shows the X-SEM image of the feature after 

diffusion barrier deposition using 4 and only NH3 co-reactant.  The film thickness for deposition 
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at 400 °C on FSG dielectric is 5 nm, which is significantly lower than the 45 nm thick films 

deposited on Si substrate at the same deposition temperature.  This implies that nucleation on 

FSG substrate for 1B takes longer time than on Si substrate.  The film is highly conformal 

visually, however, a precise number for conformality could not be calculated because of the 

insufficient resolution of the SEM images. 

6-11 Conclusions 

It has been demonstrated that the mixed imido guanidinato complex 

W(N
i
Pr)Cl3[

i
PrNC(NMe2)N

i
Pr] (4) can be used with NH3 + H2 (procedure 1A) and NH3 + N2 

(procedure 1B) to deposit WNxCy thin films in an aerosol assisted CVD system.  The use of NH3 

lowers the minimum growth temperature for 4 by 100 °C.  The use of NH3 with or without H2 as 

co-reactant has significant effect on film composition, growth rate, crystallinity, grain size and 

resistivity.  Comparison of films deposited with procedures 1A, 1B and 1C shows that the best 

films in terms are deposited by 1B because of the lower resistivity of films at low deposition 

temperature, amorphous film deposition throughout the deposition temperature range and higher 

N content.  Diffusion barrier testing shows that films deposited at 400 °C for both 1A and 1B are 

able to prevent Cu diffusion after annealing at 500 °C for 30 min in vacuum.  Films deposited for 

1B at 400 °C also show good conformality in a 0.2 µm 2:1 aspect ratio feature. 
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Table 6-1.  Molar flow rates used for deposition of WNxCy thin film from precursor 4. 

Reactant Molar flow rate (mol/min) 

 1A 1B 

4 1.16 × 10
-6

 1.16 × 10
-6

 

Benzonitrile  6.47 × 10
-4

 6.47 × 10
-4

 

H2 4.09 × 10
-2

 -- 

NH3 1.02 × 10
-3

 1.02 × 10
-3

 

N2 -- 4.09 × 10
-2

 



 

 

2
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Table 6-2.  Analysis results from deconvolution of XPS peaks of W for films deposited by procedure 1A on Si(100) substrate between 

300 and 700 °C. 

Deposition   WNxCy WOx   (2 < x < 2.5) WO3 

temperature 

 

Peak 

position % Area FWHM 

Peak 

position % Area FWHM 

Peak 

position % Area FWHM 

  (eV)  (eV) (eV)  (eV) (eV)  (eV) 

300 W4f7/2 32.12 10.50% 1.51 33.71 15.20% 1.78 35.75 26.90% 2.29 

 W4f5/2 34.22 7.90% 1.70 35.81 11.40% 1.95 37.95 20.10% 2.23 

 W4p3/2 37.52 1.60% 1.52 39.11 2.30% 2.20 41.15 4.00% 2.57 

350 W4f7/2 31.91 18.70% 1.46 33.79 17.90% 1.99 35.61 15.60% 2.01 

 W4f5/2 33.91 14.00% 1.67 35.89 13.40% 2.21 37.75 11.70% 1.85 

 W4p3/2 37.31 2.80% 2.60 39.19 3.60% 1.72 41.01 2.30% 2.26 

450 W4f7/2 32.05 33.90% 1.39 33.88 14.60% 1.97 35.36 3.30% 1.51 

 W4f5/2 34.15 27.10% 1.68 35.98 10.90% 2.24 37.46 2.50% 1.71 

 W4p3/2 37.45 5.10% 2.34 39.28 2.20% 1.67 40.76 0.50% 1.53 

550 W4f7/2 32.00 41.40% 1.39 34.06 13.00% 1.97 -- -- -- 

 W4f5/2 34.20 31.10% 1.56 36.06 9.10% 2.44 -- -- -- 

 W4p3/2 37.40 4.10% 2.26 39.46 1.30% 2.49 -- -- -- 

650 W4f7/2 31.99 32.60% 1.25 33.38 18.70% 2.05 -- -- -- 

 W4f5/2 34.19 23.50% 1.28 35.48 15.00% 2.02 -- -- -- 

 W4p3/2 37.39 6.50% 1.72 38.78 3.70% 1.96 -- -- -- 

750 W4f7/2 31.98 33.10% 1.32 33.48 17.40% 1.84 -- -- -- 

 W4f5/2 34.27 24.80% 1.48 35.58 13.90% 2.05 -- -- -- 

 W4p3/2 37.38 8.30% 1.95 38.88 2.60% 1.50 -- -- -- 
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Table 6-3.  Analysis results from deconvolution of XPS peaks of C, N and O for films deposited by procedure 1A on Si(100) substrate 

between 300 and 700 °C  

Deposition   C 1s N1s O1s 

temperature 

 

Peak 

position % Area FWHM 

Peak 

position % Area FWHM 

Peak 

position % Area FWHM 

  (eV)  (eV) (eV)  (eV) (eV)  (eV) 

300 Peak 1 283.59 58.30% 1.7 397.69 60.40% 1.64 530.9 64.00% 1.51 

 Peak 2 285.35 41.70% 2.22 399.97 39.60% 2.1 531.93 36.00% 2.12 

350 Peak 1 283.43 59.50% 1.21 397.79 82.90% 1.56 530.65 64.80% 1.48 

 Peak 2 284.82 40.50% 1.42 399.77 17.10% 1.25 531.9 35.20% 1.71 

400 Peak 1 283.54 73.30% 1.26 397.64 80.10% 1.58 530.65 64.80% 1.48 

 Peak 2 285 26.70% 1.64 399.39 19.90% 2.26 531.9 35.20% 1.71 

500 Peak 1 283.48 73.20% 1.36 397.68 75.60% 1.63 530.61 63.40% 1.53 

 Peak 2 284.81 26.80% 1.67 399.75 24.40% 2.1 532.17 36.60% 1.98 

600 Peak 1 283.43 55.50% 1.41 397.64 75.20% 1.69 530.63 62.60% 1.66 

 Peak 2 284.57 28.20% 1.61 399.42 24.80% 1.95 531.98 37.40% 2.05 

 Peak 3 286.19 16.30% 2.28 -- -- -- -- -- -- 

700 Peak 1 283.55 44.70% 1.63 397.73 79.30% 1.59 530.78 64.10% 1.62 

 Peak 2 284.6 28.50% 1.73 399.04 20.70% 2.1 532.06 35.90% 1.94 

 Peak 3 285.73 26.80% 2.3 -- -- -- -- -- -- 

 



 

 

2
1
2
 

Table 6-4.  Analysis results from deconvolution of XPS peaks of W for films deposited by procedure 1B on Si(100) substrate between 

300 and 700 °C. 

Deposition   WNxCy WOx   (2 < x < 2.5) WO3 

temperature 

 

Peak 

position % Area FWHM 

Peak 

position % Area FWHM 

Peak 

position % Area FWHM 

  (eV)  (eV) (eV)  (eV) (eV)  (eV) 

300 W4f7/2 31.82 17.40% 1.5 33.44 20.20% 2.17 35.4 14.10% 2.04 

 W4f5/2 33.92 13.10% 1.55 35.54 15.10% 2.17 37.55 11.30% 1.96 

 W4p3/2 37.22 2.60% 1.52 38.84 4.00% 1.46 40.7 2.10% 1.91 

350 W4f7/2 32.01 36.50% 1.59 33.71 9.40% 1.6 35.2 7.00% 1.72 

 W4f5/2 34.11 26.30% 1.51 35.81 7.10% 1.64 37.3 5.30% 1.88 

 W4p3/2 37.41 5.50% 2.19 39.11 1.90% 1.22 40.6 1.10% 2.02 

400 W4f7/2 31.89 38.50% 1.47 33.56 9.80% 1.95 35.5 4.30% 1.57 

 W4f5/2 34.04 28.90% 1.47 35.66 7.40% 1.94 37.6 3.20% 1.88 

 W4p3/2 37.29 5.80% 2.31 38.96 1.50% 1.15 40.9 0.60% 1.8 

500 W4f7/2 31.91 37.00% 1.28 33.41 15.70% 2.1 -- -- -- 

 W4f5/2 34.11 27.70% 1.4 35.51 11.80% 1.98 -- -- -- 

 W4p3/2 37.31 5.50% 1.68 38.81 2.40% 2.18 -- -- -- 

600 W4f7/2 31.94 36.10% 1.29 33.39 16.50% 2.12 -- -- -- 

 W4f5/2 34.14 27.10% 1.36 35.49 12.40% 2.01 -- -- -- 

 W4p3/2 37.34 5.40% 1.84 38.79 2.50% 2.39 -- -- -- 

700 W4f7/2 31.93 34.50% 1.22 33.24 18.20% 1.97 -- -- -- 

 W4f5/2 34.13 25.80% 1.26 35.34 13.60% 1.84 -- -- -- 

 W4p3/2 37.33 5.20% 1.81 38.64 2.70% 2.11 -- -- -- 
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Table 6-5.  Analysis results from deconvolution of XPS peaks of C, N and O for films deposited by procedure 1B on Si(100) substrate 

between 300 and 700 °C 

Deposition   C 1s N1s O1s 

temperature  

Peak 

position % Area FWHM 

Peak 

position % Area FWHM 

Peak 

position % Area FWHM 

  (eV)  (eV) (eV)  (eV) (eV)  (eV) 

300 Peak 1 283.54 100.00% 1.53 397.55 71.50% 1.43 530.75 71.10% 1.5 

 Peak 2 -- -- -- 398.96 28.50% 1.96 531.97 28.90% 1.84 

           

350 Peak 1 283.46 100.00% 1.57 397.58 83.30% 1.5 530.57 67.40% 1.48 

 Peak 2 -- -- -- 399.2 16.70% 1.52 531.85 32.60% 1.93 

           

400 Peak 1 283.39 85.70% 1.55 397.5 87.20% 1.58 530.46 70.20% 1.58 

 Peak 2 284.85 14.30% 1.62 399.25 12.80% 1.73 531.85 29.80% 1.96 

           

500 Peak 1 283.32 64.60% 1.33 397.5 82.70% 1.48 530.39 64.20% 1.56 

 Peak 2 284.72 35.40% 2.08 398.91 17.30% 1.58 531.64 35.80% 1.93 

           

600 Peak 1 283.42 61.80% 1.5 397.49 69.00% 1.53 530.45 64.40% 1.54 

 Peak 2 284.5 25.80% 1.77 398.99 31.00% 2 531.89 35.60% 1.81 

 Peak 3 286 12.40% 1.5 -- -- -- -- -- -- 

700 Peak 1 283.33 45.70% 1.29 397.54 70.30% 1.39 530.33 57.50% 1.55 

 Peak 2 284.42 31.40% 1.57 398.82 29.70% 1.56 531.66 42.50% 1.86 

 Peak 3 285.93 23.00% 2.46 -- -- -- -- -- -- 
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Table 6-6.  Apparent sputter rate of barrier film measured by dividing barrier film thickness by 

the time required to sputter the film during AES depth profiling 

Deposition 

Temperature 

(°C)  1A 1B 

300 pre-anneal 74 80 

 post-anneal 82 68 

350 pre-anneal 93 74 

 post-anneal 150 70 

400 pre-anneal 65 94 

 post-anneal 60 88 
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Figure 6-1.  Composition of films deposited by procedures 1A, 1B and 1C on Si (100) substrate 

at different deposition temperature as determined by AES after 0.5 min of sputtering 
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Figure 6-2.  X-ray diffraction patterns for films deposited on Si (100) substrate by procedure 1A 
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Figure 6-3.  X-ray diffraction patterns for films deposited on Si (100) substrate by procedure 1B 
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Figure 6-4.  Lattice parameters for films grown by procedures 1A and 1C on Si (100) substrate.  

Error bars indicate uncertainty in determination of peak position for lattice parameter 

calculation. 
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Figure 6-5.  Average grain size at different deposition temperature for films grown by procedures 

1A and 1B on Si (100) substrate. 



 

220 

 

Figure 6-6.  Scanning electron microscope images for films grown by procedure 1A at different 

deposition temperature on Si (100) substrate 
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Figure 6-7.  Scanning electron microscope images for films grown by procedure 1B at different 

deposition temperature on Si (100) substrate 
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Figure 6-8.  Arrhenius plot for growth using procedures 1A, 1B and 1C for growth on a Si(100) 

substrate 
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Figure 6-9.  X-ray photoelectron spectroscopy measurements for films deposited by procedure 

1A between 300 and 700 °C on Si (100) substrate 
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Figure 6-10.  X-ray photoelectron spectroscopy measurements for films deposited for between 

300 and 700 °C by procedure 1B on Si (100) substrate 

 



 

225 

  

 

Figure 6-11.  Change in film resistivity with deposition temperature for films deposited by 

procedures 1A, 1B and 1C on Si (100) substrate 
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Figure 6-12.  Pre- and post-anneal AES depth profiles of Cu (100 nm)/ WNxCy /Si (substrate) 

stacks for WNxCy films deposited by procedure 1A.  A) Barrier deposition at 300 °C, 

no annealing.  B) Barrier deposition at 300 °C, annealing at 500 °C.  C) Barrier 

deposition at 350 °C, no annealing.  D) Barrier deposition at 350 °C, annealing at 500 

°C.  E) Barrier deposition at 400 °C, no annealing.  F) Barrier deposition at 400 °C, 

annealing at 500 °C. 
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Figure 6-13.  Pre- and post-anneal XRD measurements of Cu (100 nm)/ WNxCy /Si (substrate) 

stacks for WNxCy film deposited by procedure 1A at 300, 350 and 400 °C 
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Figure 6-14.  Pre- and post-anneal AES depth profiles of Cu (100 nm)/ WNxCy /Si (substrate) 

stacks for WNxCy film deposited by procedure 1B.  After vacuum annealing and prior 

to AES depth profiling, the Cu layer in the Cu/WNxCy /Si stack was etched-off. A) 

Barrier deposition at 300 °C, no annealing.  B) Barrier deposition at 300 °C, 

annealing at 500 °C.  C) Barrier deposition at 350 °C, no annealing.  D) Barrier 

deposition at 350 °C, annealing at 500 °C.  E) Barrier deposition at 400 °C, no 

annealing.  F) Barrier deposition at 400 °C, annealing at 500 °C.  
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Figure 6-15.  Pre- and post-anneal XRD measurements of Cu (100 nm)/ WNxCy /Si (substrate) 

stack for WNxCy film deposited by procedure 1B at 300, 350 and 400 °C 
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Figure 6-16.  Scanning electron microscope images of WNxCy thin films deposited on FSG 

dielectric.  The feature size is 0.2 µm with aspect ratio of 2:1  
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CHAPTER 7 

DEPOSITION OF WNxCy FROM (CH3CN)Cl4W(NNMe2) FOR DIFFUSION BARRIER 

APPLICATION 

Chapters 4, 5 and 6 discussed two different approaches for increasing film N content.  The 

first approach used NH3 as a co-reactant with precursor 3 and 4 to increase the film N content.  

The second approach used metal-organic precursor 4 which contains more N atoms per W atom 

(Chapter 5).  Following the same approach, (CH3CN)Cl4W(NNMe2) (5) has been used to deposit 

WNxCy thin films for diffusion barrier application.  Scheper et al.
204

 have demonstrated that 

diorganohydrazido(2-) titanium complexes can be used for the deposition of titanium nitride thin 

films by CVD.  This chapter discusses the characterization of the films deposited from 5 using 

CVD and evaluates the effectiveness of the deposited films in preventing diffusion of copper. 

7.1 Precursor Synthesis 

A Schlenk flask was charged with WCl6 (2.10 g, 5.30 mmol) and methylene chloride (40 

ml).  1,1-Dimethylhydrazine (0.4 ml, 5.3 mmol) was added to the flask under vigorous stirring at 

-78 °C. After 10 min, the solvent was removed in vacuo while warming to room temperature. 

After removing the solvent, acetonitrile (15 mL) was added to the flask and the mixture was 

stirred for 30 min. The solvent was removed in vacuo and solids from the reaction were extracted 

with 2x15 mL of methylene chloride. The combined extracts were filtered and the volume 

reduced to 10 mL. The product was precipitated from the mixture by adding vigorously stirred 

pentane (200 mL) maintained at 0 °C. The orange product 5 was filtered off as a microcrystalline 

powder and dried in vacuo. 

7.2 Film Growth by CVD 

When CVD growth was attempted at 400 °C from 5 in an inert atmosphere with N2 as 

carrier gas, the resulting film contained W and O while no C or N was detected by AES.  
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However, when H2 was used as carrier gas at the same deposition temperature, the deposited film 

contained W, N, C and O as determined by AES.  Hence, the H2 co-reactant is essential for 

deposition of WNxCy thin film from 5.  Appreciable film growth was observed for 5 at 

deposition temperature as low as 300 °C when H2 was used as co-reactant.  This temperature is 

the lowest growth temperature among all the precursors 1 - 5 when only H2 is used as co-

reactant.  The film characterization and testing reported in this chapter were performed on films 

deposited using 5 and H2 as co-reactant.  Table 7-1 provides the molar flow rate of reactants used 

in the MOCVD reactor.  The molar flow rate of 5 was same as that used for deposition using 

precursor 4.  The color of the deposited film varied from golden brown at low deposition 

temperature to grayish at higher deposition temperature. 

7.3 Film Composition 

Figure 7-1 shows AES results for films deposited using 5 between 300 and 700 °C.  The 

AES results showed that films deposited from 5 contained W, N, C and O in varying 

concentration for deposition between 300 and 650 °C.  The films deposited between 300 and 650 

°C are W rich, with W content varying between 51 and 63 at. %.  The W content of film 

decreases to 34 at. % for deposition at 700 °C because of excessive incorporation of C in the 

film.  The N content in the film is 11 at. % for deposition at 300 °C.  As the deposition 

temperature is increased from 300 to 350 °C, the film N content increases dramatically to 24 at. 

%, which is also the highest value of N content obtained for deposition from 5 throughout the 

deposition temperature range.  For deposition between 350 and 750 °C, the film N content 

decreases from 24 at. % to 5 at. %.  The sources of N in the film are precursor 5 and/or 

benzonitrile.  The decrease in N content between 350 and 650 °C is due to a decrease in N 

incorporation from the precursor and benzonitrile.  For deposition at 700 °C, the AES 

measurement shows that the film N content is below the detection limit of AES.  This indicates 
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that deposition temperature higher than 650 °C leads to cleavage of N containing ligand from the 

precursor, resulting in deposition of WCx thin film. 

The C content of the film remains constant at ca. 9 at. % for deposition between 300 and 

400 °C.  Between 400 and 600 °C, the C content of film monotonically increases from 9 at. % to 

41 at. % and remains unchanged at 650 °C.  The increased C content of the film is due to 

increased incorporation of C from the precursor and/or benzonitrile into the film with an increase 

in deposition temperature.
155

  Increasing the deposition temperature further to 700 °C causes a 

sharp increase in film C content to 63 at. %.  The O content of the film decreases from 19 at. % 

at 300 °C to 15 at. % at 350 °C.  In Chapter 6, it has been argued that the O in the film is 

incorporated during growth as well as post-growth.  The XPS results (vide infra) show that O in 

the film is incorporated both during growth and post-growth.  For growth between 450 and 600 

°C, the O content of the film decreases from 9 at. % to 2 at. % and remains constant at 2 at. % 

between 600 and 700 °C. 

Due to the presence of chlorine in 5, the possible presence of chlorine in the films was of 

interest.  As discussed earlier, XPS was used to detect the presence of Cl in the film because the 

W NNN peak in AES spectra overlaps with the Cl LMM peak at ca. 180 eV.  Figure 7-2 shows 

the XPS data for films deposited using 5 between 300 and 700 °C.  No peaks were observed for 

either Cl 2s or Cl 2p3/2 at 270eV and 199 eV, respectively, confirming that the chlorine level in 

the films was lower than the detection limit of XPS (ca. 1 at. %). 

7.4 Film Crystallinity 

Figure 7-3 shows the XRD patterns for films deposited from 5 between 300 and 700 °C.  

The XRD spectra for films deposited between 300 and 500 °C show no peaks attributable to the 

film, but only peaks associated with the substrate (Si(200) Kα, Si(400) Kβ, and Si(400) Kα 

reflections at 33.10, 61.75 and 69.20° 2θ, respectively).  The absence of other peaks in these 
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spectra suggests that films deposited up to 500 °C are X-ray amorphous.  The XRD pattern for 

the film deposited between 550 and 650 °C shows the emergence of crystallinity as evidenced by 

the two broad peaks that lie between the standard peak positions of β-W2N [37.74 2θ for (111) 

phase and 43.85 ° 2θ for (200) phase] and β-W2C [36.98 2θ for (111) phase and 42.89 ° 2θ for 

(200) phase],
178

 indicating the presence of either the solid solution β-WNxCy or a physical 

mixture of β-W2N and β-W2C.  Since the intensity of most the intense (111) reflection is small, 

the other peaks corresponding to (220) and (311) reflections at 63.55 and 75.05° are not clearly 

visible in the XRD spectra.  For deposition at 700 °C, the two peaks at 37.20 and 42.55 ° 2θ 

correspond to β-W2C because the films contain only W, C and O as indicated by AES 

measurement. 

7.5 Lattice Parameter 

Figure 7-4 shows the change in lattice parameter with deposition temperature for films 

deposited from 5.  The (111) peak of β-WNxCy or β-W2N and β-W2C has the highest intensity 

and thus was used for calculating the lattice parameter.  For film deposited at 550 °C, the lattice 

parameter has a value of 4.13 Å, which is similar to the literature value of lattice parameter for β-

W2N (4.126 Å).  As the deposition temperature is increased from 550 to 600 °C, the lattice 

parameter value remains almost unchanged at 4.12 Å even though the C content of the film 

increases by 9 at. % in the same temperature range.  If the additional C were incorporated in the 

W sublattice, the lattice parameter value would have increased.  An observation to the contrary 

suggests that the additional C is incorporated outside the W sublattice in amorphous state.  

Between 600 and 650 °C, the lattice parameter increases from 4.12 to 4.16 Å.  In the same 

temperature range, the film composition remains relatively unchanged.  The increase in lattice 

parameter could be due to increase in interstitials (C, N and/or O) or a decrease in vacancies in 

the W sublattice.  As deposition temperature is increased to 700 °C, the lattice parameter 
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increases further to 4.18 Å.  At 700 °C, the film is β-W2C but the lattice parameter of 4.18 Å is 

much lower than the standard lattice parameter of 4.236 Å for β-W2C possibly due to strain in 

the film.  

7.6 Grain Size 

As discussed earlier, XRD peak broadening could be used to determine average crystallite 

size for polycrystalline films using Scherrer‟s equation.  Since the (111) reflection was most 

intense, it was used to determine FWHM and estimate average grain size.  Figure 7-5 shows the 

average crystallite size for films deposited from 5.  The average grain size is 45 Å for deposition 

at 550 °C.  Between 550 and 650 °C, the average grain size increases with an increase in 

deposition temperature.  With an increase in deposition temperature, the surface diffusivity of 

adsorbed species increases resulting in an increase in grain growth.  The average grain size 

decreases to 30 Å at 700 °C because of the formation of β-W2C instead of β-WNxCy.  Overall, 

the average grain size measurement indicates that the films deposited from 5 at and above 550 °C 

are nanocrystalline with average grain size varying between 30 and 66 Å.  

7.7 Film Growth Rate  

The growth rate for films deposited from 5 was determined by dividing the film thickness 

measured using X-SEM by deposition time.  Figure 7-6 shows X−SEM images for films grown 

at different deposition temperature from 5.  The growth rate increased from 1 Å/min at 300 °C to 

4 Ǻ/min for deposition at 400 °C.  Between 450 and 650 °C, the growth rate gradually decreases 

from 13 Å/min to 10 Å/min.  For deposition at 700 °C, the growth rate increased significantly to 

38 Å/min suggesting a change in growth mechanism at this temperature.  Figure 7-7 shows the 

Arrhenius plot for films grown for deposition from 5.  Film growth rate increased exponentially 

with temperature between 300 and 450 °C, indicating that the growth is in the kinetically 

controlled growth regime and that surface reaction is the rate limiting step.  Using the Arrhenius 
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equation, the apparent activation energy calculated for the kinetically controlled growth regime 

is 0.52 eV.  For film deposited between 450 and 650 °C, growth is in the diffusion limited 

growth regime.  Typically, growth in the diffusion limited growth regime shows a small positive 

slope.  The small negative slope in the Arrhenius plot for growth from 5 suggests that some 

precursor is decomposed via homogenous reactions resulting in a decrease in growth rate in the 

diffusion limited growth regime.  The transition from kinetically controlled to diffusion limited 

growth occurs between 450 and 500 °C. 

7.8 Atomic Bonding from XPS 

Figure 7-8 shows the deconvolution for the XPS peaks of W, N, C and O for films 

deposited from 5 between 300 and 700 °C.  The corresponding peak fitting parameters obtained 

from deconvolution are listed in Table 7-2 and Table 7-3.  The reference peaks of elemental C, 

elemental W and different compounds of W, N, C and O are listed in Table 3-7 (Chapter 3).  The 

deconvolution of the W 4f and 4p peaks at 300 °C indicates the presence of three different 

binding states of W.  The first W 4f7/2 peak at 31.8 eV lies between the reference W peaks of 

W2C (ca. 31.5 eV) and W2N (ca. 33.0 eV), indicating that the W atom is bonded to both C and N.  

The second 4f7/2 peak at 33.4 eV lies between the reference WO2 peak at 32.9 eV and reference 

W2O5 peak at 34.6 eV, suggesting that the stoichiometry of tungsten oxide is WOx (2 < x < 2.5).  

The third W 4f7/2 peak at 35.2 eV corresponds to W present in WO3.  These results are similar to 

those obtained for films deposited from 4 by procedures 1A, 1B and 1C (Chapter 6).  With a 

increase in deposition temperature, intensity of the W peak corresponding to WOx and WO3 

decreases, which is consistent with the AES results that shows a decrease in O content of the film 

in the same deposition temperature range.  For deposition at 700 °C, the W peaks can be 

deconvoluted into WNxCy and WOx peaks without a contribution from WO3.  The N peak for 

deposition at 300 °C can be deconvoluted into two peaks.  The first N 1s peak at 397.5 eV 
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corresponds well with the reference N 1s peak for N in WNx film.
119

  The second peak at 398.8 

eV suggests that N is also present in amorphous state.
119

  Between 300 and 600 °C, the N peak 

can be similarly deconvoluted to a dominant peak around 397.5 eV and a broad shallow peak 

around 398.5 eV implying that the bulk of N is bonded to W and a small amount of N present in 

amorphous phase.  The film deposited at 700 °C shows no N 1s peak confirming that the film is 

WCx. 

Between 300 and 700 °C, the C 1s peak can be deconvoluted into two peaks around 283.4 

eV and 285.0 eV.  The former peak corresponds to C bonded to W (reference peak at 283.5 eV) 

and the latter peak reflects C present in amorphous phase (reference peak between 284.5 and 

285.2 eV).  Between 300 and 500 °C, the C 1s peak deconvolution shows that the C in the film is 

predominantly bonded to W with some C present in amorphous state.  However, for deposition at 

600 and 700 °C, the ratio of amorphous C to carbidic C increases dramatically suggesting an 

increase in ligand and/ or benzonitrile decomposition and subsequent incorporation of 

amorphous C in the film. 

The O 1s peak for deposition between 300 and 700 °C can be deconvoluted into two peaks 

at 530.5 and 531.7 eV.  The peak at 530.5 eV corresponds to O bonded to W in WOx or WO3.  

The other peak at 531.7 eV corresponds to O bonded to W in WNxCy.  As discussed earlier, O 

could be incorporated into the film either during film growth because of O and water vapor 

impurity in the reactor or after the film growth because of exposure of film to atmosphere.  The 

presence of WOx/WO3 suggests that residual gas (oxygen, water vapor) in reactor and/or O 

impurity in the precursor react with the precursor on the film surface during film growth.  The 

source of O bound to W in WNxCy is most likely atmospheric O that diffuses through the film 

when the film is exposed to atmosphere.  With an increase in deposition temperature, the peak 
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intensity of O decreases for both O present in WOx/WO3 and O loosely bound to W in WNxCy.  

The O present in WOx/WO3 decreases with an increase in deposition temperature because of the 

increase in film thickness with deposition temperature or densification of film.  The peak 

intensity of O loosely bound to W in WNxCy decreases with increase in deposition temperature 

because of decreased O diffusion in the film from atmosphere as a result of denser and thicker 

films deposited at higher temperatures.  In summary, deconvolution of 1s peak of O suggests that 

O is incorporated in the film during growth as WOx/WO3 and post growth as O loosely bound to 

W in WNxCy. 

XPS results indicate that films deposited at 300 and 400 °C are WNxCy with significant 

amount of WOx and WO3 along with presence of small amounts of amorphous N and C.  For 

deposition at 500 and 600 °C, the bulk of the film is WNxCy with a small amount of WOx and 

increased amount of amorphous C.  The film deposited at 700 °C consists of WCx along with a 

small amount of WOx and a significantly higher amount of amorphous C. 

7.9 Film Resistivity 

Figure 7-9 shows the variation of film resistivity with deposition temperature for films 

deposited from 5.  Films with the lowest resistivity of 844 µΩ-cm are obtained for deposition at 

300 °C.  This value is considerably higher than bulk resistivities of pure W2N and W2C.  

Previous study on ALD WNxCy has also shown that films with a low resistivity of 300 – 400 

µΩ-cm can be deposited at low deposition temperature (300 – 350 °C).
145

  A number of factors 

influence the resistivity of transition metal nitrides and carbides including metal to non-metal 

ratio, vacancies in metal and non-metal sublattice, bonding states of C and N, presence of 

contaminants such as O, film crystallinity and porosity.  The high film resistivity for film 

deposited from 5 could be because of interplay between some or all of these factors.  As the 

deposition temperature is increased from 300 to 350 °C, the film resistivity increases sharply to 
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2250 µΩ-cm possibly due to the increase in N content of the film.  Between 350 and 400 °C, 

there is a sharp increase in film resistivity because of the decrease in W content of the film.  

Between 450 and 600 °C, film resistivity gradually decreases from 2800 to 1200 µΩ-cm.  The 

film deposited at 700 °C shows the highest resistivity of 4400 µΩ-cm even though AES results 

indicate that the film is WCx, which has low bulk resistivity.  The film deposited at 700 °C is C 

rich and high resistivity of the film is believed to be due to the presence of excessive amorphous 

C in the film as indicated by the XPS spectrum. 

7.10 Diffusion Barrier Testing 

To determine the effectiveness of diffusion barrier film deposited from 5, barrier films 

deposited at 350 and 400 °C were coated with 100 nm PVD Cu.  Prior to the deposition of Cu 

thin film, the barrier film was exposed to atmosphere for approximately 1 - 2 hour(s).  The 

Cu/barrier/Si stack was annealed in vacuum at 500 °C for 30 min.  After annealing, three-point 

AES depth profile and XRD measurements were done to detect copper diffusion through the 

barrier film.  While XRD measurements were done on the Cu/barrier/Si stack, the AES 

measurements were done on a barrier/Si stack obtained after removing the Cu layer by etching 

with dilute HNO3.  The Cu layer was removed to prevent the knock-on effect of sputtering (vide 

supra). 

Figure 7-10 shows the depth profile of pre- and post-anneal Cu/WNxCy/Si stacks for 

WNxCy films deposited at 350 and 400 °C.  The thickness of the film deposited at 350 and 400 

°C was 50 and 60 nm respectively.  For deposition at 350 °C, the pre-anneal depth profile 

(Figure 7-10 A) shows the background signal for Cu when there is no Cu diffusion.  The pre-

annealed stack has a sharp barrier/Si interface.  The post-anneal AES depth profile (Figure 7-10 

B) shows that the Cu signal is similar to that observed in the pre-anneal depth profile suggesting 

that the barrier film was able to prevent Cu diffusion into the Si.  The barrier/Si interface is sharp 
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in the post-anneal AES depth profile with no indication of mixing at this interface.  The XRD 

measurement of the pre- and post-annealed film stack shown in Figure 7-11 shows peaks 

corresponding to Cu and Si with no indication of presence of Cu3Si.  Thus, both AES and XRD 

measurements indicate that 50 nm barrier film deposited at 350 °C was able to prevent Cu 

diffusion after annealing at 500 °C in vacuum for 30 min.  Furthermore, the XRD profile shows 

that PVD copper deposition on WNxCy has a preferred orientation of (111).  This is highly 

desirable because the Cu(111) phase has a better electromigration resistance as compared to 

other crystalline phases of Cu. 

For deposition at 400 °C, the comparison of pre- and post-anneal depth profile (Figures 7-

10 C and D) shows that copper has not diffused through the barrier film after annealing.  The 

post-anneal depth profile shows a sharp barrier/Si interface indicating that no intermixing has 

occurred at this interface.  The XRD profile shown in Figure 7-11 also indicates that the post-

anneal film stack exhibits no peaks corresponding to Cu3Si. Thus, barrier film deposited at 400 

°C is able to prevent Cu diffusion after annealing at 500 °C in vacuum.  As with film deposited 

at 350 °C, WNxCy film deposited at 400 °C also favors deposition of (111) oriented Cu film for 

deposition by PVD. 

7-11 Conclusions 

It has been demonstrated that the tungsten hydrazido complex (CH3CN)Cl4W(NNMe2) (5) 

can be used with H2 in an aerosol assisted CVD system to deposit WNxCy thin films.  The H2 co-

reactant is essential for deposition of WNxCy films as deposition with 5 in inert atmosphere (N2 

carrier gas) resulted in deposition of WOx films.  The lowest growth temperature for 5 was 300 

°C, which is the lowest among precursors 1 - 5.  Films deposited with 5 consisted of W, N, C and 

O as determined by AES and no Cl impurity was detected by XPS.  The film N content was 

significantly higher for films deposited from 5 as compared to films deposited from 1 - 4.  
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Amorphous film deposition was observed for deposition below 550 °C.  Films were quite 

resistive as compared to bulk resistivity of pure W2N and W2C.  Diffusion barrier testing shows 

that films deposited at 350 and 400 °C were able to prevent bulk Cu diffusion after annealing at 

500 °C in vacuum for 30 min. 
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Table 7-1.  Molar flow rates of reactants in CVD reactor for deposition from precursor 5 

Reactant 
Molar flow rate 

(mol/min) 

Precursor (5) 1.16 × 10
-6

 

H2 4.09 × 10
-2

 

Benzonitrile (solvent) 6.47 × 10
-4
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Table 7-2.  Analysis results from deconvolution of XPS peak of W for films deposited from 5 on Si(100) substrate between 300 and 

700 °C. 

Deposition 

temperature 

 WNxCy WOx (2 < x < 2.5) WO3 

 

Peak 

position % Area FWHM 

Peak 

position % Area FWHM 

Peak 

position % Area FWHM 

  (eV)  (eV) (eV)  (eV) (eV)  (eV) 

300 W4f7/2 31.76 27.70% 1.49 33.36 14.10% 1.53 35.18 10.80% 1.96 

 W4f5/2 33.86 20.80% 1.64 35.51 10.60% 1.8 37.28 8.10% 2.09 

 W4p3/2 37.16 4.20% 2.49 38.76 2.10% 1.26 40.58 1.60% 1.82 

400 W4f7/2 31.67 35.10% 1.49 33.63 13.90% 2.74 35.09 3.60% 1.55 

 W4f5/2 33.77 26.30% 1.51 35.73 10.40% 2.35 37.19 2.70% 1.62 

 W4p3/2 37.07 5.30% 3.31 39.03 2.10% 1.7 40.49 0.50% 1.69 

500 W4f7/2 31.6 41.50% 1.38 33.4 7.50% 1.93 34.87 5.30% 1.52 

 W4f5/2 33.7 31.10% 1.36 35.5 5.70% 1.88 36.97 4.00% 2.32 

 W4p3/2 37 4.10% 2.78 38.8 0.80% 1.32 40.27 0.50% 1.5 

600 W4f7/2 31.92 42.00% 1.35 34.18 5.70% 1.71 35.4 5.20% 1.3 

 W4f5/2 33.98 33.60% 1.39 36.28 4.30% 2.09 37.5 3.90% 3.33 

 W4p3/2 37.32 4.20% 2 39.58 0.60% 1.19 40.8 0.50% 1.5 

700 W4f7/2 31.76 39.50% 1.24 33.4 12.50% 2.38 -- -- -- 

 W4f5/2 33.92 29.60% 1.34 35.5 9.40% 2.05 -- -- -- 

 W4p3/2 37.16 7.10% 2.22 38.8 1.90% 1.68 -- -- -- 
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Table 7-3.  Analysis results from deconvolution of XPS peaks of C, N and O for films deposited from 5 on Si(100) substrate between 

300 and 700 °C. 

Deposition   C 1s N1s O1s 

temperature 

 

Peak 

position % Area FWHM 

Peak 

position % Area FWHM 

Peak 

position % Area FWHM 

  (eV)  (eV) (eV)  (eV) (eV)  (eV) 

300 Peak 1 283.44 77.40 1.78 397.50 79.40 1.40 530.63 73.00 1.43 

 Peak 2 285.16 22.60 2.10 398.75 20.60 1.73 531.72 27.00 1.65 

400 Peak 1 283.35 75.80 1.20 397.50 77.70 1.38 530.54 65.70 1.32 

 Peak 2 284.81 24.20 1.68 398.79 22.30 2.10 531.62 34.30 1.55 

500 Peak 1 283.33 84.30 1.35 397.52 79.50 1.29 530.49 68.10 1.34 

 Peak 2 285.09 15.70 1.54 398.89 20.50 1.87 531.61 31.90 1.54 

600 Peak 1 283.45 57.80 1.43 397.62 83.20 1.64 530.45 59.20 1.45 

 Peak 2 284.76 42.20 2.49 399.28 16.80 2.10 531.77 40.80 1.81 

700 Peak 1 283.47 73.30 1.98 -- -- -- 530.57 63.30 1.66 

 Peak 2 285.11 26.70 2.70 -- -- -- 531.76 36.70 1.54 
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Figure 7-1.  Composition of films deposited from 5 on Si (100) substrate at different deposition 

temperature as determined by AES after 0.5 min of sputtering 
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Figure 7-2.  X-ray photoelectron spectroscopy measurements for films deposited from 5 on Si 

(100) substrate at different deposition temperature  
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Figure 7-3.  X-ray diffraction patterns for films deposited from 5 between 300 and 700 °C on Si 

(100) substrate 
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Figure 7-4.  Lattice parameters for films grown from 5 on Si (100) substrate.  Error bars indicate 

uncertainty in determination of peak position for lattice parameter calculation. 
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Figure 7-5.  Average grain size for films grown from 5 at different deposition temperature on Si 

(100) substrate. 
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Figure 7-6.  Scanning electron microscope images for films deposited from 5 between 300 and 

700 °C on Si (100) substrate 
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Figure 7-6. Continued… 
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Figure 7-7.  Arrhenius plot for deposition from 5 on a Si(100) substrate 
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Figure 7-8.  X-ray photoelectron spectroscopy measurements for films deposited from 5 between 

300 and 700 °C on Si (100) substrate 
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Figure 7-9.  Change in film resistivity with deposition temperature for films deposited from 5 on 

Si (100) substrate  
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Figure 7-10.  Pre- and post-anneal AES depth profile of Cu/WNxCy /Si (substrate) stack for 

WNxCy film deposited from 5.  After vacuum annealing and prior to AES depth 

profiling, the Cu layer in the Cu/WNxCy/Si stack was removed by etching.  A) 

Barrier deposition at 350 °C, no annealing.  B) Barrier deposition at 350 °C, 

annealing at 500 °C.  C) Barrier deposition at 400 °C, no annealing.  D) Barrier 

deposition at 400 °C, annealing at 500 °C. 
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Figure 7-11.  Pre- and post-anneal XRD measurement of Cu (100 nm)/ WNxCy /Si (substrate) 

stack for WNxCy film deposited from 5 at 350 and 400 °C 
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CHAPTER 8 

QUANTUM MECHANICAL CALCULATIONS FOR PREDICTING PRECURSOR 

FRAGMENTATION 

Chemical vapor deposition is a very complex process to model because it is a not an 

equilibrium process.  Moreover, the numerous reaction pathways accessible to the precursor 

molecule both in gas phase as well as on the substrate surface make fundamental understanding 

of CVD processes all the more challenging.  Computational chemistry can be used to study 

possible reaction pathway(s) for metal-organic precursors.  In this chapter, homogenous 

decomposition of precursor 5 has been investigated using density functional theory (DFT) and 

statistical mechanics.  Based on the calculation results, possible reaction pathways for precursor 

5 have been proposed. 

8.1 Computational Methodology 

A brief description of density functional theory is presented in Appendix A.  All the 

calculations were done using Gaussian 03W software.  For calculating binding energy of 

transition metal compounds such as hydrides, the Hartree Fock theory is not very accurate until 

quite high levels of theory are used to account for the electron correlation.  In contrast, DFT has 

been shown to predict geometries and binding energies in transition metal compounds more 

accurately.
205

  The B3LYP functional, which has been quite accurate in predicting structure and 

energy of transition metal compounds, was used for geometry optimization and energy 

calculations.  The calculations were done using a split basis set (LanL2DZ for W and 6-31G(d) 

for all other elements).  To reduce the computational time, the effective core potential LanL2DZ 

was used for W.
206

  The molecular structures were visualized using Molden and gOpenMol.
207,208

  

Thermodynamic properties were calculated using the statistical mechanics package in the 

Gaussian 03W software. 
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8.2 Geometry Optimization 

Figure 8.1 shows the structure of 5 obtained from X-ray crystallographic determination and 

the computationally optimized geometry.  As expected, the experimental and calculated 

geometries of 5 are quite similar.  Table 8.1 shows the comparison of selected bond lengths and 

bond angles obtained from X-ray crystallographic measurement and computational geometry 

optimization.  The calculated structure of 5 shows octahedral coordination at the W center.  

Comparison of experimentally obtained and calculated bond lengths listed in Table 8-1 show that 

except for the W-N1 bond length, the bond lengths obtained from calculation are larger than 

those obtained experimentally.  The DFT calculations are done for gas phase species whereas the 

experimentally obtained structure is for solid precursor.  The differences in bond angles could 

arise because of crystal packing forces that are not accounted for in gas phase DFT calculations. 

8.3 Acetonitrile Cleavage 

Previous study on 1a,b, 2a,b and 3a,b has shown that dissociation of the acetonitrile ligand 

from the precursors is facile at growth temperature (> 450 °C).
209

  To study the cleavage of 

acetonitrile ligand from precursor 5, 
°

fG and 
°

fH  were calculated for 5, CH3CN and 

Cl4W(NNMe2) (5a). The 
°G and

°H values for cleavage of acetonitrile from 5 were then 

calculated using Equations 8-1 and 8-2. 

° ° ° °

f f 3 fG G ( ) G (CH CN) G ( )5a 5             (8-1) 

° ° ° °

f f 3 fH H ( ) H (CH CN) H ( )5a 5             (8-2) 

Figure 8-2 shows the optimized structures for 5a and CH3CN and Table 8-2 lists selected 

bond lengths and bond angles for 5a.  The calculated values for 
°G and 

°H can be assumed to 

be approximately equal to ΔG
‡ 

and ΔH
‡ 

because the transition states for endothermic reactions 
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should be product-like.  The values for °G and °H for acetonitrile cleavage are 6.68 and 14.92 

kcal/mol respectively.  These values are slightly higher that those obtained for 1a - 3a reported 

previously,
209

 suggesting that the acetonitrile cleavage reaction for precursor 5 has a higher 

energy barrier as compared to the other precursors. 

8.4 Chlorine Cleavage 

One of important findings from film growth characterization discussed in Chapter 7 is that 

even though precursor 5 contains four Cl atoms per W atom, the film deposited using 5 showed 

no evidence of Cl in the XPS measurement indicating that Cl incorporation in the film is below 

the detection limit of XPS (ca. 1 at. %).  Hence, possible reaction pathways that can lead to Cl 

cleavage have been explored computationally.  It should be noted that these calculations are done 

for homogenous gas phase reactions and the thermodynamic properties are calculated at 298.15 

K and 1 atm. 

8.4.1 Reaction of 5a with H2  

Two mechanistic pathways for the removal of Cl from 5a have been explored.  The first 

pathway involves loss of Cl2 from 5a by reductive elimination.  The ΔH
‡
 value for reductive 

elimination of Cl2 from 5a is 95.92 kcal/mol (Figure 8-3).  The magnitude of this value suggests 

that the reductive elimination pathway is not accessible to 5a.  It should also be noted that the 

calculated values of ∆G° for reductive elimination product (RI-1) indicated that the triplet was 

more stable than the singlet, a possible indication of spin crossover problems with reductive 

elimination.  The second pathway involved reaction of transition metal complex with H2.  

Possible pathways for reaction of H2 with transition metals include oxidative addition, 

coordination of H2 followed by transfer of an acidic proton and ζ-bond metathesis.  However, 

neither oxidative addition nor coordination of H2 is available for a d
0
 complex such as 5.  
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Previous work has shown that a transition state could be found for ζ-bond metathesis of H2 with 

the Cl4W(N
i
Pr).

209
  The calculated ΔH

‡
 value for the ζ bond metathesis of H2 with 5a was 35.55 

kcal/mol, indicating that this pathway should be accessible under the growth conditions.  The 

ΔH
‡
 calculated for 5a is very similar to the values reported previously for Cl4W(N

i
Pr).

209
 

8.4.2 Reaction Pathways for Removal of a Chloride from MI-1 

Figure 8-4 shows reaction pathways for reductive elimination and ζ-bond metathesis of 

MI-1 to replace a second chloride ligand with hydride.  For reductive elimination of HCl from 

MI-1, the value of ΔH
‡ 

is 37.26 kcal/mol.  This value is quite low as compared to those 

previously reported for calculations on 2a.
209

  For ζ-bond metathesis, the reaction can proceed to 

replace the chloride atom at either a cis or the trans position.  The search for transition states for 

both cis and trans configurations and subsequent calculation of ΔH
‡ 

showed that the values of 

activation energy for both these reaction pathways are quite similar.  The formation of cis isomer 

MT-2 cis is slightly more favorable energetically as compared to the trans isomer MT-2 trans.  

Overall, the ΔH
‡ 

values for reductive elimination and ζ-bond metathesis for both cis and trans 

configurations are quite similar.  This result is different from that for 2a, which showed that the 

reductive elimination was energetically less favorable as compared to ζ-bond metathesis for 

second chloride cleavage. 

8.4.3 Reaction Pathways for Removal of Chloride from MI-2 and RI-2 

Since the second chloride reaction discussed above could form MI-2 cis, MI-2 trans or RI-

2, possible reaction pathways for these intermediates have been explored.  Figure 8-5 shows the 

different reductive elimination and ζ-bond metathesis pathways for MI-2 cis and trans isomers. 

Figure 8-6 shows the reductive elimination of HCl from RI-2.  Similar to RI-2, the RI-3 structure 

is more stable as a triplet than a singlet.  The ΔH
‡ 

value for reductive elimination of HCl from 

RI-2 was 43.07 kcal/mol.  To get a better idea of reaction surface for pathways involving MI-2 
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cis, MI-2 trans and RI-2, the reactions that lead to the fourth chloride cleavage needs to be 

studied. 

8.4.4 Reaction Pathways for Removal of the Fourth Chloride from 5a 

Possible reaction pathways for MI-3 and RI-3 are shown in Figure 8-7.  The reductive 

elimination of HCl from MI-3 has an energy barrier of 74.64 kcal/mol.  The ζ-bond metathesis 

from MI-3 has a smaller energy barrier (ΔH
‡
 = 38.09 kcal/mol).  The ζ-bond metathesis reaction 

for RI-3 has a ΔH
‡ 

value of 48.26 kcal/mol. 

Since the energy barriers for second chloride cleavage by ζ-bond metathesis and reductive 

elimination are quite similar (vide supra), a comparative study of the energy barriers for third 

and fourth chloride cleavage reactions is required to ascertain which of these pathways would be 

more favorable if the reaction were to proceed by sequentially removing all chlorides.  Figures 8-

8, 8-9 and 8-10 shows the ∆H values with respect to the ∆H (5a) for different reaction pathways 

for intermediates MI2-cis, MI2-trans and RT2.  Benchmarking the ∆H values to ∆H (5a) allows 

the comparison of different reaction pathways corresponding to MI2-cis, MI2-trans and RT2 

intermediates.  The comparison of different reaction pathways passing through intermediates 

MI2-cis, MI2-trans and RI2 shows that the removal of second chloride at the trans position by ζ 

bond metathesis to form MI2-trans intermediate is most favorable energetically, followed by 

removal of third and fourth chloride also by ζ bond metathesis to form MI4.  The difference 

between the energy values for third and fourth chloride cleavage for reaction pathways through 

intermediates MI2-cis and MI2-trans is small (ca. 5 kcal/mol), hence it is possible that reaction 

pathway involving intermediate MI2-cis would also be accessible to 5a if the reaction were to 

proceed via sequential elimination of all four chlorines in the gas phase. 

The above mentioned calculation gives relative comparison of different pathways that can 

lead to sequential removal of all Cl from the precursor via either ζ bond metathesis or reductive 
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elimination.  Realistically, the values of activation energy for the removal of third and fourth Cl 

atoms from 5a are high enough to preclude the availability of these pathways under the reaction 

conditions (deposition temperature of 300 °C or higher). 

8.5 Conclusion 

Computational chemistry has been used to assess the reaction pathways for precursor 5.  

The facile dissociation of acetonitrile ligand from 5, which has observed experimentally for 

reaction in solution, is also observed for calculations done for gas phase reaction.  Various 

reaction pathways for Cl cleavage from 5a have also been explored.  For the first Cl cleavage 

from 5a, ζ-bond metathesis is energetically favored and the activation energy value suggests that 

this pathway would be accessible to 5a.  For the second Cl cleavage, both ζ-bond metathesis and 

reductive elimination pathways have similar energy barriers.  However the high activation 

energy (ca. 50 kcal/mol) for the second Cl cleavage for both ζ-bond metathesis and reductive 

elimination pathways indicates that these pathways may or may not be accessible to intermediate 

MI-1.  Because of very high energy barriers for the third and fourth Cl cleavages, these pathways 

would not be accessible to 5a in the gas phase. 

While the present work focuses on homogenous reactions for acetonitrile dissociation from 

5 and sequential Cl cleavage from 5a, further work is needed to understand heterogeneous 

reaction pathways of 5, 5a and other reaction intermediates.  The investigation of heterogeneous 

reactions requires computationally intensive calculations and is a topic for future research. 
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Table 8-1.  Selected bond lengths (Å) and bond angles (°) for precursor 5 obtained from X-ray 

crystallographic measurement and DFT calculation 

Bond Calculated Experimental  

W1 - Cl
a
 2.388 2.347(16) 

W1 - N1 1.749 1.769(5) 

N1 - N2 1.289 1.271(8) 

W1 - N3 2.268 2.224(7) 

N2 – C1 1.467 1.438(7) 

N1 – W1 - Cl
a
 96.8 95.9(4) 

N3 – W1 –Cl
a
 83.24 84.07(4) 

W1 - N1 - N2 178.0 180.0 
a
 Average value for four equivalent chlorides. 

 

Table 8-2.  Selected bond lengths (Å) and bond angles (°) for 5a obtained from DFT calculation 

Bond Calculated  

W1 - Cl
a
 2.351 

W1 - N1 1.734 

N1 – N2 1.293 

Cl – W1 - N1
a
 102.1 

W1 - N1 - N2 177.5 
a
 Average value for four equivalent chlorides. 
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Figure 8-1.  Geometry of 5.  A)  X-ray crystallographic determination.  The thermal ellipsoids 

diagram are drawn at 50 % probability.  Hydrogen atoms are omitted for clarity.  B) 

Geometry optimization by DFT calculation 

 

 

Figure 8-2.  Cleavage of acetonitrile ligand from precursor 5.  The figure shows optimized 

geometries for 5a and CH3CN 
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Figure 8-3.  Calculated transition state and products for reductive elimination and ζ-bond 

metathesis from 5a.  M = metathesis, R = reductive elimination, T = transition state 

and I = reaction intermediate 
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Figure 8-4.  Possible reaction pathways for chloride cleavage by reductive elimination and ζ-

bond metathesis from MI-1 intermediate.  M = metathesis, R = reductive elimination, 

T = transition state and I = reaction intermediate 
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Figure 8-5.  Possible reaction pathways for reductive elimination and ζ-bond metathesis from 

MI-2 (cis and trans).  M = metathesis, R = reductive elimination, T = transition state 

and I = reaction intermediate 
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Figure 8-6.  Possible reaction pathway for reductive elimination from RI-2.  R = reductive 

elimination, T = transition state and I = reaction intermediate 



 

269 

 

Figure 8-7.  Possible reaction pathways for reductive elimination and/or ζ-bond metathesis from 

MI-3 and RI-3.  M = metathesis, R = reductive elimination, T = transition state and I 

= reaction intermediate 
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Figures 8-8.  The ∆H values with respect to the ∆H (5a) for reaction pathway through 

intermediate MI2-cis.  The energy values are in kcal/mol 



 

271 

 

Figures 8-9.  The ∆H values with respect to the ∆H (5a) for reaction pathway through 

intermediate MI2-trans.  The energy values are in kcal/mol 
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Figures 8-10.  The ∆H values with respect to the ∆H (5a) for reaction pathway through 

intermediate RI2.  The energy values are in kcal/mol 
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CHAPTER 9 

CONCLUSION AND FUTURE WORK 

The films deposited using 3a,b, 4 and 5 show many properties that are essential for 

diffusion barrier application.  First and foremost, the work demonstrates that WNxCy can be 

effective in preventing Cu diffusion.  Films deposited at low temperature from 4 and 5a,b are 

able to prevent bulk Cu deposition after annealing at 500 °C for 30 min in vacuum.  Secondly, 

precursor 5 could be used to deposit films at temperatures as low as 300 °C indicating that 

MOCVD is capable of depositing films at temperature acceptable for diffusion barrier 

application.  Third, the films showed good adhesion and were thermally and mechanically stable 

after annealing upto 500 °C.  Fourth, WNxCy film promotes the growth of (111) oriented PVD 

Cu, which is important to obtain Cu films with high electromigration resistance. 

This chapter discusses the additional experiments needed to evaluate the potential of 

WNxCy deposition from metal organic precursors for diffusion barrier application. 

9.1 Diffusion Barrier Testing 

The diffusion barrier testing reported in the present work gives preliminary results on the 

effectiveness of barrier film in preventing bulk Cu diffusion.  However, these tests need further 

refinement in three critical areas: film thickness control, contamination control and trace copper 

detection under realistic testing conditions.  

9.1.1 Film Thickness Control 

The barrier films tested in present work used relatively thick films (20 - 80 nm) for 

evaluating their efficacy as diffusion barriers.  Future copper metallization would require barrier 

films that are thinner than 10 nm.  Atomic layer deposition shows the most promise for 

deposition of ultra thin barrier films with excellent conformality.  Since 4 and 5 have shown 

promising results for films deposited by MOCVD, these precursors should be used in ALD mode 
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to meet the thickness and conformality requirements for future barrier films.  Actual barrier 

testing on these ultra-thin films is essential for providing accurate evaluation of the barrier 

material as well as the deposition process. 

There are a number of challenges that need to be addressed to deposit ALD films using 

precursors 4 and 5.  Since precursors 4 and 5 are solids with low vapor pressure, their delivery in 

the reactor requires dissolution of the precursor in a suitable solvent such as benzonitrile.  For 

MOCVD growth, the precursor solvent mixture was delivered to the reactor using a nebulizer 

system.  The ALD system needs to be modified so that it can use the nebulizer system for 

delivery of the precursor solution.  For ALD, the nebulizer system should be capable of 

withstanding 1 Torr operating pressure.  The nebulizer system used in present work requires 

relatively high pressure of 350 Torr.  However such high pressures are not suitable for ALD, so 

the nebulizer system also needs to be redesigned so that it is capable of operating at lower 

pressures (~ 1 Torr). 

9.1.2 Contamination Control 

AES studies done on films deposited from 4 and 5 have shown that films deposited at low 

deposition temperature (< 500 °C) contain a significant amount of O contamination.  In the 

presence of a high level of contamination, the diffusion barrier performance of the film could be 

significantly altered.  The XPS studies have shown that the source of O is not only the residual O 

in the reactor, but also post-growth O incorporated during exposure of the film to the 

atmosphere.  To reduce the O incorporated during film growth, it is essential to grow film in a 

clean system.  This might be possible in the new ALD reactor system, which could be purged 

and kept under inert atmosphere so that the reactor is not exposed to atmosphere after every 

experiment.  The transfer chamber attached to the ALD reactor could then be used to load the 

samples into the ALD system.  To reduce the O incorporated due to post-growth exposure to 
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atmosphere, the barrier films need to be coated with Cu in situ.  In situ Cu deposition would 

eliminate or at least minimize the O contamination from atmosphere.  The CVD reactor has been 

connected to the ALD reactor through the transfer chamber so that in situ deposition of Cu is 

now possible.  Future experiments should be performed using this new system to ascertain the 

„true‟ properties and diffusion barrier capabilities of the barrier film. 

9.1.3 Realistic Diffusion Barrier Testing 

The diffusion barrier testing reported in present work accelerated the diffusion process by 

annealing the Cu/barrier/Si stack in vacuum at 500 °C.  However, the driving force for diffusion 

in actual ICs is not just temperature but also bias.  Hence, a more realistic test to access the 

diffusion barrier efficacy would be bias temperature stress.  To detect Cu diffusion, the present 

work used AES depth profiling and XRD measurements.  These techniques are good for 

detecting bulk Cu diffusion but not trace Cu diffusion.  The detection of Cu should be done using 

electrical characterization such as p
+
n junction diode because electrical characterization is able to 

detect trace Cu diffusion through the barrier film. 

9.2 Diffusion Barrier Integration 

At present, numerous processes and materials have shown good promise for fulfilling the 

future requirements of diffusion barrier thin film.  However, significant work needs to be done 

on integration of these barrier films into actual interconnect.  While a barrier film might be 

excellent in preventing Cu diffusion, there are additional requirements on the barrier film and 

deposition process.  The barrier film needs to have good adhesion to adjacent layers and that 

include Cu, low-k dielectric and etch stop layers.  While the present work reported film growth 

only on Si substrate, additional work needs to be done to determine adhesion of the WNxCy film 

to Cu, low-k dielectric and etch stop layers.  The four point bend test is an excellent technique to 

ascertain the adhesion of thin films quantitatively.  These tests need to be performed on the 
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barrier film deposited on different substrates.  The barrier deposition process also needs to be 

compatible with the overall metallization deposition scheme.  This includes low deposition 

temperature and pin-hole free film deposition.  Lastly, the barrier deposition process which 

employs gaseous reactants should be compatible with ultra low-k dielectrics. Since ultra low-k 

dielectric films are highly porous, the gaseous reactants used in CVD and ALD process could 

diffuse through the dielectric film, thereby increasing its the dielectric constant and negating any 

benefits obtained from adoption of ultra low-k dielectric film.  The integration of CVD or ALD 

with ultra low-k dielectric films is a challenge for future metallization schemes and pore sealing 

techniques for ultra low-k films like plasma exposure need to be explored. 

. 
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APPENDIX 

DENSITY FUNCTIONAL THEORY 

The energy of a multi-particle system, E, is given by the Schrödinger equation (Eq. A-1). 

EΨ = HΨ           (A-1) 

Ψ is the wave function and H is the Hamiltonian operator.  The Hamiltonian operator in the 

Schrödinger equation depends on the positions and atomic number of the nuclei and the total 

number of electrons.  The dependence of the Hamiltonian on the total number of electrons 

suggests that a useful physical observable would be the electron density ρ, since, integrated over 

all space, it gives the total number of electrons N. 

 drrN )(
          (A-2) 

The assignment of nuclear atomic numbers is also available from the density, since for each 

nucleus A located at an electron density maximum rA, 
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        (A-3) 

Given a known density, one could form the Hamiltonian operator, solve the Schrödinger 

equation, and determine the wave functions and energy eigenvalues.  Hohenberg and Kohn 

proposed two theorems that revolutionized the DFT methodology.
210

 

 Hohenberg-Kohn existence theorem: the non-degenerate ground state density must 

determine the external potential (the charges and positions of the nuclei), and thus the 

Hamiltonian and the wave function.  

 Hohenberg-Kohn Variational Theorem: the density obeys the variational principle.  

Kohn-Sham self-consistent field methodology takes as a starting point a fictitious system 

of non-interacting electrons that have for their overall ground state density the same density as 

some real system of interest where electrons do interact.  Since the electron density determines 
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the position and atomic numbers of nuclei, these quantities are necessarily identical in the non-

interacting and in the real systems. The energy functional is then divided into specific 

components to facilitate further analysis. 

E(ρ) = Tni[ρ(r)] + Vne[ρ(r)] + Vee[ρ(r)] + ∆T[ρ(r)] + ∆Vee[ρ(r)]   (A-4) 

Tni is the kinetic energy of non-interacting electrons, Vne is the nuclear-electron interaction, Vee 

is electron-electron repulsion, ∆T is the correction to the kinetic energy deriving from the 

interacting nature of electrons and ∆Vee includes all non-classical corrections to electron-electron 

repulsion energy.  The above equation can be rewritten as Equation A-5. 
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            (A-5) 

N is the number of electrons in the system and Exc is the exchange-correlation energy (a 

parameter that accounts for the terms ΔT and ΔVee).  The density is given by Equation A-6. 
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           (A-6) 

If orbitals χ minimize E, then Equation A-7 can be used to calculate E. 

KS

ih i ii
            (A-7) 

The Kohn-Sham one electron operator is defined by Equation A-8. 
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       (A-8) 



 E
V

XC

XC
           (A-9) 

Vxc is the so-called functional derivative.  For the determination of Kohn-Sham (KS) orbitals, a 

basis set is used, similar to the Hartree Fock method.  The KS orbitals are expressed within a 
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basis set of functions {Φi}.  The individual orbital coefficients are determined by solution of a 

secular equation (as in the Hartree Fock method).  

Spin correction is made in DFT by using individual functionals of α and β densities. The 

spin densities at any position are expressed in terms of ζ, the normalized spin polarization. 

( ) ( )
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r r
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         (A-10) 

A.1 Exchange-Correlation Functional (Exc) 

The exchange-correlation functional accounts for: 

 coulombic correlation energy associated with electron-electron repulsion 

 quantum mechanical exchange which arises from antisymmetry requirement 

 correction for classical self-interaction energy  

 difference in kinetic energy between a fictitious non-interacting system and a real system.  

 

In practice, most modern functionals do not try to compute (4) explicitly. The effect of (4) 

is either ignored completely or it is incorporated using „hole function‟ with kinetic energy 

correction.  

A.1.1 Exchange Energy Density 

Hohenberg and Kohn showed that if the electron density varies extremely slowly with 

position, then Exc(ρ) is accurately given by Equation A-11. 

( ) ( )LDA

xc xcE r dr             (A-11) 

εxc (= εx + εc ) is the exchange plus correlation energy per electron in a homogenous electron gas.  

Slater proposed that the exchange hole about any position could be approximated as a sphere of 

constant potential with a radius depending on the magnitude of the density at that position.  With 

this approximation, the εx is determined by Equation A-12. 
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The Slater approach takes the value of α = 1. The LDA (local density approximation) 

approach takes a value of α = 2/3 while the Xα model most typically uses α = ¾.  The LDA, 

Slater and Xα methods can be extended to account for spin polarization using the equation A-13. 

4/3 4/3
0 1 0

1/3

(1 ) (1 ) 2
[ ( ), ] [ ( )] { [ ( )] [ ( )]}

2(2 1)
x x x xr r r r

 
        

    
    

    (A-13)  

1

x  is the exchange energy for system of uniform electron gas with electrons of like spin and 0

x  

is the exchange energy calculated using equation derived by Slater.  Systems that have spin 

polarization (e.g. open shell systems) must use the spin polarized formalism and it is generally 

referred to as „local spin density approximation‟ (LSDA). 

A.1.2 Correlation Energy Density 

 Even for a simple uniform electron gas, no analytical derivation has been reported. 

However, by using Monte Carlo techniques, the total energy of uniform electron gases of several 

different densities have been calculated to a very high accuracy.
211

  By subtracting the exchange 

energy density for each case, the correlation energy density can then be calculated.  The 

functional is given by Equation A-15. 
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A, x0, b, c are different empirical constants for i = 0 and i = 1.  Vosko et al. proposed several 

different fitting schemes, and two functional forms (VWN and VWN5) have been widely 



 

281 

used.
212

   LSDA calculations that employ a combination of Slater exchange and the VWN 

correlation energy expression are referred to as using SVWN method.  

A.2 Density Gradient Correction 

The LSDA approximation assumes a uniform electron gas as the source of energy 

expression.  It is assumed that the exchange-correlation energy density at every position in space 

for the molecule is the same as it would be for the uniform electron gas having the same density 

as is found at that position.  However, in a molecule, this approximation is not true.  A plausible 

way to increase the accuracy of the correlation functional for molecular calculations is to make it 

depend not only on the local value of density but also on the gradient of density.  This approach 

is referred to as „gradient corrected‟ or „generalized gradient approximation‟ (GGA). The 

correction term is added to the LDA functional. 
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      (A-16) 

The subscript x/c indicates that the same functional holds for either exchange or correlation. 

A.2.1 Correction to Exchange Functional: 

The most popular GGA exchange functional has been developed by Becke (usually 

abbreviated by „B‟).
213

  The „B‟ functional has a single empirical parameter which is optimized 

by fitting to the exactly known exchange energies of the six noble gas atoms He through Rn.  

Several other exchange functionals that have been reported are CAM(B), FT9 and mPW.
214-216

  

There is very little data available in literature on the comparison of these different functionals for 

actual molecules. 

A.2.2 Correction to Correlation Functional 

Various functionals developed by researchers for GGA correction to the correlation 

functional include PW86, PW91, B95 and LYP.
217-220

  The PW86 functional includes one 
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empirical parameter fitted for the neon gas atom.  The PW91 and B95 functionals use a different 

expression from the general expression described above and do not contain any empirical 

parameter.  LYP does not correct the LDA expression but computes the full correlation energy.  

It contains four empirical parameters fitted to the He atom.  Of all the correlation functionals, 

LYP is the only one that provides an exact cancellation of the self-interaction error in one-

electron systems. The LYP functional has proved more robust for systems that are more prone to 

over delocalization because of its effective cancellation of self-interaction error. 

 The common nomenclature of expressing the functionals used in calculation is combining 

the acronyms for correlation and exchange functionals.  For instance, BLYP calculation 

combines Becke‟s GGA exchange with the GGA correlation functional of Lee, Yang and Parr.  

In literature, the most widely used combinations are BP86, B3LYP and BPW91.  Results from 

these three levels of theory are fairly comparable.  

A.3 Similarity Between Hartree-Fock (HF) and DFT Methodologies
 

The two main similarities between HF and DFT techniques are: 

 Mathematically, both use basis sets to obtain orbitals 

 The kinetic energy and nuclear attraction components of matrix elements are identical.  

 

There is a key difference between HF and DFT methodologies. Density functional theory 

contains no approximations, it is exact.  It is only required to know Exc as a function of ρ.  Since 

the exact nature of Exc is not known, the relevant equations are solved approximately.  In 

contrast, HF is a deliberately approximate theory. 

A.4 Comparison of DFT to Molecular Orbital Theory
205

 

A.4.1 Computational Efficiency 

The formal scaling of DFT has been noted to be in principle no worse than N
3
, where N is 

the number of basis functions used to represent KS (Kohn-Sham) orbitals.  This is better than HF 
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which scales by a factor of N
4
.  The scaling factor refers to how computational time increases 

with the number of basis functions.  For programs that use the same algorithms to carry out HF 

and DFT calculations, the cost of a DFT calculation on a moderately sized molecule (~ 15 

atoms) is double that of the HF calculations with the same basis set.  However, if the program is 

optimized for DFT, the calculation cost is much lower for DFT as compared to HF method. 

A.4.2 Energetics 

For a given average level of accuracy, hybrid DFT methods are the most efficient in 

predicting atomization energies as compared to more expensive methods.  Of the currently 

available DFT models, GGA models offer a major improvement over the older LSDA model.  

Moreover, the P86 functional should be avoided.  There is no clear preference amongst the 

remaining functionals, other than noting that the hybrid functional tends to perform better than 

pure functionals.  

In calculating binding energies in transition metal compounds such as hydrides, the 

molecular orbital method is not very accurate until quite high levels are used to account for the 

electron correlation.  In contrast, DFT has been shown to predict binding energies in transition 

metal compounds more accurately.  

A.4.3 Geometries 

Analytical first derivatives are available for almost all density functionals, and as a result 

geometry optimization can be carried out with facility.  The performance of most functionals is 

usually quite good when it comes to predicting minimum energy structures.  Accuracies in bond 

angles for DFT average about 1 degree, the same as is found for HF and MP2.  

 For transition metals, DFT has proven to be a tremendous improvement over HF and 

post-HF methods, particularly when the metal atom is coordinatively unsaturated.  The narrow 

separation between filled and empty d-block orbitals typically leads to enormous non-dynamical 
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correlation problems with an HF treatment, and DFT is much less prone to analogous problems.  

Even in cases of a saturated coordination sphere, DFT methods typically significantly 

outperform HF and MP2. 

Density functional theory has shown weakness in predicting geometries for van der Waals 

complexes and ionic complexes. Hydrogen bonds are somewhat too short as a rule, and most 

charge transfer complexes have their polarities overestimated.  

A.5 The Future of DFT 

 The DFT methodology has become very popular for various calculations in quantum 

chemistry.  Density functional theory has the advantage of allowing for correlation effects to be 

included in a calculation that takes roughly the same time as a HF calculation, which does not 

include correlation.  However there are some drawbacks of the DFT method and these are the 

areas that are currently being actively investigated.  There is no systematic way of improving the 

DFT calculations.  There is no clear roadmap for the systematic improvement of the Exc 

functionals.  It is certain that a lot of research effort in the future is going to be on the 

formulation of these functionals.  

Density functional theory also has not been widely accepted as the method of choice for 

excited states.  The development of DFT formalisms to handle excited states remains a subject of 

active research.  Since DFT uses approximate functionals, KS DFT is not variational and can 

yield an energy below the true ground state energy.  Calculations with gradient corrected 

functionals are size consistent.  The currently used KS DFT functionals often do not give good 

results for activation energies of reactions.  Although KS DFT yields good results for most 

molecular properties with the presently available functionals, KS DFT cannot match the 

accuracy that methods like CCSD(T) and QCISD(T) can achieve.  Of course, CCSD(T) and 

QCISD(T) are limited to dealing with small molecules, whereas DFT can handle rather large 
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molecules.  In summary, DFT has emerged as one of the promising fields in the field of quantum 

calculations.  It is most certainly going to be an area of active research in the years to come.  
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