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Chemical equilibria analyses in the Ga/In-H-C-Cl-N-inert system were performed 

to predict gas and condensed phase species that might exist in H-MOVPE of GaN and 

InN.  It was found that carbon co-deposition and metal droplets (Ga or In) formation can 

be eliminated by providing a threshold level of H2 and HCl, respectively.  The transitions 

between deposition and etching, and between 2-phase (Ga or In)N and pure (Ga or In) 

metal and single-phase (Ga or In)N were predicted as a function of N/III and Cl/III molar 

ratios and temperature. 

Stress was measured by Raman spectroscopy in two GaN films (grown by 

MOCVD and H-MOVPE, respectively) on sapphire and a difference of 2 cm-1 in the E2 

mode was observed.  Subsequent measurement by XRD-SM, rocking-curves, AES, and 

SIMS showed inconsistent results compared to the Raman result suggesting that the 

Raman E2 shift may not be only related to biaxial or hydrostatic stress. 
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Controlled growth of InN nanorods (NR) was achieved by varying the Cl/In and 

N/In molar ratios and growth temperature.  The NRs were grown on a, c, r-Al2O3, GaN/c-

Al2O3, Si (100), and Si (111) without a template or external catalyst.  Well-faceted 

wurtzite and threading dislocation-free NRs were observed by SEM and TEM.  The 

diameters and lengths of nanorods ranged 100 to 300 nm and ~ 1 µm for 1 hr growth.  

XRD patterns indicated the nanorods were textured in the [002] direction and TEM-DP 

confirmed the growth axis was predominantly [002].  Nanorods grown on GaN/c-Al2O3 

occasionally showed vertical self-alignment and were epitaxially grown as judged by 

XRD pole-figure analysis.  The nanorods had N-polarity as characterized by CBED, 

while RT PL showed a predominant peak at 1.08 eV.  Raman spectroscopy showed three 

phonon lines (451, 496, and 596 cm-1) that were assigned to A1(TO), E2
2, and E1(LO), 

respectively. InN NRs-based gas sensor was fabricated that could detect H2 to 10 ppm. 

Crack-free, 3 µm GaN films were grown on GaN/AlGaN/Si template at 850 °C 

although cracks developed when the thickness exceeded 7 µm.  It was possible, however, 

to grow crack-free polycrystalline 40 µm thick GaN on Si using InN NRs as a buffer 

material. 
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CHAPTER 1 
INTRODUCTION 

1.1 History of GaN and InN Development 

The technology related to GaN and InN is highly developed.  Both are currently 

used as host materials in optoelectronics and electronics devices.  It is informative to 

review the history of those materials to properly understand the current issues that require 

more study. 

1.1.1 GaN Development 

The history of GaN crystal growth originates in 1938 [Juz38] when GaN was first 

synthesized by flowing NH3 through gallium at high temperatures.  The standard crystals 

for GaN powder X-ray diffraction file (i.e., PDF# 02-1078) were obtained then and this 

data is still in use.  Grimmeriss and Koelmans used the same method to grow small GaN 

crystals and measured PL for the first time back in 1959 [Gri59]. 

GaN film was first deposited by Maruska and Tietjen on sapphire substrate by 

CVD [Mar69].   Little attention, however, was paid to GaN's use as a semiconductor 

because of the difficulty in doping it p-type.  GaN regained its attention in 1980s with 

need to develop blue emitters. 

Yoshida reported improvement of GaN quality by using LT-AlN buffer layer in 

1983 [Yos83].  In 1986, Amano reported improved GaN surface morphology and 

electrical and optical properties by using LT-AlN buffer layer [Ama86].  The buffer layer 

acted as a nucleation layer and decreased interfacial free energy to facilitate two-

dimensional growth by changing the properties of the surface. 
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To fabricate GaN based devices, electronic properties such as carrier concentrations 

must be controlled.  The doping of wide band gap materials is known to be difficult in 

part the probability of forming native defects that can dominate the electronic point 

defect chemistry.  Intrinsic GaN grows n-type with a direct wide (3.4 eV) bandgap.  The 

long belief in the native n-type nature of GaN is due to N-vacancy donor behavior.  High 

conductivity p-type GaN was not achieved until 1989.  It was observed that p-type 

conductivity drastically improved (from 108 to 35 Ωcm) after low electron energy beam 

irradiation (LEEBI).   

Utilizing LEEBI treated Mg doped p-type GaN and intrinsic n-type GaN, Amano 

fabricated the first UV-LED [Ama89].  Nakamura later established that a simple 

annealing in inert or vacuum environment will improve p-type conductivity similar to the 

LEEBI treatment [Nak92].  The reason of great p-type conductivity improvement by 

LEEBI or annealing was not clear then, but it was later discovered that an Mg-H neutral 

species prevents Mg activation [Got95].   

GaN-based Field Effect Transistors (FET) [Kha93] and Heterojunction Bipolar 

Transistors (HBT) [Pan94] were also fabricated in the early 1990s, enabled by the 

improved crystal quality and conductivity. 

The threading dislocation density of these transistors, however, was about 109 to 

1010 cm-2, or about 106 times higher than typical semiconductors.  Although devices 

could be fabricated with the high density of dislocations, their long-term reliability was 

questioned. 

In 1994, a significant reduction of the dislocation density was achieved by adopting 

lateral epitaxial overgrowth that used either a SiO2 or Si3N4 mask [Kat94].  Because 
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threading dislocations tend to form parallel to the growth axis, vertical blocking of the 

threading dislocations improved crystal quality drastically (from 109 - 1010 to 104 - 105 

cm-2). 

GaN-based devices began to be fabricated more routinely beginning in 1994.  It is 

worth mentioning that Nakamura’s two-flow reactor design significantly improved 

crystal quality [Nak94].  In this process, inert or hydrogen gas is injected vertically onto 

the substrate to modulate local concentrations of precursors by reducing the boundary 

layer thickness.  Following the invention and breakthroughs, Nakamura reported an 

InGaN based 1 cd LED in 1994 [Nak94], a 10 cd LED in 1995 [Nak95a, Nak95b], a laser 

diode in 1996 [Nak96a], and continuous wave (CW) lasing at room temperature in 1997 

[Nak97].  The intensity and life time improved in consecutive years and Nichia 

Corporation reported estimated 10,000 hr life time of blue laser diodes in 1998 [Nak98]. 

Research related to GaN has continued, as a result of the major breakthroughs made 

during the 80s and 90s.  The lack of a suitable substrate material continues to create 

problems and the growth of large (> 2”) diameter freestanding GaN has not been easily 

achieved due to cracking and bowing problems.  Also the heat generated from LED 

devices is still problematic due to the low thermal conductivity of the sapphire substrate.  

Undoubtedly, the integration of GaN technology with Si would be another important step 

for GaN-based device development.  Furthermore the use of 12” diameter Si wafer would 

improve device throughput and lower unit device fabrication cost. 

1.1.2 InN Development 

The first report on InN crystal growth originates from 1938 and used InF6(NH4)3 

for crystallographic study just as for GaN growth [Juz38].  The powder X-ray diffraction 

file for InN was collected and is in current use as PDF#02-1450.  Several reports are 
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found from the 1950s and 1960s about synthesis of InN [Juz56, Ren58, Pas63, Sam69].  

The growth methods were mainly interaction of In compounds with ammonia or thermal 

decomposition of complex single precursors containing direct bonding between In and N.  

InN powder or small crystals were usually obtained as a result.  In 1972, Hovel and 

Cuomo [Hov72] deposited InN films on sapphire and silicon by reactive RF sputtering in 

the growth temperature range 25 to 600 °C.  Hall mobility, n-type carrier concentration, 

and resistivity were measured as 250 ± 50 cm2/Vs, 5 to 8 x 1018 cm-3, and 3 to 5 x 10-3 

Ωcm, respectively.  Trainor and Rose grew InN by reactive evaporation and a bandgap of 

1.7 eV was measured [Tra74].  Osamura reported the entire range of InGaN by an 

electron beam plasma technique that used an electron beam to heat and evaporate In and 

Ga and a plasma to create a nitrogen dc discharge [Osa72, Osa75].  The grown InN 

showed bandgap energy of 1.95 eV at room temperature and 2.11 eV at 78 K.  

Puychevrier and Menoret [Puy76] grew InN by reactive cathodic sputtering and the 

bandgap of InN was measure as 2.07 eV at room temperature and 2.21 eV at 77 K. 

Then, in 1984, Tansley and Foley [Tan84] reported RF sputtering growth of InN 

with N2.  Very high Hall mobility at room temperature and very low background carrier 

concentration were measured as 2700 cm2/Vs and 5.3 x 1016 cm-3, respectively.  It should 

be noted that even with today’s advanced techniques of MOVPE and MBE, these values 

are not easy to obtain.  In addition, there is no other report of InN grown by RF sputtering 

that demonstrated such high Hall mobility and low carrier concentration.  The typical 

mobility and carrier concentration of InN grown by sputtering is 100 cm2/Vs and 1020 

1/cm3, respectively.  The problem of Hall measurement is that sometimes it can give 
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inconsistent values when the film is not uniformly deposited.  However, the reason is 

unclear at this point. 

Epitaxy of InN by HVPE was first reported in 1977 [Mar77].  Indium trichloride 

powder was used as the indium source and ammonia was used as the nitrogen source.  

The obtained epitaxial InN film showed background carrier concentration and Hall 

mobility as 2 x 1020 to 8 x 1021 cm-3 and 30 to 50 cm2/Vs, respectively.  The optimal 

growth temperature was found to be 600 °C and there was no growth at temperature 

higher than 670 °C.  Indium trichloride powder [Tak97b, Mar77, Sun96], indium 

monochloride, or both form in situ by flowing HCl over In metal depending on the source 

temperature [Tak97a, Sat94] grew InN by HVPE using predominantly InCl3, or InCl and 

showed ambiguous results on the superior precursors. 

Kang reported successful H-MOVPE growth of InN in a chlorinating environment 

[Kan04].  In this approach, the conditions for selective etching condition of In metal in 

addition to protecting InN film were found by thermodynamic analysis and experiments.  

As a result growth of InN film without evidence of In metal droplets was achieved at a 

relatively low (2500) V/III ratio.  During this study, columnar structured InN crystals 

were observed.  It demonstrated the possibility of InN nanorods growth and greatly 

influenced the present study. 

MOVPE and MBE have been widely used to grow InN since the late 1980s.  Single 

crystal InN growth by MOVPE was reported using trimethylindium (TMIn) and NH3 as 

the precursors [Mat89, Wak89, Wak90].  However, high Hall mobility (i.e., > 300 

cm2/Vs) and low background carrier concentration (i.e., < 1019 cm-3) were not achieved 

until recent years. 
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InN was also grown by MOMBE using TMIn instead of pure In metal source 

[Abe93].  Electron Cyclotron Resonance (ECR) was used to generate a nitrogen plasma.  

The obtained Hall mobility and electron carrier concentration were 100 cm2/Vs and 1020 

cm-3, respectively.  Aderhold [Ade01] reported improved InN film quality by MOMBE.  

Hall mobility and background carrier concentration were 500 cm2/Vs and 8.8 x 1018 cm-3, 

respectively.  The reported Hall mobility and carrier concentration were plotted in Figure 

1-1 with recent MOVPE data [Bhu03, Yam02, Yam04, Yam06].  Hall mobility and the 

carrier concentration of MOVPE grown InN were 1100 cm2/Vs and 4.5 x 1018 cm-3, 

respectively [Yam06]. 

 
Figure 1-1. Reported values of electric properties of InN (a) Hall mobility and (b) Carrier 

concentration with calendar year [Bhu03, Yam02, Yam04, Yam06]. 

Interest in InN has increased since 2002 due to the ambiguous fundamental energy 

bandgap.  The reported bandgap energy value of InN has a wide spread: ~ 0.7 [Inu01, 

Dav02, Wu02, Sug03, Bri04, But05], ~ 1.1 eV [Inu01, This work], and ~ 1.9 eV [Hov72, 

Tya77, Nat80, Tan86, Wes88, Sul88, But02, Mot02, Had03] are commonly reported 

values.  Figure 1-2 shows some of the InN bandgap data representing the spread of the 

values [But05b]. 

(a) (b) 
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The reason for the controversial bandgap is not well established, although many 

believe the inclusion of oxygen (In2O3 or any form) may be responsible.  High crystalline 

quality InN is therefore essential to determine the controversial property and clarify this 

ambiguity. 

 
Figure 1-2. Reported bandgap energy of InN as a function of carrier concentration 

[But05b]. 

The best reported InN films grown by MOVPE demonstrated Hall mobility and 

background doping as 1100 cm2/Vs and 4.5 x 1018 cm-3, respectively [Yam06].  MBE 

grown InN films showed better values of Hall mobility and carrier concentration as 2050 

cm2/Vs and 3.49 x 1017 cm-3, respectively [Lu02a]. 
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InN-based electronic devices were fabricated and preliminary evidence of two-

dimensional electron gas (2DEG) in a field effect transistor (FET) was reported [Sch00, 

Lu02b].  Problems growing high quality InN overlap with those for GaN in that lattice 

and thermal expansion matched substrates are absent and that efficient doping, especially 

p-type, is difficult. 

The growth of InN, however, is more challenging because of the low growth 

temperature and the formation of In metal droplets.  The growth temperature and V/III 

ratio seem to be the most important growth parameters.  Yamamoto investigated the 

effects of growth temperature and V/III ratio [Yam01].  They found that V/III ratio could 

be lowered at higher temperature due to the enhancement of the active nitrogen 

concentration.  The suggested growth temperature was 550 to 650 °C.  The Hall mobility 

and carrier concentration were reported as 200 to 400 cm2/Vs and 1018 to 1020 cm-3, 

respectively [Yam01b, Yam02, Yam04].  The Hall mobility and carrier concentration are 

improving with increasing temperature up to 600 °C and then showed worse results at 

higher temperatures. 

To enhance the decomposition of NH3, several techniques have been used.  It is 

well known that the reactor geometry is very important to grow high quality material 

primarily for MOVPE, as demonstrated by improvement of GaN quality by the two-flow 

design [Nak91].  Flow modulation [Kel00] was used to leverage the advantages of 

Atomic Layer Deposition (ALD).  TMIn and NH3 were provided in turn, or NH3 was 

kept flowing and TMIn was provide in a pulsed manner.  Plasma-assisted MBE and 

MOVPE [Wan06, Che06, Wu06, Wak89, Wak90, Sat97] and laser-assisted MOVPE 
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[Yam06, Li94, Bhu02, Bhu03] were also utilized to enhance ammonia decomposition and 

showed some promising results.   

This overview of GaN and InN thin film growth and the corresponding electrical 

and optical properties demonstrates the advances that have been made and their potential 

commercial applications.  It is also clear that GaN has received considerably more study 

than InN. 

1.2 Literature Review 

1.2.1 Equilibrium Analysis of GaN and InN 

1.2.1.1 Thermochemical Data for GaN and InN 

Studying phase stability is essential for predicting process limits because 

semiconductors grown at high temperature often experience thermal annealing processes 

for metallization, remedying implantation damage, or dopant activation.  In addition, 

GaN, AlN and their alloy have applications for high temperature devices thanks to their 

high temperature stability.   

Equilibrium calculations can provide preliminary information on appropriate 

processing conditions.  These calculations require thermodynamic property values for all 

species and phases.  Unfortunately, the properties for Ga-In-N system are not that well 

defined, especially the standard enthalpy of formation.  The reported heats of formations 

of GaN and InN are quite scattered [Sed06].  The reported heat of formation of GaN 

ranges from -109.62 [Hah40] to -156.8 kJ/mole [Ran00] and that of InN from -71.0 

[Lei04] to 138.072 [Bin02]. 

Unland and coworkers recently reported thermochemical data for GaN powder and 

measured the decomposition temperature as 1110 ± 10 K by dynamic oscillation 

Thermogravimetric Analysis (TGA) and isothermal stepping TGA [Unl03].  Based on 
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their assessment relative to other reported values, the experimental data from Unland et 

al. [Unl03] were adopted in this study for the GaN–base calculations.  

A similar method (TGA) was applied to InN and the )15.298(0 KH f∆ , 

)15.298(0 KSm , Cp, and decomposition temperature of InN were determined [Ond02].  

The equilibrium decomposition temperature may be lower than the experimentally 

observed temperature because of the kinetic barriers; however, the equilibrium 

decomposition temperature cannot be higher than experimental data unless there is 

measurement error.  The InN decomposition temperature (773 K) as measured with TGA 

by Onderka [Ond02] is higher than Leitner’s drop calorimetry value (686 K) [Lei04].  

Considerable uncertainty, however, still exists in the thermochemical data for InN.  The 

data from SUB94 and [Lei04] will be cautiously used for InN in this study since 

rigorously assessed data is still not available.  The reported thermochemical values for 

GaN and InN are tabulated in Table 1-1. 

1.2.1.2 Equilibrium Calculations of GaN Growth by HVPE 

Koukitu [Kou98] performed chemical equilibrium calculations analytically by 

considering only a limited number of species.  They calculated partial pressures of the 

gaseous species in equilibrium with GaN during HVPE growth with respect to 

temperature, input GaCl partial pressure, input V/III ratio, and H2/inert ratio.  By 

comparing the equilibrium of Ga containing gas phase concentration with input GaCl 

partial pressure, the driving force for the deposition was calculated with the definition:  

   )(
3

0
GaClGaClGaClGa PPPP +−=∆     (1) 

The factor that represents the ratio of the H2 carrier with the inert carrier was defined as F 

and was given as: 
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It should be noted that a way of dealing with NH3 partial decomposition was introduced 

here with a factor α such as: 

NH3(g)  (1-α)NH3(g) + α/2N2(g) + 3α/2H2(g)   (3) 

where α is the mole fraction of the decomposed NH3.  The value of α was measured as α 

= 0.03 at 950 °C by mass spectroscopy [Ban72], but is a strong function of temperature. 

Figure 1-3 (a) shows plots of the driving force for the deposition with temperature 

with different F values [Kou98].  It was observed that ∆PGa (the driving force) decreased 

with increasing F. 

 
Figure 1-3. Examples of equilibrium calculations. (a) Driving force for the deposition as 

a function of growth temperature with various parameters for F.  Total 
pressure: 1.0 atm, input partial pressure of GaCl: 5 x 10-3 atm, input V/III 
ratio: 50 and α: 0.03.  (b) Comparison between calculated growth rates 
[Kou98] and experimental data [Usu97]. 

The growth rate with driving force for the deposition was defined as the following 

formula: 

(a) (b) 
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Table 1-1. Reported values of thermochemical data for solid GaN and InN. 

Material )15.298(0 KH f∆  
(kJ/mole) 

Method )15.298(0 KSm  
(J/mole K) 

Method Tdecomp (K) 

GaN -109.62 [Hah40] 
 

-156.8 [Ran00] 

 

 

-156.8 ± 16 [Unl03] 
-161.56 [Sed06] 

Combustion calorimetry 
 

Drop calorimetry 

 

 

TGA 
DFT calc 

 
 

 

 

 

30 ± 4 [Unl03] 
36.1 [Sed06] 

 
 

 

 

 

Debye-Einstein 
DFT calc 

 
920 [SUB94] 

 

1052 [Dav01] 

1435 [Lei03] 

1110 ± 10 [Unl03] 

InN -144.6 [Mac70] 

-133.8 ± 6.3 [Vor71] 

-137.2 ± 18.8 [Vor73] 
-130.6 [Gor77] 

 

-132.7 ± 6.7 [Jon87] 
-138.07 [Bin02] 

 

-71.0 [Lei04] 
-78.64 [Sed06] 

High pressure equilibria 

Knudsen effusion MS 

Knudsen effusion MS 

Knudsen effusion MS  

 
Static pressure measurement  

 

 

Drop calorimetry 

DFT calc 

 

53.7 ± 7.1 [Vor71] 

32.3 ± 20.9 [Vor73] 
51.6 [Gor77] 

54.4 ± 8.0 [Hon87] 
 

 

31.6 ± 3 [Ond02] 
42.51 [Lei04] 

42.5 [Sed06] 

 

 

 

 

 
 

 

Debye-Einstein 

PDOS/assessed 

DFT calc 

 

 

 

 

 
1211 [SUB94] 

 

773 ± 5 [Ond02] 
638 [Lei04] 
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Gag PKr ∆=      (4) 

where r = growth rate, and Kg is the mass transfer coefficient.   

By adjusting the mass transfer coefficient (i.e., Kg = 1.18 x 105 µm/h atm in this case), the 

growth rate results matched well with experimental data as seen in Figure 1-3 (b).  Thus, 

it was concluded that GaN growth by HVPE is thermodynamically controlled under these 

ranges of growth conditions. 

Following similar procedures, Kumagai analyzed HVPE growth of InN by InCl and 

InCl3 precursors [Kum01].  The results showed that InN growth is difficult using InCl but 

possible with InCl3 along with inert or low H2/inert carrier gas as shown in Figure 1-4 

[Kum01].  It could be seen that the driving force has negative values in an H2 carrier (F = 

1.0), while it has slightly positive values in an inert carrier (F = 0.0). 

 
Figure 1-4. Driving force for the deposition of InN (∆PIn) using InCl (HVPE) and InCl3 

(THVPE) as a function of growth temperature.  The calculation was 
performed for growth under inter gas (F = 0.0) and hydrogen carrier gas (F = 
1.0) conditions. [Kum01]. 
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It should be noted that no report was found that dealt with adjustable Cl/III ratio, 

but only at fixed values since either monochloride (Cl/III = 1) or trichloride (Cl/III = 3) 

was used in HVPE and THVPE techniques.  Continuous variation of Cl/III ratio is 

possible in H-MOVPE by simply adding an independent stream of a Cl containing 

species (i.e., HCl).  Thermodynamic analysis of H-MOVPE technique including various 

Cl/III ratios is presented in Chapter 2. 

1.2.2 Stress in GaN Films 

Stress measurements and modeling of GaN films is important because GaN is 

usually grown on foreign substrates due to the lack of bulk GaN crystals.  The traditional 

approach to analyze the stress in GaN films was not satisfactory because there were some 

cases when the expected stress occurred in an exactly opposite manner.  For example, 

both compressive and tensile stressed GaN can be grown on SiC [Per97, Dav97, Dew98, 

Rie96, Wal99].  Therefore, it could be concluded that the stress in the GaN film is not 

only related to the lattice and thermal expansion mismatch, since both give stress in GaN, 

but also to other important factors. 

The stress in GaN is mainly related to the lattice and thermal expansion mismatches 

with the substrate and the initial surface properties, which result in a growth mode 

change.  The origins of tensile stress were identified as lattice and thermal expansion 

mismatches between GaN and substrate, Si or Mg doping, or grain boundaries of island 

coalescence [Kro03].  Likewise, the origin of compressive stress can be lattice and 

thermal expansion mismatches between GaN and substrate.  The island growth mode 

should be avoided as it often creates polycrystalline materials.  A buffer layer is usually 

used to enhance crystal quality by uniform coverage of the surface to prevent island 

growth. 
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The traditional approach to modeling the residual stress in GaN film by lattice and 

thermal expansion mismatches has a flaw because GaN films are typically grown on 

buffer layers or by a nitridation process.  The pregrowth processes change the surface 

properties significantly.  The buffer layers are usually amorphous and the nitridated 

surface of sapphire is also an amorphous AlOxNy layer.  Therefore, the traditional 

heteroepitaxy modeling such as Frank-van der Merwe and Matthews [Mer50, Mat75] 

cannot be applied since the existence of an amorphous interface was not considered.  In 

addition, the lattice mismatch (i.e., ~ 14 % for sapphire, ~ 21 % for Si, or even ~ 3.5 % 

for SiC) is very large; dislocations will form at the interface immediately. 

A visible product of the incorporation of significant stress in a film is cracking.  

Etzkorn and Clarke investigated the cracking of thick GaN films on sapphire substrate 

[Etz01].   A viable mechanism for cracking was identified as island coalescence.  A 

model was developed to deduce the maximum thickness of crack formation with given 

stress. According to the model, 16 µm thick crack-free GaN could be grown on sapphire 

with tensile stress in 0.14 GPa.  Strain energy calculations related to crack generations 

were carried out by measuring the bending moment of GaN and sapphire.  It was argued 

that tensile stress in GaN film was generated at the growth temperature after reaching a 

critical thickness.  Kinetically limited crack healing mechanism was suggested after crack 

generation. 

Waltereit reported that GaN films grown directly on 6H-SiC showed no stress, 

while GaN films grown on AlN/6H-SiC showed compressive stress, although the lattice 

parameters and thermal expansion coefficients of AlN and SiC are similar [Wal99].  The 

lattice mismatch induced 3.4 % compressive stress was fully relieved in GaN directly 



16 

 

grown on SiC, whereas 0.3 % compressive stress still remained in GaN grown on 

AlN/SiC even beyond 1 µm thick.  It was concluded that the stress in GaN film was 

mainly determined by its growth mode rather than lattice mismatch in this case.  The 

growth mode is mainly related to the initial surface properties of the substrate.  The 

results suggested that the advantage of the buffer layer is not only in averaging the lattice 

and thermal mismatches, but also enhancing the surface property.  Schematic of GaN 

directly grown on 6H-SiC and using AlN buffer layer is shown in Figure 1-5.   

 
Figure 1-5. Schematic of GaN growth on SiC: (a) GaN/SiC and (b) GaN/AlN/SiC 

growth. Note that the strain is fully relieved in (a), whereas it is only partially 
relaxed in (b) [Wal99]. 

Three dimensional growth (Volmer-Weber) governed the GaN growth without buffer 

layer and a number of dislocations were shown, while two dimensional growth (Frank-

van der Merwe) can occur with few dislocations with AlN buffer layer [Wal99]. 

1.2.2.1 In situ Stress Measurements 

To understand the stress evolution in GaN films, in situ stress measurements have 

been carried out using a Multibeam Optical Stress Sensor (MOSS) system [Flo97, 

Hea99].   This method determines the wafer curvature by measuring a laser beam 

deflection, which is proportional to the stress.   It was used to in situ measure the stress in 

AlGaN film grown on AlN/SiC [Aco04].   They found that AlGaN film was initially 

under compressive stress and evolved into tensile stress as the film thickness increased.  

The transition (from compressive to tensile stress) thickness of AlGaN film depended on 
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the AlN buffer layer growth conditions and AlGaN film Al mole fraction.  For example, 

when V/III ratio was varied from 750 to 10600, the AlGaN initial compressive stress was 

varied from 1.9 to 8.7 GPa.  GaN film did not show a transition to tensile stress up to 3.8 

µm thick, whereas more Al content AlGaN showed rapid transition to tensile stress. 

The persistent tensile stress in MOCVD GaN on sapphire using both LT-AlN and LT-

GaN buffer layers were observed by MOSS at growth temperature [Hea99].  The origin 

of tensile stress may be from the grain boundaries of islands.  It was also found that 

thermal annealing or temperature cycling does not reduce tensile stress in the film.  

Because the thermal expansion mismatch effect is much larger, eventually the GaN film 

on sapphire showed compressive stress after cooling. 

Raghavan and Redwing [Rag04] measured the persistent tensile stress in AlN 

grown on Si in situ across the wide temperature range 600 to 1100 °C.  A sharp drop in 

the tensile stress was observed from 1 to 0.4 GPa while decreasing the AlN growth 

temperature below 800 °C.  This represented the transition of epitaxial AlN film to 

polycrystalline.  GaN film was consecutively grown on AlN/Si.  The GaN film showed 

slightly compressive stress at 1100 °C. 

Krost et al. measured the stress in the GaN films on Si(111) in situ and successfully 

grew crack-free 7 µm thick GaN on Si(111) with multiple AlN interlayers [Kro05, 

Dad04, Clo04, Kro03].  The sources of tensile stress were identified as grain boundaries 

from island coalescence (0.2 GPa/µm) and Si-doping (1.6 GPa/µm) [Kro05].  The non-

uniformly deposited SiN was called an “in situ mask” and high quality GaN could be 

obtained on the in situ SiN mask/AlN/Si.  The in situ curvature measurement results for 

GaN grown on SiN/AlN/Si are shown in Figure 1-6 [Kro03].   
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Figure 1-6. In situ curvature measurements during the growth of a ~ 6 µm thick GaN 

layer showing the influence of AlN interlayers on the curvature. The sample 
was crack-free after growth [Kro03].  

Evolution of the curvature was observed with inclusion of LT-AlN interlayers.  When 

LT-AlN was applied, a temporary compressive stress was observed as shown in Figure 1-

6.  Nevertheless, the film was under persistent tensile stress as the thickness increased.  

Based on the results presented in Figure 1-6, it is evident that AlN has an impact for only 

a small amount of subsequent growth.  Although this AlN interlayers may improve the 

crack-free thickness, the growth of thick (> 100 µm) crack-free GaN in this way should 

have inherent limit. 

1.2.2.2 Ex situ Stress Measurements 

The surface of HVPE and H-MOVPE grown GaN is often very rough.  Commonly 

used non-destructive methods to measure the stress in rough films or the films that have 

structures on them are XRD reciprocal space mapping and Raman spectroscopy.  In this 

case, the stress measurement is taken after the sample has cooled to room temperature. 

XRD Reciprocal Space Mapping.  The lattice parameters of a film can be precisely 

measured using an XRD reciprocal space mapping.  It was observed that GaN showed 

strong in-plane strain although out-of-plane strain was negligible [Eip05].  Considerable 
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thermal compressive stress was found from GaN grown by ion beam assisted MBE on γ-

LiAlO2 (100).  It was found that there was 3 times greater compressive stress in the in-

plane than out-of-plane during measurement by HT-XRD in the temperature range 25 to 

600 °C (HT-XRD chamber temperature) [Eip05].  Stress in GaN was also measured on 

ZnO substrate by HR-XRD [Min04].  In accordance with the in situ stress measurement 

results, the change of buffer layer thickness changed the film stress significantly.  Thus, 

buffer layer material should be carefully selected and the thickness of the buffer layer 

should be controlled to reduce stress in the final film. 

Raman Spectroscopy.  Raman spectroscopy is a well-established, non-destructive, and 

convenient technique to detect the stress in the film, although the typical accuracy of 

stress measured by Raman spectroscopy compared to ~ 5 % for HR-XRD is about 20 % 

[Dav97].  Among the all allowed Raman modes, it is known that the E2 mode is strongly 

related to biaxial stress in GaN [Dav97].  Between the two E2 peaks, the higher frequency 

mode is usually used due to the higher intensity.  Biaxial stress in GaN sample can be 

measured by comparing the position of E2
(high) peak with that of a stress-free sample. 

Table 1-2 lists the Raman E2
(high) peak positions reported in the literature [Dav97, 

Mel97, Gil00, Kry99a, Dav97, Yam00, Dem96, Yoo97, Ben02].  It is noticed that even 

freestanding or high pressure grown bulk GaN samples do not have unanimous Raman 

E2
(high) peak that can be used for stress-free standard.  The E2 mode of freestanding GaN 

ranged from 565 to 570 cm-1.  Therefore, deciding the value of stress-free E2
(high) peak 

position is impossible at this point.  Generally 568 cm-1 is considered as the stress-free 

GaN E2
(high) peak position because it is about average value from freestanding GaN 

samples.  Therefore the stress in GaN can be determined by comparing the E2 value with 
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568 cm-1.  If the measured E2 frequency is higher than 568 cm-1, the film is under 

compressive stress qualitatively, and vice versa. 

Table 1-2. Reported values of the Raman E2
(high) peak positions. 

Sample description Raman E2
(high) peak 

position (cm-1) Reference 

Freestanding (300 µm) by HVPE 
Substrate: Al2O3 

568 [Dav97] 

Freestanding (100 µm) by HVPE 
Substrate: SiC, no buffer 565 [Mel97] 

Freestanding by high N2 pressure 565 [Gil00] 
Freestanding on LiGaO2 by H-MOVPE 570 [Kry99a] 
0.5 to 3 µm GaN/AlN(AlGaN)/SiC 565 [Dav97] 
1.8 µm on AlN/Al2O3 by MOCVD 566 [Yam00] 

V/III (2000 to 6000) MOCVD 569 (V/III = 6000) to 
571 (V/III = 2000) [Dem96] 

1.5 µm GaN/(10 to 85 nm)LT-GaN/c-
Al2O3 by MBE 565 to 572 [Yoo97] 

GaN/misoriented Al2O3 by MOCVD 570 to 571 [Ben02] 
 

The quantitative value of stress can be obtained using a linear proportionality 

factor.  This quantitative argument may be meaningless in some sense since the stress-

free value is unknown.  However, two samples can be quantitatively compared by 

assuming one sample is stress-free.  The reported value of this proportionality factor 

ranges from 2.4 to 4.2 cm-1/GPa [Dav97, Kis96].  Thus, further study is required to 

conclusively determine the stress from Raman peak shift quantitatively. 

One may expect compressive stress to be present in GaN grown on Al2O3 because 

the lattice and thermal expansion mismatches leads to compressive stress.  However, it is 

not straightforward to predict whether the overgrown GaN will have compressive or 

tensile stress.  The Raman spectroscopy results showed that the grown GaN film on c-

Al2O3 is less compressively stressed with increasing V/III ratio [Dem96].   



21 

 

Moreover, the Raman E2 peak significantly shifted from 572.0 (compressive) to 565.2 

cm-1 (tensile) while changing the buffer layer thickness from 10 to 85 nm as shown in 

Figure 1-7 [Yoo97].  

 
Figure 1-7. Raman peak shifts of 2 µm thick GaN with different LT-GaN buffer layer 

thickness; LT-GaN buffer layer thickness (a) 10 nm, (b) 50 nm, (c) 75 nm, 
and (d) 85 nm. [Yoo97]. 

This tensile to compressive stress change is expected because uniform coverage of the 

surface at an optimal buffer layer thickness will lead to compressive stress from 2-D 

growth rather than 3-D island growth that create tensile stress at the grain boundary. 

Since Raman spectroscopy is sensitive to the stress in the GaN film, it was used as 

a major technique to measure the stress in the GaN films grown on sapphire substrate and 

the results will be presented in Chapter 3. 

1.2.3 GaN Growth on Si 

One of the advantages of using Si substrate instead of sapphire is its availability in 

large diameters.  Another advantage of Si is that the heat generated from the device can 

more easily drain because Si has much higher thermal conductivity (145 W/m K) than 

sapphire (5.43 W/m K).  GaN films are usually grown on Si (111) substrate because the 

hexagonal geometry (i.e., three-fold symmetry) of the Si (111) surface is better matched 
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with the basal plane of GaN.  The growth of GaN on Si (100) would be more challenging 

due to the different crystallographic structures.   For example, it was often observed that a 

mixture of cubic and hexagonal GaN grown on Si (100) substrate by MBE [As00].   GaN 

grown on Si (100) shows multiple in-plane alignments mainly composed of two in-plane 

domains rotated by 30° [Leb00, Sch04b]. 

GaN is usually grown by MOCVD on Si since it gives the most promising results 

and is suitable for mass production.  HVPE can also be used to grow GaN on Si.  The 

report of HVPE GaN growth on Si is, however, limited [Mas06, Zha05, Mes05, Yu05].  

A maximum crack-free thickness of HVPE GaN film grown on Si is 1.5 µm on 2 inch 

Si(111) [Zha05].  The results suggested that the crack generation is not much related to 

growth chemistry, growth rate, or reactor geometry.  Instead, it is more related to lattice 

mismatch and thermal expansion coefficient mismatch among GaN, buffer layer, and Si. 

The driving force for crack is the strong tensile stress in the film caused by lattice 

and thermal expansion differences between GaN and Si.  The origin of tensile stress 

within GaN film on Si substrate is not only from lattice and thermal expansion 

mismatches, but also from island coalescence boundaries due to the initial growth from 

small crystallites [Dad03].  Along with the brittleness of Si, sometimes cracks can 

penetrate into Si over 1 µm depth [Zam02]. 

A number of techniques such as AlN buffer layer [Dad03, Lia00, Sch05], AlN/SiC 

buffer [Lia00], AlGaN buffer layer [Wan05], multiple AlN interlayers [Kro03], AlGaN 

graded layer [Mar01, Abl05], AlGaN/HT-AlN [Sch05], AlGaN/GaN superlattice [Lia01], 

SiO2 patterning [Det01, Zam01, Zam02, Nao03], and Si doping in GaN [Yu06] were 
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used to reduce the crack density in GaN on Si.  Table 1-3 lists some of the techniques 

used for crack-free GaN growth on Si. 

Table 1-3. Techniques used for growth of crack-free GaN on Si. 
Crack reduction technique for GaN grown on Si Growth 

T (°C) 
Crack-free thickness 
(Crack-free area) 

Ref 

AlN/SiC buffer layer 
AlGaN/GaN superlattice on AlN/SiC/Si 

1050 1.3 to 1.5 µm 
(10 cm diameter) 

[Lia00] 
[Lia01] 

Multiple AlN interlayer on AlN buffer layer 
with in situ curvature measurement 

1145 7 µm [Kro03] 

AlGaN graded layer on HT(1160 °C)AlN 
(100 nm) buffer layer 

1050 2 µm [Abl05] 

In situ SiN mask (1.5 mono layer) on Si 
doped AlN buffer layer(25 nm) 

1165 0.75 µm [Dad03] 

Al0.58Ga0.42N buffer layer (180 nm) at 800 °C 1000 0.4 µm [Wan05]
AlGaN graded layer on AlN buffer layer (10 
to 500 nm) 

1050 0.7 to 1.6 µm [Mar01] 

9 µm 
(5 µm x 10 µm) 

SiO2 patterning 1100 

10 µm 
(100 µm x 100 µm) 

[Det01] 

Lateral confined epitaxy (prepatterned Si) 1020 0.7 µm 
(100 µm x 100 µm) 

[Zam02] 

Si doped GaN on AlN buffer layer (100 nm) 1000 < 1 µm [Yu06] 
 

Crack-free 1.3 to 1.5 µm GaN was successfully grown on 10 cm diameter Si (111) 

using AlN and SiC buffer layers [Lia00].  Further study showed that high crystal quality 

and smooth surface were achieved by insertion of AlGaN/GaN superlattice interlayers 

[Lia01].  The results showed that large diameter GaN growth on Si is promising.  

The typical crack-free thickness of GaN grown on large area Si is < 2 µm except 

one report showed 7 µm crack-free GaN grown on Si [Kro03].  However, the growth of 

large area (> 2” diameter) freestanding (> 100 µm thick) GaN on Si was not reported to 

date. 

An AlN buffer layer between GaN and Si is most widely used because the thermal 

expansion difference between AlN and Si is less than GaN and Si.  In addition, GaN 
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films on AlN will possess compressive stress during cooling that may compensate for the 

tensile stress. 

Unlike many reports of GaN growth on sapphire that uses either LT-AlN or LT-

GaN as a buffer layer, reports of LT-GaN buffer layer usage of GaN on Si were rarely 

found (i.e., [Mas06b]).  The benefit of LT-GaN buffer layer on sapphire may be the 

change of the surface property resulting in two-dimensional growth.  On the other hand, 

GaN on Si is under significant tensile stress.  Therefore, changing the surface property is 

necessary, and, in addition, artificial compressive stress generation is required to grow 

crack-free GaN film on Si.  It is evident that AlN and AlGaN are promising buffer layer 

materials between GaN and Si due to the compensation of tensile and compressive stress.  

It was found that the higher Al concentration in AlGaN buffer layer is better for 

subsequent GaN growth [Wan05]. 

Table 1-4 lists the structural properties of various substrates for GaN epitaxy.   It 

can be predicted that what kind of stress the GaN film will be under by comparing the 

lattice parameter and thermal expansion coefficient.   Tensile and compressive stress 

induced by lattice mismatch and thermal expansion mismatch are drawn in Figure 3-1. 

The other widely used technique is the growth of an AlGaN graded layer.  This 

method creates gradual changes in the stress in GaN films.  In addition, AlGaN graded 

layers reduce threading dislocations significantly [Mar01]. 

Other than stress engineering by buffer and interlayers, SiO2 patterning was also 

used to reduce cracking problems [Det01, Nao03, Zam01, Zam02].  Adopted from 

Epitaxial Lateral Overgrowth (ELO), grooved Si substrate was used as the substrate and a 

thin GaN layer was grown, followed by SiO2 patterning [Det01].  The growth of GaN on 
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prepatterned Si, termed Lateral Confined Epitaxy (LCE) [Zam01] was also studied.  

However, this technique did not create more promising results since GaN films tend to 

bend upwards (concave), although a crack-free region of 100 µm x 100 µm was reported 

[Zam02].  

Table 1-4.  Structural Properties of Various Substrates for GaN Epitaxy [Kan04]. 
Substrate Eg 

(eV) 
Lattice 
parameter 
a (Å) 

Lattice 
parameter c 
(Å) 

Lattice 
mismatch 
with GaN 
(%) 

Thermal 
expansion 
coefficient   
(10-6 K-1) 
a               c 

GaN – wurtzite 
InN - wurtzite 
AlN – wurtzite 
6H-SiC – wurtzite 
Al2O3 – wurtzite 
ZnO - wurtzite 
LiAlO2 – tetragonal 
LiGaO2 – orthorhombic 

3.36 
0.7 
6.2 
2.9 
6.8 
3.35 
6.1 
4.1 

3.189 
3.537 
3.112 
3.08 
4.758 
3.21 
5.1687 
5.402 

5.18 
5.704 
4.98 
15.1 
12.991 
5.21 
6.2679 
5.007 

0 
9.8 
2.5 
3.5 
16.1 
1.94 
1.5 
0.9 

5.6 
4.0 
4.2 
4.2 
7.5 
2.9 
7.1 
6 

3.17 
3.0 
5.3 
4.7 
8.5 
4.8 
7.5 
7 

3C-SiC – diamond 
GaAs – zinc blende 
Si (111) – cubic 
BP – zinc blende 

2.3 
1.42 
1.12 
2.0 

4.36 
5.65 
5.83 
4.54 

 3.9 
19.87 
17.0 
0.63 

2.7 
6.0 
6.2 

 

 
Another way of reducing cracks would involve creating weak cohesion between 

GaN and Si, so that the film can separate during the cooling process.  For example, ion 

implantation (N+) was carried out to intentionally create defective layer of AlN/Si 

substrate [Jam05].  This partially isolated the III-nitride layer and Si substrates and 

helped reduce the strain by up to 84 %.  A novel approach of creating weak cohesion 

between GaN and Si using InN as buffer material will be presented in Chapter 4. 

1.2.4 Growth of InN Films and Nanostructured Materials  

1.2.4.1 Growth of InN Films 

InN is the least studied material among the group III nitrides that are relevant to 

UV-visible-IR optoelectronics.  InN has high drift velocity at room temperature, which is 
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a good characteristic for high speed FET applications [Ole98].   In addition, tandem solar 

cells with Si at the bottom cell and a higher bandgap material (i.e., InxGa1-xN 1.85 eV) on 

the top cell can achieve a maximum efficiency of 32.1 % [Mat87]. 

Efforts have been made to grow InN crystals by MOCVD [Wak90, Sat97, Guo99, 

Yam94, Yam97, Yam99, Pan99, Yan02, Dra06, Mal04, Cha04, Sin04, Yam05, Yam04, 

Jai04, Los04, Yam05, Mal05, Hua05, Kel00, Yam01, Sug03], MBE [Abe93, Dav99, 

Lu01], HVPE [Iga92], laser assisted CVD [Bu93], as well as other less used processes.  

Most InN films were grown by MOCVD because MOCVD is a well-established 

technique especially when mass production is considered. 

The growth of high quality InN, however, was impeded by several factors.  Low (< 

700°C) growth temperature is required due to the very high nitrogen vapor pressure and 

strong tendency to form In metal droplets.  It is difficult to grow high quality material due 

to the reduced adatom mobility on the surface at low growth temperature.  In addition, 

due to the high kinetic barrier for breaking N-H bonds of NH3 [Seg04, Yum81, Liu78], 

excessive NH3 flow is required to compensate for the amount of active nitrogen.  

Excessive NH3 will form H2, and H2 is known to make InN growth less 

thermodynamically favorable [Kou99, Hua05, Dra06, Joh04j].  Thus, the growth rate of 

InN is very low compared to other group III nitrides. 

Another obstacle is the lack of suitable substrate for InN growth.  Sapphire and Si 

have been widely used substrates for InN because sapphire is a good substrate for group 

III nitrides in that the surface of sapphire can be changed to AlOxNy by nitridation.  Si has 

numerous advantages including the possibility of fabricating tandem solar cells.  The 

lattice mismatch between InN (0001) and Si (111) is about 8 %, while the lattice 
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mismatch between InN (0001) and c-Al2O3 is about 26 %.  It should be noted that when a 

lattice mismatch is greater than 0.8 %, dislocations will form at the interface.  Thus 

stating that an 8 % lattice mismatch is better than a 26 % mismatch with InN does not 

have much significance when critical thickness is concerned. 

It was found in early work that although Si has a smaller lattice mismatch than 

sapphire, the films grown on sapphire had superior quality after nitridation [Yam94].  

Nitridation process formed AlN on sapphire substrate [Ven99] and AlN has a 13 % lattice 

mismatch (c.f. Al2O3 has 26 % lattice mismatch with InN).  SixNy formation is known to 

prevent epitaxial growth of GaN on Si [Plo99].  Thus nitridation of Si substrate should be 

avoided. 

InN films were grown on Si(111) substrate without nitridation [Yan02].  To avoid 

SiN layer formation, TMIn was first introduced before NH3.  MOCVD with double zone 

heating was used to facilitate thermal cracking of NH3.  Growth temperature was varied 

from 350 to 600 ºC and a maximum of 6 µm/hr growth rate was achieved although the 

films over 1 µm thick cracked. 

For InN growth on sapphire, the optimal nitridation temperature and times were 

ambiguous.  For example, one report showed best results with 1000 ºC for 30 min 

[Pan99] and the other report proclaimed 1075 ºC for 5 min gave best results [Dra06]. 

To elucidate the effect of nitridation, the most useful method may be to observe the 

surface evolution during the growth in situ.  From in situ spectroscopic ellipsometry 

study of InN growth by MOVPE [Dra06], it was found that the nitridation at 1050 ºC for 

45 sec, or 1000 ºC for 300 sec would give the best quality film.  It may be concluded that 

lower nitridation temperature requires longer nitridation time. 
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The optimal growth temperature of InN is another ambiguity.  In fact, the 

temperature is not an exact value in practice because it depends on the places of 

thermocouples, thermocouple types, or the temperature measurement methods.  

Therefore, ~ 25 to 50 °C of temperature error is possible.  The highest reported growth 

temperature for InN was 750 ºC [Tak97].  The lowest growth temperature is not clearly 

reported because of the low quality of the material, but it may be approximately 350 ºC 

[Yan02] for MOCVD.   Typical InN growth temperature is around 450 to 650 ºC. 

It seems that the crystal grower’s golden rule, “the higher growth temperature, the 

better crystal quality,” holds for InN case as well.  The highest Hall mobility was 

reported from the sample grown at 600 ºC [Kel00].  The growth temperature at 650 ºC 

gave the best surface morphology [Yam01].  InN films grown at 620 ºC showed the best 

optical properties, whereas the samples grown at 600 ºC exhibited the best electrical 

properties.  Some reported that high growth temperature is destructive to InN because it 

begins to decompose.  For example, surface morphology of the InN was best at 550 ºC 

during the 520 to 590 ºC experiments [Yan02].  According to the other experiments, 560 

ºC grown samples showed the best quality among the 540 to 580 ºC [Jai04].  Thus, the 

optimal growth temperature determination is not clear yet.  It should be noted that 

optimal growth temperature is well above the decomposition temperature of InN as in the 

GaN case.  This result showed that InN decomposition and growth temperatures have a 

wide range of overlaps, about 230 ºC (520 ºC decomposition [Dra06] to 750 ºC growth 

[Tak97]). 

To find optimal growth conditions for InN film by H-MOVPE, exploratory study 

was carried out and the results are presented in Chapter 6.  It should be noted that during 
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the growth study in chlorinating environment [Kan04], InN columnar structured materials 

were observed and the growth conditions provided a good starting point for the growth of 

nanostructured materials.    

1.2.4.2 Growth of InN Nanostructured Materials 

The growth of InN nanostructured material is interesting since the hope is that 

devices made of nanostructures will have superior efficiency due to quantum 

confinement effects. The growths of InN nanorods and nanowires have been reported by 

several researchers [Ji05, Kim03, Che05, Qia05, Luo05, Cha05, Lia02, Yin04, Sch04, 

Lan04, Tan04, Sar05, Joh04, Yin04, Lan04, Vad05, Zha05, Shi05, Tak97]. 

InN nanowires have usually been grown by thermal catalytic CVD that usually uses 

Au as a catalyst.  For example, Liang et al. [Lia02] synthesized InN nanowires on gold 

patterned p-type Si (100).  Pure indium foil and NH3 were used as an indium and nitrogen 

sources, respectively.  The growth was performed at 500 ºC for 8 hrs and 40 to 80 nm 

diameter nanowires were created.  The band gap was 1.85 eV measured by PL.  

Zhang et al. [Zha02] fabricated anodic alumina membranes (AAM) and deposited 

Au catalyst to grow InN nanowires by electrodeposition.  The indium and nitrogen 

sources were pure indium powder and ammonia.  Despite the complex substrate 

preparation and the rather long growth time (12 hr), the InN nanowires were 

polycrystalline with rough surface morphology. 

Lan et al. [Lan04] produced InN nanorods using pure indium powder and NH3 as 

the indium and nitrogen sources in a hot wall quartz reactor. Au was sputtered on Si(100) 

substrates as the catalyst and good quality single crystal InN nanorods were produced. 

The band gaps of 0.766 eV and 1.9 eV were observed depending on the diameter of 

nanorods.  It was still arguable why there exist two distinct values. 
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The typical sources of In were In metal [Vad05, Zha05, Joh04, Tan04, Lan04, 

Lia02], In2O3 [Tan04, Sch04, Lan04, Yin04, Luo05], InCl3 [Tak97, Kim03], or TMIn 

[This work].  Sometimes a novel precursor, such as indium acetylacetonate, was used 

[Sar05].  Ammonia was mainly used as the nitrogen source since most other nitrogen 

sources are extremely flammable.  A less flammable nitrogen source, 

monomethylhydrazine (MMHy), was occasionally used [Tak97]. 

An external catalyst was not used to grow InN nanostructures in some cases 

[Che05, Luo05, Joh04, Vad05]; however it is possible that In liquid acted as a self-

catalyst.  For example, Johnson et al. [Joh04] reported InN nanowires on the quartz 

surface and indium metal surface.  Indium metal and NH3 were also used as the indium 

and nitrogen sources, respectively.  The growth was carried out at 700 ºC for 2 hrs and 50 

to 100 nm diameter nanowires were generated.  Although the morphology of the 

nanowires shows rather rough surface, the nanowires were single crystal and the band 

gap was 0.80 eV as measured by PL. 

The growth axis was usually along the [110] direction [Lia02, Yin04, Lan04, 

Tan04] and sometimes the [001] direction [Kim03, Joh04], suggesting that there was 

more than one growth mechanism that governs nanostructure growth. 

Nanostructures can be grown in a relatively wide range of temperature.  For 

example, nanowires were grown at T = 600 to 750 °C [Luo05, Sch04, Tak97], 565 to 590 

°C [Yin04], 525 °C [Tan04], 500 °C [Lan04]. 

Since InN nanowires may be of higher quality than InN films, there was strong 

motivation to determine the bandgap.  However, the bandgap measured from InN 

nanowires still showed wide ranges, although a majority of the results centered at 0.8 eV.  
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Both 1.9 eV and 0.8 eV bandgaps were detected as evidenced by the brown colored (30 

to 50 nm diameter) and black colored (50 to 100 nm diameter) nanowires [Lan04].  In an 

other case, both room temperature PL and optical absorption spectrum showed 0.8 eV of 

bandgaps from InN nanowires [Joh04a].  The bandgap was also measured from InN 

nanowires and two distinctive peaks of 0.8 eV and 1.9 eV were detected from the InN 

and In2O3 mixture [Vad03].  A higher bandgap (1.9 eV) was still detected from InN 

nanowires grown on Anodic Alumina Membrane (AAM), using direct reaction of In 

metal with NH3 [Zha05].  Nanowires grown by nitridation of In2O3 powders without 

catalyst showed a 1.7 eV bandgap [Luo05].  Another medium bandgap of 1.1 eV 

(FWHM 105 meV) was measured by PL from aligned wurtzite polycrystalline InN 

nanofingers [Ji05].  A bandgap of 1.1 eV was also obtained by calculation from InN 

nanotubes based on Density Functional Theory (DFT) considering stability and electronic 

structures of single walled (SW) InN nanotubes [Qia05].  On the other hand, other 

calculations showed 0.8 to 0.9 eV [Bec02] from wurtzite InN.   

Further investigation is required to conclude the correct bandgap of InN as well as 

the reasons for the wide range of bandgap values. 

In this study, InN nanostructured material growth optimizations were carried out by 

H-MOVPE and the results are presented in Chapter 5. 

As an exploratory work, GaN nanostructured material was tested to grow by H-

MOVPE and some results are shown in Chapter 7 followed by recommended future work 

in Chapter 8. 
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CHAPTER 2 
CHEMICAL EQUILIBRIUM ANALYSIS OF H-MOVPE SYSTEM 

2.1 Introduction 

Although the Hydride Metalorganic Vapor Phase Epitaxy (H-MOVPE) technique 

has proven to be a promising and versatile technique to synthesize III-V compound 

semiconductors, the chemistry of H-MOVPE is not currently well understood.  

Experimental definition of the gas phase and heterogeneous reactions are noticeably 

absent, mainly due to the difficulty of dealing with corrosive gases, such as HCl.  In 

addition, hot furnace walls and wall deposition during growth also obstruct the use of 

optical in situ measurements.  An alternative way to study the chemical reactions 

involving the H-MOVPE technique is through simulations, and the most straightforward 

is chemical equilibrium analysis. 

Thermodynamic analysis can give insight into which gas phase and condensed 

phase species will be present without detailed knowledge of molecular structures or 

reaction kinetics.  Because reaction kinetics is excluded, the result in some cases may not 

represent the actual chemistry.  It can, however, give an approximate idea of which 

species will be dominant under various conditions. 

Reed [Ree02] calculated the mole fractions of gas and condensed phase species at 

equilibrium in the H-MOVPE system for GaN growth by varying temperature, Cl/Ga 

ratio, and NH3 flow rates.  It was found that the calculated results matched well with 

experiments when Ga(l) is excluded from the system.  It was also found that Cl acted as a 

gallium sink and H (from NH3) acted as a carbon scavenger. 
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In this chapter, more species have been added into Reed’s database.  The newly 

incorporated species includes not only Ga, but also In containing species.  The database 

also contains metalorganics and adducts.  The aspects of two main reactions can be 

compared: Group III chloride formation versus metalorganic decompositions.  One of the 

goals for this study is to see whether H-MOVPE is closer to MOVPE or HVPE after 

metalorganics + HCl reactions.  If the results are known, the consecutive chemistry will 

be clearer because both MOVPE and HVPE chemistry are well studied. 

2.2 Thermochemical Data Collections 

Great care should be taken when selecting and adding new thermochemical data.  

The inclusion of one erroneous data point or exclusion of one important species may 

render the calculation results inapplicable.  Most data for well-identified traditional 

species in the Ga-In-C-H-Cl-N system are from the Thermo-Calc SUB94 database. Most 

data for well-known species from SUB94 have passed the self consistency test as well as 

2nd and 3rd law verifications with experimental data. 

Species that are commonly included in a complex equilibrium analysis of 

subsystems in the Ga-In-H-C-Cl-N system are listed in Table 2-1.  In this Table, a 

number of gas phase species are categorized by Ga, In, and Cl containing species, with 

other species such as hydrocarbons, and the species that are only composed of C, N, or H.  

Condensed phases are also organized in the same way as the gas phase.  It should be 

noted that although some species may not exist in the H-MOVPE system, they were not 

excluded from the database.  Trace species were traditionally excluded to save 

computation time.  Now, with advancements in computing power, there is no need to 

exclude non-significant species, as long as the correct thermochemical data are used.  In 
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addition to the data from SUB94, critically assessed data for GaN and InN were used 

from [Unl03] and [Lei04], respectively. 

Table 2-1. Commonly considered species in Ga-In-H-C-Cl-N system from SUB94 
database. 

Ga containing 
species 

Ga, Ga2, GaH, GaCl, GaCl2, Ga2Cl2, Ga2Cl4, Ga2Cl6, GaCl3 

In containing 
species 

In, In2, InH, InCl, InCl2, In2Cl2, InCl3, In2Cl4, In2Cl6 

Cl containing 
species 
(excluding III 
chlorides) 

CCl, CHCl, CH2Cl, CH3Cl, CNCl, CCl2, CHCl2, CH2Cl2, 
CCl3, CHCl3, CCl4, C2Cl, C2HCl, C2H3Cl, C2H5Cl, C2Cl2, 
C2H2Cl2, C2H4Cl2, C2Cl3, C2HCl3, C2H3Cl3, C2Cl4, C2H2Cl4, 
C2Cl5, C2HCl5, C2Cl6, C6H5Cl, Cl, HCl, Cl2 

Other species CH, HCN, CH2, CH3, CH4, CN, CN2, C2, C2H, C2NH, C2H2, 
C2H3, C2H4, C2H5, C2H6, C2N, C2N2, C3, C3H, C3NH, C3H4, 
C3H6, C3H8, C3N, C4, C4H10, C4H2, C4H4, C4H6, C4H8, C4N, 
C4N2, C5, C5NH, C5H8, C5N, C6H6, C6N, C6N2, C7NH, C7N, 
C8N, C8N2, C9NH, C10N, C10N2, C11NH, C11N, C12H26, H, 
NH, N3H, H2, NH2, N2H2, N, N2, N3, NH3, N2H4 

Gas Phase 

Ga containing 
species 

GaCl3(l), Ga(l), GaCl3(s), GaN(s)*, Ga(s) 

In containing 
species 

InCl(l), InCl3(l), In2Cl3(l), In3Cl4(l), In4Cl7(l), In(l), InCl(s), 
InCl(s2), InCl2(s), InCl3(s), In2Cl3(s),In3Cl4(s), In4Cl7(s), 
InN(s)**, In(s)  

Cl containing 
species 

CCl4(l), C6H5Cl(l), NH4Cl(l), NH4Cl(s1), NH4Cl(s2) 

Condensed 
Phases 

Other species C(l), C(graphite), Diamond 

* GaN(s) thermochemical data was replaced with assessed data in [Unl03] 
** InN(s) thermochemical data was replaced with assessed data in [Lei04] 
 

The data for metalorganics (MOs) and adducts were obtained from Przhevalskii et 

al. [Prz98] and listed in Table 2-2.  Since some of thermochemical data for MOs and 

adducts are calculated, it is necessary to validate the data.  Values of ∆H°298, S°298, and 

Cp for all the species used in the calculations plus Al containing species are listed in 

Appendix A. 
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 Table 2-2. Additionally included gas phase species from [Prz98]. 

Ga 
containing 
species 

Ga(CH3)3, GaCH3, Ga(CH3)3NH3, GaCH3NH, GaNH3, 
[Ga(CH3)2NH2]3, GaCl3NH3, GaH2, GaH3, (GaCH3NH3)3, 
(GaN)3* 

Gas Phase 

In containing 
species 

In(CH3)3, InCH3, InH2, InH3 

* The gas phase ring-shaped (GaN)3 species was eliminated due to inconsistency in the 
results. See section 2.3.1. 
 

2.3 Chemical Equilibrium Calculations 

There are two main ways of computationally determining the equilibrium state:   

stoichiometric and non-stoichiometric algorithms [Smi68].  In the stoichiometric 

approach, the total Gibbs energy of the system is minimized by solving the set of linear 

equations produced by introducing the stoichiometric constraints [Mey84].  In the non-

stoichiometric approach, the system of nonlinear equations produced for the equilibrium 

expressions for each reaction in an independent set of reaction is solved. 

In this work, Thermo-Calc is used to solve for the equilibrium states.  Users need to 

define atoms and provide initial atomic ratios, temperature, and pressure for equilibrium 

calculations.  The software will generate all possible molecules by combination of 

defined atoms, as long as they exist in the database.  After that, the mole fractions of all 

the species are calculated and iterated to find the minimum total Gibbs energy of the 

system.  Therefore, it is important to make sure that all the thermochemical data in the 

database are valid.  One way of checking the validity is by computing well-known 

equilibria. 

2.3.1 Thermochemical Data Verification 

Starting with established databases, the species list was expanded by review of the 

literature for the Ga-In-C-H-Cl-N system.  To verify the newly included data, well-
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known problems were solved to check the consistency.  For that purpose, the In-N and 

Ga-N phase diagrams were generated.  

 
Figure 2-1. Phase diagram of In-N systems at P = 0.1 MPa and experimental InN 

decomposition data. 

The decomposition temperatures of InN were measured as 638 K by drop 

calorimeter [Lei04], 773 K by thermogravimetric analysis (TGA) [Ond02], and 868 K by 

thermogravimetry-differential scanning calorimetry (TG-DSC) [Gao03].  The calculated 

decomposition temperature of InN is 1211 K using SUB94 database.  In addition, the 

maximum experimental InN growth temperature is around 973 K (700 °C) according to 

Chapter 5 and 6 of InN growth study.  Therefore, assessment of InN Gibbs energy is 

required for equilibrium calculations.  At this point, the data from [Lei04] is used since it 

was critically assessed data with experiments.  However, it should be noted that the 

decomposition temperature and growth temperature have a large overlap due to the 

kinetic barriers.  When equilibrium calculation is needed including InN at the growth 

temperature, the Gibbs energy of InN should be lowered to consider kinetic barrier for 
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decomposition.  In this case, the data from [SUB94] was used as presented in Section 

2.3.2.4. 

All the newly included species gave results consistent with previously known 

results for GaN, except for the ring-shaped trimer (GaN)3(g) species.  Figure 2-2 shows 

the calculated ∆G values for Ga(l) + 1/2 N2(g) = GaN(s) and Ga(l) + 1/2 N2(g) = 

1/3(GaN)3(g) reactions.  The ∆G value for (GaN)3(g) formation reaction is significantly 

lower than GaN(s) formation reaction showing that (GaN)3(g) is more stable species than 

GaN(s).  However, the existence of (GaN)3(g) was never confirmed by experiment and 

the thermochemical data was calculated using estimated parameters [Prz98].  Therefore, 

it would be reasonable to conclude that a kinetic barrier exists for formation of (GaN)3 or 

the data for (GaN)3 is incorrect.  Ga-N phase diagram was generated excluding 

(GaN)3(g), as shown in Figure 2-3. 

 

 
Figure 2-2. Calculated ∆Grxn for GaN(s) and (GaN)3(g) formation reactions. 
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Figure 2-3. Phase diagram of Ga-N systems at P = 0.1 MPa. The data for GaN is from 

[Unl03] 

Otherwise, all the new species including MOs and adducts from [Prz98] were 

added to the database and used for the subsequent equilibrium calculations. 

2.3.2 Complex Chemical Equilibrium Calculations 

2.3.2.1 Ga-C-H-Cl-Inert System 

It will be informative to see the gas phase species after the reaction between TMG 

and HCl in N2 carrier gas since no experimental results are available.  Hence, the Ga-C-

H-Cl-Inert (N2) system was analyzed first.  The schematic of the H-MOVPE inlet is 

shown in Figure 2-4. 

 
Figure 2-4. Schematic of the inlet of H-MOVPE technique for GaN growth. 

 

1110 K [Unl03]
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TMG, HCl, and N2 (inert) were mixed to form gas phase species before reacting 

with NH3.  Although NH3 is present in the outer tube, it does not interact with TMG and 

HCl until a certain residence time, since they are separated by the quartz wall.  Therefore, 

only the TMG + HCl + N2 system will be only considered here. 

The base conditions of molar flow rates in the source zone for GaN growth by H-

MOVPE are listed in Table 2-3.  It should be noted that the atomic ratios are not 

independent, since TMG is composed of 1 Ga, 3 C, and 9 H atoms; HCl is composed of 1 

H and 1 Cl atom.  Therefore, X(C) = 3 x X(Ga) and X(H) = 9 x X(Ga) + X(Cl) conditions 

must be satisfied. 

Table 2-3. Base inlet conditions for sources for GaN growth and atomic mole fractions 
for calculation. 

Precursors Flow rate Flow 
rate/0.7 

Atom # of Atoms X(Atom) Mole fraction 

TMG 0.7 sccm 1 Ga 1 X(Ga) 0.00066 
HCl 0.7 sccm 1 C 3 X(C) 0.00198 

H 10 X(H) 0.00660 
Cl 1 X(Cl) 0.00066 
Inert 1500 X(Inert) 0.99010 

Inert (N2) 1050 sccm 1500 

Total 1514 Total 1 
 

N2 as a product of NH3 decomposition was treated as an active N source, which 

may react with a Ga species to form GaN in equilibrium calculations.  For example, 

GaN(s) can be formed by Ga(l) and N2(g) in equilibrium calculation.  The source of 

reactive N is only NH3 and its intermediate products.  The carrier gas, N2, was thus 

treated as an inert species, thus all N in the inlet NH3 was available for reaction; 

including the product N2.   

Helium (He) was used instead of carrier N2.  The use of different inert gas such as 

Ne or Ar would give the same results since they are not participating in the reaction.  The 

role of inert gas in equilibrium calculation is related to gas mixture entropy.   
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Figure 2-5. Equilibrium partial pressures of gas phase molecules and mole fractions of 

condensed phases with respect to the temperature in Ga-C-H-Cl-Inert system. 
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In addition, total pressure and system temperature values P = 1 atm and T = 573 K 

were used as the base conditions for calculations of the source zone performance. 

Figure 2-5 shows the calculated equilibrium partial pressures of gas phase species 

in the Ga-C-H-Cl-Inert system, with respect to the temperature.  In this figure Cl/Ga was 

set to 1 and the calculation axis was T = 430 to 1000 K. 

The most predominant Ga containing gas species was GaCl above 530 K and GaCl3 

below this temperature.   The amount of GaCl exceeded the amount of CH4 at 580 K.  

The partial pressure of the second dominant species, GaCl3, decreased at temperatures 

higher than 500 K.  It was also observed that the amount of HCl gas increased up to 600 

K and did not change at temperatures higher than 600 K.  The partial pressure of 

monomethylgallium (MMG; GaCH3), the most dominant organometallic species, 

increased with temperature.  However, the amount of MMG was about 10-6 times less 

than GaCl even at 1000 K.  Therefore, the effect of using TMG instead of liquid Ga as 

the Ga source is negligible, other than adding C to the system. 

 In this sense it is concluded that the H-MOVPE technique is closer to traditional 

HVPE rather than the MOCVD technique. 

Two condensed phase were present at equilibrium; C (graphite) and Ga(l).  

Experimental observation of black deposition in H-MOVPE inlet confirmed that the 

black deposition is composed of C (graphite) hollow tubes filled with Ga [Par05].  To 

prevent black deposition, a small amount of H2 should be added to N2 carrier gas, which 

is consistent with Park’s result [Par05].  Figure 2-6 shows the equilibrium partial 

pressures and condensed phase mole numbers with respect to X(H)/{X(Inert)+X(H)}.   
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Figure 2-6. Equilibrium partial pressures of gas phase molecules and mole fractions of 

condensed phases with respect to X(H)/{X(Inert) + X(H)} in Ga-C-H-Cl-Inert 
system at P = 1 atm, T = 573 K, Cl/Ga = 1. 
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For this calculation, T was set at 573 K and X(H) was varied from 0.0066 to 0.9901 

(not 0 to 1) because H and inert gas are always present with NH3 and HCl (10 % HCl and 

90 % N2 (Inert)).  It was noted that the amount of C (graphite) decreased rapidly with 

increasing H2, primarily through formation of CH4.   These thermodynamic calculation 

results agreed well with the experimental results from Park [Par05].  It is also noted that 

small amount of Ga(l) exists. 

With increasing amount of H2, the partial pressures of the gas phase species did not 

change significantly.  It is also noted that the major species partial pressures showed a 

gradual increase with increasing H fraction.   

It should be noted that the amount of GaCl3 changed significantly with both temperature 

and Cl/Ga ratio, but not with H2 since the partial pressure of GaCl or GaCl3 exceeded that 

of HCl, the most dominant Ga or Cl containing species. 

The equilibrium partial pressures of the gas phase molecules and condensed phase 

mole fractions with respect to Cl/Ga ratio are shown in Figure 2-7.  The amount of GaCl 

and GaCl3 crossed at around Cl/Ga = 2.  Furthermore, the amount of HCl prevailed over  

GaCl3 at Cl/Ga = 4.  The experimental results from Reed [Ree02] showed that the growth 

rate remained nearly constant from Cl/Ga = 0 to 3, then declined rapidly, falling to zero at 

near HCl/Ga = 4.  This also is reasonably matched with thermodynamic predictions.  

From the experimental observation of the growth rate, GaCl appeared to be the main 

precursor to grow GaN rather than GaCl3.  In the condensed phase, the amount of C 

(graphite) did not change with HCl.  In fact, the only C and Cl containing gas phase 

species is CH3Cl, which has very low partial pressure at Cl/Ga = 4.   
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Figure 2-7. Equilibrium partial pressures of gas phase molecules and mole fractions of 

condensed phases with respect to X(Cl)/X(Ga) ratio 1 to 4 in Ga-C-H-Cl-Inert 
system at P = 105 Pa, T = 573 K. 
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Therefore, to prevent C contamination, H2 carrier gas or, at least, a mixture of H2 gas is 

recommended.  In addition, the amount of Ga (liquid) rapidly dropped with Cl/Ga > 1.  

According to these calculation results, small amounts of H2 (~ 4 %) and excess HCl 

(Cl/Ga > 1) are required to grow Ga droplet-free and C-free GaN films. 

2.3.2.2 Ga-C-H-Cl-N System 

The growth of GaN by H-MOVPE in H2 carrier gas can be considered as a Ga-C-

H-Cl-N system, as shown in Figure 2-8.  To calculate the growth conditions of GaN, the 

Gibbs energy of GaN should be modified, as GaN is thermodynamically unstable at 

typical growth temperature.  For example, the calculated GaN decomposition temperature 

was 1055 K using the Gibbs energy of GaN recommended by Unland et al. [Unl03].  It 

was found that the decomposition temperature of GaN linearly increases with decreasing 

the Gibbs energy of GaN by Thermo-Calc calculations.  Assuming that the 

decomposition temperature of GaN is 1500 K, 49 kJ/mole was subtracted from the Gibbs 

energy of GaN [Unl03]. 

 
Figure 2-8. Schematic of H-MOVPE for GaN growth: Ga-C-H-Cl-N system.  N is 

present and H2 is used as a carrier gas in the system compared to Figure 2-4. 

The experimental inlet conditions for GaN growth were from [Ree02], including 

TMG = 2.2 sccm, HCl = 4.4 sccm, NH3 = 500 sccm, and H2 = 1600 sccm.  Therefore, the 
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Cl/Ga and N/Ga ratios were 2 and 230, respectively.  Given an initial atomic mole 

fraction of Ga, (X(Ga) = 4.2 x 10-4 = base), the other elements’ atomic mole fractions are 

calculated by  X(C) = 3 x X(Ga), X(Cl) = 2 x X(Ga), X(N) = 230 x X(Ga), and X(H) = 1 

– X(Ga) – X(C) – X(Cl) – X(N).  The growth-etch transition temperatures were thereafter 

calculated by changing Cl/Ga ratio from 0 to 10.   

 
Figure 2-9. Calculated growth-etch transition temperature as a function of Cl/Ga ratio.  

N/Ga ratio was set at 230. 

Figure 2-9 shows the calculated growth-etch transition temperature.  It was 

observed that Ga(l) and GaN coexisted when Cl/Ga < 0.1 and that the upper growth 

temperature decreased with increasing Cl/Ga ratio.  It is also noted that carbon appeared 

under certain conditions, but is not listed in this figure. The maximum growth-etch 

transition temperature was 1371 K at Cl/Ga = 0 in case of N/Ga = 230. 

Further calculations were carried out to focus on the Ga(l) – GaN coexistence 

conditions by varying N/Ga ratio (200, 300, 400, 500, and 600) and Cl/Ga ratio 

(continuously from 0 to 0.5), as seen in Figure 2-10.  The decomposition temperature 

increased from 1371 to 1395 K with increasing N/Ga ratio from 200 to 600, as the N 

partial pressure increased.  

(GaN) 

(gas) 
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Figure 2-10. Calculated transition of growth-etch and Ga(l) formation as a function of 

temperature and Cl/Ga ratio.  N/Ga ratio was varied from 200 to 600. 

This is expected since adding excess N relative to Ga will form the more stable GaN.  It 

was found that the Ga(l) + GaN coexistence regime becomes narrower with increasing 

N/Ga ratio and completely disappears at N/Ga = ~ 600.  This is the N/Ga ratio 

thermodynamic limit to avoid Ga droplet in MOCVD (Cl/Ga = 0).  Since the N/Ga ratio 

for GaN growth is typically much higher than 600 in MOCVD, Ga(l) was not usually 

observed.  A more or less linearly decreasing trend of growth-etch transition temperature 

was observed when Cl/Ga was higher than 0.2 regardless of N/Ga ratio.  As Cl is added 

to the system, it primarily appears as GaCl at the elevated temperature, thus making less 

available for formation of GaN. 

2.3.2.3 In-C-H-Cl-Inert System 

Similar calculations were performed to analyze the inlet of H-MOVPE for InN 

growth in inert ambient.  Figure 2-11 shows the schematic of the inlet for InN growth.  

TMI first reacts with HCl in N2 (inert) carrier gas before reacting with NH3.  Therefore 

the TMI + HCl + N2 (inert), or the In-C-H-Cl-Inert (He) system was analyzed to 

(gas only) 

(GaN + gas)
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determine the equilibrium gas and condensed phase species.  The base flow rates of TMI, 

HCl, and N2 were 0.7 sccm, 0.7 sccm, and 1050 sccm (6.3 sccm with 10% HCl + 200 

sccm diluted with HCl + 269 sccm with TMI + 200 sccm diluted with TMI + 375 sccm 

carrier = 1050 sccm), respectively.  Therefore, Cl/In = 1, Inert/In = 1500, P = 1 atm, and 

T = 573 K were used as the base conditions for calculation.  It should be noted that C/In 

ratio is always 3, because TMI is composed of 1 In, 3 C, and 9 H.  The number of H 

atoms is coupled with 9 TMI and 1 HCl.  In other words, the relationship X(C) = 3 x 

X(In) and X(H) = 9 x X(In) + X(Cl) should be always satisfied.  The initial atomic mole 

fractions for In-C-H-Cl-Inert system are tabulated in Table 2-4. 

 
Figure 2-11. Schematic of the inlet of H-MOVPE technique for InN growth. 

Table 2-4. Typical growth conditions for InN and atomic mole fractions for calculation. 
Precursors Flow rate Flow 

rate/0.7 
Atom # of Atoms X(Atom) Mole fraction 

TMI 0.7 sccm 1 In 1 X(In) 0.00066 
HCl 0.7 sccm 1 C 3 X(C) 0.00198 

H 10 X(H) 0.00660 
Cl 1 X(Cl) 0.00066 
Inert 1500 X(Inert) 0.99010 

Inert (N2) 1050 sccm 1500 

Total 1514 Total 1 
 

Figure 2-12 shows the equilibrium partial pressures and condensed phase mole 

numbers with respect to temperature at Cl/In = 1.  The calculation axis was T = 430 to 

1000 K. 
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The most predominant In containing species was InCl.  However, the second 

dominant In containing species was not InCl3, as compared to the second most abundant 

gas species in the Ga based system, GaCl3.  Instead of InCl3, In2Cl2 (the dimer of InCl) 

had higher partial pressure (105 times higher than InCl3) at T = 480 to 700 K.  The partial 

pressure of InCl3 decreased at temperatures higher than 480 K.  Although TMI and MMI 

thermochemical data were included during the calculation, they were not observed in the 

results.  The lowest limit of partial pressure calculation was set as 10-17 atm, thus it can be 

inferred that TMI and MMI have less than 10-17 atm partial pressure.  As a result, it can 

be concluded that H-MOVPE is closer to HVPE than MOCVD in both InN and GaN 

growth cases. 

For condensed phases, carbon (graphite) and In (liquid) were dominant and the 

amount of In(l) decreased with temperature.  Deposition of a black material in the inlet 

was occasionally observed during the growth of InN especially when the inlet 

temperature was too high.  Even though a detailed analysis of this black material at the 

inlet during InN growth was not carried out, it likely consists of C (graphite) and In 

droplets.  To avoid C and In contaminations, similar methods can be used such as 

addition of H2 and excess HCl for C and In elimination, respectively. 

The effect of H2 carrier gas was analyzed by increasing the initial atomic H mole 

fractions.  Figure 2-13 shows the equilibrium partial pressures and the amount of 

condensed phase species with respect to the relative amount of H compared with inert 

gas, or X(H)/{X(H) + X(inert)}.  Comparing Figures 2-13 and 2-5 it is noted that the 

amount of Ga(l) is about an order of magnitude greater than that of In(l) at similar 

conditions.   
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Figure 2-12. Equilibrium partial pressures of gas phase molecules and mole fractions of 

condensed phases with respect to the temperature in In-C-H-Cl-Inert system. 
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Figure 2-13. Equilibrium partial pressures of gas phase molecules and mole fractions of 

condensed phases with respect to X(H)/{X(Inert) + X(H)} in In-C-H-Cl-Inert 
system. 
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Figure 2-14. Equilibrium partial pressures of gas phase molecules and mole fractions of 

condensed phases with respect to X(Cl)/X(In) ratio 1 to 4 in In-C-H-Cl-Inert 
system. 



53 

 

The gas phase species did not change greatly, except for H2 and other inert gases. An 

increase of InH was observed; however, the amount of InH was extremely small (10-15 

atm), thus the role of InH was negligible. 

Figure 2-13 shows the equilibrium partial pressures and the amount of condensed 

phase species with respect to the relative amount of H compared with inert gas, or 

X(H)/{X(H) + X(inert)}.  Comparing Figures 2-13 and 2-6 it is noted that the amount of 

Ga(l) is about an order of magnitude greater than that of In(l) at similar conditions.  The 

gas phase species did not change greatly, except for H2 and other inert gases. An increase 

of InH was observed; however, the amount of InH was extremely small (10-15 atm), thus 

the role of InH was negligible. 

One of the advantages of H-MOVPE technique is the variation of Cl/In ratio.  

Therefore, it is interesting to see the effect of Cl/In ratio.  The Cl/In ratio was varied from 

1 to 4 and the results are shown in Figure 2-14.  The predominant In containing species 

were InCl and In2Cl4 (dimer of InCl2) through Cl/In = 1 to 4 and the amount of HCl, 

InCl, and In2Cl4 reversed at Cl/In > 2.  Therefore, an etching effect is expected due to the 

HCl when Cl/In > 2.  The amount of In(l) drops rapidly near Cl/In = 1, and no In(l) exists 

at Cl/In > 1 and the amount of C (graphite) did not change with Cl/In ratio.  To eliminate 

C contamination, H2 should be added in the system. 

2.3.2.4 In-C-H-Cl-N-Inert System 

Thermodynamic calculations were carried out to understand the gas phase and 

condensed phase species for InN growth by H-MOVPE.  Figure 2-15 shows the 

schematic of the H-MOVPE system using TMI, HCl, NH3, and N2 (inert) as precursors.  

This can be thought as an In-C-H-Cl-N-Inert system.  It will be informative to see the 
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InN growth-etch conditions with change in temperature, Cl/In, and N/In molar ratios 

since they are the most important growth parameters. 

 
Figure 2-15. Schematic of H-MOVPE inlet with In-C-H-Cl-N-Inert system for 

thermodynamic calculations.  N is present in the system compared to Figure 
2-11. 

In the equilibrium growth-etch regime calculation, the thermochemical data for 

solid InN was taken from SUB94 database instead of using the data from [Lei04], since 

the decomposition temperature of InN (686 K) from [Lei04] is too low for InN.  

Therefore, InN is thermodynamically more unstable at growth temperature with 

expressions proposed by [Lei04] as compared to that from the SUB94 database.  This is 

equivalent to lowering the Gibbs energy by about 68.5 kJ/mole. 

The initial process parameters for InN growth used in this calculation were TMIn = 

1 sccm, HCl = 4 sccm, NH3 = 250 sccm, and Inert = 2286 sccm.  Actual process 

parameters were about 0.7 times less than the given values, for example TMIn = 0.7 

sccm.  However, they were increased by 1/0.7 times for ease of calculation.  Therefore, 

the initial atomic mole fractions were X(In) = 3.024 x 10-4, X(C) = 3 x X(In), X(Cl) = 4 x 

X(In), X(N) = 250 x X(In), X(H) = 9 x X(In) + X(Cl) + 3 x X(N), and X(Inert) = 1 – 

X(In) – X(C) – X(Cl) – X(N) – X(H).  To carry out the calculation Cl/In and N/In ratios 

were varied and the growth-etch transition temperatures were determined. 
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As shown in Figure 2-16, the growth-etch transition temperature decreased with 

increasing Cl/In ratio.  When Cl/In ratio > 1, the added HCl to the system shifts the 

equilibrium compositions of InClx in the vapor phase, and thus it lowered the transition  

 
Figure 2-16. Calculated growth and etch regime with respect to temperature and Cl/In 

ratio.  N/In ratio was varied from 100 to 7000. 

temperature.  As the Cl/In ratio decreases towards unity, the Cl is now not in large excess 

but approaches the stoichiometry of the dominant vapor phase In species, InCl.  Thus a 

small decrease in the Cl/In ratio frees a relatively higher proportion of the In for 

participation in growth.  For Cl/In ratio less than unity, there is not sufficient Cl to retain 

the In in the vapor phase and In is now available to form InN.  The temperature of the 

horizontal line for a given N/In ratio is the thermal decomposition temperature, which 

increases with increasing N/In as expected.  In(l) was observed as a product of thermal 

decomposition reaction below the horizontal lines. 

The companion plots of transition temperature vs. N/In atomic ratio are shown in 

Figure 2-17.  The results suggest that the transition temperature increased with increasing 

600

700

800

900

1000

1100

1200

0 1 2 3 4 5 6 7 8 9 10
Cl/In ratio

Te
m

pe
ra

tu
re

 (K
)

N/In = 100
N/In = 250

N/In = 500
N/In = 1000

N/In = 7000
N/In = 100

N/In = 250
N/In = 500

N/In = 1000

N/In = 7000

Growth

No growth
(Etch)In(l) 

+ 
InN 
+ 

Gas 

(GaN + gas) 

Etch (gas only) 



56 

 

N/In ratio to an asymptotic limit.  It is noted that the calculations were only performed for 

seven HCl/TMIn ratios, each greater than unity.  Increasing the N at constant HCl and 

TMIn input increases the ability of N to compete with Cl for the In.  Increasing the N 

through the addition of NH3 also increased the H in the system, which also competes with 

In for the Cl to increase the driving force for InN formation.  

 
Figure 2-17. Calculated growth and etch regime with respect to temperature and Cl/In 

ratio.  Cl/In ratio was varied from 1.1 to 10. 

Figure 2-18 (a) shows the expanded views of the near horizontal lines at high N/In 

ratios: 4.0 x 104 to 7.0 x 104.  It was observed that both Cl/In and N/In ratios affect In 

droplet formation significantly.  When N/In ratio was 4.0 x 104, Cl/In ratio should be 

higher than 0.4 to avoid In droplet formation.  When N/In ratio was increased to 5.0 x 

104, the minimum Cl/In ratio to avoid In droplet formation was decreased to 0.3, and so 

on.  Figure 2-18 (b) shows the extended calculation results that include N/In ratio from 

100 to 7.8 x 104 and Cl/In ratio from 0 to 1.  Higher N/In ratio lowered the minimum 

Cl/In ratio to avoid In droplet formation, which is consistent with the previous results.  It 

was noted that at N/In ratio ~ 7.8 x 104, no In droplet existed, even though no HCl was 

present (Cl/In ratio 0).   
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Figure 2-18. Calculated results of the growth, no growth (etch), and In droplet regimes 

(a) Cl/In = 0 to 0.5, N/In = 4.0 x 104 to 7.0 x 104, (b) Cl/In = 0 to 1, N/In = 1.0 
x 103 to 7.8 x 104, and (c) In droplet etching conditions at T = 1153 K, P = 105 
Pa. 

(c) 
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Cl/In ratio 
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Therefore, In droplet formation can be avoided when the N/In ratio is higher than 7.8 x 

104.  Experimental results of InN growth by MOCVD showed that In droplets formed 

when the NH3/TMIn ratio was less than 1.6 x 104 [Mat97].   

Although In droplets were not observed when N/In ratio was higher than 1.6 x 104, the 

rough surface may be related to In droplet formation. The surface of InN was mirror-like 

when N/In ratio was higher than 8.0 x 104, which may represent the complete removal of 

In droplets during growth [Mat97]. 

The decomposition temperature of InN did not change while the N/In ratio changed 

from 3.0 x 104 to 7.8 x 104; however, the minimum Cl/In ratio to avoid In droplets 

decreased at higher N/In ratio.  These results are shown in Figure 2-18(c).  It is clear that 

In droplet formation can be avoided by either increasing N/In ratio or increasing Cl/In 

ratio.  Both of these changes provide reactant for In(l) (N to form InN or Cl to form 

InCl(g)).  A key finding is that the determination of the minimum N/In ratio, 7.8 x 104, to 

avoid In droplet formation by the MOCVD technique (Cl/In ratio = 0). 

In the following, the decomposition temperature change was examined when the 

N/In ratio was higher than 7.8 x 104.  Figure 2-19 (a) shows the result when the Cl/In 

ratio was 0.  Notice that the N/In ratio axis is a logarithmic scale.  The transition 

temperature decreased with increasing N/In ratio, as long as N/In > 7.8 x 104.  The reason 

for this phenomenon is related to the gas phase species, InH.  The partial pressures of InH 

(PInH), in fact, decreased with increasing N/In ratio.  For example, PInH were 7.975 x 10-7, 

9.456 x 10-8, and 1.125 x 10-8 atm for N/In ratio 105, 106, and 107, respectively.  This is 

expected since the initial atomic mole fraction of In, X(In), was reduced to increase the 

N/In ratio.  The initial X(In) values were 2.486 x 10-6, 2.499 x 10-7, and 2.5 x 10-8 for 
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N/In ratio 105, 106, and 107, respectively.  Therefore, the ratios of PInH to X(In) were 

taken to compare reasonable with the relative effect of InH.  PInH/X(In) ratios were 0.321, 

0.378, and 0.450 atm for N/In ratio 105, 106, and 107, respectively.  Thus, it can be 

concluded that the relative amount of InH increased with increasing N/In ratio. 

 
Figure 2-19. Calculated growth-etch transition temperatures (a) In droplet etch conditions 

when no HCl was present (b) growth-etch transition temperature at high N/In 
ratios: 105, 106, and 107. 

It is also observed from Figure 2-19 (a) that the growth transition temperature 

lowered with increasing N/In ratio.  Thus the maximum growth temperature is lower for 

very high N/In ratio.  It is known that the growth rate of InN decreases with excess NH3 
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flow.  The results of this calculation may explain the reason of growth rate decrease 

thermodynamically. 

Figure 2-19 (b) shows the calculated growth-etch transition temperatures at three 

high values of N/In ratio (105,106, and107).  No In droplet was observed in this 

excessively high N/In ratio due to the InH formation.  The transition from growth to etch 

occurs at a lower temperature; the higher the value of N/In as long as Cl/In < 2.  For high 

Cl/In, the excess Cl ties up the In or InCl to minimize the effect of increased N/In.  

2.3.2.5 NH3 Partial Decomposition 

Ammonia is the most widely used nitrogen precursor for Group III – Nitride 

growth.  Homogeneous decomposition of NH3 to N2 and H2 is thermodynamically 

favored and it completes at around 673 K as shown in Figure 2-20. 

 
Figure 2-20. Equilibrium partial pressures for decomposition of NH3 at 1 atm total 

pressures calculated by Thermo-Calc. 

It is known, however, that homogeneous decomposition of NH3 does not occur 

easily due to the very high kinetic barrier to break the initial N-H bonds [Seg04, Yum81, 
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Liu78].  One approach to account this fact in equilibrium calculations is to measure the 

Gibbs energy of NH3 to shift the yield curve to high temperatures. 

The homogeneous partial decomposition of NH3 can be written as following. 

NH3 = (1 – α) NH3 + α/2 N2 + 3α/2 H2 

where α is the degree of completion of NH3 decomposition reaction. 

It was experimentally observed that NH3 decomposes to an extent ~ 3 % at 950 °C 

as measured by mass spectroscopy [Ban72].  To achieve this conversion at the 

temperature at 950 °C, 170 kJ/mole has to be subtracted from the NH3 Gibbs energy.   

 
Figure 2-21. Magnitude of the Gibbs energy correction required to achieve a value for 

partial decomposition (α) at 950 °C. 

This energy may be considered as the kinetic barrier of NH3 decomposition to make NH3 

decompose 3 % at 950 °C.  A desired α value at 950 °C can be achieved by modifying 

the Gibbs energy of NH3 by subtracting various amounts as shown in Figure 2-21.  A 

different value of α at 950 °C can be assumed that will give a different value by which to 

modify the Gibbs energy of NH3.  The calculated values for the decomposition curves as 

a function of T are shown in Figure 2-22.  The α given in this figure represents the value 

of the conversion along this curve at 950 °C. 
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Figure 2-22. NH3 mole fraction with respect to temperature at different values of α. 

2.4 Conclusions 

Additional thermochemical data for the Ga-In-H-C-Cl-N system including MOs 

and adducts were added to the current database [Ree02] and validated.  Complex 

equilibrium calculations were performed and concluded that H-MOVPE is more related 

to HVPE than MOCVD. 

It was concluded that H2 should be included to eliminate C deposition in the inlet 

by thermodynamic analysis and experimental observations.  In addition, excess HCl 

(Cl/III > 1) should be present in the system to eliminate Ga or In metal droplets in the 

inlet. 

It was determined that monochlorides (i.e., GaCl and InCl) are predominant species 

at Cl/III < 2.  Excess Cl/III calculations showed that GaCl3 is predominant when Cl/Ga > 

2, whereas HCl prevailed over InCl and In2Cl2 at Cl/In > 2 at 573 K.  However, 

monochlorides were always dominant at growth condition for both GaN and InN. 
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High N/III, low Cl/III, and low temperature generally provide more stable 

conditions for III nitrides, except for the excessive N/III case.  The decomposition 

temperature of GaN and InN increased with high N/III ratios. Ga(l) + GaN and In(l) + 

InN coexistence regimes were observed under the low Cl/III ratio conditions.  It was 

determined that for Ga(l) removal in MOCVD (Cl/Ga = 0), the N/Ga ratio should exceed 

600, whereas for In(l) removal in MOCVD (Cl/In = 0), the N/In ratio should be higher 

than 7.8 x 104.  The results may explain the excessive ammonia flow requirement for InN 

growth to avoid In droplet formation.  

Finally the partial decomposition of NH3 was considered and the Gibbs energy of 

NH3 was reduced to control decomposition efficiency.  The kinetic barrier of NH3 

decomposition (170 kJ/mole) was calculated by considering 3 % of NH3 decomposition 

at 950 °C.
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CHAPTER 3 
STRESS DETERMINATION STUDIES OF GALLIUM NITRIDE FILM ON 

SAPPHIRE 

3.1 Introduction 

Due to the lack of bulk single crystals, GaN films are usually grown on foreign 

substrates, such as sapphire or SiC.  Stress and dislocations are inevitable because of 

lattice and thermal expansion mismatches between GaN and foreign substrates.  Excess 

stress may cause cracks and bows of the GaN films and dislocations may act as carrier 

traps resulting in low-mobility materials.  Hence, a stress and dislocation study is 

important to improve device performance. 

The most widely used substrate for GaN growth is sapphire, due to its thermal and 

chemical stability, AlOxNy compliant layer formation at the surface after nitridation, and 

relatively low cost.  SiC is a substrate that provides better lattice and thermal expansion 

match and thermal and chemical stability, in addition, but the cost of SiC is still very 

high, restricting commercial use.  Therefore, focusing on studying the stress of GaN film 

on sapphire is helpful as it is more cost-effective than SiC and will lead to improvement 

in GaN/sapphire-based device reliability. 

The stress state of a film can be measured by several techniques.  Lattice parameter 

changes (i.e., strain), curvature, or vibrational frequency changes are some of the 

properties that can be readily measured to ascertain the stress of the film.  Those 

parameters are usually obtained by XRD reciprocal space mapping, optical or stylus 

profilometry, laser reflectance, Raman spectroscopy, and photoluminescence. 



65 

 

XRD is a non-destructive and direct method to measure the lattice parameters of 

the film.  XRD θ-2θ scan (also known as powder XRD, XRD 2θ-ω scan, or low 

resolution XRD) can determine d-spacing parallel to the surface of the films; however, 

the lattice parameters obtained in this way cannot be used for stress measurement because 

the 2θ value can shift depending on the sample height and the tilt on the sample mount 

during the XRD measurement.  In addition, when a single crystal is used, there are only 

peaks from the lattice spacing parallel to the surface.  For example, if a single GaN 

crystal was measured by LR-XRD, there will be only GaN (002) and GaN (004) peaks, 

which can only be used to calculate out-of-plane lattice parameters, while in-plane lattice 

parameters cannot be obtained.  Therefore, XRD reciprocal space mappings should be 

carried out to measure lattice parameters precisely to calculate the strain of the film.  It is 

time-consuming to measure the lattice parameters of the samples by XRD reciprocal 

space mapping due to the alignments steps.  In addition, the lattice parameters obtained 

by XRD-SM may not represent the surface properties because of the X-ray penetration 

depth.  The stress measured by XRD should be considered as the average value from the 

X-ray interaction volume.  X-ray penetration depth depends not only on the material, but 

also X-ray incidence angle (ω).  As a result, precise determination of X-ray penetration 

depth is not simple. 

Curvature of the film can be measured by optical profilometer, stylus profilometer 

(also known as alpha step), laser reflectance, or other techniques, such as XRD rocking 

curves with displacing the sample position.  The disadvantage of optical profilometer and 

laser reflectance is their sensitivity towards surface roughness.  Since both techniques 
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utilize the reflected light from the surface, if the surface is rough or has structures on it, it 

is difficult to measure the curvature of the film. 

Curvature can also be measured by stylus profilometer.  It requires direct contacts 

between the tip and the surface.  While the surface roughness is not a significant obstacle 

to using this technique, direct contact may damage the surface.  In addition, if the film 

has fabricated structures on it, it is not possible to use stylus profilometer for curvature 

measurement.  Nevertheless, stylus profilometer may be the quickest and easiest way to 

measure the curvature and the roughness of the film, though it is not recommended for 

samples that will be damaged by direct contact. 

XRD rocking curves with displacing the sample position is a non-destructive and 

surface roughness-independent technique that measures the curvature of the 

crystallographic planes, rather than the surface.  Although it is time-consuming to 

measure the curvature of the film due to the alignment steps, this may be the only way to 

non-destructively measure the curvature of rough samples. 

The general disadvantage of curvature measurements is that they cannot measure 

small stresses in flat films.  In other words, the stress must be large enough to create 

curvatures within the film.  Therefore, small stresses in films without curvature should be 

measured by more sensitive techniques, such as Raman spectroscopy. 

Raman spectroscopy is well-established as a non-destructive and relatively rapid 

method to measure the average value of film stress.  Raman spectroscopy operating in 

confocal mode can show the peak shifts along the thickness.  The results can be used to 

deduce the stress variation along the depth of the sample. 
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Another way of studying stress of the film is through modeling.  According to the 

critical thickness theory, the lattice parameter of the overgrown film will turn into its 

unstrained value once dislocations are formed.  The lattice parameter variation along the 

thickness, however, was experimentally observed, even well above the critical thickness.  

The result cannot be predicted if the traditional concept of critical thickness or Frank-van 

der Merwe’s semi-infinite model is used.  Shen-Dann’s layer-by-layer growth model 

allows for continuous changes in lattice parameters along the thickness, as well as 

dislocation density reduction as the film becomes thicker. 

This chapter will explore how the stress of the film was measured by vibration 

frequency changes (Raman E2 phonon peak shifts), lattice parameter change (XRD space 

map), and curvature (profilometer, XRD rocking curves).  Extensive characterizations 

such as XRD rocking curves, XRD pole-figure, AES, and SIMS were carried out to 

determine the crystal structure and chemical compositions.  For lattice strain modeling, 

Shen-Dann’s layer-by-layer growth model was adopted and compared with experimental 

data.  Although the model used only lattice parameters and elastic constants of the film 

and substrate, the results matched well with experimental data. 

3.2 Effects of Lattice and Thermal Expansion Mismatches 

 Before examining the stress measurements and modeling of GaN films, it would 

be instructive to explore the main sources of film stress, which are lattice and thermal 

expansion mismatches.  The effects of these sources of film stress were studied as 

follows. 

3.2.1 Lattice Mismatch at Growth Temperature 

To calculate the stress due to the lattice mismatch during the growth, it is important 

to consider the lattice parameters at the growth temperature, rather than at room 
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temperature.  The lattice parameters of GaN, sapphire, Si, and SiC at high temperature 

would be larger than the parameters at room temperature due to the thermal expansion.  

For convenience, calculations were performed assuming the growth temperature is 1300 

K and room temperature is 300 K.  Although the growth experiments of this study were 

mostly performed at 1123 K, the calculation results would give some idea of lattice 

parameters change at high temperature. 

The definition of linear thermal expansion coefficient is given as equation (1): 

0L
LT ∆

=∆α        (1) 

where α is the linear thermal expansion coefficient, ∆T is the temperature difference, ∆L 

is the linear variation of the lattice parameter, and L0 is the lattice parameter at room 

temperature.  The definition of misfit, f, is given as equation (2): 
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where as and af stand for the lattice parameters of substrate and film. 

The lattice parameters of GaN and widely-used substrates such as c-Al2O3, Si(111), 

and 6H-SiC at 300 K and 1300 K are tabulated in Table 3-1. 

Table 3-1. Lattice parameters of GaN and widely used substrates at 300 and 1300 K. 
 Structure a300K (Å) TEC αa  

(x 10-6/K) 
a1300K 
(Å) 

Misfit (%) 
at 300 K 

Misfit (%) 
at 1300 K 

GaN Wurtzite 3.189 5.6 3.207 0 0 
c-Al2O3 Rhombohedral 4.758 

*(2.747) 
7.5 4.794 

*(2.768) 
- 16.09 - 15.86 

Si (111) Diamond 5.431 
*(3.841) 

2.7 5.445 
*(3.851) 

+ 16.97 + 16.72 

6H-SiC Wurtzite 3.086 4.2 3.093 - 3.34 - 3.69 
* 30° rotation was considered. 
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The results show that the lattice misfits calculated at room temperature and at the growth 

temperature are not particularly different. 

To see the critical thickness at the growth temperature (1300 K, in this case), the 

GaN/6H-SiC system was considered.  The critical thickness can be approximately 

expressed by equation (3). 
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where b is Burger’s vector, ν is Poisson’s ratio, and f is the misfit.  Plugging in the typical 

values such as b (Burger’s vector) ≈ af = 3.2 Å, ν = 0.2, and f = 0.03 (in the case of SiC), 

gives hc = 2.2 Å, which is less than one mono-layer.  In this case, dislocations will form 

at the interface.  The other substrates such as Si and sapphire will have even smaller 

critical thickness.  Therefore, critical thickness does not have much meaning in the case 

of heteroepitaxy of GaN on any currently widely used substrates.  In fact, a critical 

thickness may only exist when the lattice misfit is smaller than 0.8 % and the thickness is 

less than 10 monolayer scales (< 5 nm). 

3.2.2 Thermal Expansion Mismatch 

Most materials compress during the cooling process, except for some rare negative 

thermal expansion coefficient materials (i.e., see section 8.4).  Hence, both GaN and 

substrates compress during cooling at different ratios due to differences in their thermal 

expansion coefficients.  Calculated thermal strains during cooling ranging from 1300 to 

300 K are listed in Table 3-2 for GaN as well as c-Al2O3, Si(111) and 6H-SiC.  30 ° 

rotated lattice parameters for c-Al2O3 and Si(111) were used for practical comparison 

with GaN basal plane and denoted in parentheses. 
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Table 3-2. Lattice constants at 1300 and 300 K and thermal strain (∆T = 1000 K) of GaN 
and widely used substrates. 

 Structure a1300K 
(Å) 

a300K 
(Å) 

Compressive strain 
during cooling 

Difference 
with GaN 

GaN Wurtzite 3.207 3.189 0.56 % 0 
c-Al2O3 Rhombohedral 4.794 

*(2.768) 
4.758 
*(2.747) 

0.76 % - 0.20 % 

Si (111) Diamond 5.445 
*(3.851) 

5.431 
*(3.841) 

0.29 % + 0.27 % 

6H-SiC Wurtzite 3.093 3.086 0.42 % + 0.14 % 
* 30° rotation was considered. 
 
3.2.3 Combination of Lattice and Thermal Expansion Mismatches 

Figure 3-1 summarizes the stress caused by thermal expansion and lattice 

mismatches assuming ∆T = 1000 K.  It should be noted that all the lattice parameters that 

were from different crystal structures were modified (i.e., 30 rotation) for better 

comparison with GaN since GaN often showed 30 ° rotation with respect to sapphire. 

 
Figure 3-1. Substrates for GaN plotted with thermal strain versus lattice parameters at 

room temperature. 

Net unstrained line
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It is predicted that c-Al2O3 compressed more than GaN during cooling.  As a result, 

GaN films grown on c-Al2O3 substrates usually show compressive stress due to both 

thermal and lattice stress.  In contrast, GaN films grown on Si substrates show tensile 

stress because they compress less than GaN film during cooling, in addition to tensile 

stress caused by lattice mismatch at growth temperature.  This figure suggests that both 

6H-SiC and AlN are good substrates for GaN, due not only to close lattice parameters, 

but also the closest thermal expansion coefficients.  In addition, the compensation of 

thermal tensile stress and lattice compressive stress will be beneficial to grow stress-free 

GaN material.  A net unstrained line in the figure represents complete compensation of 

stress by equivalent contributions of lattice and thermal strain. 

It should be noted that thermal expansion and lattice mismatches are not the only 

parameters that dominate tensile and compressive stress in the film.  Use of buffer layers 

or nitridation will change the surface properties considerably.  If the surface properties 

change, the growth mode may change.  Tensile stress at the grain boundaries during 

islands coalescence mode would be significant, especially if the proper buffer layer is not 

used.  For example, GaN grown on Al2O3 shows cracks due to the excessive tensile 

stress, though compressive stress was present due to the lattice and thermal expansion 

mismatch [Etz01]. 

3.3 Stress Measurements of GaN Films on Sapphire 

The stress was measured in two samples grown by Mastro during comparison study 

of HVPE and MOCVD films. (p 64 in [Mas01]).  One sample was a 3 µm thick GaN film 

grown on sapphire by H-MOVPE and the other was a 1 µm thick GaN film grown on 

sapphire by MOCVD.  It should be noted that the term “MOCVD” here refers to hot wall 

H-MOVPE without HCl flow at atmospheric pressure, and should not be considered as 
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typical MOCVD, which often uses cold walls at lower pressure.  In other words, both 

samples were grown by H-MOVPE technique with and without HCl inclusion on 

sapphire substrate without buffer layer growth.  Table 3-3 lists the growth conditions of 

both samples in this study. 

Table 3-3. The growth conditions of the two samples for stress measurements. 
Samples Growth T (°C) Cl/Ga NH3 flow rate (sccm) Buffer layer 
H-MOVPE GaN 950 2 500 Not used 
MOCVD GaN 950 0 500 Not used 

[Mas01] 
3.3.1 GaN Structural and Compositional Studies 

To validate the structural quality of the film and ensure the film was grown 

epitaxially; the typical approach uses HR-XRD rocking curves and XRD pole figures.  

 
Figure 3-2. XRD ω and θ-2θ rocking curve of MOCVD and H-MOVPE grown GaN on 

sapphire, XRD FWHM; ω-rocking curve (MOCVD: 1261 arcsec, H-MOVPE: 
1790 arcsec); θ-2θ rocking curve (MOCVD: 92 arcsec, H-MOVPE: 122 
arcsec). 

GaN-MOCVD 
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Figure 3-2 shows XRD ω and θ-2θ rocking curves of both the MOCVD and H-

MOVPE grown samples.  The FWHM of ω-rocking curves of MOCVD and H-MOVPE 

grown samples were 1261 and 1790 arcsec, respectively.  The homogeneity of lattice 

spacing in the crystal is measured by XRD θ-2θ rocking curve and the homogeneity of 

the normal axis of the lattice planes are measured by ω-rocking curve.  Typically it is 

more likely to have uniform lattice spacing than uniform direction of lattice planes.  

Therefore, the FWHM of θ-2θ rocking curves are usually smaller than that of ω-rocking 

curve.  The FWHM values of 122 and 92 arcsec were obtained from MOCVD and H-

MOVPE grown samples, respectively. 

There is no clear criterion of crystallinity by only the rocking curve method, though 

higher crystal quality results in smaller FWHM.  XRD pole figure is often used to check 

if the film is grown epitaxially.  Figure 3-3 shows XRD pole figures of the (116) sapphire 

and MOCVD growth GaN (112).  A 30° rotation of GaN film with respect to sapphire 

substrate was clearly seen because the lattice mismatch can be reduced significantly from 

49 % to 14 % in this way.  The results confirmed that the GaN films were indeed grown 

epitaxially. 

 
Figure 3-3. Pole figures for the (116) sapphire substrate (2 theta = 57.490°) and (112) 

GaN by MOCVD (2 theta = 69.185°).  The GaN in-plane axis is rotated by 
30° with respect to the sapphire axis. 

30 ° 



74 

 

Similar results were found with the GaN grown by H-MOVPE (Figure 3-4).  A 30° 

rotation with respect to sapphire and clear epitaxial growth were confirmed.  It is noted 

that the shapes of the peaks from sapphire and GaN are different.  The peaks from 

sapphire substrate are much sharper in shape compared to the peaks from GaN, because 

the crystal quality of sapphire is superior to GaN. 

 
Figure 3-4. Pole figures for the (116) sapphire substrate (2 theta = 57.490°) and (112) 

GaN by H-MOVPE (2 theta = 69.185°).  The GaN in-plane axis is rotated by 
30° with respect to the sapphire axis. 

Auger Electron Spectroscopy (AES) was used for chemical composition analysis. 

Figure 3-5 shows the AES surface scan and depth profile of GaN on sapphire grown by 

MOCVD.  Ga (52.8 %), N (30.1 %), C (10.7 %), and O (6.3 %) were detected on the 

surface.  Surface C and O quickly disappeared within 1 min of sputtering.  Since the 

thickness of the GaN was reasonably thick (~ 1 µm), the typical sputtering rate (~ 100 

Å/min) would require 100 min of sputtering time to fully profile.  To reduce sputtering 

time, the raster size was decreased by a factor of 5, so the sputtering rate increased 

fivefold.  In addition, the detection sequence was reduced to decrease sampling time.  

The results show that the GaN films were mainly composed of only Ga and N from the 

surface to the interface.  Adsorbed C and O on the surface were apparently from air 

exposure. 

 

30 ° 
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Figure 3-5. AES surface scan and depth profile of GaN on sapphire grown by MOCVD 
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Figure 3-6. AES surface scan and depth profile of GaN on sapphire grown by H-

MOVPE. 
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Similar AES surface scanning followed by depth profile was done on H-MOVPE 

GaN on sapphire as shown in Figure 3-6.  The surface chemical compositions were Ga 

(53.4 %), N (26.4 %), C (11.2 %), and O (9.0 %).  The thickness of GaN was 3 µm.  

Therefore, the fivefold increased sputtering rate was again used by reducing raster size.  

Uniform Ga and N profiles were obtained from the surface to the interface once more.  It 

is noteworthy that the sputtering rate was indeed ~ 500 Å/min.  Only adsorbed surface C 

and O existed just as in the previous case. 

3.3.2 Stress Measurements by Raman Spectroscopy 

The Raman shifts of the stress sensitive GaN E2 mode have been reported by 

several researchers, and the reported values cover the large range, from 565 to 572 cm-1 

[Mel97, Tab96], showing the differences of the residual stress in the epitaxial film.  It 

would be helpful to have the freestanding GaN E2 mode as a standard since there would 

be no substrate effect.  The reported shifts of the E2 mode for freestanding GaN samples, 

however, show a relatively wide range from 565 to 570 cm-1[Mel97, Tab96, Dav97, 

Age97].  Freestanding GaN films grown by HVPE technique may contain high impurity 

levels (mainly oxygen), resulting in hydrostatic stress.  The E2 mode of stress-free GaN is 

known as 568 cm-1 at room temperature that was measured from a thick (50 – 70 µm) 

GaN film grown by chloride-hydride vapor phase epitaxy (CHVPE) [Dav98].  More 

discussion about Raman E2 peak position is presented in Table 1-2 in Chapter 1.  The 

residual stress in both epitaxial films was measured by Raman spectroscopy.   

The depth-dependent Raman measurements of MOCVD and H-MOVPE deposited 

GaN films were carried out by a collaborator (Seok-Ki Yeo in Dr. Chinho Park’s group, 

Yeung Nam University, Korea) using a Renishaw System-2000 (located in Miryang 
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National University, Korea) in confocal mode.  The laser output power was set at 20 mW 

with an excitation wavelength of 514.5 nm.  The focused beam size was approximately 2 

µm, accumulation time was 10 sec, and a CCD detector was employed.  By controlling 

the slit width and CCD pixel size, signals from different depths could be resolved. 

Figure 3-7 shows the measured Raman shifts of GaN E2 mode of (a) MOCVD GaN 

surface, (b) H-MOVPE GaN surface, and (c) the depths profiles.   

 
Figure 3-7. Raman E2 peak shifts at the surface (a) MOCVD, (b) H-MOVPE, and (c) 

depth profile. 

In the case of the MOCVD grown film, the E2 peak varied from 568 cm-1 (GaN surface) 

to 569 cm-1 (GaN/sapphire interface).  In the case of the H-MOVPE grown sample, 

however, the E2 peak varied from 570 cm-1 (GaN surface) to 575 cm-1 (GaN/sapphire 

interface).  This indicates that the H-MOVPE film was in a state that was more 

compressive than that of the MOCVD sample.  It is commonly assumed that HVPE 
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grown epitaxial film may have higher oxygen content because the growth takes place at 

atmospheric pressure, whereas MOCVD grown film usually contains less oxygen due to 

reduced pressure.  However, “MOCVD” in this case is referring H-MOVPE without HCl.  

No difference in oxygen content was expected since the same reactor was used at the 

same pressure.  The AES results agreed with this assumption. 

It is reported that a biaxial (c and a axes) stress of 1 GPa shifts the E2 Raman mode 

by 2.7 ±0.3 cm-1 [Dav97] and a hydrostatic stress of 1 GPa shifts it by 4.17 cm-1 [Per92], 

and these values were used to calculate the stress of the epitaxial film.  The MOCVD 

grown GaN was considered as stress-free due to the Raman E2 position appearing at 568 

cm-1.  The H-MOVPE grown sample, however, may contain compressive stress judged 

by high frequency shift (568  570 cm-1) of E2 peak.  If the 2 cm-1 of shift was purely 

due to the biaxial stress, the stress in the GaN film would be 0.74 GPa.  Likewise if the 2 

cm-1 of shift was caused by only hydrostatic stress, the stress in the GaN would be 0.48 

GPa.  Therefore, other stress measurements should be carried out to compare the values 

and find the origin of stress. 

The curvature and the lattice parameters of the epitaxial film were measured to 

cross-check the stress values obtained by the other techniques.  Stoney’s equation [Sto09] 

was used to calculate the curvature of the substrates, and Shen’s formula [She02] was 

used to estimate lattice parameters after obtaining the stress value from Raman 

spectroscopy. 

3.3.2.1 Curvature Calculations 

From the Raman spectroscopy results, the curvature of the film was calculated and 

compared to the other measurements.  It was shown that the stress of the 3 µm H-

MOVPE GaN film on sapphire substrate is substantial and thus substrate bowing was 
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expected.  The relation between the film stress and substrate curvature (κ) is given by 

Stoney’s equation, κ = 6σf hf /(Ms hs
2) [Sto09].  In this expression, σf is the biaxial stress in 

the film, hf , hs are the thicknesses of the film (3 µm: H-MOVPE, 1 µm: MOCVD) and 

substrate (300 µm: sapphire), respectively.  Ms is the substrate biaxial modulus, which is 

602 GPa for sapphire [Hel92].  The radius of curvature was calculated as 4.1 m by using 

0.74 GPa (biaxial stress).  Similarly, the radius of curvature was calculated as 6.3 m by 

assuming 0.48 GPa (hydrostatic stress).  

3.3.2.2 Lattice Parameter Calculations 

From the stress measured by Raman spectroscopy, the lattice parameters were 

calculated with proper assumptions.  Shen et al. [She02] organized equations for 

hexagonal GaN epitaxial thin films assuming isotropic strain in the epitaxial film. These 

equations predict the changes in the stress of the film with respect to the growth plane 

when both the growth plane and the underlying substrate are hexagonal.  Substituting and 

rearranging the original equation gives: 

    ( ){ } 5.0
121100)Å( sEssaaa +−=     (7)  

The range in the reported values for the elastic compliances in equation (7) are s11 = 

0.00297 to 0.00502 and s12 = -0.00066 to -0.00121 GPa-1 [Dav98. Tal96, Pol96, Sav78]. 

The range-centered values s11 = 0.003995 and s12 = -0.000935 were used in the 

calculation.  The values of a0 are the unstrained GaN lattice parameters (3.189 Å for 

MOCVD and 3.067 Å for H-MOVPE films assuming hydrostatic strain) and a is the 

lattice parameter of the strained GaN epitaxial films that is a function of stress (Es).  The 

lattice parameter value of strained GaN assuming biaxial stress will be much smaller than 

3.067 Å.  
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Now that we have calculated curvature and lattice parameters by stress data from 

Raman spectroscopy, these values will be compared with other techniques. 

3.3.3 Lattice Parameter Measurements by XRD Reciprocal Space Mapping 

The most straightforward method to measure the strain of the films is measuring 

the lattice parameters of the film.  XRD reciprocal space mapping is an effective tool to 

measure the lattice parameters.  In XRD reciprocal space mapping, a series of θ-2θ scans 

are collected with changing sample tilt offsets (ω).  Any strain of epitaxial layer would be 

shown as an asymmetrical shape of contour lines. 

The crystallographic plane spacing, d, of a hexagonal structure is given by equation 

(4). 
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where d is the lattice spacing, h, k, and l are the Miller indices (h k l), a and c are the in-

plane and out-of-plane lattice parameters, respectively.  To measure the lattice parameters 

of the film accurately, at least two non-parallel crystallographic planes should be chosen 

and space maps taken.  The Philips X’Pert MRD instrument was used to measure the 

reciprocal space mapping by using the triple axis monochrometer for exclusive use of Cu 

Kα1 spectrum. 

Bragg’s law is given as equation (5). 

θλ sin2d=      (5) 

where λ is the wavelength of the X-ray excitation source (Cu Kα1 at 1.54056 Å), d is the 

lattice spacing that is given as equation (4), and θ is the Bragg angle that is to be 

measured by XRD space map.  Figure 3-8 shows XRD reciprocal space maps of 
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symmetry peak (002) and asymmetry peak (114) from the GaN film grown by H-

MOVPE.  The measured 2θ values of (002) and (114) peaks were 34.56460 and 

99.97260, respectively.  Plugging in the values to the above equations gave lattice 

parameters a = 3.187 Å and c = 5.186 Å, which are similar to literature values. 

 
 
Figure 3-8. XRD reciprocal space mapping of H-MOVPE grown GaN (002) and (114) 

peaks. 

Similar measurements were performed on the MOCVD grown GaN sample as 

shown in Figure 3-9.  The values of 2θ = 34.55500 and 99.941870 were obtained for 

(002) 

(114) 
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(002) and (114) peaks, respectively to give lattice parameters a = 3.188 Å and c = 5.187 

Å. 

It should be noted that the lattice parameters obtained by reciprocal space mapping 

are average values of the film from the X-ray interaction volume i.e., the reciprocal space 

mapping cannot measure the depth profile.  An XRD reciprocal space mapping, however, 

can give qualitative information on variations of the lattice parameters with depth. 

 
Figure 3-9. XRD reciprocal space mapping of MOCVD grown GaN(002) and (114) 

peaks. 

Thus the c-axis, the upper line spacing is smaller and lower line spacing is wider.  The 

results suggest that the c-axis lattice parameter had various values.  The vertical cross 
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section of the reciprocal space mapping can be thought as a ω-2θ rocking curve.  Because 

it is shifted to a higher ω value, it can be concluded that the distribution of the lattice 

parameters will be on the smaller side (i.e., under compressive stress). 

Table 3-4 presents selected reported lattice parameters of GaN [Mel97].  The 

values obtained by XRD-SM showed a = 3.187 Å and c = 5.186 Å for H-MOVPE GaN 

and a = 3.188 Å and c = 5.187 Å for MOCVD GaN.  These values are similar to bulk 

GaN crystal values.  Therefore, it was concluded that the GaN film grown by H-MOVPE 

is almost strain free but under slight compressive strain (not enough to measure the lattice 

strain quantitatively), whereas the film grown by MOCVD is strain free. 

Table 3-4. GaN a and c lattice parameters measured at 300 K (Å).  
Samples description a (Å) c (Å) 
Thin (<1.5 µm) GaN layers 
grown by HVPE on SiC 
[Mel97] 

3.1937-3.1969  5.1786 -5.1811  

Bulk GaN crystal grown by 
HVPE [Mel97]  

3.1893 (Ga face)  
3.1879 (N face)  

5.18560 (Ga face)  
5.18534 (N face)  

Annealed bulk GaN crystal 
grown by HVPE [Mel97]  3.1890  5.18500  

Thick GaN layers grown by 
HVPE on sapphire [Det92] 3.1892+0.0009 5.1850+0.0005 

Bulk GaN crystals grown at 
high pressure [Les96] 

3.1890+0.0003 (Ga face) 
3.1881-3.1890 (N face)  

5.1864+0.0002 (Ga face)  
5.1856-5.1864 (N face) 

[Mel97] 
3.3.4 Curvature Measurements by XRD Rocking Curve 

The most widely used method for measuring residual stress of the film is curvature 

measurement.  In situ curvature measurements are usually carried out using laser 

reflectance.  In addition, there are a number of ex situ curvature measurements, which 

include optical and stylus profilometer (alpha step), laser reflectance, and XRD rocking 

curve.  Curvature measurement by reading an XRD rocking curve is useful regardless of 
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the surface roughness.  Since the surface of HVPE and H-MOVPE grown films are often 

rough, measuring the XRD rocking curve is the preferred choice. 

The curvature measurement procedure is illustrated in Figure 3-10.  The XRD 

rocking curve was initially obtained with the normal alignment procedure.  After the 

alignment of the rocking curve, the sample position was changed precisely.  If there was 

curvature in the sample, the rocking curve was then realigned, and the value of ∆ω was 

obtained.  The different ω values can be used to calculate the curvature of the sample. 

The radius of curvature can be calculated by equation (6). 

     
ω∆

∆
=

xR      (6) 

where R is the radius of curvature, ∆x is the displacement of the sample, and ∆ω 

(radians) is the difference of omega values upon displacement of the sample. 

 
Figure 3-10. The procedure of determining curvature by measurements of XRD rocking 

curves. 
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The XRD rocking curve measurement method was used to determine the curvature 

of the 3 µm thick GaN grown by H-MOVPE.  By displacing the sample position 

precisely by 5 mm in the x-direction, the ω value changed from 17.26163 to 17.28132, as 

shown in Figure 3-11.  Using the given equation, the calculated radius of curvature of 

14.5 m was obtained, which is practically a flat surface.  The results agreed well with the 

measurements by XRD reciprocal space mapping in that there is not significant strain in 

the H-MOVPE grown GaN film. 

 
Figure 3-11. Curvature measurements by XRD rocking curve by displacing the H-

MOVPE grown GaN/c-Al2O3 sample in x-direction by 5 mm. 

Table 3-5. Stress, lattice parameter, and curvature of the H-MOVPE GaN with depth. 

Distance from 
the surface [µm] 

Stress [GPa] 
by Raman 
factor 

Radius of 
Curvature 
by Raman 

Radius of 
Curvature 
by XRD 
RC 

Lattice 
parameter 
by Raman 

Lattice 
parameter 
by SM 

0 (surface) and 
0.6 (bulk):  

two points 
showed identical 
E2 shift 

0.74 
(biaxial) 
0.48 
(hydrostatic)

4.1 m 
(biaxial) 

6.3 m 
(hydrostatic)

14.5 m 3.067 Å 3.187 Å 

 
The radius of curvature calculated from Raman spectroscopy showed 4.1 to 6.3 m.  

It was also measured by XRD rocking curve (14.5 m) and stylus profilometer (15 m).  
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Considering these results, it appears that the curvature of the film is ~ 15 m and thus is 

practically flat.  However, the lattice parameters deduced from the stress measurement by 

Raman spectroscopy and the ones directly from XRD reciprocal space mapping exhibited 

inconsistent results.  Therefore, the stress of the film measured by Raman spectroscopy 

may not be from lattice strain (i.e., a change in lattice parameter).  To elucidate the reason 

for the existence of compressive stress measured by Raman spectroscopy without 

changing lattice parameters, the chemical compositions were examined. 

No significant difference between the MOCVD and H-MOVPE samples was 

observed by both XRD and AES analysis as in Section 3.3.1.  Therefore, secondary ion 

mass spectroscopy (SIMS) was used to measure the chemical compositions since AES is 

not as sensitive as SIMS if impurities compose less than 1% of the matrix.  SIMS depth 

profiles were acquired with a Perkin-Elmer PHI 6600 SIMS system using a 5 keV Cs 

primary ion beam and negative secondary acquisition.  The current intensity was set at 

158 or 90 nA and the raster size was 350 x 350 µm2.  Several profiles for each sample 

were obtained from various sampling spots.  Quantification of impurities by SIMS 

requires using standards with known concentrations of the species in the same matrix as 

the samples of interest, because SIMS is a very matrix dependent technique.  In other 

words, when using SIMS, the sensitivity of the same element varies with matrix 

composition.  When standards are not available, it is possible to compare the intensity 

levels between samples by measuring the relative intensity of the impurity and a matrix 

ion.  Therefore, to compare the oxygen level between samples, the ratios of O intensity to 

the GaN intensity were calculated for each sample. 
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Figure 3-12 shows SIMS oxygen depth profiles of MOCVD and H-MOVPE grown 

GaN films.  It is clear that the O concentration of MOCVD film is higher than in the H-

MOVPE film.  Regardless of the higher oxygen content, the MOCVD GaN samples 

showed no stress by Raman spectroscopy and XRD.  On the other hand, the H-MOVPE 

GaN samples with lower oxygen content showed significant compressive stress measure 

by Raman spectroscopy, but no stress by XRD.  It is known that Raman E2 peak shift is 

mainly related to the biaxial stress or hydrostatic stress in the film that may be related to 

the oxygen concentration.  It appears that, however, the Raman E2 peak shift may not be 

related to biaxial stress or oxygen concentration in this case, because the lattice 

parameters measured by XRD did not change.   

 
Figure 3-12. SIMS oxygen depth profiles of MOCVD and H-MOVPE grown GaN films. 

The stress-free Raman E2 peak positions are still in question, whether it is 570 (H-

MOVPE) or 568 cm-1 (MOCVD).  It was expected that the MOCVD GaN would have 

less oxygen as it showed an E2 phonon peak at 568 cm-1, and was thus assumed to be 

stress-free GaN.  However, H-MOVPE GaN showed a much lower oxygen concentration 
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with a Raman E2 phonon peak at 570 cm-1, which is supposed to indicate significant 

compressive stress.  Another approach is to consider 570 cm-1 as the stress-free E2 mode 

and that 568 cm-1 indicates tensile stress that is related to the growth mode.  It should be 

noted that the term “MOCVD” here is not the same as typical MOCVD, which produces 

superior quality materials, but H-MOVPE without HCl, utilizing a hot wall in 

atmospheric pressure.  The MOCVD grown GaN may be growing by island coalescence 

growth mode although there is no evidence of island growth and structural quality 

confirmed it is epitaxially grown film.  It is known that significant tensile stress generates 

at the grain boundaries of islands.  If H-MOVPE GaN was stress-free and MOCVD GaN 

film is under tensile stress, this may make sense.  However, the reason for this 

discrepancy is not clear yet.  It should be noted that these measurements were performed 

on almost 6 years old samples.  Therefore some oxidation/degradation may have taken 

place and this may caused the inconsistent results. 

3.4 Stress Modeling of GaN on Sapphire 

After measuring stress in GaN film on sapphire, it is useful to calculate the stress in 

GaN film using traditional and modified stress modeling.  By comparing the calculated 

results with experiments, the most important factors to induce stress in film can be 

identified.  Fran-van der Merwe’s semi-infinite model and Shen-Dann’s Layer-by-layer 

growth model were applied in this study and compared with experiments. 

3.4.1 Frank-van der Merwe’s Semi-infinite Model 

Misfit dislocation density was calculated using the Frank-van der Merwe’s semi-

infinite overgrowth model, as represented in Figure 3-13.  In this model, the strain will be 

completely relaxed by dislocation formation after p/2 thickness, and the film has no effect 
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on the substrate beyond this thickness.  Here p, the Vernier period of misfit dislocation, is 

defined as equation (8). 

fs

fs

aa
aa

p
−

=      (8) 

where as and af are the lattice parameters of film and substrate, respectively. 

 
Figure 3-13. Frank-van der Merwe’s semi-infinite overgrowth model. 

In this model, only pure edge dislocations were considered and only form if 

sufficient strain energy is available to provide the formation energy.  The value of p/2 is 

~ 9.3 nm for GaN on 6H-SiC.  The p/2 value of the other substrates such as sapphire and 

Si will be even smaller than this.   

Table 3-6. Calculated misfit dislocation density of GaN on widely used substrates with 
Vernier period. 

 p (Å) Misfit dislocation density (cm-2) 
GaN ∞ 0 
c-Al2O3 20.221 2.4 x 1013 

Si (111) 19.177 2.7 x 1013 

6H-SiC 87.011 1.3 x 1012 

 
Table 3-6 shows calculated Vernier periods with misfit dislocation density of 

GaN on c-Al2O3, Si (111), and 6H-SiC.  The Vernier period can be thought as 1-D misfit 
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dislocation density.  Therefore 2-D misfit dislocation density was calculated from the 

square of the Vernier period by assuming uniform distribution of misfit.   

It should be noted that this simple model agreed fairly well with experiments for 

the case of a Ge deposit on Si(001) [Mar03].  However, the variation of in-plane lattice 

parameters of GaN grown on AlN/Al2O3 was experimentally observed by XRD up to 1 

µm thickness [Kim99].  Therefore, Frank-van der Merwe’s semi-infinite model could not 

be applied to the GaN/Al2O3 system at device-relevant thicknesses. 

3.4.2 Layer-by-Layer Growth Model 

A better model that describes gradual changes in lattice parameters and gradual 

creation of misfit dislocation was developed by Shen and Dann [She06] and illustrated in 

Figure 3-14. 

 
Figure 3-14. Shen-Dann’s layer-by-layer model. 

When overgrowth material is deposited on a foreign substrate, it will experience 

homogeneous stress without forming dislocation as long as the thickness is smaller than 

the critical thickness.  This stress will proportionally increase with increasing numbers of 

layers until finally the material will form dislocations to relax the stress when the 
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thickness reaches a critical thickness.  Dislocations will form periodically, but the in-

plane lattice parameters do not necessarily become their unstrained values, unlike Frank-

van der Merwe’s semi-infinite model.  An underlying assumption is that the bonds at the 

interface are much weaker than the bonds in the overgrown films and the substrates.  

After it reaches a critical thickness, the lattice constant will be closer to the bulk 

(unstrained) material.  The consequent growth after the critical thickness will be a similar 

process.  Here it was treated that the dislocation formed layer as a new substrate. The new 

substrate will match the lattice of the overgrowth film better than the original substrate.  

Therefore, the critical thickness will be thicker.  Nevertheless, it will experience the same 

stress relaxation mechanism by forming dislocations again, until it reaches the second 

critical thickness through the accumulation of stress. 

Stress (homogeneous strain energy) proportionally increases with increasing 

numbers of layers, while the dislocation (periodic strain energy) number accumulates.  

The sum of these two energies will have a minimum at certain point as the number of 

layers is increased.  Finding this minimum energy with respect to the sum of strain and 

dislocation energy will give gradual lattice parameter changes. 

3.4.2.1 Strain Energy (Homogeneous Stress) Calculations 

The procedure to obtain the strain energy of overgrowth GaN on sapphire and LGO 

has been calculated by Shen et al. [She02].  Using the lattice parameters provided in 

Table 3-7 and elastic constants in Table 3-8 [Tak96], the strain energy calculations of a 

GaN film grown on AlN/Al2O3 were performed. 

Since both film and substrate are hexagonal and the basal plane of each material is 

used in epitaxial growth, the strain in x and y directions are symmetrical and can be 

simply written as equation (9). 
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where a and a0 are the lattice parameters of the growth layer and the substrate in the basal 

plane, respectively.  Following Shen’s work [She02], the strain energy per unit volume is 

expressed as equation (10). 
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Table 3-7. Lattice constants (Å) of GaN, AlN, and Al2O3. 
Material a c 
GaN (wurtzite) 3.189 5.185 
AlN (wurtzite) 3.112 4.980 
Al2O3 (wurtzite) 4.758 12.991 

 
Table 3-8. Elastic stiffness coefficients cij (GPa) and compliances sij (1/GPa) of GaN, 

AlN, and Al2O3. 
 c11 c12 c13 c33 c44 s11 s12 s44 
GaN 374 106 70 379 101 0.00297 -0.00077 0.0099 
AlN 424 103 71.3 455 138 0.00255 -0.00057 0.0072 
Al2O3 495 160 115 497 146 0.00232 -0.00066 0.0068 

[Tak96] 
To compare the calculated results with experimental results, AlN buffer layer on 

Al2O3 substrate was considered as the substrate, because AlN buffer layers are widely 

used between GaN and Al2O3 substrate.  Kim et al. [Kim99] employed X-ray diffraction 

to investigate the strain relaxation of GaN/AlN on sapphire.  A thin 32 Å layer of AlN 

was grown on a sapphire substrate followed by a subsequent GaN layer.  a0 = 3.084 Å in-

plane lattice constant of the 32 Å film of AlN on sapphire was measured as their 

experimental data.  This lattice constant of AlN on Al2O3 was considered as the starting 

value for a0 in the strain energy calculation.  
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3.4.2.2 Dislocation Energy (Periodic Strain Energy) Calculation 

Van der Merwe [Mer63] has derived the dislocation energy per unit area and Jesser 

[Jes67] reorganized the result as equation (11).  Since the dislocation energy per unit area 

is assumed to be symmetrical, one dimensional dislocation was defined as xEd with unit 

of J/m.  This value is multiplied by the specific area (area per mole) to have energy per 

mole unit. 
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G1 indicates the shear modulus of AlN and G2 denotes that of Al2O3. G without a 

subscript represents the shear modulus of GaN, ν is Poisson’s ratio and bx (Burger’s 

vector) is given as equation (12): 
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Finally, P is the Vernier periodicity of dislocations and denoted by equation (13): 
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The required elastic properties for the calculations are listed in Table 3-9. 

Table 3-9. Shear moduli, Poisson's ratios, and lattice parameters of GaN, AlN, and Al2O3. 
 G ν a (Å) 
GaN 1.01 x 1011 0.2578 3.189 
AlN 1.38 x 1011 0.2224 3.112 
Al2O3 1.46 x 1011 0.2848 4.758 

[Tak96] 
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3.4.2.3. Total Strain Energy Calculations 

The total strain energy is defined as the sum of homogeneous strain energy, 

periodic strain (dislocation) energy, and interface energy as equation (14). 

Etotal = Estrain + Edisloc + Einterface   (14) 

The strain energy per unit area and the dislocation energy were calculated by equations 

(10) and (11), respectively.  The interfacial energy was neglected because the area 

between the layers was assumed to be negligible compared with total strain and 

dislocation energies.  As the number of layers increases, the strain energy proportionally 

increases as in equation (15): 

Estrain = n × 6,230 kJ/mol × ε2    (15) 

where n = the number of layers and 1/(s11+s12)GaN = 454.1 GPa, or 6,230 kJ/mol 

was used in the calculation.  It should be noted that ε is only a function of the lattice 

parameter of GaN for a given substrate.  Hence, strain energy is only a function of lattice 

parameter change. 

The dislocation energy of GaN on AlN/Al2O3 was calculated by equation (11) and 

the sum of strain energy and the dislocation energy was taken as total energy (stress in 

the GaN/AlN/Al2O3 system). 

As the number of layers increases, the total energy decreases.  At certain point, the 

total energy will be minimized by the adequate contribution of strain and dislocation 

energy as shown Figure 3-15.  

From this calculation, the lattice constant that results in a minimum of the total 

energy could be found and is often turned the critical thickness.  The calculated lattice 

constant was used as a new substrate’s lattice constant and the same steps were repeated 
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until it reached the unstrained GaN lattice constant, 3.189 Å.  The lattice constants and 

the minimum total energy with the number of layers are listed in Table 3-10.  The term 

critical thickness in Table 3-10 represents the thickness of GaN film from the 

substrate/film interface.  

 
Figure 3-15. Minimum energy calculation of stress + dislocation energy. 

Table 3-10. Calculated lattice constants and total energy. 
Number of layers Lattice constant (Å) Critical Thickness (Å) Etotal (J/mol) 
1 – 3 3.135 10.45474 18740 
4 – 10 3.157 15.62296 12425 
11 – 23 3.167 36.38896 8328 
24 – 44 3.174 67.52497 6299 
45 – 77 3.178 109.0171 4624 
78 – 125 3.18 171.2573 3608 
126 – 186 3.182 249.0612 3603 
187 – 269 3.184 316.4641 2509 
270 – 399 3.186 430.5291 1961 
400 – 703 3.188 674.2136 1436 

 
The in-plane lattice constant versus the thickness of GaN layer are compared with 

experimental data [Kim99] in Figure 3-16.  In their study, sets of GaN films were grown 

on Al2O3 substrates using AlN buffer layer by MBE.  The lattice parameters of thin AlN 
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and GaN films were determined by ex situ X-ray reciprocal space mapping.  Poisson’s 

ratio for GaN was applied to calculate the out-of-plane lattice constants affected by 

lateral deformation. As in-plane lattice constants increase, the out-of-plane lattice 

parameters decrease. 

 

 
Figure 3-16. In-plane lattice constants of GaN on AlN/sapphire. 

The calculated total strain energy at the interface was added to the Gibbs energy of 

GaN and the decomposition temperature of GaN was lowered by 44 K from 1110 K to 

1066 K by Thermo-Calc.  The unstrained GaN thermodynamic data were taken from 

[Unl03].  By adding the strain energy to the Gibbs energy of GaN, the decomposition 

temperature of strained thin GaN film on various substrates can be predicted. 

3.5 Conclusions 

The effect of lattice mismatch was calculated at growth temperature and showed 

that critical thickness is only important when smaller lattice mismatch system is 

considered.  Critical thickness calculation does not have much meaning when GaN film 
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on any widely used substrates such as SiC, Al2O3, and Si were concerned since misfit 

dislocations forms at the interface. 

Effects of thermal expansion mismatch and lattice mismatch at growth temperature 

were considered and it was found that various substrates would induce compressive 

and/or tensile stresses on GaN, due to the combination of lattice and thermal expansion 

mismatches. 

Several stress measurements were carried out on two GaN samples grown on 

sapphire substrate by H-MOVPE and MOCVD.  Although Raman spectroscopy is known 

to be a good technique to measure the stress of the materials, considerable stress 

difference between the two samples showed that Raman spectroscopy in this case may 

not be an adequate technique to measure the stress of the film due to the inconsistent 

results with other techniques.  Lattice parameters of GaN were precisely measured by 

HR-XRD reciprocal space mapping and no significant difference between the two films 

were confirmed.  Further curvature measurement by XRD and stylus profilometer 

confirmed the samples were almost completely flat.  The crystal structure and chemical 

compositions of the samples were characterized by XRD rocking curves, XRD pole 

figures, and AES, but no significant difference was observed.  Only SIMS showed 

varying oxygen concentrations between the two samples.  The peak position of Raman E2 

mode may be related to not only the strain of the film, but also oxygen concentration 

although the results showed obvious contradiction.  It is not clear at this point whether 

Raman peak shifts were mainly related to the oxygen concentration or other factors such 

as growth mode difference, which may cause tensile stress at the grain boundaries.  Most 

of all, analyzing almost 6 year old sample was not a good approach since the samples 
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may be partially experienced degradation and oxidation.  Similar procedures with fresh 

samples will provide fair comparison of various stress measurement techniques. 

Frank-van der Merwe’s semi-infinite model was used and it was found that the 

model is not applicable to the GaN/Al2O3 system at device-relevant thicknesses.  Strain 

and dislocation energy modeling was carried out using Shen-Dann’s layer-by-layer 

growth model, based on total energy minimization, which agreed well with the 

experimental data.  The decomposition temperature of strained GaN was decreased by 44 

K due to the inclusion of the total strain energy.
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CHAPTER 4 
GROWTH OF GALLIUM NITRIDE ON SILICON BY H-MOVPE 

4.1 Introduction 

The growth of GaN films on a Si single crystal wafer has been pursued for over 30 

years (i.e., [Mor73]).  Although the quality of GaN on Si was not good in the early 

attempts, there was motivation to grow GaN on Si since Si is the highest quality and 

lowest cost substrate material available.  Large size, high quality, both p and n-type 

doping, and low cost are some of the advantages of Si substrates.  The availability of Si 

substrates in large size (maximum 12 inch diameter) is especially attractive when mass 

production of high-volume, low cost GaN/Si-based devices such as LEDs are considered.  

The two main goals of growing GaN on Si are: (i) growth of thin (4 to 5 µm) crack-free 

GaN film on Si. and (ii) growth of freestanding ( > 100 µm) GaN using Si wafers as a 

foundation.  The former is needed for GaN/Si based devices such as LEDs.  The large 

diameter of Si will reduce device fabrication costs compared to sapphire substrates.  

Moreover, the heat generated from the LEDs would drain more easily through Si because 

it has a much higher thermal conductivity (145 W/mK) than Al2O3 (5.43 W/mK).  The 

growth of GaN on sapphire has been limited to 2” diameter wafers.  Although large 

diameters of sapphire are available, the wafer bow on large diameter wafers produced by 

the mismatch prevents device processing.  Furthermore, sapphire is not electrically 

conducting so top-side contacts are needed.  Larger diameter growth of thick GaN on Si 

or sapphire has been impeded due to the significant cracking problems.  If freestanding 
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GaN could be grown on 12 inch Si wafer without cracking and bowing, it will be an 

important breakthrough for GaN-based device development. 

A GaN film on Si is under tensile stress during growth and under additional tensile 

stress during the cooling due to the lattice and thermal expansion differences. “Tear-like” 

cracks can form to accommodate excess tensile stress.  Therefore, the growth of crack-

free GaN film on Si substrate is a challenge.  The reported maximum thickness of crack-

free GaN grown on Si with multiple AlN interlayers was 7 µm, as measured by in situ 

curvature measurement. [Kro03]. 

In this chapter, the H-MOVPE technique will be introduced first.  Chemical 

reactions and a reactor schematic will be shown to give insight into the H-MOVPE 

technique.  For GaN film growth on Si, bare Si substrates and GaN/AlGaN/AlN/Si 

templates were used.  The templates were grown by MOCVD techniques and provided by 

Nitronex.  The goal of the present study is to grow both thin and thick GaN films on Si 

substrates by H-MOVPE.  By utilizing a relatively low growth temperature (850 °C) 

rather than MOVPE growth temperature (typically 1050 °C), thermal stress can be 

reduced by ~ 20 %.  For crack-free, thick GaN growth, InN was used as a buffer material 

since InN is known to be a softer material than GaN and Si.  To study structural effects, 

InN columnar films, nanorods (d = 250 nm), thick nanorods (d = 500 nm), and microrods 

were tested as buffer materials to give a compliant layer between GaN and Si. 

4.2 H-MOVPE Growth Technique 

4.2.1 Chemical Reactions of H-MOVPE Technique 

Hydride Metalorganic Vapor Phase Epitaxy (H-MOVPE) has proven to be a 

promising technique to grow GaN films on LiGaO2, LiAlO2, and Si utilizing the high 
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growth rate and easy precursor switching afforded by this process [Ree02, Mas01, 

Kry99].  Trimethylgallium (TMG), ammonia (NH3), and 10 % HCl (balance 90 % N2) 

were used as the precursors.  N2, H2, or 4% H2 (balance 96 % N2) were typically used as 

carrier gases. 

A thermodynamic analysis was carried out to better understand the expected gas 

phase species and condensed phases in the Ga-C-H-Cl-N-Inert and In-C-H-Cl-N-Inert 

systems.  The results are presented in Chapter 2. 

 The overall reactions for GaN growth by H-MOVPE technique are: 

Ga(CH3)3(g) + HCl(g) + H2(g) = GaCl(g) + 3CH4(g)  (R1) 

Ga(CH3)3(g) + HCl(g) = GaCl(g) + CH4(g) + C2H6(g)  (R2) 

Ga(CH3)3(g) + 3HCl(g) = GaCl3(g) + 3CH4(g)   (R3) 

GaCl(g) + NH3(g) = GaN(s) + HCl(g) + H2(g)   (R4) 

GaCl3(g) + NH3(g) = GaN(s) + 3HCl(g)    (R5) 

TMG reacts with HCl in a H2 ambient and produces presumably GaCl and CH4 

(R1).  When H2 is not present, GaCl can still form with CH4 and C2H6 as by-products 

(R2).  TMG can react with excess HCl (Cl/Ga ≥ 3) and form GaCl3 (R3) especially at low 

temperature (< 500 K) as shown in thermodynamic analysis (Figure 2-5).  Both GaCl and 

GaCl3 can react with NH3 and form GaN with HCl and/or H2 as by-products (R4, R5).  It 

is also known, however, that it if difficult to thermally decompose NH3 at low 

temperature because of slow kinetics. 

4.2.2 H-MOVPE Reactor Schematics 

The H-MOVPE reactor schematic is shown in Figure 4-1.  There are six 

individually controllable furnace zones, as shown in Figure 4-1 (a). The furnace elements 
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have a capability of heating to 1300 °C, but the practical growth zone temperature limit 

was 1000 °C because quartz may soften over 1000 °C.  The typical growth temperature 

for GaN was 850 °C for high temperature growth and 560 °C for low temperature 

growth, as these were the optimized growth temperatures suggested by Reed [Ree02]. 

 
Figure 4-1. Schematics of H-MOVPE (a) bird eye view of the entire reactor, (b) the 

source and growth zones with temperature profile in the source zone [Ree02]. 

To prevent TMG decomposition before it reacts with HCl, the maximum inlet 

temperature is maintained below 400 °C, as shown in Figure 4-1 (b). The source zone 

consists of tri-concentric quartz tubes.  The input gases do not meet each other until a 

certain residence time passes.  Ideally, the reaction products of the source zone, i.e., GaCl 

Six individually 
controllable furnaces 

(a) 

(b) 
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or GaCl3, will react with the NH3 on the surface of the substrate.  In the less ideal case, 

GaN is formed in the gas phase and GaN particles will drop on the substrate surface, 

which then act as 3-dimensional nuclei.  Therefore, it is very important to control the 

source zone conditions (i.e., inlet gas ratios, concentric inlet tilting, the distance from the 

inlet to the substrate) to give optimal and reproducible epitaxial growth conditions. 

Figure 4-2 shows the Process Flow Diagram (PFD) of the H-MOVPE system 

located in the Microfabritech, research area at the University of Florida.  Its capabilities 

include 3 bubblers, 3 toxic/corrosive gas cylinders, H2, N2, and an additional carrier gas 

such as He or Ar.  House N2 is always provided by liquid N2 boil-off to prevent lines 

from clogging and to keep the reactor free of moisture. 

There are a number of advantages to H-MOVPE.  Quick switching of the input 

sources is essential for multiquantum well (MQW) structure or atomic layer deposition 

(ALD).  In traditional HVPE, although HCl flow is turned off to stop GaCl supply, a thin 

GaClx layer on the liquid Ga can still provides GaCl to the growth zone.  As a result, 

rapid switching of the group III source is restricted.  The high growth rate (50 µm/hr 

maximum) is also an advantage when thick film growth is desired.  The large surface area 

of the hot quartz wall also helps NH3 cracking because NH3 is known to crack more 

easily on the surface.  But N radical recombination will produce inert N2, and thus must 

be minimized before reaching the substrate.  The freedom to control six individual 

temperature zones is advantageous to adjust the gas phase reactions. 

H-MOVPE has some disadvantages as well.  The costs of metalorganics are much 

higher than pure metal sources and the growth rate (< 50 µm/hr) is not as high as 

traditional HVPE ( > 100 µm/hr).  
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Figure 4-2. Process Flow Diagram (PFD) of H-MOVPE system [Ree02].
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The surface of an H-MOVPE-grown sample is usually rough compare to a MOCVD 

surface because of the high growth rate and the tendency to grow N-terminated GaN, 

although this surface can be smoothed by chemical-mechanical polishing (CMP) or 

subsequent growth of Ga-terminated GaN by MOCVD. 

4.3 Thick GaN Growth on Al2O3 

Before starting the growth of GaN on Si substrates, thick GaN films were grown on 

Al2O3 and GaN/Al2O3 substrates to produce reference materials to compare with GaN 

films grown on Si substrate. 

The GaN/Al2O3 template was grown by MOCVD and provided by Uniroyal 

optoelectronics.  The thickness of the MOCVD-grown GaN film was 5 µm as measured 

by cross-sectional SEM. The thick GaN growth was performed at atmospheric pressure in 

a H2 ambient. Before the growth, HCl was applied in the reactor for 10 sec to clean the 

substrate surface in situ.  The TMG flow rate was maintained at 3.2 sccm, HCl (10 % 

HCl, 90 % N2) flow rate was 4.8 sccm (Cl/Ga = 1.5), NH3 flow rate was 2000 sccm 

(N/GA =570), and H2 carrier flow rate was 1600 sccm.  During the cooling process, NH3 

was provided to prevent GaN decomposition until the substrate temperature was below 

300 ˚C. 

The crystal quality of the Uniroyal starting GaN/sapphire materials was assessed by 

an XRD θ-2θ scan and HR-XRD ω-rocking curve.  Figure 4-3 shows the XRD results of 

the templates.  It is noteworthy that the GaN (002) peak shows a secondary peak at 

around 2θ = 31.1 ° due to the Cu Kβ radiation.  This secondary peak appears only when 

the film quality is excellent and should not be confused with GaN (100) that appears at 

2θ = 32.4 °.  The intense GaN (002) peak from the near-perfect lattice spacing is the 
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reason for this artifact.  XRD also showed weak Al2O3 substrate peaks because the GaN 

film thickness was almost the same as the X-ray penetration depth (~ 5 µm for GaN 

[Pas01]).   

 
Figure 4-3. XRD θ-2θ scan and ω-rocking curve of as received GaN/Al2O3 template from 

Uniroyal Optoelectronics.  * denotes the secondary peak due to Cu Kβ 
radiation. 
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Figure 4-4. SEM images of GaN film (a) Cross-sectional SEM of 125 µm thick H-

MOVPE GaN film on GaN/Al2O3 template, (b) SEM plan-view of the same 
sample. (c) Plan-view of LT-HVPE smoothing layer. 

A maximum thickness of 125 µm was obtained during the 10 hr growth.  The film 

showed no cracks, although the surface was very rough, as shown in Figure 4-4 (a) and 

(b).  The rough surface is due to the high growth rate and N-terminated surface of GaN 

observed in HT-HVPE growth.  Therefore LT-HVPE GaN was grown at 560 °C to 

smooth the extremely rough surface as seen in Figure 4-4 (c).  Although the structural 

quality of LT-GaN may be lower than GaN grown at higher temperature, the surface 

became smoother as observed by SEM.  The surface of LT-GaN, however, is still not 

smooth enough to be measured by AFM to obtain RMS roughness.  Subsequent growth 

of high quality MOCVD layer on LT-HVPE layer should be a good approach to smooth 

the surface and produce freestanding GaN substrate that can be used for epitaxial growth.  

Another approach to improve the surface roughness without sacrificing the crystal quality 

(a) 

10 µm 

(b) 

(c) 

10 µm
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is chemical mechanical polishing (CMP). These steps, however, were not carried out in 

this work. 

The bowing of the film was measured by profilometer.  The calculated radius of 

curvature was about 10 m, which is practically flat. (see Chapter 3 for discuss on method) 

 
Figure 4-5. XRD of GaN film (a) XRD θ-2θ scan of thick (45 µm) GaN on GaN/Al2O3, 

(b) XRD ω-rocking curve of GaN (002) peak; FWHM = 780 arcsec. 

Figure 4-5 (a) shows XRD θ-2θ scan of a 45 µm thick GaN on GaN/Al2O3 

template.  Only the intense GaN (002) and GaN (004) peaks were observed consistent 

with a single crystal orientation.  Figure 4-5 (b) shows typical XRD ω-rocking curve of 

GaN (002) peak.  The 780 arcsec FWHM indicates that the grown GaN film has high 

structural quality. 

AES analysis was performed to determine the chemical composition of the GaN 

film (Figure 4-6).  The surface of the as grown GaN film showed oxygen and carbon 

peaks due to the surface adsorbed molecules during air exposure.  The concentrations of 

C and O dropped significantly during the sputtering.  Sputtering was carried out with 3 

keV Ar+ ion beam.  Assuming a typical 10 nm/min sputtering rate, the thickness of C 

contained layer was ~ 10 nm.  After sputtering, Ga, N, and O were the main components 

of the GaN film.   
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Figure 4-6. Auger Electron Spectroscopy of 45 µm thick GaN film (a) surface scan (b) 

sputtering depth profile (c) surface scan after sputtering. 

The concentration of O (9.9 %) in the film was uniform as judged by AES sputtering 

depth profile after 4 min sputtering.  Since a standard material that contains known value 

of oxygen in GaN is absent, the quantitative analysis by AES is not reliable.  The extreme 

roughness (~ 0.8 µm) of the film may be responsible for the high oxygen concentration 

because sputtering only removes part of the film when the film is very rough [Wan03].  

In addition, the sputtered surface oxygen can re-adsorb due to the slow sputtering rate.  

The surface oxygen can be completely removed using higher sputtering rate as shown in 

Figure 3-6.  Otherwise, GaN film had a uniform composition as judged by the AES depth 

profile. 

Table 4-1 lists the electrical properties of 45 µm thick GaN film grown on Uniroyal 

GaN/Al2O3 template by Hall measurement.  It showed intrinsic n-type material with a 

(a) 

(c) 

Time (mins.)

Min: 0 Max: 13047

00 2 4 6 8 10 12 14

O1

C1

Ga1

O1

C1

Ga1

N1

(b)



111 

 

carrier concentration of 2.6 x 1020 cm-3 and Hall mobility (45.9 cm2/Vs).  The electrical 

property measurements show that the H-MOVPE GaN films have very high background 

carrier concentration due to the O contamination or N-vacancy. 

Table 4-1. Electrical properties of GaN film grown on GaN/Al2O3 template. 

Sheet Resistance 
[Ω/square] 

Sheet Hall 
Coefficient 

[cm2/C] 
Type Thickness 

[µm] 

Carrier 
concentration 

[1/cm3] 

Hall Mobility 
[cm2/Vs] 

0.11727 5.3823 n 45 2.6 x 1020 45.9 
 

Four-point probe was used to measure the sheet resistance of the as received 

GaN/Al2O3 template and the GaN films grown for 3 hrs on GaN/Al2O3.  The results are 

shown in Table 4-2.   

Table 4-2. Sheet resistance and resistivity measured by four-point probe. 
Sample name Sheet Resistance(Ω/sq) Thickness (µm) Resistivity (Ω cm) 
3 hr growth on 
GaN/Uniroyal 3.3 30.3 0.01 
GaN/Uniroyal 
as received 20.0 5 0.01 
 

Sheet resistance is a property that depends on the thickness of the material, while 

resistivity is a material property that does not depend on the thickness.  Both films 

showed 0.01 Ω cm resistivity.  This fairly low resistivity shows that the GaN film was 

fairly conducting. 

4.4 GaN Growth on Si 

4.4.1 Growth of Thin and Thick GaN on Si 

4.4.1.1 Nitronex GaN/Si template  

The growth of high-quality thin (3 to 4 µm) GaN on Si is important for GaN/Si-

based device applications.  Utilizing this relatively low (850 °C) growth temperature, 

GaN could be grown with a device relevant thickness (3 to 4 µm), and crack-free GaN on 

the GaN/AlGaN/AlN/Si template provided by Nitronex.  In part, the lower growth 
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temperature reduced the thermal expansion effects by ~ 20 % over that of a high 

temperature (1050 °C) growth. 

 
Figure 4-7. X-SEM image of GaN on Si using AlGaN graded layer (provided by 

Nitronex). 

Although ~ 7 µm thick crack-free GaN on Si has been reported [Kro03] 

incorporating multiple AlN interlayers, the maximum thickness of a commercially 

available crack-free GaN layer on Si is about 1 µm [We03].  In this case [We03], graded 

AlGaN interlayers were used between GaN and Si.  Trimethylaluminum (TMA) and 

ammonia (NH3) were used to grow the AlN buffer layer, and trimethylgallium (TMG) 

was added into the system to grow compositionally graded AlGaN layer.  Finally, the 

GaN layer was grown on the AlGaN graded layer at 1050 °C.  The thickness of the GaN 

film was 1 µm and that of AlGaN graded layer was about 0.5 µm as shown in Figure 4-7. 

XRD θ-2θ scan (Figure 4-8 (a)) shows several AlGaN graded layer peaks with a 

strong substrate peak.  The sharp and multiple AlGaN peaks indicate that the Ga/Al ratio 

in the graded AlGaN layer was not continuously changing but had discrete values.  The 

GaN (002) peak of the received film, determined by FWHM of the XRD ω-rocking 

curve, shows high crystal quality (800 arcsec), as shown in Figure 4-8 (b), but not as high 
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quality as the GaN film grown on Al2O3.  This material was used as a substrate for thick 

GaN growth. 

 
Figure 4-8. XRD θ-2θ scan and HR-XRD ω-rocking curve of as received GaN/Si from 

Nitronex, FWHM = 0.222 ° (800 arcsec). 
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4.4.1.2 Growth of Thin GaN Using Nitronex Template 

Under the selected growth conditions (Cl/Ga = 1.5, N/Ga = 570, T = 850 °C), a 10 

to 15 µm/hr growth rate is observed.  Film thicknesses were measured by cross sectional 

SEM from cleaved samples.  To achieve device relevant 3 to 4 µm thick GaN, 15 min 

growth time was performed.  Figure 4-9 shows the plan and cross-sectional views of 

crack-free, 2 µm thick GaN grown on GaN/Si (111).  

 
Figure 4-9. SEM plan and cross sectional views of 2 µm H-MOVPE + 1 µm MOVPE 

crack-free GaN grown on AlGaN/Si graded layer. 

 
Figure 4-10. XRD θ-2θ scan of 2 µm H-MOVPE + 1 µm MOVPE crack-free GaN grown 

on AlGaN/Si graded layer. 

No cracks were observed in the 1 cm x 1 cm sample presumably due to the 

relatively low (850 °C) growth temperature.  The rough surface is a typical feature of H-

MOVPE.  An average roughness of 830 nm was measured by profilometry (Dektak II).  
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Figure 4-10 shows XRD θ-2θ scan of 3 µm thick GaN film (2 µm HVPE + 1 µm GaN 

template) on AlGaN/Si substrate.  Intense GaN (002), small (101), (102) peaks, and Si 

(111) substrate peaks show that the GaN film was highly textured along the [002] axis. 

4.4.1.3 Growth of Thick GaN Using the Nitronex Template 

Thick (> 20 µm) GaN growth was carried out using the same procedure but with a 

longer growth time of 30 min to 4 hrs.  Most samples grown in H-MOVPE and thicker 

than 7 µm on bare Si substrates and GaN/Si templates showed cracks regardless of 

cooling rate or annealing process, as exemplified seen in Figure 4-11. 

 

Figure 4-11. SEM plan-views of thick (55 µm) GaN films grown on GaN/Si templates (4 
hr) with (a) fast cooling and (b) slow cooling.  Note two micrographs are at 
different magnification. 

Cracks can be generated during growth or cooling due to the excess tensile stress 

caused by large lattice and thermal expansion differences. 

It was observed that the cracks penetrated through the Si substrate and separation 

occurred inside the Si, as shown in Figure 4-12. 

Similar phenomena often occur during the growth of GaN on GaN/AlGaN/AlN/Si 

template.  Examining the cracked pieces showed that the strong cohesion between GaN 

and Si (or AlN and Si in GaN/AlGaN/AlN/Si template case), as well as the brittleness of 

(a) (b) 
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Si, were responsible for cracking to take place in pre interior of the Si wafer.  The nano-

indentation hardness of the GaN, AlN, and Si are 20 [Now99], 18 [Yon02] and 14 GPa 

[Suz96], respectively.  This brittleness of Si added with the large tensile stress (chapter 3) 

created by the lattice mismatch and thermal expansion differences makes the growth of 

crack-free GaN on Si even more challenging. 

 

Figure 4-12. Schematic of crack generation of GaN on Si and GaN on Nitronex template.  
Cracking penetration to Si were observed in both cases. 

To determine the crystal quality, XRD θ-2θ scan was performed using a Philips 

APD 3720.  The resulting intense GaN(002) and GaN(004) peaks are shown in Figure 4-

13.   
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Figure 4-13. XRD θ-2θ scan of thick (55 µm) GaN film on GaN/Si template for 4 hr. 

 
Figure 4-14. XRD ω-rocking curve of GaN (002) peak of 55 µm thick GaN.  FWHM = 

0.248 ° (892 arcsec). 

The result implies that the d-spacings of (002) and (004) planes are uniform.  The 

ω-rocking curve result is shown in Figure 4-14.  The FWHM of the ω-rocking curve of 

the GaN (002) peak is 0.248 ° (892 arcsec).  These two results, XRD θ-2θ scan and ω-

rocking curve, confirm that the grown GaN film is a high quality crystal (similar to the 

received GaN/Si template), although the film was cracked. 
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4.4.2 Growth of Thick GaN on Si Using InN Interlayers 

Thick GaN films grown on Si demonstrate significant cracking problems due to the 

excess tensile stress produced by large lattice and TEC mismatch between the GaN film 

and Si substrates.  To overcome cracking problems, different techniques have been tried, 

including multiple AlN interlayers [Sch06, Mas06, Yu06, Jam05, Zha05, Rei03, Lia01, 

Ven05], AlGaN graded layers [Mar01, We03, Abl05, Wan05], patterned Si [Zam01], and 

in situ SiN masking (non-uniform deposition) [Dad03].  All the methods showed some 

decrease of bowing and cracking, but no method successfully produced crack-free thick 

(> 20 µm) films because there still remains excessive tensile stress, as well as strong 

cohesion between GaN (or AlN buffer layer) and Si.  This investigator is not aware of 

any report of using InN as a buffer layer. 

To avoid cracks, InN was used as a buffer material to provide a weak bond between 

Si and the interfacial layer, since InN is known to be a softer material than GaN and Si 

(Nano indentation hardness: 11 [Edg97], 20 [Now99], and 14 GPa [Suz96] for InN, GaN, 

and Si, respectively).  Also the bond strength of In-N (7.7 eV) is similar to that of Si-Si (7 

eV) and less than the Ga-N (8.9 eV) or Al-N (11.5 eV) and Si-N (10.5 eV).  The bond 

strength of Si-Si is the weakest.  Therefore, the cracking penetration to Si substrate is 

expected and was observed as shown in Figure 4-12.  

Taking advantage of the low decomposition temperature and softness of InN, 

indirect/weak contacts between GaN film and Si substrate could be established via the 

InN interlayer.  InN buffer materials and GaN films were all grown by H-MOVPE 

technique.  Easy switching of precursors made it possible to grow a variety of InN 

structures and GaN films without transferring to another reactor.  InN was grown on Si, 
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followed by a thin low temperature (LT)-GaN to prevent decomposition of the InN, and 

finally high temperature (HT)-GaN.  The growth schematic to obtain crack-free thick 

GaN on Si is illustrated in Figure 4-15. 

 
Figure 4-15. The schematic to obtain thick GaN on Si(111) using InN buffer materials. 

After InN growth at 560 to 600 °C, the temperature was reset to 560 °C and a low 

temperature (LT)-GaN was deposited at 560 ºC for 10 to 30 min to cover the InN before 

starting growth of the thick HT-GaN film.  After LT-GaN deposition, the temperature 

was increased to 850 ºC and the HT-GaN was grown.  During the heating and cooling 

processes N2 was always provided.  After growth, the reactor was cooled in N2 ambient.  

The cooling rate was approximately 15 ºC/min. 

4.4.2.1 InN Growth on Si(111) 

InN columnar film, small nanorods (d = 250 nm), large nanorods (d = 500 nm), and 

microrods were grown on Si substrates for comparison.   

Table 4-3. Growth conditions for InN buffer interlayer on Si. 
Growth T (°C) Cl/In N/In Time Feature 
560 1 2500 1 hr (a) Columnar Film 
600 4 250 20 min (b) Nanorods (d = 250 nm) 
600 4 250 1 hr (c) Nanorods (d = 500 nm) 
650 5 250 1 hr (d) Microrods 
 
The growth conditions for the various samples are tabulated in Table 4-3. 

Figure 4-16 shows the plan-view of the SEM images of each of the buffer 

interlayers evaluated.  All InN material showed well-faceted hexagonal structures and 

single crystallinity as confirmed by TEM-Diffraction Pattern (DP) spot patterns as 

InN buffer interlayer 
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presented in Chapter 5.  At low growth temperature (560 °C), low Cl/In (1), and high 

N/In ratios (2500), InN columnar polycrystalline films were grown.  By changing the 

growth time and the conditions as indicated in Table 4-3, the other microstructures were 

grown.  The morphology evolution depending upon the growth parameters are presented 

in details in Chapter 5. 

 
Figure 4-16. SEM plan-view of InN columnar film, small nanorods (d = 250 nm), large 

nanorods (d = 500 nm), and microrods grown on Si(111). 

4.4.2.2 LT-GaN Growth on InN Buffer Materials/Si(111) 

The 4 different templates which are shown in Figure 4-16 were used as templates 

for subsequent GaN growth.  LT (560 °C)-GaN was grown on the 4 different templates 

for comparison of the structural effects of InN buffer material.  Figure 4-17 shows the 

(b) Nanorods(d=250 nm) 

(c) Nanorods(d=500 nm) (d) Microrods 

(a) Columnar film 
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SEM images of the LT-GaN grown on various InN crystals for 10, 20, and 30 min. The 

growth conditions for LT-GaN were set as T = 560 °C, Cl/In = 1.5, and N/In = 570. 

Figure

S

from 1

uniform

250 nm

(a) 

(b) 

(c) 

(d) 

N 
No LT-Ga
 
 4-17. SEM plan-view of 10, 20, and 30 min LT-GaN grown on (a) InN columnar 

film, (b) smaller nanorods (d = 250 nm), (c) larger nanorods (d = 500 nm), 
and (d) microrods. 

ignificant changes in the morphology were observed as the growth time increased 

0 to 30 min.  Only InN columnar films and larger nanorods (d = 500 nm) provided 

 coverage of LT-GaN (Figure 4-17 (a) and (c)), while the smaller nanorods (d = 

) and microrods demonstrated non-uniform coverage of LT-GaN (Figure 4-17 (b) 

No LT-GaN 

No LT-GaN 

No LT-GaN 
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and (d)).  From the observation of non-uniform and small InN samples it was found that 

GaN deposition occurred mainly on the InN surface rather than on the Si substrate. 

Figure 4-18 (a) shows a wider area SEM plan-view of 30 min LT-GaN grown on 

InN nanorods.  LT-GaN started to coalescence after 30 min, and an interesting embossed 

pattern could be seen.  The cross-sectional view (Figure 4-18 (b)) shows that the 

thickness of the LT-GaN was ~ 4 µm and that voids were formed at the interface.  XRD 

θ-2θ scan (Figure 4-18 (c)) showed GaN (002), InN (002), and InN (101) peaks, as well 

as the Si (111) substrate peak.  This data shows that InN nanorods still exist after 30 min 

LT-GaN growth.  This is expected since 560 °C is well below the decomposition 

temperature of InN.  No In metal was detected by XRD. 

 
Figure 4-18. LT-GaN deposited on InN nanorods (d = 500 nm) on Si(111) for 30 min (~ 

4 µm) (a) plan-view of LT-GaN on InN nanorods, (b) cross-sectional view (c) 
XRD θ-2θ scan 

(c) 

5 µm Si (111) 3 µm 
voids 

(a) (b) 
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4.4.2.3 Thick HT-GaN Growth on LT-GaN/InN/Si(111) 

Thick GaN films were next grown at 850 °C for 2 hr after 30 min LT-GaN growth 

on InN crystals.  The growth condition for HT-GaN was the same as the base growth 

conditions used for growth of GaN on sapphire (Cl/Ga = 1.5, N/Ga = 570, and T = 850 

°C).  N2 was used as the carrier gas due to the instability of InN in H2.  

 
Figure 4-19. HT-GaN/LT-GaN growth on various InN structures (a) InN columnar film, 

(b) small nanorods (d = 250 nm), (c) large nanorods (d = 500 nm), and (d) 
microrods.  The right figures show expanded views of the surface of HT-GaN 
films. 

 

(d) 

(c) 

(a) 
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Figure 4-19 shows the morphology of thick (~ 20 µm) GaN films grown on LT-

GaN for each of the 4 different InN interlayer microstructure.  Figure 4-19 (a) shows 

thick GaN grown on the InN columnar film/Si.  Significant peeling of the GaN film is 

evident.  From observation of GaN deposition on the surface exposed by the cracking 

process, it was confirmed that the cracking and peeling occurred during the growth and 

not during the cooling.  Figure 4-19 (b) shows the thick GaN grown on smaller InN 

nanorods (d = 250 nm) over Si(111).  Cracks were observed due to the non-uniform 

deposition of InN nanorods and LT-GaN.  Figure 4-19 (c) shows the best result of crack-

free thick GaN, which was grown on the large InN nanorod (d = 500 nm) interlayer.  

Although the surface is still rough, it is clear that dense and uniform InN nanorods are a 

good candidate structure for thick, crack-free GaN growth on Si(111).  Figure 4-19 (d) 

shows cracking of thick GaN film on InN microrods on Si.  Again, the observation of 

cracks correlated with the films exhibiting more pronounced surface roughness. 

 
Figure 4-20. Thick (28 µm) and freestanding (self-separated) GaN grown on InN 

nanorods/Si (a) SEM plan-view of the GaN film, (b) XRD θ-2θ scan.  

The GaN film occasionally self-separated from the Si substrates without effort. 

SEM and XRD results of freestanding and crack-free GaN film (28 µm thick) grown on 

InN nanorods (d = 500 nm)/Si (111) substrates are shown in Figure 4-20.   

(b) 

ω-2θ 
341 arcsec 

(a) 
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No cracks were observed by SEM over the wide range of the film, as seen in Figure 4-20 

(a).  Low resolution XRD (Figure 4-20 (b)) shows GaN (002), (004), and (103) peaks.  

No InN was detected presumably because at the growth temperature (850 °C), the InN 

dissolved into the InxGa1-xN.  The film was polycrystalline, but highly textured along the 

[002] axis with an FWHM of 341 arcsec. 

Figure 4-21 shows a cross-sectional view of crack-free thick (40 µm) GaN grown 

on Si substrate using dense and large (d = 500 nm) InN nanorods.  In this case, self-

separation did not occur.  InN nanorods at the interface were not visible after HT-GaN.  

InN likely dissolved into GaN to form InxGa1-x N alloy at the interface.  Another 

possibility is that the InN thermal decomposed to give a high N2 pressure.  This could 

provide a force for new crack propagation, similar to splitting Si with large H in implants.  

Therefore, the occasional self-separations may be related to the two preferential paths: 

InN decomposition leading self-separation and InxGa1-xN alloy formation for adhesive 

growth.   

 
Figure 4-21. Cross-sectional view of thick GaN grown on InN nanorods/Si(111).  The 

surface was covered by LT-HVPE layer grown after thick HT-HVPE. 

InN nanorods (1 µm)  
(Not observed after HT-GaN 
growth) 
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Figure 4-22 compares an HT-GaN grown rough surface with a LT-GaN capped 

surface. The rough surface was covered by growing a LT-GaN (4 µm) layer after the 

thick film growth to smooth the surface. It is noted that the capping layer surface 

resembles the LT-GaN grown on InN nanorods. The surface of LT-GaN, however, is not 

smooth for direct device fabrication. In fact, the electrical properties and crystal quality 

of the LT-GaN are inferior.  Since one goal was to grow thick GaN substrate using Si, 

high quality MOCVD GaN should be grown on this thick GaN substrate.  Before 

MOCVD growth, CMP should be carried out to smooth the surface of HT-GaN. 

 
Figure 4-22. SEM plan-view of thick GaN grown on InN nanorods (d=500 nm)/Si(111). 

(a) as grown HT-GaN surface, (b) covered LT-GaN surface. 

4.5 Conclusions 

Crack-free and thin (3 µm) GaN was successfully grown on GaN/AlGaN/Si 

templates utilizing a relatively low (850 °C) growth temperature.  

Attempts to grow thicker films resulted in cracking.  Cracks were observed in thick 

(> 7 µm) GaN films that were grown either directly on Si(111) or grown on multiple 

AlGaN graded layers/Si templates.  It was observed that the cracks penetrated to the Si 

substrate.  Strong cohesion between GaN and Si, as well as the brittleness of Si, were 

responsible for the cracking. 

To avoid cracks, InN columnar film, nanorods with different diameters (d = 250 nm 

and d = 500 nm), and microrods were grown as a buffer material on Si(111).  Low 

(a) (b) 
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temperature (560 °C) GaN was deposited thereafter to prevent InN from decomposing at 

the higher growth temperature used to grow thick GaN.  LT-GaN uniformly covered only 

InN columnar films and nanorods (d = 500 nm), while nanorods (d = 250 nm) and 

microrods demonstrated non-uniform coverage of LT-GaN. 

It was found that the structure of the InN interlayer was critical to growing crack-

free GaN film. Thick GaN grown on InN columnar film as well as smaller nanorods (d = 

250 nm) and microrods exhibited cracks. Crack-free thick GaN film, however, was 

grown on the dense InN nanorods (d = 500 nm) interlayered on Si(111).  Voids at the 

interface were found to be beneficial to growing crack-free GaN. The crack-free GaN 

film grown on InN nanorods/Si showed strong texturing in the [0002] axis (FWHM of 

ω-2θ rocking curve: 341 arcsec), although it was polycrystalline.  Crack-free (crack-free 

area: 10 mm x 5 mm), 40 µm thick GaN was successfully grown on Si substrates using 

mats of dense nanorods interlayer.  GaN occasionally self-separated from the Si substrate 

without effort, due to the low decomposition temperature of InN.  The results show that 

using InN dense nanorods (d = 500 nm) over Si is a promising technique to grow crack-

free thick GaN on Si substrates.
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CHAPTER 5 
GROWTH OF INDIUM NITRIDE NANORODS BY H-MOVPE 

5.1 Introduction 

The group III nitrides are receiving considerable attention as host semiconductors 

for optoelectronic and high-power, high-temperature electronic device applications.  

Among the nitrides, InN has the smallest effective mass and highest electron drift 

velocity, making it a particularly attractive material for high-speed electronic devices. 

The growth of one-dimensional (1D) semiconductors, such as nanowires and nanorods, 

holds the promise of improved crystal quality, as well as the ability to use quantum size 

effects to adjust the material properties.  Therefore, coupling the excellent transport 

properties of InN with the advantages of nanostructured materials may offer superior 

electronic device fabrication. 

GaN [Kuy04, Han97, Deb05] and InN 1D structures [Lia02, Lan04, Tan04] have 

been demonstrated using an Au catalyst to promote growth by a vapor-liquid-solid (VLS) 

mechanism.  Closed-spaced vapor transport using pure indium metal or In2O3 and 

ammonia has been used to grow InN nanostructures without an external catalyst [Zha02, 

Joh04a, Vad05, Luo05].  It is possible that the liquid In precursor structures self-seed the 

growth to provide a VLS mechanism. 

It would be helpful for device fabrications to use chemical vapor deposition (CVD) 

to produce InN nanostructures in a controlled manner.  The effect of input NH3/TMIn 

molar ratio on the growth of InN films has been studied [Joh04j, Dra06, Sin04].  Its 

influence on InN 1D structures, however, has not been reported since most studies 
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[Zha02, Joh04a, Vad05, Luo05] used closed spaced vapor transport, in which it is 

difficult to control the molar ratio.  There are a limited number of reports of synthesis of 

InN nanostructures by CVD [Par01, Sar05], HVPE [Ond02], and MBE [Dim04, Oli03, 

Sto06], which can independently control the inlet molar ratios.  Nevertheless, no 

morphological study by changing process parameters such as N/In, Cl/In ratios, and 

growth temperature has been reported. 

In the present work, InN films and nanorods were grown by H-MOVPE.  An 

advantage of H-MOVPE is that the added HCl can prevent formation of In droplets 

[Kan04], reducing the need for excess NH3 and allowing growth of InN at a reasonable 

rate.  It was also hoped that the surface morphology would improve given that the 

deposition reaction is reversible.  The promise of improved structural quality in InN 

nanorods is that, once nucleated, the ratio of the contact area to free surface area is much 

less than in the case of film, reducing substrate effects.  This difference, in addition to the 

potential for dislocations terminating at the sidewalls, should significantly improve the 

structural quality of the material.  Furthermore, a hot-walled reactor increases the extent 

of NH3 cracking.  

The surface morphology evolution was observed with the effects of the growth 

temperature, HCl/TMIn and NH3/TMIn molar ratios to determine optimal growth 

conditions for InN nanorods. 

The boundaries between InN growth and etch regimes were calculated based on 

chemical equilibrium and the results were compared with experimental data.  Extensive 

characterizations focusing on InN nanorods were carried out and the structural, chemical, 

optical, and electrical properties of InN nanorods were measured. 
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As an application, the high surface to volume ratio of nanorods renders them 

potential candidates for sensing applications.  Therefore, InN nanorods were fabricated 

with Pt nanoparticle deposition to function as an H2 sensor and promising results were 

obtained. 

5.2 Chemical Reactions for InN Growth by H-MOVPE 

H-MOVPE is a versatile technique because it can independently control N/In, Cl/In 

molar ratios, and growth temperature.  InN crystals were grown by the H-MOVPE 

technique.  The indium and nitrogen sources were TMIn (TMI solution, Epichem) and 

NH3 (Anhydrous Grade 5, Matheson-Trigas), respectively and HCl (10 % HCl, 90 % N2, 

Air Products) was used to in situ form InCl precursor.  The overall reactions of InN 

growth are as following: 

In(CH3)3(g) + HCl(g)  InCl(g) + CH4(g) + C2H6(g) (source zone) (R1) 

InCl(g) + NH3(g)  InN(s) + HCl(g) + H2(g)    (deposition zone) (R2) 

TMIn reacts with HCl and forms InCl and by-products such as CH4 and C2H6 (R1).  The 

reactions in H2 ambient were not considered since InN is generally grown in inert 

environment.  InCl3 and other chlorides formation reactions are negligible because InCl is 

dominant species in the wide range of temperatures (T > 450 K) as shown in Figure 2-12.  

InCl reacts with NH3 and forms InN and produces HCl and H2 as by-products (R2). 

5.3 InN Nanorods Growth Optimization 

During the exploratory study of the InN film growth as presented in Chapter 6, 

possible conditions for InN nanorod growth were determined.  The base conditions for 

InN nanorod growth are listed in Table 5-1.  The substrates used in this study were c-

Al2O3, GaN/c-Al2O3, and Si(111) although occasionally a-, r-Al2O3 and Si(100) were 

used. 
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Table 5-1. Base conditions of InN nanorods growth. 
Growth T TMI flow rate HCl flow rate NH3 flow rate N2 flow rate 

600 °C 0.7 sccm 2.8 sccm 
(Cl/In = 4) 

175 sccm 
(N/In = 250) 

1600 sccm 

 
The growth parameters were varied to study morphological evolution of InN to 

determine optimal growth conditions for InN nanorod formation. 

5.3.1 Experimental Procedure 

To grow InN, c-Al2O3, GaN/c-Al2O3, and Si(111) wafers were normally used as the 

substrates.  Si(111) and c-Al2O3 substrates were cleaned by wet cleaning process such as 

dipping in the warm trichloroethylene, acetone, and methanol for 5 min each followed by 

DI water rinse and nitrogen gun dry, whereas GaN/c-Al2O3 substrate was only cleaned by 

nitrogen gun with static eliminator.  The substrates were loaded together and InN was 

grown simultaneously to avoid run-to-run variation. 

The TMIn flow rate was maintained at 0.7 sccm, 10 % HCl flow rate was 0 to 4.2 

sccm (Cl/In ratio from 0 to 6), NH3 flow rate was 70 to 5000 sccm (N/In ratio from 100 

to 7000), and N2 carrier flow rate was constant at 1600 sccm.  After growth, the reactor 

was cooled to room temperature at a rate of -15 °C/min.  During the cooling process NH3 

was provided to prevent InN decomposition up to 300 ˚C.  The reactor pressure was 

maintained at ~ 1 atm. 

5.3.2 Results 

5.3.2.1 Effects of Growth Temperature and HCl/TMI Molar Ratio 

When the temperature was lower than 400 °C or higher than 750 °C, no InN growth 

occurred.  The extent of NH3 cracking was extremely low at T < 400 °C and InN 

decomposed rapidly around 750 °C.  The decomposition is somewhat altered depending 
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on etching effect of H2 from NH3 decomposition.  As a result, it is not surprising that no 

growth occurred below 400 and above 750 °C. 

 
Figure 5-1. The growth map of InN at different HCl/TMI ratio with growth temperature; 

N/In = 250; Growth time = 1 hr; Substrate = c-Al2O3. 

The first column of Figure 5-1 shows the results in the case where the growth 

temperature was around 500 °C.  When HCl/TMIn = 0, In droplet formation was 

observed.  When HCl/TMIn ratio was 1 to 2, continuous InN films were grown without 

indium droplets formation.  The unreacted indium after InN formation perhaps is retained 

in the vapor phase as volatile InClx species.  As a result, no In droplets were observed.  
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At higher HCl/TMIn ratios (> 3) at the same temperature (500 °C), for example 

HCl/TMIn = 4 and 500 °C, nucleation was difficult because there was not sufficient 

active nitrogen at the low temperature and excess HCl leading towards etching.  At these 

conditions sparse nanorods could be formed.  The sizes of nanorods in both lengths and 

diameters and the number density were small because the growth rate was low at low 

temperature with excess HCl conditions. 

Interesting morphological evolution was observed at a growth temperature around 

600 °C (second column).  When no HCl was provided, InN film was again grown with In 

droplets.  At HCl/TMIn = 1 to 2, columnar structures developed leading to the 

polycrystalline InN films.  When HCl/TMIn = 3 to 5, long and dense nanorods were 

grown.  Sparse and well faceted microrods were observed at HCl/TMIn = 6.  Although 

the growth rate was higher at 600 °C, the nucleation of InN was difficult at high 

HCl/TMIn ratios.  Once nucleated, the crystals tended to grow larger rather than creating 

new nucleation sites.  The third column shows the results at high growth temperature (T = 

700 °C).  In droplets formed again when HCl was not provided.  At HCl/TMIn = 1 to 2 

dense nanorods were formed rather than 2-D films.  It is noteworthy that the effects of 

HCl/TMIn ratio and growth temperature are similar because they are related to InN 

etching and decomposition, respectively.  As a result, dense nanorods were grown at high 

HCl/TMIn (~ 4) and intermediate growth T (~ 600 °C), or intermediate HCl/TMIn (~ 1) 

and high growth T (~ 700 °C).  At HCl/TMIn = 4 and T = 700 °C, sparse and long 

nanorods were grown.  The high temperature (~ 700 °C) made the nucleation of nanorods 

difficult due to the decomposition effect.  Once nucleated, the nanorods tended to grow 

along the most favorable directions rather than forming other nucleation sites.  Finally, at 
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HCl/TMIn = 6, the nucleation of InN was difficult, so low density microrods growth was 

anticipated for the reason similar to the above. 

5.3.2.2 Effects of NH3/TMI Molar Ratio and Substrate Material 

The effect of NH3/TMIn ratio, another important growth parameter, was 

investigated with different substrates: c-Al2O3, GaN/c-Al2O3, and Si.  For comparison, 

those substrates were loaded together.  In previous experiments, it was found that long 

and dense nanorods were grown when the NH3/TMIn ratio was around 250 in a 

temperature range 600 to 650 ºC and the HCl/TMIn ratio was around 3 to 5. 

 
Figure 5-2. Scanning electron micrographs of InN film and nanorods.  NH3/TMIn were 

varied from 100 to 7000; Other growth conditions are HCl/TMIn = 4, T = 600 
°C; Growth time = 1 hr. 
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It was found that the length of the nanorods after 1 hr of growth was typically ~ 1 

µm, with a diameter in the range 50 to 380 nm, depending on the value of the NH3/TMIn 

ratio.  While changing the NH3/TMIn ratio (Figure 5-2), it was found that nanorods were 

only grown when NH3/TMIn ratio was 250.  At NH3/TMIn ratio greater than 103, the 

diameters of the rods became larger.  At very high (N/In = 7 x 103) NH3/TMIn 

conditions, microrods with sharp edges or even continuous polycrystalline films were 

grown with granular surface morphology as shown in Figure 5-2.   

The results can be explained by the amount of active nitrogen from NH3 

decomposition.  When hardly any NH3 was provided (N/In = 100), there was not enough 

active nitrogen to form InN, so that the growth of both InN films and nanorods was 

limited.  When intermediate amounts of NH3 were provided (N/In = 250), the growth 

occurred in a selective way.  In other words, the growth occurred in the most stable 

direction (in this case along c-axis). When abundant NH3 was supplied, there was enough 

active nitrogen in the system, so that growth could occur isotropically.  This prevents the 

directional growth and rather large diameter microrods were grown (i.e., N/In = 1000).  If 

excessive NH3 was provided, the etching effect from H2 cannot be ignored and the 

growth rate decreased (i.e., N/In = 7000). 

Due to the similarity of the crystal structure, it is easier to form InN nuclei on GaN.  

Therefore the films and nanorods on GaN/c-Al2O3 substrates tend to be denser than the 

ones on c-Al2O3 and Si(111) substrates. 

5.3.2.3 Equilibrium Analysis 

To better understand the growth conditions of InN nanorods, a complex chemical 

equilibrium analysis of the In-N-Cl-H-C-Inert system was performed.  Details about the 

thermochemical data collection, calculation procedures, and detailed studies along with 
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the equilibrium predictions are presented in Chapter 2.  For comparison, experimental 

observations were plotted in Figure 5-3 along with the equilibrium predictions.  The 

outcome from the multiple growth runs are shown on this figure, indicating whether film 

growth, nanorod growth, or no growth occurred. These data span a range of conditions 

(HCl/TMIn ratio 1 to 7; NH3/TMIn ratio 100 to 7000, and growth temperature 400 to 750 

°C).   

 
Figure 5-3. The calculated boundary of the growth and etch regimes and experimental 

observations. (a) deposition temperature vs. HCl/TMIn ratio for selected N/In 
atom ratios; (b) deposition temperature vs. N/In atomic ratio for selected 
HCl/TMIn ratios. 
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The general trend is consistent with the equilibrium predictions particularly the results 

with variable Cl/In ratio.  Although kinetic limitations likely exist for both growth and 

etching, particularly at low temperature, the transition point occurs when etching and 

deposition reactions are in balance and thus might be expected to be better predicted by 

equilibrium calculations.  There is one outlier at an HCl/TMIn ratio of 4, for which no 

growth is observed at conditions well into the growth region.  This particular run was at 

the lowest temperature (400 °C), and the thermal cracking of NH3 is very difficult so that 

no N is available for growth [Ban72].  

The conditions of several experiments and their outcome are provided in this 

figure.  The general trend is consistent with the experimental observations, although two 

outliers at low temperatures are noted.  The general agreement between experimental 

observations and conditions predicted to yield no net growth or etching suggests that 

operating near this transition allows for fine control of the nucleation process, and thus 

the opportunity to control the density and dimensions of the nanostructures.  Of course, 

kinetic limitations will be present and influence the actual process.  It is unclear what 

mechanism initiates nanorod growth; it is also unclear by what mechanism the ‘bulk’ 

nanorods grow.  The cooperation of In liquid is improbable since In liquid was not 

observed by SEM study.  In addition, the existence of In liquid is unlikely in HCl ambient 

since InClx formation is dominant reaction in chlorinating environment at high 

temperature.  Once stable nuclei form on the substrate surface, epitaxial growth is 

expected for conditions of moderate lattice mismatch because epitaxy will generate a 

minimum energy.  Therefore, InN nanorods showed very high structural quality as judged 

by TEM-DP (Figure 5-12). 
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5.4 Properties of InN Nanorods 

The grown InN nanorods were characterized by various techniques to examine the 

morphology, crystallinity, chemical compositions, optical, and electrical properties. 

5.4.1 Morphology 

Field Emission Scanning Electron Microscopy (FE-SEM) was used to observe the 

surface morphology after growth.  Figure 5-4 shows selected images of InN nanorods at 

given conditions.  Well faceted hexagonal pillar structures are clearly seen.  The 

diameters ranged 100 to 300 nm and the lengths were ~ 1 µm for 1 hr growth. 

 
Figure 5-4. Scanning electron micrographs of InN nanorods grown at optimal conditions; 

Cl/In = 4, N/In = 250, T = 600 °C, for 1 hr growth on Si(111). 
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5.4.2 Crystallinity 

 
 Figure 5-5. XRD θ-2θ scan of InN nanorods grown on various substrates (a) a-Al2O3, (b) 

c-Al2O3, (c) r-Al2O3, (d) Si(100), (e) Si (111), (f) GaN/c-Al2O3, and (g) 
PDF#50-1239 (powder diffraction file). 
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XRD θ-2θ scans of nanorods grown on a, c, r-sapphire, Si(100), Si(111), and 

GaN/c-Al2O3 substrates was performed using a Phillips APD-3720 diffractometer.  It is 

known that cubic phase GaN could be grown on Si(100) and non-polar GaN could be 

grown on a- or r- sapphire [Cra02, Pas04].  The hope was that different substrate may 

provide nanorods that have different phases or polarity. 

 The patterns show only diffracted peaks attributed to hexagonal InN (Figure 5-5.).  

Furthermore, the XRD results show that within the detection limits, neither 

crystalline indium oxide (In2O3), nor metallic indium was present. 

Although individual nanorods were single crystalline (confirmed by TEM-

Diffraction Pattern), the patterns showed only peaks related to InN.  If they were 

randomly oriented the pattern should match the powder pattern. It was found, however, 

that the nanorods were not randomly oriented as compared to the powder pattern shown 

in Table 5-2 and Figure 5-5 (g).  

Table 5-2. Intensity ratio comparison with XRD powder pattern with different substrates. 
Substrate/PDF#

Intensity ratio (%) 
(100)/(101) 

Intensity ratio (%) 
(002)/(101) 

Intensity ratio (%) 
(101)/(101) 

Intensity ratio (%) 
(102)/(101) 

InN nano on 
a-Al2O3 

49 74 100 29 

InN nano on 
c-Al2O3 

39 107 100 22 

InN nano on 
r-Al2O3 

37 69 100 30 

InN nano on 
Si (100) 32 114 100 33 

InN nano on 
Si (111) N/A 59 100 24 

InN nano on 
GaN/c-Al2O3 

9 (lowest) 130 (highest) 100 11(lowest) 

PDF#50-1239  44 41 100 18 
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Comparing the powder pattern (PDF#50-1239) to the nanorods, it was concluded 

that the intensity of the InN (002) peak was consistently higher than the InN powder 

pattern, regardless of the substrate type. InN nanorods grown on GaN substrates showed 

the highest intensity of InN (002) peak, whereas the intensities of (100) and (102) were 

the lowest compared to the nanorods grown on the other substrates.  This is a definite 

feature of texturing in the [002] direction because the intensity of the (002) peak from 

randomly oriented crystals (i.e., powder) should be less than half compared with the 

(101) peak.  The results suggest that a GaN substrate may be a good substrate for growth 

of aligned nanorods. 

5.4.3 Self-alignment 

Controlled growth of uniformly-aligned InN nanorods would have certain 

advantages for advanced InN-based devices such as LEDs, laser diodes, and sensors.  

Aligned nanorods, however, have only been observed on GaN/c-Al2O3 substrate.  

The range of conditions for the growth of aligned nanorods is still under 

investigation.  A possible growth mechanism may be InxGa1-xN formation at the interface 

since it is epitaxially grown but the evidence is not conclusive at this point. 

Figure 5-6 shows SEM images of aligned InN nanorods grown on GaN/c-Al2O3 

substrate without an external catalyst or template.  Nanorods can be aligned in both dense 

and sparse manners as shown in Figure 5-6 (a) and (b).  The edge shapes of the nanorods 

are either sharp (a), (b) or flat (c).  The substrates were all GaN/c-Al2O3 and no alignment 

was observed on the other substrates, such as Al2O3 and Si.  

XRD θ-2θ scan was carried out to characterize the d-spacing perpendicular to the 

surface.  Only InN (0002) and (0004) peaks were detected with the substrate GaN (0002) 



142 

 

and (0004) peaks seen in Figure 5-7.  The results showed that the aligned nanorods were 

epitaxially grown along the [0002] direction, perpendicular to the GaN surface. 

To see the alignment degree of nanorods with respect to the growth direction, XRD 

ω-rocking curve was obtained with FWHM = 1.29°, as shown in Figure 5-8.  Although 

the FWHM is much wider than in the case of a film, it is noteworthy that the nanorods 

are indeed aligned in the [0001] direction and that the growth definitely occurred along 

the [0001] axis. 

 
Figure 5-6. Scanning Electron Micrographs of aligned InN nanorods grown on 

GaN/Al2O3 substrates. (a) sparse nanorods with sharp tips (b) dense nanorods 
with sharp tips (c) dense nanorods with flat tips. 

(a) (b)

(c) 
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Figure 5-7. XRD scan of aligned InN nanorods on GaN/c-Al2O3 substrates. 

 
Figure 5-8. XRD ω-rocking curve of aligned InN nanorods on GaN/Al2O3. 

To see rotational alignment with respect to the substrates, XRD pole figures were 

taken.  Figure 5-9 shows XRD pole figures of self-aligned InN nanorods on GaN/c-Al2O3 

substrate.  XRD pole figures were obtained by using a Philips MRD X'Pert System. As 

seen in the figure, the InN (103) plane was selected to demonstrate the pole figures.  The 

X-ray detector angle (2θ) and the incidence X-ray beam angle (ω) were set at 57.012 and 

28.506 °, respectively.  For pole figure measurement, Ψ -tilt was changed from 0 to 90 ° 

while rotating the sample 360 ° around the φ-axis.  Coincidentally, the c-Al2O3 (116) 

FWHM = 1.29 ° 

InN (0002) 

GaN (0002) 
InN (0004) 

GaN (0004) 
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plane has similar d-spacing (1.602 Å) as the InN (103) plane (1.614 Å).  Although the 

Al2O3 (116) plane has similar d-spacing, it was not parallel to the InN (103) plane.  

Therefore, both peaks were observed at different ψ in the pole figures.  

 
Figure 5-9. XRD pole figure of self-aligned InN nanorods (Substrate: GaN/c-Al2O3). 

It was observed that the GaN (103) peak appeared at the same φ as InN (103) in the 

first figure.  Moreover, the previous pole figure results on GaN/Al2O3 (Figures 3-8 and 3-

9) showed that the GaN (112) plane was rotated 30 ° with respect to Al2O3 (116) plane. 

This confirms that InN nanorods were grown on GaN without rotation, but that both InN 

and GaN have rotated 30° with respect to the Al2O3 substrate. This is the evidence that 

InN nanorods are aligned not only vertically but also in-plane; that is epitaxially.  The 

schematic of the (103) plane with respect to rotation axis is illustrated in Figure 5-10. 

 
Figure 5-10. InN (103) plane and φ-axis for pole figure measurement. 

)001(

)001(

)103(

φ  
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Self-alignment only occurred when GaN substrates were used.  Therefore it is 

suggested that the possible growth mechanism may be InGaN formation at the interface.  

The nucleation started from InN nano-crystallines formed on a GaN substrate.  InGaN 

may form at the interface by inter-diffusion of In and Ga.  Those InGaN nuclei will be 

epitaxial, so that the growth will replicate the same crystal structure of the substrate.  The 

concentration of In will gradually increase during the InN growth with c-axis and graded 

InGaN nanorods would serve as the base.  Therefore the growth axis would be the c-axis 

and vertically and rotationally self-aligned InN nanorods could be grown. 

5.4.4 Growth Axis and Structural Properties 

The structural properties of InN nanorods (grown in optimal conditions) were 

analyzed by TEM.  The insert in Figure 5-11 (a) shows the splitting of the reflections in 

the [1010] and [1120] selected area electron diffraction patterns (SADP).  The schematic 

illustrates that the splitting results from the intersection of the Ewald sphere with the 

streaks of diffracting intensity extending through each reflection.  The three streaks in 

reciprocal space, which originate from the well-defined hexagonal shape of the nanorod, 

are perpendicular to the NR facets.  Depending on the zone axis orientation, the Ewald 

sphere intersects either two or three streaks, thus enabling determination of the facet 

plane.  A bright field (BF) image of the NR is presented at the bottom of Figure 5-11 (a).  

Electron diffraction patterns confirmed that the nanorods are single crystalline with a 

[0001] growth axis and (1010) facet planes. It is interesting to note that this type of 

faceting appears to be different from faceting in wurtzite ZnO nanorods, where facets 

were found to predominantly reside on the (1120) planes [Din04, Dav99]. TEM also 

showed that the shape of nanorod tips is affected by growth conditions: nanorods 

exhibited either flat top or pyramid-truncated shape (Figure 5-4), i.e., Figure 5-11 (a), 
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with side facets residing on the (1011) planes. Dark- and bright-field images Figure 5-11 

(b) revealed that nanorods are threading dislocation-free with sparse planar defects.  

 

 
Figure 5-11. Transmission electron micrographs of an InN nanorod (a) splitting of 

reflections and (BF) bright field image at the bottom, (b) sparse planar defects 
by dark- and bright-field image. 

These defects extended across individual nanorods and can be attributed to the 

stacking faults residing on the (0001) planes.  

The distance of crystallographic planes can be precisely analyzed by measuring the 

distances between the transmitted spot and diffracted spots of TEM-DP as described by 

the following relation. 

Rdhkl = λL 

Sparse planar defects (arrow
s) 

(b) (a) 
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where R is the measured distance between transmitted spot and diffracted spot [cm], dhkl 

is the spacing of the crystallographic planes (h k l) [Å], λ is the wavelength of the 

electron beam [Å], and L is the camera distance [cm].  The wavelength of the electron 

beam depends on the acceleration voltage that is typically 100 to 200 kV in TEM.  For 

instance, the wavelength of electron beam is 0.037 Å at 100 kV and 0.024 Å at 200 kV.   

 
Figure 5-12. TEM and SAD of InN nanorods (WZ) with growth axes (a) [0002], (b) 

[1010], and (c) [1124]. 

Rather than separately using electron beam wavelength (λ) and camera distance (L), a 

camera constant (λL) is used to calculate the distance of the crystallographic planes in 

(b) 

(a) 

(c) 
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practice.  Since λL [Å cm] is constant, dhkl [Å] can be directly obtained by measuring R 

[cm]. 

Figure 5-12 shows transmission electron micrographs with selected area diffraction 

(SAD), in other words, TEM diffraction pattern (DP).  The distances between transmitted 

spots and diffracted spots were measured and converted to the distance between the 

crystallographic planes.  The results clearly showed that an individual InN nanorod was a 

single crystalline with wurtzite structure and a growth axis mainly along [0002], as 

shown in Figure 5-12 (a).  Although a majority of the nanorods were wurtzite with a 

[0002] growth axis, some exceptions were found.  A few wurtzite InN nanorods samples 

showed 20 °off [1010] (Figure 5-12 (b)) and [1124] (Figure 5-12 (c)) growth axes other 

than [0002]. 

 
Figure 5-13. SEM image of wurtzite InN nanorod grown on the side wall of a nanorod. 

A similar occurrence was observed by SEM, as shown in Figure 5-13.  The InN 

nanorods nucleated on the side wall of the nanorods and elongated tilted in the [1010] 

direction.  Therefore, growth along the c-axis is not the only mechanism to explain the 

elongation of nanorods, although it was found that [0002] was the main growth axis, as 

confirmed by both TEM and XRD. 
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Interestingly, zincblende InN nanorods a few degrees off the [220] growth axis and 

body-centered cubic In2O3 with a [402] growth axis were found, as shown in Figure 5-14.  

The zincblende InN phase was usually observed in a mixture with the wurtzite phase in 

thin films [Spe06, Tsu05, And05, Yam98jcg].  Therefore, the existence of pure InN 

zincblende without wurtzite phase inclusion is a unique result. 

 
Figure 5-14. TEM and SAD of InN and In2O3 nanorods (a) InN (ZB) growth axis = a few 

degrees off [220] (b) In2O3 (BCC) growth axis = [402]. 

Few In2O3 (BCC) nanorods were rarely observed during the TEM analysis.  

Although the source of the oxygen is unclear, the high crystal quality of In2O3 suggested 

that the oxygen existed during the growth.  It also showed that the oxygen would not 

incorporate in the InN crystals by replacing N, but rather by forming In2O3 crystals.  This 

is expected since the crystal structures of InN and In2O3 are intrinsically different.  

(a) 

(b) 
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Oxygen may incorporate in InN through the interstitial sites; however the maximum 

amount of oxygen concentration in InN is known to be ~ 0.3 % [Yos03]. 

5.4.5 Polarity 

Wurtzite group III nitrides usually have spontaneous polarization effects, since 

most of time they are grown along the polarized axis.  These polarization effects are 

beneficial in some cases and should be avoided in other cases.  For example, 2 

dimensional electron gas (2DEG) formations at the AlGaN/GaN interface enhance the 

mobility of high electron mobility transistors (HEMT) significantly [Smo01].  On the 

other hand, it may change the wavelength of LEDs (red shift), or decrease the intensity of 

LEDs due to the charge separation induced by polarization effect [Im98].  Another 

benefit of polarity study is that it may illuminate the growth mechanism.  It is known that 

the GaN films grown by MOCVD and HVPE techniques have different polarity because 

the growth mechanism is different.  For example, the GaN films grown by MOCVD have 

Ga polarity with a smooth surface, and vice versa.  The growth mechanism of InN 

nanorods is not understood yet.  The study of InN nanorods polarity may help to clarify 

the growth mechanism of InN nanorods. 

Convergent beam electron diffraction (CBED) is a very good tool to determine 

crystal structure and polarity.  Unlike conventional selected area diffraction (SAD) that 

uses a parallel incident beam, CBED uses a convergent beam of electrons and generates 

diffraction discs instead of spots.  The discs contains valuable information and can be 

used to determine thickness, lattice parameters, phase change, point and space group, 

Burger’s vector, etc.  Therefore, CBED was carried out during HR-TEM analysis to 

determine the polarity of an InN nanorod.   
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Figure 5-15. CBED of the InN nanorod. 

As in Figure 5-15, it was determined that InN nanorods grow in the in c-axis and 

have N-polarity, just as films grown by H-MOVPE.   This was expected since there is 

always excess HCl in the system.  HCl preferably reacts with In and forms InCl.  As a 

result, N always remains on top. 

5.4.6 Chemical Composition 

The surface of InN nanorods were mainly composed of indium and nitrogen 

without chlorine, as confirmed by AES (Figure 5-16) spectrum, (detection limit ~ 1%).  

The carbon in the AES spectrum was assumed to be from the surface adsorption during 

air exposure.  For sputtering, 30 sec of 3 keV Ar+ beam with a 30° sputtering angle was 

used.  Significant Ar+ ion beam damage occurred on the surface of InN nanorods.   
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Figure 5-16. AES spectrum of surface scan of as grown InN nanorods at T = 600 °C, 

HCl/TMIn = 4, NH3/TMIn = 250, 1 hr growth on c-sapphire. 

 
Figure 5-17. Scanning electron micrographs with AES of InN nanorods before and after 

AES sputtering damage. 

In:  31.6 % 
N:  33.1 % 
C:  19.2 % 
O:  16.1 %

In: 79.6 % 
N:  0.2% 
C:   0 % 
O: 20.2 % 
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Consequently, In droplets formation was observed as shown in Figure 5-17.  It is noted 

that the concentration of In increased from 31.6 % to 79.6 % after sputtering.  Nitrogen is 

no longer detected by AES only In and O.  The results are consistent with literature 

[Kos04] because the Ar+ ion beam damages the InN surface at a sputtering angle lower 

than 60°.  The ion beam incidence angle should be adjusted for InN sputtering.  The 

suggested sputtering angle was > 80°; however that will only reduce the sputtering rate 

and the inherent problem will still exist. 

 
Figure 5-18. EDS line-scan of an InN nanorod grown on Si substrate. 

The chemical composition of an InN nanorod on Si substrate was analyzed by EDS 

line-scan as shown in Figure 5-18.  The nanorods are clearly composed of In and N.  No 

oxygen or carbon was detected by EDS. 

5.4.7 Photoluminescence 

The bandgap energies of InN films and nanorods were measured by room 

temperature PL.  As shown in Figure 5-19, maximum PL emissions were obtained around 

1.08 eV with a significant left shoulder.   
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Figure 5-19.  Room temperature (300 K) PL of InN nanorods grown on Si substrate and 

InN film on GaN substrate, maximum intensity observed around 1.08 eV. 

This value matches well with the value of MBE grown sample, 1.1 eV [Inu01], where 

they estimated the bandgap energy by absorption coefficient squared plots.  Although 

their characterization technique and the growth method were different from this work, 

their value for bandgap energy is similar.  A 1.1 eV bandgap was also theoretically 

suggested based on density-functional theory (DFT) calculations [Dav02].  This value 

could be considered as a possible InN bandgap, although further research is required.  

The differences in optical properties between the film and the nanorods were not 

substantial, because the diameters of nanorods were too large to exhibit a quantum size 

effects.  The left shoulder of PL from nanorods showed that there are lots of continuous 

peaks from 0.7 to 1.0 eV that may represent mixture of lower bandgap InN (pure) and 

higher bandgap InN (containing oxygen). 
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Low temperature PL was performed to observe optical property changes with 

respect to temperature (Figure 5-20).   

 
Figure 5-20. Low Temperature (6 K to 300 K) PL of InN nanorods on Si substrate (a) 

whole detection range, (b) magnified range between 730 to 850 meV from 23 
to 100 K region. 

It is known that a low temperature the PL spectrum gives more detailed information 

about the near-band-edge region, donor-acceptor region, and the defect-band region.  The 

near-band-edge region includes free excitons (X), donor bound excitons (DX) and 

acceptor bound excitons (AX).  The PL specify one Si substrate shows that all the 

"classic" lines are present (free exciton, bound, exciton, exciton droplet). These lines 

disappear as the temperature increase, as they should. The bandgap of these lines is 

around 1.1 eV, which is the bandgap of Si. 

At low temperature (6 K), it is seen that the PL emitting from the Si substrate.  It 

nearly disappears by 23 K, but reappear upon increasing the temperature, it was seen that 

this line reappear.  This is very unusual and its value (1.1 eV) suggests that this is Si, but 
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that the temperature behavior is completely different. So it is either InN, or InN somehow 

affects Si in a way that it begins to emit light.  

It is noteworthy that from 40 to 100 K an obvious peak appeared and disappeared at 

767 meV.  This result is consistent with Lan et al’s report [Lan04].   

5.4.8 Cathodoluminescence 

The bandgap energy of InN nanorods grown on sapphire was also measured by CL 

at 7 K, as shown in Figure 5-21.   

 
Figure 5-21. CL spectra of InN nanorods grown on sapphire. 

The e-beam energy and current were set at 10 keV and 50 µA, respectively.  To 

remove the surface oxides and possible In metal or In2O3 contaminations, the samples 

were wet etched in 1 % aqueous HCl solution for 10, 30, and 60 min each.  Slight 

improvements in the intensity were observed with longer etch time, but the effect was not 

significant.  A bandgap of 0.83 eV was detected by CL.  Note that e-beam was 10 keV – 

much higher than Ar+ in AES.  Therefore, there may be very similar effect happening – 
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damage and In formation – or simply InN decomposition during these characterizations. 

The wet etching before CL was not a good approach since there is no In for as grown InN 

nanorods.  The wet etching should have been tried after CL or AES measurement to 

remove In droplets on the surface. 

5.4.9 Raman Spectroscopy 

Raman spectroscopy is a well-established non-destructive technique to study 

vibrational phenomena in solids.  Since inelastic light scattering in crystals is susceptible 

to selection rules, this technique can be conveniently used to identify crystalline 

structures and evaluate material quality and composition.  Similar to AlN and GaN, InN 

crystal with a 2H (wurtzite) structure belongs to the space group C4
6V and has two 

molecules per unit cell.  Group theory predicts eight zone-center optical phonons, namely 

1A1 [transversal optical (TO)], 1A1 [longitudinal optical (LO)], 2B1 (optically inactive or 

“silent”), 1E1(TO), 1E1(LO), and 2E2.  

The first order Raman spectrum of InN NRs deposited directly on Si substrate is 

shown in the bottom spectrum of Figure 5-22.  Three phonon lines were clearly observed, 

despite the noise, at 451 cm-1, 496 cm-1, and 596 cm-1, which can be assigned to A1(TO), 

E2
2, and E1(LO), respectively.  The line at 522 cm-1 is the first order phonon of the Si 

substrate.  The measured phonon energy values are between 3 cm-1 and 8 cm-1 larger than 

the values reported in the literature [Dav99, Che05].  These shifts may result from stress 

and/or heat reduction, due to the sample morphology and experimental conditions, 

respectively.  It was observed that measurements performed with small laser spots and 

higher laser power resulted in damage to the sample.  It was also observed that the E2
2 

phonon is more susceptible to stress, consistent with the larger energy difference reported 

in the present work [Kim05].  The different relative intensities of the observed phonon 
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lines, as compared with reported data, do not result from breaking of the selection rules, 

but mostly from the near random orientation of the nanorods.  A typical Raman spectrum 

of the InN NRs deposited on GaN/Si substrate is represented in the top spectrum of 

Figure 5-22.  Note the similarity of both spectra, with the exception of the additional lines 

at 531 cm-1 and 561 cm-1, which are assigned to the GaN phonons A1(TO) and E1(TO), 

respectively.  The sharpness of the InN lines is consistent with good crystalline quality of 

the nanorods.  

 
Figure 5-22. Room-temperature Raman scattering of InN nanorods deposited on Si and 

GaN/Si substrates. 

5.4.10 Electrical Properties 

It is essential to measure the electrical properties of InN nanorods because one of 

the ultimate goals will be fabricating devices.  Carrier concentration is one of the most 

commonly measured electrical properties, determined by Hall measurement.  

Hall measurements were carried out on InN films and nanorods grown on c-Al2O3 

substrates after CL measurement.  Since Hall measurement is known to damage the 
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surface of the sample during metal contact preparation, it is customary to do Hall 

measurement as the last step.  Indium contacts were made to the surface of InN films and 

InN nanorods.  Since the numerical density of the nanorods was very high, the nanorods 

were treated as a thin film.   

Table 5-3. Electrical properties of InN films and nanorods. 
Sample Sheet 
Resistivity 
[Ω/sq] 

Sheet Hall 
Coefficient 
[cm2/C] 

Type Carrier 
concentration 
[1/cm3] 

Hall 
Mobility 
[cm2/Vs] 

InN film/Al2O3 9.2582 4.6047x102 n 1.35x1020 49.7 
InN nanorods/Al O  7.0065 2.1749x102 n 2.87x1020 31.1 
 

 
Table 5-3 shows some electrical properties of the InN films and nanorods.  Both 

film and nanorods were unintentionally n-type doped.  The carrier concentration 

measured by Hall is 1.35 x 1020 cm-3 for film and 2.87 x 1020 cm-3 for nanorods. 

Considering the structures between pillar structured films and a bed of nanorods, similar 

Hall measurement results were expected.  The rather high carrier concentration indicates 

that the grown InN films and nanorods may have oxygen incorporation during the CL 

measurement.  It appears that InN is very sensitive to electron beam, intense light 

sources, or just air exposure and forms In metal or In2O3 on the surface.  This should 

prevent the correct measurements of properties of InN. 

It would be interesting to measure the electrical properties of a single nanorod.  This, 

however, was not carried out since the length of nanorods is still too short (~ 1 µm) for 

electrical measurement.   

5.4.11 Field Emission Properties 

A sharp edge is beneficial for field emission applications.  It was occasionally 

observed that the edges of InN micro/nanorods are very sharp, as shown in Figure 5-23.  

2 3
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Therefore, it is interesting to measure the field emission properties of these 

micro/nanorods. 

To determine if InN could be used as field emitters, InN nanorods on Si were used 

as a cathode and placed under high voltage to measure the threshold field.  During the 

measurement, the pressure was kept at 4 x 10-9 Torr, anode-cathode spacing (d) = 65 µm 

with circular anode 1.25 mm in diameter.  10 I-Vs were taken during ramp up and down 

each time and very reproducible results were obtained.  However, a threshold field of 32 

V/µm was found at 1 nA.  The typical value of the threshold field is ~ 5 V/µm for single-

wall carbon nanotube (SWNT), ~ 4 V/µm for multi-walled carbon nanotube (MWNT), > 

8 V/µm for diamond, and > 25 V/µm for amorphous carbon [Bon98].  The threshold field 

of InN nanorods (32 V/µm) is higher than that of carbon nanotubes.  Therefore, InN 

nanorods do not look promising for field emission applications because it will require 

higher voltages to produce field emissions. 

 
Figure 5-23. Scanning Electron Micrograph of sharp edge InN nanorods grown on Si 

(single NR on the left) and on GaN/Al2O3 substrates. 
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Figure 5-24. I-V curves and Fowler-Nordheim plots of InN nanorods on Si. 

Figure 5-24 shows Fowler-Nordheim (F-N) plots measuring the I-V curve with 

schematic of F-N tunneling.  The current created by quantum mechanical tunneling was 

derived in 1928 by Fowler and Nordheim.  There are variable expressions of F-N 

relations and one simple expression can be written as following after WKB (Wigner, 

Kramers, Brillouin) approximation [Bon98].  
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I = A(β2E2/φ)exp(-Bφ3/2/βE)    (1) 

E = V/d      (2) 

where A is a constant, B = 6.83 x 109 [V eV-3/2 m-1], φ is the work function, E is the  

macroscopic electric field, β is the field enhancement factor (geometrical factor), V is the 

applied potential, and d is the distance between the anode and cathode.   

By assuming that free electron theory applies, A = 6.2 x 106 (µ/φ)1/2/(µ + φ) [A/cm2].  By 

rearranging equations (1) and (2), 

Iφd2/(Aβ2V2) = exp(-Bφ3/2d/βV)   (3) 

Ln(CI/V2) = D/V     (4) 

Ln(I/V2) = D/V – Ln(C)    (5) 

where C = φd2/Aβ2 and D = -dBφ3/2/β which are constants. 

The most important feature of F-N relations is that the current generated by field 

emissions is proportional to the exponential of 3/2 power of work function of the material 

which was derived starting from the time-independent Schrödinger equation. 

The straight-line relation deduced by equation (5) shows the generated current is 

due to the field emission effect, also called Fowler-Nordheim tunneling.  Since V is 

usually much larger than I in field emission case, the Ln(I/V2) term is negative.  In 

addition, B and C are all positive constants, so that D has a negative value.  Therefore, 

the y intercept and slope all have negative values.  The slope (D) of the Fowler-Nordheim 

plot is related to anode-cathode spacing, the work function of the material, and the 

geometrical factor.  The geometrical factor for SWNT ranges from 2500 to 10000 and for 

MWNT ranges from 1000 to 3000 [Bon98].  The work function of InN is unknown to 

date.  Assuming the work function of InN is ~ 4 eV (since the work function of GaN and 
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AlN are 4.3 and 3.7 eV, respectively [He06]), the geometrical factor was calculated to be 

78, which is very low compared to CNTs.  The results, however, are in good agreement 

with the F-N relation.  Although InN nanorods did not show promising electrical 

properties for field emitter, the high surface to volume ratio of dense InN nanorods may 

be used as sensor applications since the exposed surface area is much larger than thin 

film. 

5.5 Pt-dispersed InN Nanorods for Selective Detection of Hydrogen at Room 
Temperature  

Utilizing the high surface to volume ratio of InN nanorods, very sensitive sensors 

could be fabricated.  In this study, a mat of InN nanorods was used for selective detection 

of hydrogen at room temperature using Pt coatings to promote H2 dissociation. 

5.5.1 Experimental Procedure 

InN nanorods were grown on c-Al2O3 substrates by H-MOVPE.  In selected 

samples, the nanorods were coated with Pt nanoparticles deposited by sputtering.  

 
Figure 5-25. SEM images and schematic of hydrogen gas sensor made of Pt nanoparticle 

dispersed InN nanorods. 
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A shadow mask was used to pattern sputtered Ti/Al/Au electrodes contacting both ends 

of multiple nanorods on the c-Al2O3 substrates.  The separation of the electrodes was ~ 

500 µm.  Au wires were bonded to the contact pad for current–voltage (I-V) 

measurements performed at 25 °C in a range of ambient (N2, O2, N2O, ND3 or 10 to 250 

ppm H2 in N2).  Note that no underlying thin film of InN was observed at the growth 

conditions of these tested nanorods.  The schematic of this device is shown in Figure 5-

25. 

5.5.2 Results 

The I-V characteristics from the uncoated multiple nanorods were linear with 

typical currents of < 0.6 mA at an applied bias of 0.5 V as shown in Figure 5-26.   

 
Figure 5-26. I-V characteristics from uncoated and Pt-coated InN nanorods. 

After Pt coatings, the resistance of the nanorods was slightly higher.  This may be due to 

the introduction of sputter damage that decreased the conductivity of the nanorods.  The 
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current for the uncoated nanorods was not affected by the measurement ambient, i.e., 

they showed no response to hydrogen.  

Figure 5-27 shows the time dependence of current (top) or relative resistance 

change (bottom) of the Pt-dispersed multiple InN nanorods as the gas ambient is switched 

from N2 to various concentrations of H2 in air (10 to 250 ppm) and then back to air as 

time proceeds. 

 
Figure 5-27. I-Time plot of 10 to 250 ppm H2 test by Pt-InN nanorods (left) and 

|∆R|/R(%)-Time plot of 10 to 250 ppm H2 test by Pt-InN nanorods (right). 

There are several aspects of the data. Note that the addition of the Pt coating on the 

nanorods now produces a strong response to the presence of hydrogen.  The addition of 

the Pt appears to be effective in catalytic dissociation of the H2 to atomic hydrogen.  

There was no response of either type of nanorod to the presence of O2 in the ambient at 

room temperature.  The nanorod resistance still changes at least 15 min after the 

introduction or removal of the hydrogen.  The change in resistance during exposure to 

hydrogen was slower in the beginning and the rate resistance change reached a maximum 

at ~ 15 min of exposure time.  This could be due to some of the Pt becoming covered 

with native oxides, which is removed by exposure to hydrogen.  Since the available 

surface Pt for catalytic chemical absorption of hydrogen increased after the removal of 
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the oxide, the rate of resistance change increased.  However, the Pt surface gradually 

became saturated with hydrogen and the rate of resistance change decreased.  The 

reversible chemisorption of reactive gases at the surface of nitrides and oxides can 

produce a large and reversible variation in the conductance of the material [Mit03].  The 

relative response of the Pt-coated nanorods was a strong function of H2 concentration in 

N2.  The Pt-coated InN nanorods detected hydrogen down to 10 ppm, with relative 

responses of ~ 10 % at 100 ppm and 12 % at 250 ppm H2 in N2 after 15 min exposure.   

The gas sensing mechanisms suggested in the past for semiconductors include the 

desorption of adsorbed surface hydrogen and grain boundaries in polycrystalline 

materials [Mit98], exchange of charges between adsorbed gas species and the surface 

leading to changes in depletion depth [Har95] and changes in surface or grain boundary 

conduction by gas adsorption/desorption [Cha94].  The detection mechanism is still not 

firmly established in these devices and needs further study.  In addition, hydrogen 

introduces a shallow donor state in InN and this change in near-surface conductivity may 

also play a role [Dav03]. 

 
Figure 5-28. N2, N2O, ND3, and O2 test for InN nanorods. 
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Figure 5-28 shows the time dependence of resistance changes in the Pt-coated InN 

nanorods as the gas ambient is switched from vacuum to N2, oxygen, nitrous oxide or 

ammonia (using the deuterated version), and then back to air.  This data confirms the 

absence of sensitivity to O2.  The rate of resistance change for the nanorods exposed to 

the 250 ppm H2 in N2 was measured at different temperatures.  An activation energy of ~ 

12 kJ/mole was calculated from the slope of the Arrhenius plot.  This value is larger than 

that of a typical diffusion processes. Therefore, the dominant mechanism for this sensing 

process is more likely to be the chemisorption of hydrogen on the Pt surface. 

Moreover, the data was recorded at a power level of ~ 0.3 mW, which is low even 

in comparison with CNTs [Say05, Lu04].  This is attractive for long-term hydrogen 

sensing applications. 

5.6 Conclusions 

InN nanorods were successfully grown by H-MOVPE by adjusting HCl/TMIn, 

NH3/TMIn ratios, and growth temperature.  The optimal growth conditions were found to 

be HCl/TMIn = 4, NH3/TMIn = 250, and T = 600 °C.  This study showed that H-

MOVPE is a promising technique to grow not only thick/thin films, but also 

nanostructured materials. 

It was found that the majority of nanorods were single crystalline with wurtzite 

structure and that the growth axis was mainly c-axis [0002] with N-polarity.  InN 

nanorods grown along different axes, and zincblende InN and bcc In2O3 were rarely 

observed.  It, however, suggests that at least 4 growth axes are possible for InN nanorods 

growth.  For example, InN wurtzite nanorods growth axes can be [0002], [1010], [1124], 
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and InN zincblende nanorods growth axis [220].  The growth axis for In2O3 growth was 

[402]. 

The main chemical components of InN nanorods were In and N, and no O, C, and 

Cl was detected by EDS.  AES was found not to be a suitable technique for InN because 

InN is vulnerable to sputtering damage. 

Following the growth study, vertically aligned nanorods were grown on GaN/c-

Al2O3.  InGaN formation at the interface was suggested for the self-aligned growth 

mechanism. 

Room temperature PL showed that the bandgap of InN films and nanorods are 

around 1.1 eV, although undecided peaks were observed at 0.767 eV at low temperature. 

The key finding of these studies is that the growth transitioned from a continuous 

film to micro-structured to nano-structured surfaces as the thermodynamic driving force 

transitioned through the growth to etching conditions.  Thermodynamic equilibrium 

analysis demonstrated InN etching/growth regimes.  It also showed that the nanorods' 

growth took place during the etch regime, whereas InN films were grown mainly during 

the growth regime.  This suggests that the most stable atomic bonds persisted through the 

harsh growth conditions and nanorods could still grow along the most favorable c-axis 

direction. 

Finally, Pt-coated InN nanorods based sensor was fabricated and ppm level of H2 

sensing was achieved at room temperature at very low power by utilizing a large surface 

area to volume ratio.  InN nanorods may potentially be placed on cheap transparent 

substrates such as glass, making them attractive for low-cost sensing applications under 

very low power conditions.
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CHAPTER 6 
EXPLORATORY STUDY OF INDIUM NITRIDE FILMS GROWTH BY H-MOVPE 

6.1 Experimental Procedure 

The growth of InN films by H-MOVPE was studied by varying the growth 

parameters HCl/TMIn and NH3/TMIn molar ratios and the growth temperature.  A 

detailed description of the H-MOVPE technique is presented in Chapter 4.  The indium, 

nitrogen, and chlorine sources were trimethylindium (TMI solution, Epichem), NH3 

(Anhydrous Grade 5, Matheson-Trigas), and HCl gas (10 % HCl in 90 % N2, Air 

Products), respectively.  

GaN/c-Al2O3 substrates were typically used in this study.  The thickness of the 

GaN film (grown by MOVPE in Uniroyal optoelectronics) on c-Al2O3 was 5 µm 

measured by cross-sectional SEM.  Substrates were cleaned by high pressure nitrogen 

gun with a static eliminator to remove potential particles on the surface before loading. 

After loading the substrates, the temperature of the reactor was increased at a rate 

of 15 °C/min until the desired growth temperature was reached.  HCl gas was applied in 

situ for 10 sec to clean the surface just prior to growth.  N2 was used as the carrier gas 

since H2 is known to inhibit InN growth [Dra04]. 

Table 6-1. Base conditions of InN film growth. 
Growth T TMI flow rate HCl flow rate NH3 flow rate N2 flow rate 

560 °C 0.7 sccm 0.7 sccm 
(Cl/In = 1) 

1750 sccm 
(N/In = 2500) 

1600 sccm 

 
Table 6-1 shows the base conditions of this growth study, which was adopted from 

InN film growth in a chlorinating environment [Kan04].  It is very important to choose 
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the right base conditions to reduce the number of experiments, especially when there are 

several growth parameters, as in this case.  The HCl/TMIn ratio was changed from 0 to 6 

by changing HCl flow rate from 0 to 4.2 sccm while keeping TMIn and NH3 flows and 

growth temperature constant at 0.7 sccm, 1750 sccm, and 560 °C, respectively. 

6.2 Results 

6.2.1 Effect of HCl/TMIn Molar Ratio 

Figure 6-1 shows SEM images of InN crystals grown for 1 hr at HCl/TMIn = 0, 

0.3, 1, and 4, while keeping the other parameters constant (NH3/TMIn = 2500, T = 560 

°C).  Indium metal droplets were observed when HCl was not provided (HCl/TMIn = 0).   

 

 
Figure 6-1. Scanning electron micrographs of InN films (a) HCl/TMIn = 0, (b) HCl/TMIn 

= 0.3, (c) HCl/TMIn = 1, and (d) HCl/TMIn = 4. Other growth conditions: T = 
560 ºC; P = 760 Torr; N/In ratio=2500; substrate: GaN/Al2O3; growth time = 
1 hr. 
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When the HCl/TMIn is greater than 0.3, crystal grains ranging from 300 to 500 nm were 

viewed by SEM.  The faceting was more clearly seen in cases with higher HCl/TMIn 

ratio.  By looking at the crystal shapes and XRD results, the InN films grown were 

confirmed to be polycrystalline.  At HCl/TMIn = 4, nanostructured materials were 

observed with a well-faceted surface. 

 
Figure 6-2. Growth rate and XRD of InN (a) InN growth rate and (b) XRD scan with 

respect to HCl/TMIn ratio; T = 560 °C, N/In = 2500, substrate = GaN/Al2O3; 
growth time = 1 hr. 

Figure 6-2 shows the variation in the growth rate with respect to HCl/TMIn molar 

ratio along with XRD results.  All the thicknesses were measured by cross sectional 

SEM.  The thickness of rough film, however, is difficult to define.  Therefore the growth 

rate determination should contain some error.  A significant decrease in the growth rate 

was observed with increasing HCl/TMIn ratio.  As HCl/TMIn ratio increased, the extra 

Cl shifted In from solid InN to the vapor phase as InClx species.  Highly textured InN in 

the [002] direction was detected by XRD when HCl/TMIn were varied from 0.3 to 3.  

Interface InGaN formation possibly caused the strong texturing in the [002] direction.  

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 1 2 3 4 5 6 7

HCl/TMIn ratio

G
ro

w
th

 R
at

e 
(µ

m
/h

r)

30.0 30.5 31.0 31.5 32.0

2-theta

In
te

ns
ity

 (a
.u

.)

Cl/III =0.3

Cl/III =1

Cl/III =1.4

Cl/III =3

Cl/III =5

InN(002)GaN(002)(a) (b) *

Nanostructured
 Materials 



172 

 

Since GaN/Al2O3 substrates were used, the 2θ range was truncated at 33.0 because of the 

intense GaN (002) substrate peak at 34.6°.  It is noted, however, that the full diffraction 

pattern showed the film was polycrystalline and textured.  The GaN (002) peak around 

31.1° was from the Cu Kβ emission (X-ray source) denoted by an asterisk (*), which only 

appeared when the GaN film was of excellent quality. 

6.2.2 Effect of Growth Temperature 

Figure 6-3 shows the plan-view of SEM images of InN grown at 500, 525, 560, and 

600 °C for 1 hr.  Non-uniform films were grown at low temperature (500 °C).  The films 

look more uniform at moderate temperature, between 525 and 560 °C.  The film 

exhibited 300 to 500 nm grain sizes.  The surface of the InN looked more faceted at a 

higher temperature (T = 600 °C).   

 

 
Figure 6-3. SEM plan-views of InN films grown at different temperatures (a) 500, (b) 

525, (c) 560, and (d) 600 °C; Other growth conditions Cl/In ratio = 1; P = 760 
Torr; N/In ratio = 2500; Substrate = GaN/c-Al2O3; growth time = 1 hr.  
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It is difficult to judge the crystal quality by the shapes of the grains, but more 

faceted crystals tend to have better crystal quality from the crystal grower’s experience.  

A number of hexagonal shapes were observed.  This may indicate that the InN grown at 

600 °C was of high crystal quality although further clarification as TEM-DP is required 

to confirm high crystal quality. 

The growth temperature was changed from 300 to 700 °C and the resultant growth 

rate changes and XRD results are shown in Figure 6-4.  The growth rate increased as the 

growth temperature increased in a kinetically limited regime, while it stayed constant in a 

diffusion limited regime.  Unsurprisingly, the growth rate decreased as the growth 

temperature was near the decomposition temperature of InN. 

 
Figure 6-4. Growth rate and XRD scans with respect to the growth temperature (a) Loge 

(Normalized growth rate) vs 1000/T (K), (b) XRD scans in 2 theta ranges 
from 30° to 32°; growth temperature 300 to 700 °C; growth time = 1 hr. 

The slope of the kinetically controlled regimes (Arrhenius plot) shown in Figure 6-

4 (a) was used to calculate the activation energy by the following equation: 
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where G is the normalized growth rate (unit less), A is a constant (also called pre-

exponential factor), Ea is the activation energy, R is the gas constant, and T is absolute 

temperature.  The activation energy obtained from the slope of Arrhenius plot was 14.3 

kJ/mole (0.15 eV), which was considerably lower than typical metalorganic precursors.  

The typical activation energy for CVD growth in the kinetic regime ranges from 0.5 to 1 

eV [Raa93].  The result suggested that in situ formed InCl (as a product of TMIn and HCl 

reaction) may be a good precursor as it has lower activation energy than typical MO 

precursors. It could be argued, however, that the obtained activation energy may not be 

accurate since only three experimental points were used in this calculation. 

The growth rate began to decrease when the temperature was higher than the 

decomposition temperature of InN, as seen in Figure 6-4.  No InN peak was observed by 

XRD at < 400 °C as well as > 700 °C.  A highly textured InN (002) peak was detected 

from 500 to 600 °C.  Therefore, it can be concluded that the possible InN growth 

temperature range is 400 °C < T < 700 °C, which is consistent with Kim’s result 

[Kim06]. 

6.2.3 Effect of NH3/TMIn Molar Ratio 

SEM plan-view micrographs of InN grown at different N/In ratio (namely 

NH3/TMIn, or N/In molar ratio) are shown in Figure 6-5.  It should be noted that there 

was no InN XRD peak at N/In =100 because the InN non-uniformly deposited under this 

condition. Hexagonal shapes, however, were clearly seen in the low N/In case by SEM.  

The grain sizes became smaller as the N/In ratio increased and film-like morphology was 

observed at N/In = 10000. 
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Figure 6-5. Scanning electron micrographs of InN films grown in different NH3/TMIn 

ratios; other growth parameters Cl/In ratio = 1; P = 760 Torr; Growth T = 560 
°C; growth time = 1 hr.  

It was known that the growth rate of GaN did not change considerably with 

NH3/TMGa molar ratio [Ree02].  On the contrary, the growth rate of InN significantly 

changed with NH3/TMIn ratio, as shown in Figure 6-6. 

The NH3/TMIn molar ratio was changed from 100 to 50000.  A maximum growth 

rate of 1.6 µm/hr was achieved at the lowest NH3/TMIn ratio (0.3) and it significantly 

decreased with increasing NH3/TMIn ratio as shown in Figure 6-6 (a).  It should be noted 

that not only the thickness of the film but also the morphology (grain size) of the film is 

changing.  The comparison of growth rates with different morphology films may not be 

appropriate.  Nonetheless, comparing with the maximum growth rate in conventional 

MOCVD system, it is about an order of magnitude higher.  The reason of this high 

growth rate may be due to the higher reactivity of InCl than TMIn, a decrease in the H2 

from low NH3/TMIn ratio, and/or the hot reactor wall, which facilitated NH3 

decomposition.  An InN (002) peak was always observed from 250 to 10000 by XRD, 

although the highly textured (002) peak was only detected in the N/In range 500 to 5000, 
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as shown in Figure 6-6 (b).  The intensity of the InN (002) peak was too low to be seen 

because of the decrease in the thickness at high NH3/TMIn ratios.  Therefore, the 

intensity of XRD data was multiplied by 10 or 30 times to see the peaks more clearly, as 

seen in Figure 6-6 (c). 

 
Figure 6-6. Growth rate and XRD scans with respect to NH3/TMIn ratio (a) Growth rate 

vs. N/In  (NH3/TMIn) ratio, (b) XRD scans of 2 theta range from 30 to 32° 
when N/In  was 100 to 50000, (c) enlarged view of XRD for N/In  range 7000 
to 50000; Cl/In ratio = 1; P = 760 Torr; growth T = 560 °C; growth time = 1 
hr  
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6.2.4 Effect of Buffer Layer 

6.2.4.1 Surface Morphology of InN Films without Buffer Layer 

The surface morphology of the polycrystalline InN films was characterized by 

AFM, with an example shown in Figure 6-7. (1 µm x 1 µm scanned area).  The growth 

conditions were NH3/TMI = 10000, HCl/TMI = 1, T = 560 ºC, and the growth time = 1 hr 

without a buffer layer.  The substrate was GaN/c-Al2O3.  The observed grain size was in 

the range of 100 to 250 nm with a rough surface.  The RMS roughness by AFM was 34 

nm, suggesting that more optimization is required to obtain a smoother surface. 

z = 10 nm 
RMS roughness = 34 nm 

 
Figure 6-7. AFM images of the InN films. NH3/TMI = 10000, HCl/TMI = 0.3, T=560 ºC; 

Substrate = GaN/c-Al2O3; growth time = 1 hr  

6.2.4.2 Growth of InN Films with Low Temperature Buffer Layer 

Optimal buffer layer growth conditions were adopted from Kim’s buffer layer 

study [Kim06].  The buffer layer was grown at T = 450 °C for 30 min followed by HT-

InN growth at T = 560 °C, NH3/TMI = 5000, and HCl/TMI = 1 for 1 hr.   

The substrate used in this study was GaN/Al2O3.  About 0.89 µm thick HT-InN film was 

grown.  The surface morphology and thickness are shown in Figure 6-8. 

To determine the crystal quality of the InN film with a buffer layer, XRD θ-2θ scan 

and XRD ω-rocking curves were obtained.  Figure 6-9 shows the InN film highly 

textured along the [002] axis. 
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Figure 6-8. SEM plan-view and cross-sectional of InN films on GaN/Al2O3 substrate; 

N/In  = 5000, Cl/In = 1, T = 560 °C, and growth time = 1 hr with 450 °C 
buffer layer growth for 30 min. 
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Figure 6-9. XRD θ-2θ scan of InN grown on GaN/Al2O3 substrate; N/In = 5000, Cl/In = 

1, T = 560 °C, and growth time = 1 hr with 450 °C buffer layer growth for 30 
min. 

Although the thickness of InN film was 0.89 µm, the substrate peaks related to GaN 

(002) and Al2O3 (006) were not observed.  The absence of substrate peaks suggest that 

the films were grown along a tilted axis with respect to the c-axis of GaN/Al2O3.  XRD 

ω-rocking curve (Figure 6-10) shows that the grown InN film is high crystal quality.  The 

crystal quality of InN, however, was not as good as that of GaN.  For example, the 

FWHM of the ω-rocking curve of H-MOVPE grown InN film was 2.55 ° (9180 arcsec), 
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while the typical FWHM of the XRD ω-rocking curve of GaN grown by H-MOVPE was 

about 780 arcsec, as presented in Figure 4-5. 
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Figure 6-10. XRD ω-rocking curve of InN grown on GaN/Al2O3 substrate; N/In = 5000, 

Cl/In = 1, T = 560 °C, and growth time = 1 hr with 450 °C buffer layer growth 
for 30 min. 

6.2.5 Growth of InN Films on Al2O3 and Si 

InN films were grown on Al2O3 and Si substrates using the same LT-buffer layer 

described in the previous section.  Sapphire is the most frequently used substrate for III – 

nitride growth due to its thermal and chemical stability and the formation of AlN or 

AlOxNy at the surface with nitridation process is also beneficial. 

The advantages of a Si wafer as a substrate material for InN are numerous.  Not to 

mention the advantages of integration with already well-developed Si technology, 

another interesting possibility is the fabrication of tandem solar cell using InN/Si 

structure.  Growth on Si substrate is known to be more difficult than growth on Al2O3, 

due to the dissimilarity of the surface atomic structures and the thermal expansion 

mismatch.  The lattice mismatch of InN on Si (8 %) is less than that of InN on Al2O3 (-26 

%), but the thermal expansion coefficient mismatch of InN on Si (52 %) is more than that 

of InN on Al2O3 (-34 %). 
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Figure 6-11 shows the XRD θ-2θ scan of InN film grown on c-Al2O3 substrate.  

The peak from InN is only from the (002) plane showing that the film is highly textured 

in the [002] direction.  
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Figure 6-11. XRD θ-2θ scan of InN film grown on c-Al2O3 substrate; N/In = 5000, Cl/In 

= 1, T = 560 °C, and growth time = 1 hr with 450 °C buffer layer growth for 
30 min. 

Figure 6-12 shows the θ-2θ scan of InN film grown on Si(111) substrate for 2 hr at 

the same growth conditions with a 30 min LT-buffer layer.  Here it was observed that a 

very intense InN (002) peak with a small Si (111) peak, suggesting that the film is thick 

(about X-ray penetration depth of ~ 5 µm). 
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Figure 6-12. XRD θ-2θ scan of InN film grown on Si(111) substrate. N/In  = 5000, Cl/In 

= 1, T = 560 °C, and growth time = 2 hr with 450 °C buffer layer growth for 
30 min. 
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Figure 6-13. XRD θ-2θ scan comparison of InN film grown on different substrates: N/In  

= 5000, Cl/In = 1, T = 560 °C, and growth time = 1 hr with 450 °C buffer 
layer growth for 30 min. 

To compare the substrate effects, the XRD results were organized in logarithmic 

scales as shown in Figure 6-13.  InN films grown on Si(111), c-Al2O3, and GaN/Al2O3 

substrates were compared.  The data suggests that the InN film is highly textured in the 

[002] axis, regardless of the substrate used. All samples, however, showed InN(100), 

InN(101), and InN(102) peaks, which suggested that the InN films were polycrystalline. 

6.3 Conclusions 

The morphology evolution of InN was studied by changing the growth parameters 

HCl/TMIn, NH3/TMIn molar ratios, and growth temperature.  The growth rate decreased 

with increasing HCl/TMIn and NH3/TMIn molar ratios due to the etching effect of HCl 

and H2.  The growth rate increased in a kinetically controlled regime, stayed constant in a 

diffusion controlled regime, and decreased in a growth/etch transition regime with 

increasing growth temperature.  The possible InN growth temperature range of 400 °C < 

T < 700 °C was determined as a result.  The optimal growth condition for single 

crystalline InN film by H-MOVPE is still under study.  More optimization, especially 
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with the various buffer layers, should be performed to get high-quality single crystal 

films with a smooth surface.
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CHAPTER 7 
EXPLORATORY STUDY OF GALLIUM NITRIDE NANORODS GROWTH BY H-

MOVPE 

InN nanorods were successfully grown, as presented in Chapter 5.  Following the 

growth of InN nanorods, the growth of GaN nanorods was attempted, since GaN has a 

number of potential attractive applications.  For example, UVLED, high power and high 

temperature devices can be fabricated utilizing the wide energy bandgap and thermal 

stability of GaN. 

7.1 Experimental Procedure 

The base conditions for GaN nanorod growth are listed in Table 7-1.  Growth was 

carried out with or without a nitridation process.  As a nitridation process, only 800 sccm 

of NH3 was provided with N2 for 15 min after growth zone temperature was increased to 

850 °C; c-Al2O3, GaN/c-Al2O3, and Si(111) were used as the substrates.  Both N2 and H2 

carrier gases were tested.  The Cl/Ga molar ratio was changed in the range 2 to 19, while 

N/Ga ratio and growth temperature were set at 250 and 850 °C, respectively. 

Table 7-1. Base conditions for GaN micro/nanorods growth. 
Growth T TMGa flow rate HCl flow rate NH3 flow rate N2 flow rate 

850 °C 3.2 sccm 6.4 sccm 
(Cl/Ga = 2) 

800 sccm 
(N/Ga = 250) 1600 sccm 

 
7.2 Results 

It is observed from viewing SEM micrograph that a GaN film was grown on the 

GaN/c-Al2O3 substrate, while GaN microrods were grown on the c-Al2O3 and Si (111) 

substrates at the base conditions (T = 850 °C, Cl/Ga = 2, N/Ga = 250) without nitridation 

in N2 carrier gas, as shown in the first row of micrographs in Figure 7-1.  Scattered 
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growth of GaN is expected on Si with nitridation since GaN is difficult to nucleate on 

Si3N4.  An increase of the Cl/Ga ratio from 2 to 3 made the nucleation of GaN less 

favorable, as seen in the second row of micrographs.  Thus, there is no GaN deposition 

on c-Al2O3 or Si(111) at Cl/Ga = 3.  An interesting worm-shaped streamline is observed 

on the GaN/c-Al2O3 substrates.  This result suggests that nucleation of GaN is more 

favorable on GaN substrates rather than Al2O3 and Si substrates when nitridation was not 

used to prepare the after surfaces 

 
Figure 7-1. SEM plan-view micrographs of GaN grown at Cl/Ga ratio 2 and 3 on c-

Al2O3, GaN/c-Al2O3, and Si at N/Ga = 250 without nitridation in N2. 

To judge the effects of nitridation and carrier gas selection, a 15 min nitridation at 

850 °C was carried out using NH3 and H2 was used as the carrier gas instead of N2.  Two 

HCl flow rates of 8.0 sccm (Cl/Ga = 2.5) and 8.8 sccm (Cl/Ga = 2.75) were used to see 

the Cl/Ga ratio effect while keeping TMGa and NH3 flows constant at 3.2 and 800 sccm, 

respectively.  The SEM micrograph results are shown in Figure 7-2.  It is observed again 

that a GaN film completely covered the GaN/c-Al2O3 substrate, while GaN was non-

Cl/Ga = 2 on c-Al2O3 Cl/Ga = 2 on GaN/c-Al2O3 Cl/Ga = 2 on Si(111) 

Cl/Ga = 3 on GaN/c-Al2O3 Cl/Ga = 3 on Si(111) Cl/Ga = 3 on c-Al2O3 
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uniformly deposited on the c-Al2O3 and Si substrates for both values of Cl/Ga.  Well-

faceted GaN microrods were observed on c-Al2O3 and Si(111) substrates, while more 

film-like morphology was viewed on GaN substrate at Cl/Ga = 2.5.  Short and often 

facetted GaN crystals are seen on the c-Al2O3 and Si(111) substrates at Cl/Ga ratio = 2.75 

with more exposed surface area, whereas more film-like uniform coverage was detected 

on the GaN/c-Al2O3 substrate. 

 
Figure 7-2. SEM micrographs of GaN grown at Cl/Ga ratio of 2.5 and 2.75, N/Ga = 250, 

and in H2 with nitridation. 

It appeared that a nitridation step may be needed to assist nucleating GaN nanorods 

on Si(111).  It is known that GaN film is not to grow on Si3N4.  However, if Si3N4 

deposited non-uniformly on Si, it will act as in situ mask that can facilitate nucleation of 

GaN nanorods in small opening windows.  The overall growth rate can be lowered by 

also decreasing the Ga flux, which might facilitate nucleation of smaller nuclei.  

Therefore, a 15 min nitridation was carried out at 850 °C and TMGa flow was decreased 

3.2 to 1.6 sccm, while maintaining the N/Ga ratio at 250 by decreasing NH3 flow rate in 

Cl/Ga = 2.5 on GaN/c-Al2O3 Cl/Ga = 2.5 on Si(111)Cl/Ga = 2.5 on c-Al2O3 

Cl/Ga = 2.75 on GaN/c-Al2O3 Cl/Ga = 2.75 on Si(111)Cl/Ga = 2.75 on c-Al2O3 
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the range 800 to 400 sccm.  The Cl/Ga ratio was then changed in the range 2 to 6 by 

increasing the HCl flow rate in the range 3.2 to 9.6 sccm while keeping TMGa flow at 1.6 

sccm.   

 
Figure 7-3. SEM plan-view of GaN with Cl/Ga ratio 2, 2.5, 4, and 6 on c-Al2O3, GaN/c-

Al2O3, and Si(111). 

Figure 7-3 shows SEM micrographs of grown with variation of the Cl/Ga ratio: 

Cl/Ga = 2, 2.5, 4, and 6 in N2 carrier gas.  Because of the nitridation process, complete 

Cl/Ga = 2.5 on GaN/c-Al2O3 Cl/Ga = 2.5 on Si(111)Cl/Ga = 2.5 on c-Al2O3 

Cl/Ga = 4 on GaN/c-Al2O3 Cl/Ga = 4 on Si(111) Cl/Ga = 4 on c-Al2O3 

Cl/Ga = 6 on GaN/c-Al2O3 Cl/Ga = 6 on Si(111)Cl/Ga = 6 on c-Al2O3 

Cl/Ga = 2 on GaN/c-Al2O3 Cl/Ga = 2 on Si(111)Cl/Ga = 2 on c-Al2O3 

crack 

crack 

crack 
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coverage of GaN/c-Al2O3 was observed, regardless of the substrate.  No significant 

differences were found in this experimental set, although it appeared that more 

hexagonal-plate structures were found at high Cl/Ga = 6 conditions and more film-like 

features were observed on GaN/c-Al2O3 at Cl/Ga = 2.5.  Although the surface was very 

rough, GaN film on Si(111) substrates occasionally showed cracks just as in the case of 

growing thick GaN film. 

A higher Cl/Ga ratio (> 6) was apparently required to grow GaN nanostructures.  It 

should be noted that the maximum flow rate of HCl was 10.0 sccm because of the MFC 

limit. Therefore, the TMGa flow rate was decreased from 1.6 to 0.5 sccm while keeping 

the HCl flow near the maximum allowable value at 9.6 sccm (Cl/Ga = 19) and NH3 flow 

at 400 sccm (N/Ga = 800). 

 
Figure 7-4. SEM plan-view of GaN at Cl/Ga = 19, N/Ga = 800, T = 850 °C on various 

substrates. 

Interesting columnar structures were observed in this case, as shown in Figure 7-4. 

The denoted Cl/Ga ratio of 19, however, may have a large uncertainty since the TMGa 

Cl/Ga = 19 on c-Al2O3 Cl/Ga = 19 on GaN/c-Al2O3 Cl/Ga = 19 on Si(111) 
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flow rate of 0.5 sccm may be wrong.  When TMGa flow rate (FTMGa) was determined, 

following formula was used: 

)(
)()(

)(
)(

2
sccmF

TorrPTorrP
TorrP

sccmF Nout
bubbler

vap
TMGa

vap
TMGa

TMGa ×
+

=   (1) 

where )(TorrPvap
TMGa is the vapor pressure of TMGa, )(TorrPout

bubbler  is the pressure of the 

bubbler, and 2NF is the flow rate of the N2 carrier gas through the bubbler.  The vapor 

pressure of TMGa is a strong function of bubbler temperature and is given by the 

following equation [provided by Epichem]: 

)(
170307.8)(10 KT

TorrPLog −=     (2) 

Since the TMGa bubbler was used at room temperature (20 °C), 
vap

TMGaP = 182 Torr 

was calculated from the above equation.  The bubbler pressure is higher than the total 

reactor pressure (760 – 800 Torr) to if it delivers the stream.  It was customary to set the 

pressure at )(TorrPout
bubbler = 882 Torr by adjusting the needle valve at the bubbler exit line.  

Thus, the flow rate of TMGa became )(17.0)(
2

sccmFsccmF NTMGa ×= .  To make FTMGa = 

0.5 sccm, 2NF  should be 3 sccm.  It is known that when the flow rate is less than 10 % of 

MFC maximum, the flow rate may not be accurate.  The maximum MFC flow rate of N2 

carrier gas through the bubbler was 50 sccm and thus at FN2 < 5 sccm may be correlate 

error in the flow rate.  In addition, when a very low flow rate, such as 3 sccm, was used, 

it was now difficult to control bubbler pressure since the pressure is not sensitive to the 

aperture of the needle valve.  Hence, maintaining the bubbler out line pressure at 

)(TorrPout
bubbler = 882 Torr was a challenge, and it was often questionable how accurately the 
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pressure was being maintained.  Therefore, the actual TMGa flow rate and Cl/Ga ratio 

may not be correct.  To avoid this problem, one should lower the bubbler temperature and 

increase the N2 flow rate accordingly or obtain new MFCs. 

7.3 Conclusions  

An exploratory growth study of GaN nanorods was carried out by changing growth 

conditions such as Cl/Ga molar ratio, substrate nitridation, and N2/H2 carrier gases on 

GaN/c-Al2O3, c-Al2O3 and Si(111) substrates.  More uniform coverage was observed on 

GaN/c-Al2O3 than c-Al2O3 or Si(111) substrates when no nitridation was carried out or 

when H2 carrier gas was used.  When nitridation was performed and N2 carrier gas was 

used, complete coverage of GaN was achieved, regardless of the substrate.  Although 

GaN nanorods were not successfully grown, the morphology changes suggest that GaN 

nanorods could be grown at a high Cl/Ga ratio (> 6). 
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CHAPTER 8 
FUTURE WORK AND RECOMMENDATIONS 

8.1 Nucleation and Growth Mechanism Studies of InN Nanorods 

Although controlled syntheses of InN nanorods were achieved by H-MOVPE 

without external catalyst or template, the nucleation and growth mechanism of nanorods 

are unclear at this point.  Interestingly, vertical alignments of nanorods were sometimes 

observed on GaN/c-Al2O3; however, the results were not consistent. 

Initial stage of growth can be studied by taking the sample after several short runs.  

This may show the nucleation mechanism of nanorods.  The attempts were not successful 

since no growth was observed in 10 min run, and a number of nanorods were observed 

after 15 min run although the deposition was non-uniform. 

The interface between nanorods and substrates needs to be characterized by TEM.  

The challenge is how to prepare the sample without damaging the interface.  This will 

elucidate the growth mechanism more clearly. 

8.2 Self-aligned InN Nanorods as Buffer Material for GaN on Si 

Crack-free, thick GaN films were successfully grown on Si (111) using InN 

nanorods as a buffer material.  The GaN films, however, were polycrystalline, perhaps 

because the growth axis was non-uniform because of the random arrangement of the 

underlying InN nanorods.  Self-aligned InN nanorods were also grown on GaN 

substrates.  If self-aligned InN nanorods could be grown on GaN/Si templates, the 

overgrown thick GaN may have an aligned growth axis that is essential for single crystal 

growth.  The schematic of this procedure is proposed as in Figure 8-1. 
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Figure 8-1. Schematic of crack-free GaN growth on Si substrate using self-aligned InN or 

GaN nanorods. 

8.3 Buffer Layer Optimization for GaN growth on Si Substrate 

The lack of suitable substrates has been a longstanding problem for Group III 

nitride growth.  It is obvious that buffer layer optimization including the selection of 

buffer layer material, growth conditions, and thickness, are very important to grow high 

quality film.  It was observed that adequate use of such a buffer layer could compensate 

for lattice and thermal expansion mismatches.  In addition, the buffer layer can change 

the surface properties by reducing the surface free energy.  It turns out, however that 

there is no universal rules for specific buffer layer selection and growth, as by 

occasionally observing similar results for very different growth conditions.  For example 

HT-AlN or LT-AlN buffer layers, and nitridation temperature, or nitridation time all give 

promising results, depending upon the recipes for growth of the buffer layer.  Therefore, 

additional buffer layer optimization should be performed for H-MOVPE system 

especially on Si substrate. 

Thick GaN was recently grown on Si using InN nanorods as an interface material. 

The film quality, however, was not satisfactory and no single crystal GaN has been 

grown on Si to date using InN nanorods interlayer approach.  The proper growth and 

application of buffer layers will enhance material quality significantly. 

aligned 
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8.4 Use of Negative Thermal Expansion Materials 

The growth of thick/freestanding GaN is impeded by lack of suitable substrates. 

The bowing and cracking problems are troublesome because of the excessive stress 

caused mainly by thermal expansion differences between GaN the substrates.  If the 

thermal expansion of the materials could be controlled, the bowing and cracking problem 

can be reduced.  Here the use of negative thermal expansion materials as a buffer material 

was suggested. 

Although most materials in nature expand when they are heated, there are several 

negative thermal expansion (NTE) materials as listed in Table 8-1. 

Table 8-1. Lists of NTE materials. 
NTE materials Reference  
ZrW2O8 [Per98] [Eva97] [Yam01] [Mar96] [Eva96] [Pry96] [Sik04] [Dad97] 
HfW2O8 [Yam01] [Wit98] 
ZrV2O7 [Car01] [Mar96][Pry96] 
ZrMo2O8 [Car00] 
Sc2(WO4)3 [Sec02] 
Lu2(WO4)3 [Liu02] 
Al2(WO4)3 [Gar01] 
Gd2(MoO4)3 [Bri72] [Dmi03] 
Sm2(MoO4)3 [Dmi03] 
Eu2(MoO4)3 [Dmi03] 
Sc2(MoO4)3 [Jor99] 
 

ZrW2O8 and HfW2O8 are the most well-studied compounds in this table.  Figure 8-

2 shows the lattice parameter changes of these NTE materials with increasing 

temperature [Yam01].  Cubic ZrW2O8 (a = 9.157 Å at room temperature) and HfW2O8 (a 

= 9.130 Å at room temperature) exhibits isotropic NTE from 0.3 to 1050 K with α = -8.8 

x 10-6 K-1 [Eva97].  The lattice parameters of HfW2O8 and ZrW2O8 decreased linearly 

with temperature.  It should be noted that the cubic crystal structures persisted during 
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heating, that the crystals shrink isotropically, and that no phase transform occurred up to 

the decomposition temperature.  The decomposition temperature of ZrW2O8 is ~ 1050 K  

 
Figure 8-2. Lattice parameters of ZrW2O8 ( ) and HfW2O8 ( ) as a function of 

temperature [Yam01]. 

The unit cell of ZrW2O8 is shown in Figure 8-3.  The unit cell is composed of ZrO6 

octahedra and WO4 tetrahedra. 

 
Figure 8-3. Crystal structures of NTE materials (a) Unit cell of ZrW2O8, with 90% 

thermal ellipsoids drawn. (b) Polyhedral representation of the structure. ZrO6 
octahedra shown in white, WO4 tetrahedra shaded [Eva96]. 

(a) (b) 
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The NTE phenomenon is related to transverse thermal vibrations of bridging 

oxygen atoms, resulting in coupled rotations of the essentially rigid polyhedral blocks of 

the structure [Eva96].  The schematic of this phenomenon is shown in Figure 8-4 [Pry96]. 

 
Figure 8-4. An array of linked triangles as found in tridymite. Rotation of one triangle 

causes the local environment to be pulled inwards [Pry96]. 

The appropriate mixture of NTE materials with Group III nitrides can create a 

crystal with a controllable thermal expansion coefficient.  The use of NTE materials as a 

buffer layer for a III-V compound semiconductor has already been suggested [Lo01].  

However, no experimental work was found using an NTE buffer layer.  Since cracking 

usually occurs during the cooling of GaN grown on Si, proper use of NTE materials 

could reduce the excessive tensile stress.  The lattice mismatch between GaN, NTE 

materials, and Si are not compared at this point since the structural and physical 

properties of most NTE materials are still not clearly defined.  The synthesis of NTE 

material is usually done by dehydration of hydrated NTE material.  For example, ZrW2O8 

was synthesized by dehydration of ZrW2O7(OH)2⋅2H2O [Dad97].  The growth of NTE 

materials by conventional epitaxy (i.e., MOVPE, MBE, or HVPE) was not reported to 

date.  Thus, the deposition of NTE material on Si will be a challenging task. 
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8.5 Double-sided Growth of GaN on Si and Sapphire  

The cracking of GaN occurs because of the excessive curvature generation during 

the cooling process as strong tensile stress creates concave bowing in GaN.  Likewise, 

there will be strong convex bowing of thick GaN film grown on sapphire substrate due to 

the compressive stress generated during the cooling process.  Double-sided growth could 

work as the stress would cancel out if growth on both sides were uniform.  Potential 

problems with this process could be the non-uniformity with respect to growth axis, the 

role of edge growth, and backside deposition.   Suspending the double-sided polished 

wafer and growing simultaneously on both sides may work; however, a creative wafer-

holding design would be necessary.



 

 

APPENDIX 
THERMOCHEMICAL DATA FOR AL-IN-GA-C-H-CL-N SYSTEM 
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Table A-1. Gas Phase 
Cp (J/mol K) = A + B*T + C*T2 + D*T-2 Species ∆H°298 

(J/mole) 

S°298 

(J/mole K) 

T(K) Range 

A B C D 

Ref # 

298.14 - 4300 20.859 -9.133E-05 2.365E-08 4.855E+04 

4300 - 8200 17.789 -1.364E-04 1.147E-07 2.956E+07 

Al 330000 164.6 

8200 - 10000 -22.242 6.992E-03 -2.429E-07 4.073E+08 

[SUB94] 

298.14 - 1200 35.167 3.691E-03 -1.222E-06 -2.628E+05 

1200 - 3300 37.843 -1.696E-03 1.187E-06 1.979E+05 

AlC 682283 225.9 

3300 - 6000 -12.912 2.097E-02 -1.662E-06 7.627E+07 

[SUB94] 

298.14 - 1100 42.790 2.347E-02 -8.394E-06 -1.100E+05 AlC2 675623 252.9 

1100 - 6000 61.350 3.652E-04 -3.535E-08 -4.050E+06 

[SUB94] 

298.14 - 2400 37.039 7.829E-04 -2.009E-08 -2.341E+05 

2400 - 5700 43.137 -3.051E-03 6.447E-07 -4.397E+06 

AlCl -51007 228.0 

5700 – 6000 -25.513 1.512E-02 -7.052E-07 2.847E+08 

[SUB94] 

298.14 – 1000 37.509 2.568E-02 -9.584E-06 -2.044E+05 

1000 – 4300 53.579 2.334E-03 -1.386E-07 -2.376E+06 

AlHCl 10522 257.2 

4300 – 6000 60.309 1.046E-03 -1.099E-07 -3.423E+07 

[SUB94] 

298.14 – 900 36.497 5.907E-02 -2.280E-05 -4.062E+05 

900 – 2800 74.982 4.877E-03 -8.180E-07 -6.497E+06 

AlH2Cl -106345 251.1 

2800 – 6000 82.866 7.087E-05 -5.189E-09 -1.277E+07 

[SUB94] 

298.14 – 1500 56.336 2.460E-03 -8.675E-07 -4.847E+05 AlCl2 -240874 290.4 

1500 – 5800 56.504 4.837E-04 4.193E-08 1.210E+06 

[SUB94] 
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Table A-1. Continued 
   5800 – 6000 1.860 1.368E-02 -8.623E-07 2.875E+08  

298.14 – 1100 61.863 2.578E-02 -9.340E-06 -7.312E+05 AlHCl2 -351279 288.8 

1100 – 6000 82.017 4.078E-04 -3.944E-08 -4.961E+06 

[SUB94] 

298.14 – 800 75.053 1.589E-02 -8.866E-06 -6.337E+05 AlCl3 -584505 314.4 

800 – 6000 83.082 2.294E-05 -2.118E-09 -1.280E+06 

[SUB94] 

298.14 – 1000 22.302 1.962E-02 -7.025E-06 1.637E+05 

1000 – 2900 40.276 -2.855E-03 1.125E-06 -3.486E+06 

2900 - 5400 -27.458 2.753E-02 -2.689E-06 9.496E+07 

AlH 249250 187.9 

5400 - 6000 151.983 -2.006E-02 8.637E-07 -6.651E+08 

[SUB94] 

298.14 - 1000 23.058 4.018E-02 -1.383E-05 1.750E+05 

1000 - 4900 51.217 3.467E-03 -2.858E-07 -4.819E+06 

AlH2 276774 213.3 

4900 - 6000 63.237 3.110E-04 -5.827E-08 -5.331E+07 

[SUB94] 

298.14 - 800 16.480 8.353E-02 -3.208E-05 1.353E+05 

800 - 1800 59.098 1.900E-02 -4.354E-06 -5.461E+06 

AlH3 128894 206.6 

1800 - 6000 81.991 3.523E-04 -2.997E-08 -1.626E+07 

[SUB94] 

298.14 - 1200 34.111 3.121E-03 1.457E-06 -2.456E+05 

1200 - 2800 36.908 5.852E-03 -1.070E-06 -3.751E+06 

AlN 438829 228.4 

2800 - 6000 32.862 4.698E-03 -4.939E-07 1.790E+07 

[SUB94] 

298.14 - 900 41.640 -4.993E-03 2.943E-06 -1.708E+05 Al2 509200 243.0 

900 - 2800 38.855 4.500E-04 5.694E-08 1.057E+04 

[SUB94] 

Al2C2 544985 284.6 298.14 - 1100 63.487 2.883E-02 -1.042E-05 -3.121E+05 [SUB94] 
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Table A-1. Continued 
   1100 - 6000 86.053 4.518E-04 -4.371E-08 -5.045E+06  

298.14 - 600 161.452 4.981E-02 -3.353E-05 -1.372E+06 

600 - 3300 182.438 3.002E-04 -4.955E-08 -2.572E+06 

Al2Cl6 -1295534 475.6 

3300 - 6000 182.950 -1.474E-05 1.507E-09 -2.904E+06 

[SUB94] 

298.14 - 3400 20.975 -3.996E-04 2.008E-07 -3.361E+03 

3400 - 10000 23.051 1.209E-04 -4.046E-09 -1.712E+07 

C 716680 158.1 

10000 - 20000 19.445 3.079E-04 3.692E-10 1.124E+08 

[SUB94] 

298.14 - 1200 154.819 1.104E-01 -3.438E-05 -1.382E+06 

1200 - 1600 219.829 3.021E-02 -6.437E-06 -1.430E+07 

1600 - 2200 466.590 -1.378E-01 2.577E-05 -1.648E+08 

C10N 1460000 442.6 

2200 - 4000 256.726 1.735E-03 -1.715E-07 -2.659E+07 

[SUB94] 

298.14 - 1200 167.995 1.202E-01 -3.667E-05 -1.586E+06 

1200 - 1600 237.757 3.529E-02 -7.527E-06 -1.579E+07 

1600 - 2200 520.417 -1.572E-01 2.942E-05 -1.881E+08 

C10N2 1200000 447.4 

2200 - 4000 280.848 2.011E-03 -1.989E-07 -3.032E+07 

[SUB94] 

298.14 - 1200 176.833 1.356E-01 -4.157E-05 -2.097E+06 

1200 - 1600 253.664 4.071E-02 -8.505E-06 -1.741E+07 

1600 - 2100 690.115 -2.597E-01 4.964E-05 -2.799E+08 

C11NH 1270000 454.7 

2100 - 4000 303.357 2.876E-03 -2.892E-07 -3.466E+07 

[SUB94] 

298.14 - 1300 170.519 1.148E-01 -3.384E-05 -1.490E+06 C11N 1500000 467.9 

1300 - 1600 239.209 3.322E-02 -6.659E-06 -1.598E+07 

[SUB94] 
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Table A-1. Continued 
1600 - 2200 531.517 -1.642E-01 3.088E-05 -1.965E+08    

2200 - 4000 279.296 3.787E-03 -4.181E-07 -3.142E+07 

 

298.14 - 500 -268.693 1.952E+00 -1.244E-03 6.916E+06 

500 - 800 105.945 8.242E-01 -2.882E-04 -5.539E+06 

C12H26 -290872 622.6 

800 - 1000 107.947 7.745E-01 -2.427E-04 0 

[SUB94] 

298.14 - 1100 31.548 9.313E-03 -3.749E-06 -1.550E+05 

1100 - 5200 35.444 1.565E-03 -1.190E-07 1.432E+05 

CCl 439560 224.6 

5200 - 6000 43.872 4.413E-04 -1.305E-07 -6.230E+07 

[SUB94] 

298.14 - 800 30.466 2.977E-02 -1.093E-05 -1.466E+05 

800 - 2500 44.262 6.562E-03 1.354E-07 -1.626E+06 

2500 - 4900 53.024 8.112E-03 -1.014E-06 -3.571E+07 

CHCl 308280 234.9 

4900 - 6000 105.080 -8.257E-03 4.266E-07 -1.903E+08 

[SUB94] 

298.14 - 900 31.585 4.981E-02 -1.589E-05 -1.660E+05 

900 - 2300 56.273 1.680E-02 -3.059E-06 -4.518E+06 

CH2Cl 116872 243.5 

2300 - 6000 81.106 5.609E-04 -4.383E-08 -2.269E+07 

[SUB94] 

298.14 - 700 10.683 1.086E-01 -4.137E-05 1.205E+05 

700 - 1500 42.093 5.199E-02 -1.237E-05 -2.831E+06 

1500 - 4000 96.339 4.656E-03 -5.241E-07 -2.509E+07 

CH3Cl -81870 234.4 

4000 - 6000 107.137 2.036E-04 -1.270E-08 -4.380E+07 

[SUB94] 

298.14 - 1200 43.592 2.088E-02 -6.386E-06 -3.531E+05 CNCl 137947 236.3 

1200 - 3600 60.119 2.170E-03 -1.339E-07 -4.790E+06 

[SUB94] 
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Table A-1. Continued 
   3600 – 6000 61.563 1.360E-03 -1.740E-08 -5.294E+06  

298.14 – 800 47.759 1.869E-02 -9.555E-06 -5.351E+05 

800 – 3500 60.402 -2.951E-03 1.035E-06 -1.887E+06 

CCl2 226230 265.0 

3500 – 6000 29.466 1.225E-02 -9.923E-07 2.944E+07 

[SUB94] 

298.14 – 700 45.180 4.939E-02 -2.188E-05 -4.718E+05 

700 – 2300 66.827 1.084E-02 -2.080E-06 -2.612E+06 

CHCl2 73895 277.8 

2300 – 6000 82.131 2.785E-04 -2.175E-08 -1.271E+07 

[SUB94] 

298.14 – 700 28.619 9.983E-02 -4.252E-05 -3.264E+05 

700 – 1800 66.799 3.066E-02 -6.758E-06 -3.899E+06 

CH2Cl2 -95000 270.4 

1800 – 6000 104.520 1.076E-03 -9.072E-08 -2.356E+07 

[SUB94] 

298.14 – 800 62.886 3.551E-02 -1.789E-05 -8.211E+05 CCl3 80000 300.3 

800 – 6000 82.821 1.304E-04 -1.361E-08 -2.788E+06 

[SUB94] 

298.14 – 700 52.487 8.638E-02 -3.671E-05 -7.247E+05 

700 – 2300 89.033 2.025E-02 -2.395E-06 -4.189E+06 

CHCl3 -102700 296.4 

2300 - 6000 106.825 7.968E-03 1.706E-09 -1.595E+07 

[SUB94] 

298.14 - 800 87.051 3.741E-02 -1.904E-05 -1.214E+06 CCl4 -95600 309.5 

800 - 6000 107.797 1.175E-04 -1.227E-08 -3.195E+06 

[SUB94] 

298.14 - 900 28.318 -4.643E-04 4.419E-06 5.437E+04 

900 - 2800 21.902 1.186E-02 -1.793E-06 3.455E+05 

2800 - 6400 32.139 5.016E-03 -5.756E-07 -4.571E+06 

CH 597370 183.0 

6400 - 12000 79.927 -6.695E-03 2.178E-07 -2.232E+08 

[SUB94] 
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Table A-1. Continued 
   12000 - 20000 28.186 -5.528E-04 1.154E-08 8.923E+08  

298.14 - 1600 32.577 2.324E-02 -5.310E-06 -2.832E+05 

1600 - 5600 58.835 1.581E-03 -1.180E-07 -1.280E+07 

CHN_HCN 132000 201.8 

5600 - 10000 74.573 -2.429E-03 1.743E-07 -8.950E+07 

[SUB94] 

298.14 - 1400 37.443 1.657E-02 -3.271E-06 -1.815E+05 

1400 - 4500 55.585 2.519E-03 -2.635E-07 -8.741E+06 

CHN_HNC 194328 205.2 

4500 - 6000 61.803 1.154E-04 -7.045E-09 -2.073E+07 

[SUB94] 

298.14 - 900 27.632 1.579E-02 2.326E-07 1.251E+05 

900 - 2200 29.137 1.978E-02 -3.693E-06 -1.422E+06 

CH2 390421 194.9 

2200 - 6000 57.017 9.725E-04 -8.901E-08 -2.055E+07 

[SUB94] 

298.14 - 1600 25.844 4.249E-02 -9.520E-06 6.653E+04 CH3 146300 194.0 

1600 - 4400 73.421 3.551E-03 -3.672E-07 -2.222E+07 

[SUB94] 

298.14 - 1000 2.235 9.693E-02 -2.603E-05 6.109E+05 

1000 - 2000 47.229 4.222E-02 -7.068E-06 -8.634E+06 

CH4 -74600 186.4 

2000 - 6000 101.131 5.369E-03 1.417E-07 -4.481E+07 

[SUB94] 

298.14 - 1000 23.312 1.363E-02 -3.673E-06 1.883E+05 

1000 - 2800 32.866 1.388E-03 5.860E-07 -1.382E+06 

2800 - 5500 35.625 4.582E-03 -4.432E-07 -2.986E+07 

5500 - 9800 49.663 -1.094E-03 1.036E-07 -1.052E+07 

9800 – 19000 26.035 3.298E-03 -1.090E-07 8.617E+07 

CN 440287 202.6 

19000 – 20000 70.671 -4.074E-04 -2.351E-08 -1.757E+09 

[SUB94] 
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Table A-1. Continued 
298.14 – 1500 37.081 2.479E-02 -5.990E-06 -1.455E+05 CN2_CNN 633484 232.1 

1500 – 6000 69.647 -1.800E-03 1.302E-07 -1.465E+07 

[SUB94] 

298.14 – 700 22.682 7.464E-02 -3.710E-05 6.882E+04 

700 – 1900 65.882 -1.608E-04 -3.596E-07 -4.263E+06 

CN2_NCN 500535 226.2 

1900 – 6000 64.096 -5.036E-04 4.123E-08 -6.875E+05 

[SUB94] 

298.14 – 500 97.481 -1.641E-01 1.184E-04 -1.381E+06 

500 – 4300 30.083 5.243E-03 -4.986E-07 1.737E+06 

4300 – 12000 27.970 3.882E-03 -1.934E-07 4.476E+07 

C2 830457 197.1 

12000 – 20000 86.667 -3.128E-03 4.369E-08 -1.209E+09 

[SUB94] 

298.14 – 1200 42.931 2.171E-02 -7.231E-06 -3.314E+05 C2Cl 534090 241.9 

1200 – 6000 61.288 3.761E-04 -3.562E-08 -4.829E+06 

[SUB94] 

298.14 – 1000 55.080 2.749E-02 -7.582E-06 -7.354E+05 

1000 – 2400 69.587 1.046E-02 -1.805E-06 -3.992E+06 

C2HCl 213802 242.0 

2400 – 6000 85.868 3.755E-04 -2.795E-08 -1.733E+07 

[SUB94] 

298.14 – 600 19.098 1.453E-01 -6.540E-05 -2.608E+05 

600 – 1400 60.174 5.961E-02 -1.488E-05 -3.088E+06 

1400 – 3900 118.581 5.935E-03 -6.913E-07 -2.479E+07 

C2H3Cl 23000 264.0 

3900 – 6000 131.940 2.372E-04 -1.503E-08 -4.641E+07 

[SUB94] 

298.14 – 600 6.880 2.137E-01 -9.322E-05 2.930E+04 

600 – 1300 61.711 9.916E-02 -2.568E-05 -3.729E+06 

C2H5Cl -112257 275.9 

1300 – 3200 148.486 1.431E-02 -1.940E-06 -3.177E+07 

[SUB94] 
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Table A-1. Continued 
   3200 – 4000 173.732 1.522E-03 -1.353E-07 -6.056E+07  

298.14 – 1000 64.347 2.679E-02 -9.646E-06 -5.242E+05 

1000 – 3000 83.063 2.331E-03 -3.613E-07 -4.065E+06 

C2Cl2 209618 272.0 

3000 – 6000 87.130 4.102E-05 -2.820E-09 -7.872E+06 

[SUB94] 

298.14 – 700 49.260 1.051E-01 -4.482E-05 -8.464E+05 

700 – 1900 90.822 3.056E-02 -6.535E-06 -4.824E+06 

C2H2Cl2_1_1C2H2Cl2 2300 288.2 

1900 – 6000 129.565 1.025E-03 -8.504E-08 -2.618E+07 

[SUB94] 

298.14 – 700 42.911 1.173E-01 -5.142E-05 -7.510E+05 

700 – 1900 90.630 3.076E-02 -6.588E-06 -5.213E+06 

C2H2Cl2_CIS 4100 289.6 

1900 – 6000 129.578 1.021E-03 -8.471E-08 -2.662E+07 

[SUB94] 

298.14 – 700 42.225 1.184E-01 -5.191E-05 -5.665E+05 

700 – 1900 90.578 3.081E-02 -6.601E-06 -5.097E+06 

C2H2Cl2_TRANS 6100 290.0 

1900 – 6000 129.578 1.021E-03 -8.470E-08 -2.652E+07 

[SUB94] 

298.14 – 600 29.966 1.940E-01 -8.817E-05 -3.244E+05 

600 – 1400 85.860 7.776E-02 -1.977E-05 -4.196E+06 

C2H4Cl2 -130122 305.2 

1400 – 4000 161.491 7.209E-03 -8.548E-07 -3.150E+07 

[SUB94] 

298.14 – 800 70.711 5.920E-02 -2.776E-05 -8.790E+05 

800 – 4800 106.394 7.494E-04 -8.679E-08 -5.126E+06 

C2Cl3 190279 328.2 

4800 – 6000 108.823 -1.813E-04 1.252E-08 -1.084E+07 

[SUB94] 

298.14 – 700 64.821 9.766E-02 -4.527E-05 -8.768E+05 C2HCl3 -19100 325.0 

700 – 2300 111.494 1.454E-02 -2.828E-06 -5.432E+06 

[SUB94] 
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Table A-1. Continued 
   2300 – 6000 131.800 3.386E-04 -2.646E-08 -1.841E+07  

298.14 – 700 61.517 1.576E-01 -7.049E-05 -8.827E+05 

700 – 2000 129.253 3.521E-02 -7.349E-06 -7.260E+06 

C2H3Cl3 -142298 320.1 

2000 – 4000 172.401 2.301E-03 -2.410E-07 -3.028E+07 

[SUB94] 

298.14 – 600 75.246 1.116E-01 -6.589E-05 -6.321E+05 

600 – 1300 117.746 1.674E-02 -5.321E-06 -3.283E+06 

C2Cl4 -12427 343.4 

1300 – 6000 132.786 3.686E-05 2.361E-09 -7.206E+06 

[SUB94] 

298.14 – 700 76.342 1.505E-01 -6.799E-05 -1.093E+06 

700 – 1900 143.958 3.085E-02 -7.407E-06 -7.738E+06 

C2H2Cl4 -149369 356.0 

1900 – 4000 181.342 -7.737E-04 6.853E-08 -2.320E+07 

[SUB94] 

298.14 – 700 124.213 6.121E-02 -3.502E-05 -1.829E+06 C2Cl5 39000 396.5 

700 – 6000 154.083 -1.046E-04 1.074E-08 -3.848E+06 

[SUB94] 

298.14 – 700 103.110 1.242E-01 -5.979E-05 -1.493E+06 C2HCl5 -145603 381.5 

700 – 1500 150.772 3.083E-02 -8.381E-06 -5.178E+06 

[SUB94] 

298.14 – 800 139.890 7.572E-02 -3.826E-05 -2.025E+06 C2Cl6 -141500 398.6 

800 – 6000 182.258 2.664E-04 -2.778E-08 -6.169E+06 

[SUB94] 

298.14 – 1000 39.083 1.139E-02 2.563E-06 -2.715E+05 

1000 – 2100 28.122 3.126E-02 -6.686E-06 7.655E+04 

2100 – 6400 77.129 -3.728E-03 2.647E-07 -2.723E+07 

C2H 569000 209.7 

6400 – 10000 63.159 -1.206E-04 5.032E-09 3.479E+07 

[SUB94] 

C2NH 610438 240.6 298.14 – 1000 49.550 3.850E-02 -1.276E-05 -5.046E+05 [SUB94] 
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Table A-1. Continued 
1000 – 3200 75.742 5.872E-03 -8.461E-07 -5.981E+06    

3200 – 6000 86.604 1.665E-04 -1.148E-08 -1.775E+07 

 

298.14 – 1700 43.333 3.194E-02 -6.585E-06 -7.339E+05 

1700 – 4700 83.176 1.701E-03 5.040E-08 -2.274E+07 

4700 – 9200 55.556 6.419E-03 -8.416E-08 1.634E+08 

C2H2 227400 200.9 

9200 – 10000 -13.730 1.823E-02 -6.453E-07 8.536E+08 

[SUB94] 

298.14 – 700 7.990 1.121E-01 -4.332E-05 1.722E+05 

700 – 1500 40.616 5.243E-02 -1.233E-05 -2.801E+06 

1500 – 3900 94.926 5.278E-03 -6.030E-07 -2.527E+07 

C2H3 260000 232.8 

3900 – 6000 106.963 2.447E-04 -1.551E-08 -4.563E+07 

[SUB94] 

298.14 – 600 -1.510 1.593E-01 -6.691E-05 2.528E+05 

600 – 1300 36.420 8.033E-02 -2.049E-05 -2.366E+06 

1300 – 3000 104.259 1.404E-02 -1.977E-06 -2.423E+07 

C2H4 52400 219.3 

3000 – 6000 130.538 6.132E-04 -4.348E-08 -5.492E+07 

[SUB94] 

298.14 – 700 -6.535 1.754E-01 -6.480E-05 5.870E+05 

700 – 1400 40.091 9.217E-02 -2.263E-05 -3.852E+06 

1400 – 3300 126.700 1.229E-02 -1.599E-06 -3.522E+07 

C2H5 107000 250.5 

3300 – 6000 151.468 5.557E-04 -3.808E-08 -6.853E+07 

[SUB94] 

298.14 – 700 -2.384 1.924E-01 -6.902E-05 3.223E+05 

700 – 1400 45.037 1.083E-01 -2.658E-05 -4.260E+06 

C2H6 -84000 229.2 

1400 – 3200 145.619 1.528E-02 -2.028E-06 -4.044E+07 

[SUB94] 
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Table A-1. Continued 
   3200 – 6000 175.852 6.958E-04 -4.818E-08 -7.984E+07  

298.14 – 900 36.285 3.625E-02 -1.505E-05 -1.059E+05 

900 – 5300 59.166 1.393E-03 -7.918E-09 -3.094E+06 

C2N_CCN 804806 239.0 

5300 – 6000 54.098 3.192E-03 -1.816E-07 8.302E+06 

[SUB94] 

298.14 – 800 35.193 4.199E-02 -1.922E-05 -8.578E+04 

800 – 4000 60.762 8.025E-04 -1.076E-07 -3.195E+06 

C2N_CNC 684924 233.8 

4000 – 6000 62.406 -1.348E-05 1.016E-09 -5.053E+06 

[SUB94] 

298.14 – 1300 52.476 3.471E-02 -9.851E-06 -4.324E+05 C2N2 309100 242.2 

1300 – 6000 84.877 1.590E-03 -2.865E-08 -1.049E+07 

[SUB94] 

298.14 – 1000 32.216 2.910E-02 -1.067E-05 2.006E+05 

1000 – 2800 59.940 -5.083E-03 1.525E-06 -5.539E+06 

2800 – 5100 -7.286 2.097E-02 -1.204E-06 1.174E+08 

5100 – 8000 60.731 9.544E-03 -8.308E-07 -3.892E+08 

C3 839958 237.6 

8000 – 10000 211.874 -1.840E-02 6.183E-07 -1.688E+09 

[SUB94] 

298.14 – 900 48.296 4.083E-02 -1.441E-05 -5.736E+05 

900 – 1600 62.911 1.749E-02 -3.808E-06 -2.353E+06 

1600 – 2100 200.713 -7.828E-02 1.501E-05 -8.447E+07 

C3H 630000 241.9 

2100 – 4000 83.754 1.205E-03 -1.207E-07 -1.055E+07 

[SUB94] 

298.14 – 1300 62.591 4.404E-02 -1.206E-05 -8.946E+05 

1300 – 1600 85.867 1.739E-02 -3.441E-06 -6.296E+06 

C3NH 380000 251.7 

1600 – 2000 362.317 -1.756E-01 3.441E-05 -1.691E+08 

[SUB94] 

 



 

 

208

Table A-1. Continued 
   2000 – 4000 107.372 1.695E-03 -1.735E-07 -1.461E+07  

298.14 – 600 10.206 1.907E-01 -9.046E-05 0 C3H4_1 192129 244.0 

600 – 1350 49.160 9.737E-02 -2.733E-05 -2.051E+06 

[SUB94] 

298.14 – 600 17.229 1.679E-01 -7.440E-05 0 C3H4_2 185435 248.2 

600 – 1350 43.111 1.040E-01 -2.988E-05 -1.272E+06 

[SUB94] 

298.14 – 700 5.297 2.209E-01 -8.349E-05 5.983E+04 

700 – 1400 65.858 1.114E-01 -2.731E-05 -5.566E+06 

1400 – 3400 171.676 1.427E-02 -1.822E-06 -4.429E+07 

C3H6 20418 266.7 

3400 – 4000 199.650 1.069E-03 -8.232E-08 -8.139E+07 

[SUB94] 

298.14 – 500 -238.356 1.027E+00 -8.058E-04 5.323E+06 C3H6_1 53304 237.6 

500 – 1350 47.235 1.457E-01 -4.106E-05 -3.758E+06 

[SUB94] 

298.14 – 600 -11.349 2.677E-01 -1.202E-04 5.443E+05 C3H6_2 20418 267.0 

600 – 1350 41.168 1.476E-01 -4.207E-05 -2.545E+06 

[SUB94] 

298.14 – 600 -21.526 3.444E-01 -1.597E-04 5.840E+05 

600 – 1000 49.099 1.782E-01 -4.895E-05 -3.304E+06 

1000 – 1473.09 72.225 1.300E-01 -2.721E-05 0 

1473.09 – 2200 -217.225 3.025E-01 -5.204E-05 1.937E+08 

2200 – 2800 -2.181 1.193E-01 -1.388E-05 2.094E+08 

2800 – 3400 -2055.691 9.570E-01 -1.097E-04 3.808E+09 

C3H8 -103847 270.0 

3400 – 4000 188.615 2.092E-02 0 0 

[SUB94] 
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Table A-1. Continued 
298.14 – 1600 53.750 2.905E-02 -5.781E-06 -4.842E+05 

1600 – 1900 618.579 -3.745E-01 7.518E-05 -3.212E+08 

C3N 609000 252.1 

1900 – 4000 102.028 -2.584E-03 7.465E-08 -2.887E+07 

[SUB94] 

298.14 – 2500 53.395 2.800E-02 -4.956E-06 -3.620E+05 

2500 – 7000 106.174 -3.328E-03 2.418E-07 -4.381E+07 

C4 1033918 252.9 

7000 – 10000 92.452 5.378E-04 -4.244E-08 -1.517E+07 

[SUB94] 

298.14 – 500 -116.904 7.514E-01 -4.922E-04 3.033E+06 

500 – 1000 52.283 2.540E-01 -7.632E-05 -3.081E+06 

1000 – 1600 293.778 -1.134E-02 7.926E-06 -6.351E+07 

1600 – 2200 268.317 6.969E-03 4.634E-06 -5.173E+07 

2200 – 3000 423.048 -6.055E-02 1.164E-05 -2.457E+08 

C4H10_1 -126148 310.2 

3000 – 3500 188.341 6.067E-02 -5.726E-06 0 

[SUB94] 

298.14 – 500 -184.144 9.895E-01 -7.170E-04 4.419E+06 C4H10_2 -134516 294.7 

500 – 1350 62.001 2.403E-01 -7.081E-05 -3.848E+06 

[SUB94] 

298.14 – 500 21.763 2.252E-01 -1.717E-04 0 C4H2 472792 250.1 

500 – 1350 75.170 5.027E-02 -1.270E-05 -1.418E+06 

[SUB94] 

298.14 – 600 23.517 2.097E-01 -1.023E-04 -3.325E+05 C4H4 304595 279.5 

600 – 1350 68.631 1.010E-01 -2.821E-05 -2.699E+06 

[SUB94] 

298.14 – 700 9.680 2.650E-01 -1.125E-04 1.292E+05 C4H6_1 162214 293.1 

700 – 1350 32.197 1.993E-01 -6.410E-05 0 

[SUB94] 

C4H6_2 110165 278.8 298.14 – 500 -98.099 6.577E-01 -4.803E-04 2.156E+06 [SUB94] 
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Table A-1. Continued 
   500 – 1350 76.018 1.357E-01 -3.848E-05 -3.731E+06  

C4H8 -152591 265.5 298.14 – 1500 21.681 2.600E-01 7.727E-05 1.839E+06 [SUB94] 

298.14 – 500 -99.938 6.617E-01 -4.458E-04 2.485E+06 C4H8_1 -126 305.7 

500 – 1350 53.292 2.069E-01 -6.129E-05 -3.001E+06 

[SUB94] 

298.14 – 1100 66.110 4.971E-02 -1.630E-05 -6.063E+05 

1100 – 1600 93.493 1.395E-02 -3.074E-06 -5.497E+06 

1600 – 2300 175.665 -4.194E-02 7.688E-06 -5.567E+07 

C4N 790000 285.0 

2300 – 4000 110.391 5.997E-04 -5.737E-08 -1.124E+07 

[SUB94] 

298.14 – 1000 77.196 6.461E-02 -2.131E-05 -7.699E+05 

1000 – 2100 117.116 1.349E-02 -2.631E-06 -8.239E+06 

C4N2 533460 290.1 

2100 – 6000 136.050 3.163E-04 -2.447E-08 -2.046E+07 

[SUB94] 

298.14 – 900 62.972 6.340E-02 -2.458E-05 -3.726E+05 

900 – 3500 106.597 2.957E-03 -4.243E-07 -7.496E+06 

C5 1050942 271.7 

3500 – 10000 112.171 1.322E-05 -6.633E-10 -1.313E+07 

[SUB94] 

298.14 – 1300 92.087 6.513E-02 -1.855E-05 -1.187E+06 

1300 – 1600 127.558 2.345E-02 -4.767E-06 -8.931E+06 

1600 – 2000 493.195 -2.323E-01 4.547E-05 -2.237E+08 

C5HN 600000 303.0 

2000 – 4000 156.227 2.051E-03 -2.096E-07 -1.938E+07 

[SUB94] 

298.14 – 500 -470.127 1.873E+00 -1.509E-03 1.074E+07 

500 – 800 7.450 3.324E-01 -1.211E-04 -2.769E+06 

C5H8_1 32928 289.8 

800 – 1350 4.770 3.171E-01 -1.046E-04 0 

[SUB94] 
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Table A-1. Continued 
298.14 – 1100 67.079 9.244E-02 -3.357E-05 -2.755E+05 

1100 – 1600 135.934 3.636E-03 -1.306E-06 -1.264E+07 

C5N 830000 304.6 

1600 – 4000 141.655 -2.127E-03 2.719E-07 -1.228E+07 

[SUB94] 

C6H5Cl 52773 297.4 298.14 – 1500 179.992 1.596E-02 0 -7.792E+06 [SUB94] 

298.14 – 500 -182.327 9.542E-01 -6.880E-04 3.619E+06 C6H6 82927 269.3 

500 – 1350 58.568 2.359E-01 -8.006E-05 -4.823E+06 

[SUB94] 

298.14 – 1200 96.197 6.881E-02 -2.166E-05 -8.885E+05 

1200 – 1600 136.761 1.825E-02 -3.895E-06 -8.791E+06 

1600 – 2300 255.584 -6.182E-02 1.133E-05 -8.213E+07 

C6N 1010000 337.5 

2300 – 4000 159.212 9.606E-04 -9.347E-08 -1.643E+07 

[SUB94] 

298.14 – 1200 108.875 7.920E-02 -2.420E-05 -1.081E+06 

1200 – 1600 155.202 2.287E-02 -4.869E-06 -1.054E+07 

1600 – 2200 341.228 -1.038E-01 1.942E-05 -1.240E+08 

C6N2 750000 342.6 

2200 – 4000 183.123 1.329E-03 -1.320E-07 -1.991E+07 

[SUB94] 

298.14 – 1200 119.937 8.952E-02 -2.674E-05 -1.475E+06 

1200 – 1600 167.892 3.078E-02 -6.424E-06 -1.118E+07 

1600 – 2100 483.179 -1.863E-01 3.565E-05 -2.007E+08 

C7NH 820000 353.6 

2100 – 4000 205.569 2.196E-03 -2.204E-07 -2.491E+07 

[SUB94] 

298.14 – 1200 113.429 7.583E-02 -2.354E-05 -1.118E+06 

1200 – 1600 158.283 2.067E-02 -4.393E-06 -1.011E+07 

C7N 1060000 363.2 

1600 – 2300 293.904 -7.063E-02 1.295E-05 -9.390E+07 

[SUB94] 
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Table A-1. Continued 
   2300 – 4000 183.774 1.095E-03 -1.073E-07 -1.875E+07  

298.14 – 1200 125.526 8.959E-02 -2.800E-05 -1.136E+06 

1200 – 1600 178.856 2.370E-02 -5.024E-06 -1.172E+07 

1600 – 2200 377.032 -1.110E-01 2.078E-05 -1.328E+08 

C8N 1240000 390.1 

2200 – 4000 207.862 1.394E-03 -1.380E-07 -2.134E+07 

[SUB94] 

298.14 – 1200 138.689 9.935E-02 -3.031E-05 -1.338E+06 

1200 – 1600 196.805 2.875E-02 -6.109E-06 -1.322E+07 

1600 – 2200 430.872 -1.305E-01 2.443E-05 -1.560E+08 

C8N2 980000 395.1 

2200 – 4000 232.070 1.633E-03 -1.609E-07 -2.521E+07 

[SUB94] 

298.14 – 1200 148.372 1.126E-01 -3.416E-05 -1.787E+06 

1200 – 1600 210.770 3.575E-02 -7.463E-06 -1.429E+07 

1600 – 2100 586.995 -2.233E-01 4.269E-05 -2.405E+08 

C9NH 1050000 403.9 

2100 – 4000 254.482 2.527E-03 -2.537E-07 -2.981E+07 

[SUB94] 

298.14 – 800 23.686 1.000E-05 -1.412E-06 -1.540E+05 

800 – 3400 22.633 -9.689E-04 1.415E-07 3.847E+05 

Cl 121302 165.2 

3400 – 10000 20.835 -8.310E-06 4.021E-10 2.260E+06 

[SUB94] 

298.14 – 4100 37.589 1.823E-04 1.360E-07 -1.750E+05 GaCl -69622 240.3 

4100 – 6000 25.418 2.980E-03 -3.342E-09 5.102E+07 

[SUB94] 

298.14 – 800 29.017 -1.963E-03 4.705E-06 2.588E+04 

800 – 2400 25.299 7.871E-03 -1.320E-06 -1.616E+05 

HCl -92310 186.9 

2400 – 6000 31.673 2.508E-03 -1.856E-07 -3.868E+05 

[SUB94] 
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Table A-1. Continued 
298.14 – 3900 37.682 1.040E-04 1.936E-07 -1.448E+05 InCl -72148 248.3 

3900 – 6000 14.971 6.635E-03 -3.069E-07 7.373E+07 

[SUB94] 

298.14 – 1500 36.246 1.913E-03 -4.635E-07 -2.527E+05 

1500 – 3300 40.693 -3.208E-03 1.101E-06 -8.928E+05 

3300 – 5600 12.227 1.468E-02 -1.649E-06 -7.633E+06 

Cl2 0 223.1 

5600 – 10000 109.552 -1.331E-02 5.566E-07 -3.130E+08 

[SUB94] 

298.14 – 2300 58.245 -4.760E-04 3.134E-07 -3.834E+05 GaCl2 -220979 302.9 

2300 – 6000 50.476 3.846E-03 -3.312E-07 6.173E+06 

[SUB94] 

Ga2Cl2 -220973 353.5 298.15 – 6000 83.100 2.245E-05 -2.684E-09 -3.018E+05 [SUB94] 

298.14 – 3600 58.201 -3.802E-04 2.872E-07 -2.910E+05 InCl2 -201484 314.2 

3600 – 6000 56.463 2.071E-03 -1.861E-07 -1.269E+07 

[SUB94] 

In2Cl2 -232177 372.4 298.15 – 6000 83.122 1.125E-05 -1.345E-09 -2.165E+05 [SUB94] 

298.14 – 2300 82.177 9.538E-04 -2.397E-07 -6.855E+05 GaCl3 -432625 324.5 

2300 – 6000 83.139 1.589E-06 -1.281E-10 -8.867E+05 

[SUB94] 

InCl3 -369693 339.2 298.15 – 6000 82.938 1.042E-04 -1.248E-08 -5.613E+05 [SUB94] 

GaCl4 -602327 419.7 298.15 – 6000 132.773 1.302E-04 -1.560E-08 -9.029E+05 [SUB94] 

In2Cl4 -579126 456.0 298.15 – 6000 132.848 9.229E-05 -1.106E-08 -6.844E+05 [SUB94] 

298.14 – 3800 182.038 5.920E-04 -9.666E-08 -1.464E+06 Ga2Cl6 -962464 492.7 

3800 – 6000 182.909 3.208E-06 -2.970E-10 -1.770E+06 

[SUB94] 

In2Cl6 -882340 527.7 298.15 – 6000 182.554 1.835E-04 -2.198E-08 -1.198E+06 [SUB94] 

Ga 272000 169.0 298.14 – 600 38.711 -2.108E-02 5.921E-06 -6.770E+05 [SUB94] 
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Table A-1. Continued 
600 – 1400 30.750 -1.075E-02 3.279E-06 3.019E+05 

1400 – 6000 21.983 -6.385E-04 8.778E-08 1.984E+06 

   

6000 – 10000 9.704 9.028E-04 6.806E-08 1.368E+08 

 

298.14 – 1000 22.503 2.007E-02 -7.377E-06 1.424E+05 

1000 – 3400 36.596 5.827E-04 3.138E-07 -2.151E+06 

3400 – 5800 35.170 6.243E-03 -8.725E-07 -4.964E+07 

GaH 214323 199.8 

5800 – 6000 94.036 -9.534E-03 3.057E-07 -2.849E+08 

[SUB94] 

298.14 – 1100 33.729 1.874E-02 -4.577E-06 3.904E+04 Ga2 433600 267.1 

1100 – 2500 40.336 8.371E-03 -1.608E-07 -6.242E+05 

[SUB94] 

H 217999 114.7 298.15 – 6000 20.786 0 0 0 [SUB94] 

298.14 – 900 22.573 2.164E-02 -8.679E-06 1.177E+05 

900 – 3300 35.333 1.954E-03 -8.363E-08 -1.506E+06 

InH 215016 207.7 

3300 – 6000 53.482 -9.479E-04 -2.567E-07 -7.437E+07 

[SUB94] 

298.14 – 900 29.254 -2.267E-03 4.316E-06 2.116E+04 

900 – 2600 26.349 6.226E-03 -7.612E-07 -4.852E+05 

2600 – 6000 16.433 8.307E-03 -6.415E-07 2.451E+07 

6000 – 16500 78.442 -4.553E-03 1.061E-07 -3.990E+08 

NH 358433 181.2 

16500 – 20000 41.987 -1.226E-03 2.052E-08 9.200E+08 

[SUB94] 

298.14 – 800 31.620 5.719E-02 -2.100E-05 -2.304E+05 N3H 294000 239.3 

800 - 2100 57.402 1.744E-02 -3.349E-06 -3.613E+06 

[SUB94] 
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Table A-1. Continued 
   2100 – 6000 81.038 8.198E-04 -1.461E-08 -1.877E+07  

298.14 – 1000 31.357 -5.518E-03 4.478E-06 -1.132E+05 

1000 – 2100 17.849 1.168E-02 -1.888E-06 2.560E+06 

H2 0 130.7 

2100 – 6000 32.051 2.146E-03 -6.857E-08 -7.122E+06 

[SUB94] 

298.14 – 900 27.174 1.655E-02 -3.012E-07 1.583E+05 

900 – 2200 30.778 1.703E-02 -2.630E-06 -1.582E+06 

NH2 190000 195.0 

2200 – 6000 45.494 6.385E-03 -4.552E-07 -1.037E+07 

[SUB94] 

N2H2_1_1N2H2 283962 228.2 298.14 – 700 11.294 7.922E-02 -3.040E-05 3.581E+05 [SUB94] 

700 – 1700 37.418 3.308E-02 -7.209E-06 -2.187E+06    

1700 – 6000 76.059 2.407E-03 -1.934E-07 -2.176E+07 

 

298.14 – 800 10.046 7.712E-02 -2.664E-05 4.207E+05 

800 – 1700 39.212 3.247E-02 -7.158E-06 -3.368E+06 

1700 – 5300 78.695 4.766E-04 2.085E-07 -2.181E+07 

N2H2_CIS 247885 218.4 

5300 – 6000 52.960 8.505E-03 -4.837E-07 5.199E+07 

[SUB94] 

298.14 – 800 8.430 7.959E-02 -2.795E-05 4.766E+05 

800 – 1700 39.063 3.215E-02 -6.990E-06 -3.423E+06 

1700 – 4500 71.814 3.506E-03 -1.227E-08 -1.561E+07 

N2H2_TRANS 211859 218.3 

4500 – 6000 57.776 9.540E-03 -6.898E-07 -3.415E+06 

[SUB94] 

298.14 – 1100 21.218 4.574E-02 -1.085E-05 1.534E+05 

1100 – 2600 45.828 1.963E-02 -2.846E-06 -6.582E+06 

NH3 -45940 192.8 

2600 – 6000 76.177 2.454E-03 -8.429E-08 -3.612E+07 

[SUB94] 
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Table A-1. Continued 
298.14 - 600 9.501 1.451E-01 -6.574E-05 1.336E+05 

600 - 1600 51.478 5.589E-02 -1.231E-05 -2.639E+06 

1600 - 4200 112.895 5.963E-03 -6.336E-07 -3.186E+07 

N2H4 95180 238.5 

4200 - 6000 127.366 3.171E-04 -1.953E-08 -5.990E+07 

[SUB94] 

298.14 - 600 15.352 1.054E-02 2.390E-06 1.890E+05 

600 - 1100 8.405 3.137E-02 -1.327E-05 2.213E+05 

1100 - 2900 41.363 -1.043E-02 1.516E-06 -5.674E+06 

2900 - 8400 30.106 -3.387E-03 3.487E-07 -2.187E+05 

In 240700 173.8 

8400 - 10000 -55.474 1.108E-02 -3.416E-07 8.985E+08 

[SUB94] 

298.14 - 1800 35.821 1.310E-02 -1.224E-07 4.027E+04 In2 418800 285.1 

1800 - 3000 41.188 1.183E-02 -4.893E-07 -6.095E+06 

[SUB94] 

298.14 - 2950 20.894 -1.691E-04 6.011E-08 -5.578E+03 N 472687 153.3 

2950 - 6000 16.376 4.567E-04 1.674E-07 1.512E+07 

[SUB94] 

298.14 - 800 27.223 2.520E-03 3.236E-06 7.665E+04 

800 - 2200 28.424 6.379E-03 -1.240E-06 -8.339E+05 

N2 0 191.6 

2200 - 6000 37.550 1.232E-05 2.535E-08 -6.855E+06 

[SUB94] 

298.14 - 800 24.402 5.021E-02 -2.048E-05 -1.233E+05 

800 - 2200 52.350 7.104E-03 -1.439E-06 -3.739E+06 

N3 436000 223.1 

2200 - 6000 61.965 1.111E-04 -8.863E-09 -9.310E+06 

[SUB94] 
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Table A-2. Gas Phase (Metalorganics, Adducts, Oligomers, etc) 
Cp (J/mol K) = A + B*T + C*T2 + D*T3 + E*T-2 

Component T (K) range ∆H°298 
(J/mol) 

S°298 
(J/mol K) A B C D E 

Ref 

AlCH3 298.15-3000 70000 239.2 35.039 7.017E-02 -2.651E-05 3.625E-09 -3.492E+05 [Prz98] 

Al(CH3)3 298.15-3000 -87864 345.0 67.035 2.236E-01 -8.632E-05 1.206E-08 -1.996E+06 [Prz98] 

Al2(CH3)6 298.15-3000 -268000 499.3 153.819 4.582E-01 -1.788E-04 2.521E-08 -4.421E+06 [Prz98] 

GaCH3 298.15-3000 79000 250.9 33.365 7.271E-02 -2.783E-05 3.853E-09 -5.996E+05 [Prz98] 

Ga(CH3)3 298.15-3000 -45100 354.6 56.520 2.506E-01 -1.101E-04 1.900E-08 -1.247E+06 [Prz98] 

InCH3 298.15-3000 215000 256.3 37.027 6.639E-02 -2.449E-05 3.282E-09 -4.696E+05 [Prz98] 

In(CH3)3 298.15-3000 207000 367.5 75.349 2.121E-01 -8.065E-05 1.112E-08 -1.933E+06 [Prz98] 

Al·NH3 298.15-3000 250000 257.6 41.860 5.102E-02 -1.546E-05 1.701E-09 4.237E+04 [Prz98] 

(Al·N)3 298.15-3000 -525000 300.3 108.730 3.436E-02 -1.743E-05 2.986E-09 -3.663E+06 [Prz98] 

MMA·NH 298.15-3000 -190000 286.2 61.619 8.466E-02 -3.058E-05 3.995E-09 -5.076E+05 [Prz98] 

(MMA·NH)3 298.15-3000 -750000 506.7 202.220 2.815E-01 -1.080E-04 1.508E-08 -7.674E+06 [Prz98] 

TMA·NH3 298.15-3000 -246000 399.5 112.231 2.546E-01 -9.317E-05 1.267E-08 -3.771E+06 [Prz98] 

(DMA·NH2)3 298.15-3000 -760000 587.4 324.353 4.812E-01 -1.742E-04 2.341E-08 -1.257E+07 [Prz98] 

Ga·NH3 298.15-3000 200000 265.6 40.799 5.281E-02 -1.635E-05 1.842E-09 5.339E+04 [Prz98] 

(Ga·N)3 298.15-3000 -360000 322.0 122.283 1.554E-02 -8.002E-05 1.386E-08 -3.307E+06 [Prz98] 

MMG·NH 298.15-3000 -130000 293.9 60.265 8.687E-02 -3.168E-05 4.174E-09 -3.669E+05 [Prz98] 

(MMG·NH)3 298.15-3000 -520000 526.9 213.634 2.695E-01 -1.027E-04 1.421E-08 -7.327E+06 [Prz98] 

TMG·NH3 298.15-3000 -170000 400.4 87.982 2.934E-01 -1.125E-04 1.557E-08 -1.451E+06 [Prz98] 

(DMG·NH2)3 298.15-3000 -525000 573.7 264.909 5.836E-01 -2.304E-04 3.301E-08 -9.659E+06 [Prz98] 

GaCl3·NH3 298.15-3000 -619000 376.1 99.906 7.306E-02 -2.672E-05 3.543E-09 -6.737E+05 [Prz98] 

GaH2 298.15-3000 261000 225.1 27.738 3.792E-02 -1.757E-05 2.814E-09 -1.971E+05 [Prz98] 

GaH3 298.15-3000 140000 217.3 25.648 7.203E-02 -3.346E-05 5.366E-09 1.415E+05 [Prz98] 

InH2 298.15-3000 301000 234.3 30.939 3.490E-02 -1.652E-05 2.694E-09 -3.536E+05 [Prz98] 

InH3 298.15-3000 226000 228.6 36.024 5.894E-02 -2.743E-05 4.417E-09 -7.673E+05 [Prz98] 
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Table A-3. Liquid Phase 
Cp (J/mol K) = A + B*T + C*T2 + D*T-2 Species ∆H°298 

(J/mole) 
S°298 
(J/mole K) T(K) Range 

A B C D 
Ref# 

298.14 - 465.69 64.929 8.787E-02 0 0 
AlCl3(l) -670277 185.2 465.69 - 2000 125.520 0 0 0 [SUB94] 

298.14 - 700 24.367 3.769E-03 5.266E-06 -1.482E+05 

700 - 933.39 38.584 -3.706E-02 3.459E-05 -1.482E+05 Al(l) 10711 39.8 

933.39 - 2900 31.748 0 0 0 

[SUB94] 

CCl4(l) -128005 216.4 298.14 - 500 123.989 2.611E-02 0 0 [SUB94] 

C6H5Cl (l) 11698 194.1 298.14 - 410 59.932 2.938E-01 0 0 [SUB94] 

298.14 - 457.69 132.065 1.840E-02 -7.288E-05 -3.967E+06 

457.69 - 793.2 26.736 1.303E-01 -1.226E-05 4.184E+05 NH4Cl(l) -300018 116.8 

793.2 - 1000 121.336 0 0 0 

[SUB94] 

298.14 - 393 35.146 4.184E-02 0 0 

393 - 498 58.576 0 0 0 InCl(l) -170080 131.0 

498 - 900 62.760 0 0 0 

[SUB94] 

298.14 - 351 118.407 0 0 0 
GaCl3(l) -513168 167.9 

351 - 600 128.030 0 0 0 
[SUB94] 

298.14 - 856 90.923 3.045E-02 1.528E-08 -2.951E+02 
InCl3(l) -503000 173.5 

856 - 1200 117.000 -1.345E-15 2.684E-19 -4.159E-07 
[SUB94] 

298.14 - 598 93.722 9.707E-02 0 0 
In2Cl3(l) -506264 306.4 

598 - 1000 146.440 0 0 0 
[SUB94] 

298.14 - 538 125.102 1.703E-01 0 0 
In3Cl4(l) -673624 455.6 

538 - 1000 205.016 0 0 0 
[SUB94] 

298.14 - 531 188.280 2.738E-01 0 0 
In4Cl7(l) -1188256 655.5 

531 - 1000 322.168 0 0 0 
[SUB94] 

200 - 302.89 108.229 -4.543E-01 7.115E-04 -8.799E+05 
Ga(l) 5590 59.2 

302.89 - 4000 26.069 -3.012E-04 2.410E-07 2.367E+05 
[SUB94] 

298.14 - 429.69 21.839 1.145E-02 1.272E-05 4.581E+04 
In(l) 3283 65.3 

429.69 - 3800 27.456 -1.092E-03 5.020E-07 4.234E+05 
[SUB94] 

298.14 - 465.69 64.929 8.787E-02 0 0 
AlCl3(l) -670277 185.2 

465.69 - 2000 125.520 0 0 0 
[SUB94] 

298.14 - 700 24.367 3.769E-03 5.266E-06 -1.482E+05 
Al(l) 10711 39.8 

700 - 933.39 38.584 -3.706E-02 3.459E-05 -1.482E+05 
[SUB94] 
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Table A-3. Continued 
   933.39 - 2900 31.748 0 0 0  

CCl4(l) -128005 216.4 298.14 - 500 123.989 2.611E-02 0 0 [SUB94] 

C6ClH5(l) 11698 194.1 298.14 - 410 59.932 2.938E-01 0 0 [SUB94] 

298.14 - 457.69 132.065 1.840E-02 -7.288E-05 -3.967E+06 

457.69 - 793.2 26.736 1.303E-01 -1.226E-05 4.184E+05 NH4Cl(l) -300018 116.8 

793.2 - 1000 121.336 0 0 0 

[SUB94] 

298.14 - 393 35.146 4.184E-02 0 0 

393 - 498 58.576 0 0 0 InCl(l) -170080 131.0 

498 - 900 62.760 0 0 0 

[SUB94] 

298.14 - 351 118.407 0 0 0 
GaCl3(l) -513168 167.9 

351 - 600 128.030 0 0 0 
[SUB94] 

298.14 - 856 90.923 3.045E-02 1.528E-08 -2.951E+02 
InCl3(l) -503000 173.5 

856 - 1200 117.000 -1.345E-15 2.684E-19 -4.159E-07 
[SUB94] 

298.14 - 598 93.722 9.707E-02 0 0 
In2Cl3(l) -506264 306.4 

598 - 1000 146.440 0 0 0 
[SUB94] 

298.14 - 538 125.102 1.703E-01 0 0 
In3Cl4(l) -673624 455.6 

538 - 1000 205.016 0 0 0 
[SUB94] 

298.14 - 531 188.280 2.738E-01 0 0 
In4Cl7(l) -1188256 655.5 

531 - 1000 322.168 0 0 0 
[SUB94] 

200 - 302.89 108.229 -4.543E-01 7.115E-04 -8.799E+05 
Ga(l) 5590 59.2 

302.89 - 4000 26.069 -3.012E-04 2.410E-07 2.367E+05 
[SUB94] 

298.14 - 429.69 21.839 1.145E-02 1.272E-05 4.581E+04 
In(l) 3283 65.3 

429.69 - 3800 27.456 -1.092E-03 5.020E-07 4.234E+05 
[SUB94] 
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Table A-4. Solid Phase 
∆H°298 S°298 Cp (J/mol K) = A + B*T + C*T2 + D*T-2 

Species 
(J/mole) (J/mole K) 

T(K) Range 
A B C D 

Ref # 

298.14 - 
465.69 64.929 8.787E-02 0 0 

AlCl3(s) -705632 109.3 
465.69 - 2000 125.520 0 0 0 

[SUB94] 

AlH3(s) -11400 30.0 298.14 - 500 49.383 2.408E-02 6.330E-07 -1.459E+06 [SUB94] 

298.14 - 500 -56.593 3.221E-01 -2.772E-04 1.364E+06 

500 - 1300 43.974 1.181E-02 -5.001E-06 -2.010E+06 

1300 - 1900 21.657 2.379E-02 -5.375E-06 1.045E+07 
AlN(s) -317984 20.2 

1900 - 3000 55.534 -2.407E-03 4.190E-07 -7.645E+06 

[SUB94] 

Al4C3(s) -206900 89.0 298.14 - 2500 148.741 3.346E-02 3.921E-10 -3.728E+06 [SUB94] 

298.14 - 700 24.367 3.769E-03 5.266E-06 -1.482E+05 

700 - 933.39 38.584 -3.706E-02 3.459E-05 -1.482E+05 Al(s) 0 28.3 

933.39 - 2900 31.748 0 0 0 

[SUB94] 

298.14 - 
457.69 132.065 1.840E-02 -7.288E-05 -3.967E+06 

457.69 - 793.2 26.736 1.303E-01 -1.226E-05 4.184E+05 NH4Cl(s) -314553 94.9 

793.2 - 1000 121.336 0 0 0 

[SUB94] 

298.14 - 393 35.146 4.184E-02 0 0 

393 - 498 58.576 0 0 0 InCl(s) -186188 95.0 

498 - 900 62.760 0 0 0 

[SUB94] 

InCl2(s) -362753 122.2 298.14 - 509 58.576 5.021E-02 0 0 [SUB94] 

298.14 - 351 118.407 0 0 0 
GaCl3(s) -524674 135.1 

351 - 600 128.030 0 0 0 
[SUB94] 

298.14 - 856 90.923 3.045E-02 1.528E-08 -2.951E+02 
InCl3(s) -530000 142.0 

856 - 1200 117.000 -1.345E-15 2.684E-19 -4.159E-07 
[SUB94] 

298.14 - 598 93.722 9.707E-02 0 0 
In2Cl3(s) -548104 236.4 

598 - 1000 146.440 0 0 0 
[SUB94] 

298.14 - 538 125.102 1.703E-01 0 0 
In3Cl4(s) -736384 338.9 

538 - 1000 205.016 0 0 0 
[SUB94] 

298.14 - 531 188.280 2.738E-01 0 0 
In4Cl7(s) -1271936 497.9 

531 - 1000 322.168 0 0 0 
[SUB94] 

Diamond 1828 2.4 298.14 - 700 -10.399 6.646E-02 -3.708E-05 0 [SUB94] 
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Table A-4. Continued 
700 - 2500 21.052 3.224E-03 -4.524E-07 -2.515E+06 

2500 - 5700 23.836 1.116E-03 -1.692E-08 -3.989E+06    

5700 - 6000 22.672 1.202E-03 0 0 

 

200 - 302.89 108.229 -4.543E-01 7.115E-04 -8.799E+05 
Ga(s) 0 40.7 

302.89 - 4000 26.069 -3.012E-04 2.410E-07 2.367E+05 
[SUB94] 

298.14 - 
429.69 21.839 1.145E-02 1.272E-05 4.581E+04 

In(s) 0 57.6 
429.69 - 3800 27.456 -1.092E-03 5.020E-07 4.234E+05 

[SUB94] 

 
Table A-5. Carbon (Graphite) 

Cp = A + B*T + C*T-2 + D*T-3 + E*T-4 Species ∆H°298 
(J/mol) 

S°298 
(J/mol K) T(K) Range A B C D E Ref # 

C(s) 0 5.7 298.14 - 6000 24.300 9.446E-04 -5.125E+06 1.586E+09 -1.440E+11 [SUB94] 
 
Table A-6. GaN and InN 

Cp (J/mol K) = A + B*T + C*T2 + D*T-2 + E*T-3 Species ∆H°298 
(J/mole) 

S°298 
(J/mole K) T(K) Range 

A B C D E 
Ref 

GaN(s) -156800 30 298 – 4000 32.532 1.867E-02 -2.335E-06 -3.307E+05 0 [Unl03] 

InN(s) -71000 42.5 298 - 4000 43.886 8.194E-03 0 -1.007E+06 8.353E+07 [Lei04] 
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