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1. INTRODUCTION

The growth of high quality GaN thin solid films attracts great 
interest because of the several applications that are possible in 
optoelectronics, high power, and high frequency devices. The 
preferred industrial method to produce such material is metal 
organic vapor phase epitaxy (MOVPE), using ammonia and 
trimethyl gallium (TMGa) as gaseous precursors.1 At the 
typical operative conditions for the GaN growth, it is generally 
agreed that the deposition rate is controlled by the diffusion of 
the growth precursors,2−7 because at the elevated temperatures 
(1200−1400 K) at which GaN is deposited surface reactions 
are generally fast. The gas phase kinetics active during GaN 
deposition plays an important role as it is responsible for 
producing the precursors to the GaN growth, as well as because 
its control is necessary in order to limit the formation of 
powders.1,3−12 This side reactivity is strongly undesired because 
these powders scavenge part of the precursors, limiting the 
deposition rate. Also, if they reach and get adsorbed on the

substrate, they can considerably affect the quality of the film,
because of the inclusion of additional defects to the crystalline
layer and as they can lead to deposition outside of the desired
growth areas.
Several theoretical and experimental studies have been

dedicated to investigate the GaN gas phase and surface growth
kinetics.2−4,13−24 It is thus generally agreed that Ga(CH3)3 gas
phase decomposition to GaCH3 is competitive with several
reactions with ammonia that eventually lead both to the
production of the direct deposition precursor and of the critical
nuclei, whose successive growth leads to the formation of GaN
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powders. Several kinetic schemes have been proposed in the
literature with the intent of describing the GaN growth
mechanism. They can be differentiated on the basis of the
precursors that are assumed to be formed before the deposition
of the thin solid film and that lead to the formation of powders.
The first mechanism was proposed by Mihopoulos et al.2 and
assumed that the TMGa and ammonia reacted in the gas phase
to form TMGa:NH3 acid−base adducts, whose decomposition
would lead to the formation of the Ga(CH3)x(NH2)3−x species.
Such species can then either adsorb and decompose on the
surface to form the GaN film or associate in the gas phase to
form dimers and trimers, which would then lead to the
formation of powders. This mechanism was supported by
experimental evidence, indicating that TMGa and NH3 form
adducts in the gas phase at low temperatures.13,25−27 Successive
experimental studies performed by Bergmann et al.14 and
Schafer et al.15 coupling molecular beam sampling and mass
spectrometry, however, showed that the TMGa:NH3 adduct
decomposes rapidly as the temperature is increased so that it is
unlikely that it may be the precursor to the film growth. In
particular, these studies highlighted that as the temperature is
increased, TMGa and ammonia react to form Ga(CH3)2NH2,
which was found as a dimer and, quite interestingly, a covalent
molecule containing two Ga atoms covalently bound by an NH
group: Ga2NH(CH3)4. These species have maximum concen-
trations at around 700 K, though their signals drop at higher
temperatures. Glockling and Strafford28 also detected the
trimeric compound Ga3(CH3)9, though this finding was not
confirmed in later studies. It is also interesting to report that it
was experimentally found that at low gas phase temperatures
the TMGa:NH3 adduct is able to coordinate a second NH3
molecule.27 Unfortunately, while much is known of the
reactivity of this system at low temperatures, it is still not
clear what happens at substrate temperatures above 1000 K,
which are the typical operative conditions of the process. The
only experimental measurement at temperatures higher than
1000 K was performed by Schafer et al.,15 who found that in
these conditions the main gas phase species becomes atomic
Ga. This lead the authors to conclude that atomic Ga is the
most likely growth precursor to GaN deposition.
The experimental uncertainty concerning the composition of

the gas phase above the substrate during GaN deposition
fostered a considerable theoretical effort, which exploited
mostly DFT calculations in order to determine rate constants
that could be used to investigate the gas phase kinetics active
during GaN growth.2,16−19,22−24,29−33 Nowadays the kinetic
mechanism most commonly adopted to model the gas phase
kinetics of GaN MOVPE was proposed by Hirako et al.18 The
proposed mechanism combines reactions proposed by several
authors with kinetic constants evaluated using DFT methods.
According to this mechanism, the main gas phase precursor to
GaN deposition is the GaN diatomic molecule, formed from
the decomposition of Ga(CH3)2NH2 through the successive
loss of two methane molecules. This mechanism, or similar
mechanisms based on the formation of biatomic GaN as an
intermediate, was used by several authors to model the
deposition of GaN with success.3,4 The mechanism proposed
by Hirako et al. also assumes that GaN powders are grown
through successive addition of GaN species to a Ga2N2 nuclei
formed by the addition of two GaN species. An alternative GaN
gas phase mechanism was proposed by our group about one
decade ago.17,21 It is based on the idea that a set of radical
reactions may promote the decomposition of the reactants and

lead to the formation, as the most stable species at high 
temperature and therefore as growth precursor, of GaNH2.
Summarizing, there is still at present considerable uncertainty 

about which is the growth precursor to GaN deposition as well 
as about the mechanism of formation of GaN powders in the 
gas phase. It is our opinion that these uncertainties are due at 
least in part to the lack of a thermodynamic database, which 
may be coupled to the gas phase mechanism in the modeling of 
the film deposition process and that may be used to determine 
which are the most stable gas phase species as a function of the 
operating conditions. Also, it is our opinion that several 
reaction pathways may have been neglected in previous works. 
The aims of the present study are the following: (i) compile a 
thermodynamic database that includes the most important gas 
phase GaN species; (ii) develop a kinetic mechanism that may 
be used to describe the gas phase reactivity and identify the 
main reaction routes; (iii) couple the gas phase mechanism to a 
surface mechanism and validate the kinetic mechanism through 
comparison with experimental growth rate data measured in 
well-defined operative conditions; (iv) develop a powder 
nucleation model that may be coupled to the reactor model. 
The present paper deals with points (i) and (ii), while the 
validation of the model through comparison with experimental 
data and the powder nucleation model will be presented in a 
successive work.

2. METHOD
The thermodynamic data of all the species considered in the 
equilibrium calculations were evaluated on the basis of energies, 
structures, and vibrational frequencies determined through ab 
initio simulations. In particular, formation enthalpies were 
determined at 298 K from atomization energies using as 
reference the experimental formation enthalpy of the elements, 
which were taken from the NIST-JANAF thermochemical 
tables.34 Entropies were computed from translational, rota-
tional, vibrational, and electronic partition functions using the 
rigid rotor-harmonic oscillator approximation and statistical 
thermodynamics. The same level of theory was also adopted to 
calculate the kinetic constants of all the gas phase reactions here 
studied, using conventional transition state theory. It is 
important to point out that the kinetic constants of reactions 
taken from previous papers were re-evaluated, with the 
exception of reactions whose rate constants are well established. 
This was done in order to avoid comparing reaction pathways 
using kinetic constants calculated at different levels of theory, as 
the different level of uncertainties may affect the comparison 
between the reaction pathways. The structures and the 
vibrational frequencies of all the stationary points were 
determined using density functional theory at the M062X/6-
311+G(d,p) level.35 In our experience,36−38 this approach 
allows predicting kinetic constants at a good level of 
approximation if combined with a high level estimation of the 
energy. For this purpose the energies of all the stationary points 
were determined at the ROCBS-QB3 level.39 The kinetic 
constants here calculated can be considered to be more 
accurate with respect to those reported in previous works on 
the same system, because of the higher level at which energies 
and structures were computed. To validate the approach, some 
selected reaction energies were also evaluated at the CCSD-
(T)/aug-cc-pVTZ level,40 which is expected to be quite 
accurate for the system under investigation. In general, 
activation energies calculated at the two levels of theories 
differed by a maximum of about 1 kcal/mol, suggesting that the



adopted approach is reasonably accurate. In addition, in the 
present work we accounted for the degeneration of torsional 
vibrations into unhindered rotors, which considerably improves 
the evaluation of the density of states of reactants and transition 
states, and thus of rate constants and entropies.
For some reactions the minimum energy pathway does not 

present a saddle point. Therefore, their transition state was 
determined using canonical variational transitional state theory. 
The reaction path was scanned through constrained energy 
minimizations along the length of the breaking bond with the 
unrestricted M062X functional and the 6-311+G(d,p) basis set, 
thus allowing the partial occupation of the LUMO orbital. The 
potential energy surface (PES) so determined was then rescaled 
over reaction energies evaluated at the ROCBS-QB3 level. 
When relevant the low vibrational frequency associated with 
torsional motions was replaced by a 1D unhindered rotor 
model. This approximation is justified by the fact that such 
internal motions are mainly related to Ga−CH3 bonds whose 
rotational PESs are characterized by hindrance potentials lower 
than 1 kcal/mol, as here verified with several tests on different 
molecules. The corresponding partition function was in this 
case determined using quantum eigenvalues, calculated as 
described in previous works.41,42 When two conversion 
channels with comparable rates were possible, global reaction 
rates were computed as the sum of the rates of the two 
channels. All calculations were performed using the Gaussian 
09 computational suite.43 The kinetic constants and the heat 
capacities so determined were then fitted to the modified 
Arrhenius form over a temperature range comprised between 
500 and 1500 K.
A kinetic analysis was performed in order to determine which 

are the main reaction pathways active in the typical operative 
conditions of GaN MOVPE. For this purpose the gas phase 
kinetic mechanism was embedded in a fluid dynamic model of 
an experimental single wafer horizontal reactor (AIX200/4-
RFS, AIXTRON). Specifically, simulations were performed 
using a stationary 2D CVD simulation code developed by 
Jensen and co-workers and already tested in several previous 
works, which also takes into account the surface reactivity.44−51 

Mass, momentum, and energy balance equations were 
integrated over a mesh consisting of about 4500 rectangular 
elements. The numerical solution is computed with the finite 
element method (FEM) using an analytical Jacobian. The 
model was used to evaluate the effect of a variation of some key 
rate constants on the gas phase composition and on the GaN 
growth rate, which allowed us to identify the main reaction 
routes.

3. RESULTS AND DISCUSSION
This section is organized in four parts. In the first one, the 
results of the thermodynamic analysis are reported. In the 
second, the reactions and rate constants included in the kinetic 
scheme are discussed. The third part is devoted to an analysis of 
the kinetic mechanism, aimed at clarifying which is the 
dominant reaction route. Finally, in the last part, other 
elementary reactions are initially considered, but then 
eliminated from the kinetic mechanism because it is found 
that they do not significantly affect the global reactivity, are 
described.
3.1. Thermodynamic Analysis. In order to perform a 

thermodynamic analysis, it is necessary to select a list of 
chemical species that are likely to be formed in the investigated 
conditions of temperature, pressure, and composition. The

initial list of considered compounds was selected on the basis of
a literature research, focusing on the experimental14,15,20 and
theoretical works16−19 that were performed to investigate the
reaction kinetics of the GaN MOVPE. This list was then
extended in order to account for other chemical species whose
stability could be inferred from preliminary equilibrium
calculations. For example, while Ga(CH3)2NH2 was detected
experimentally in several studies14,15 and was therefore included
in the set of considered compounds, this was not the case for
Ga(NH2)3, which was, however, considered after it became
apparent that the substitution of methyl with amino groups is
thermodynamically favored in the considered experimental
conditions. The same consideration applies also to the logic
that was followed to build the kinetic mechanism. On this basis,
the following 32 chemical species were considered in the
thermodynamic calculations: Ga(CH3)3, Ga(CH3)2NH2,
GaCH3(NH2)2, Ga(NH2)3, Ga(CH3)2H, GaCH3H2, GaH3,
GaH(NH2)2, GaH2NH2, GaCH3HNH2, GaCH3, GaNH2, GaH,
Ga(NH2)2NH, GaCH3NH2NH, GaN, Ga, Ga2NH(CH3)4,
Ga2NH(CH3)2(NH2)2, Ga2NHCH3(NH2)3, Ga2NH(NH2)4,
Ga2NHH(NH2)3, Ga2NHCH3H(NH2)2, Ga2NHH2(NH2)2,
Ga3(NH)3H3, Ga3(NH)3(NH2)3, CH4, H2, NH3, CH3, NH2, H.
The thermodynamic data for all the considered species are

reported as Supporting Information in Table S1. The reliability
of the adopted thermodynamic data can be checked through
comparison with the available few experimental data. It is thus
interesting to observe that the calculated Ga(CH3)3 standard
formation enthalpy, −7.4 kcal/mol, is in good agreement with
the value recommended by the NIST thermochemical Web
site: −8.6 ± 2.4 kcal/mol, as well as the enthalpies of formation
of NH3 (−10.55 kcal/mol calculated versus −10.98 ± 0.084
kcal/mol) and CH4 (−17.3 kcal/mol calculated versus −17.8 ±
0.1 kcal/mol). Equilibrium calculations were performed by
minimizing the Gibbs free energy of the system assuming a
pressure of 0.2 bar and initial mole fractions of 0.25 for NH3,
0.7495 for H2 and 5.0 × 10−4 for Ga(CH3)3. These conditions
correspond to those often adopted to deposit high quality GaN
films.1,6−8 Simulations were performed in the 700−1500 K
temperature range. The results are reported in Figure 1a, for
GaXYZ species (with X,Y, Z either CH3, NH2, or H), CH4,
NH3, and H2, in Figure 1b for species containing 2 or 3 Ga
atoms, and in Figure 1c for the decomposition fragments of the
growth precursors.
As it can be noted, Ga(CH3)3 is present in such a low

concentration that it does not even fit in Figure 1a. This is
because it is highly unstable, even at room temperature, with
respect to the chemical species that can be formed through
substitution of methyl with amino groups and atomic H. This is
clearly related to the quite high N/C and H/C ratio of the
simulated gas phase composition. This is consistent with the
results of the thermodynamic analysis performed by Timoshkin
et al.30,31 using thermodynamic data computed from DFT
calculations. The decomposition and conversion of TMGa
during GaN growth is thus controlled only by kinetic
limitations. In an infinite time, Ga−CH3 groups would
systematically be substituted by the more stable Ga−NH2
groups. This behavior is consistent with experimental mass
spectrometry investigations,14,15 which highlight how with
increasing temperature it is possible to observe the formation
of a dimer of the Ga(CH3)2NH2 species. The formation of the
TMGa:NH3 adduct was not considered in the present analysis,
as it is known that it is fully dissociated at temperatures higher



than 500 K, which is well below the temperature range here
investigated.
The equilibrium mole fractions of the considered gas phase

species containing 2 or 3 Ga atoms are compared in Figure 1b,
while their molecular structures are shown in Figure 2a,c.

The structure reported in Figure 2b is a Lewis acid−base
complex resulting by the addition of 2 TMGa:NH3 adducts.
Compared to the Ga(CH3)3:NH3 adduct, this structure is
stabilized from the energetic point of view through the
formation of two additional acid base bonds. This adduct was
initially considered in the calculations as there are experimental
evidence that dimers with this composition are formed at low
temperatures in TMGa−NH3 systems.25−27 However, our
simulations evidenced that, as the temperature is increased,
these species easily eliminate ammonia to form chemical
species with the structure shown in Figure 2c, whose formation
was as well experimentally observed, and that was therefore
considered in the simulations. Also in this case it was found that
methylated Ga species are highly unstable. Indeed the
Ga2NH(CH3)4 equilibrium mole fraction is so small that it
can not even be reported in Figure 1b.
The two considered Ga3 species, whose structures are shown

in Figure 2a, are Ga3(NH)3H3 and Ga3(NH)3(NH2)3. Similar
structures have already been proposed as possible GaN nuclei
in previous theoretical studies.17,21 The two species have a
planar structure characterized by a 6 atoms ring containing 3
Ga and 3 N atoms. As it can be observed, it is predicted that
these species become more stable than Ga2 species as the
temperature decreases below 1100 K, suggesting that in these
conditions Ga2 species may be rapidly converted to larger
species and that Ga3 species with structures similar to that

Figure 1. Calculated equilibrium distribution of several gas phase
species expected to play a role during the MOVPE of GaN.
Calculations performed at constant T, at a pressure of 0.2 bar, and
for the following global gas phase composition: 0.25 NH3, 0.75 H2,
and 5.0 × 10−4 Ga(CH3)3.

Figure 2. Structures of gas phase species containing three (a:
Ga3(NH)3X3) and two (b: Ga2(NH2)4XY; c: Ga2NH(NH2)2XY) Ga
atoms that were considered among the possible candidates to be
included in the thermodynamic analysis. X and Y may be either CH3,
NH2, or H. Structure b was found to be unstable with respect to
structure c at the temperatures here considered, and was therefore not
included in the thermodynamic calculations.



shown in Figure 2a may indeed be the initial nuclei whose
successive growth may lead to the formation of GaN powders.
The equilibrium mole fractions of the molecular and radical

fragments that may be formed as a result of the decomposition
of the molecules reported in Figure 1a are shown in Figure 1c.
As it can be observed, the most stable species is GaNH2,
followed by NH2, H, Ga, and GaH. The GaNH2 equilibrium
mole fraction is almost independent of temperature, as it is the
most abundant Ga species, so that its formation is controlled by
the relative amount of Ga atoms assumed to be present in the
gas phase. The biatomic species GaN is predicted to be much

less stable in the full temperature range. This is a quite
interesting result with important implications, as GaNH2, Ga,
and GaN have been postulated by different authors to be
possible precursors to the film growth.3,4,18,24 The present
thermodynamic analysis suggests that, if the reactivity is
sufficiently fast to let the system approach equilibrium, then
GaNH2 should be the most likely gas phase precursor to GaN
growth. However, the calculated equilibrium mole fraction of
GaNH2 is so high that it seems strange that it was not detected
in previous mass spectroscopic investigation. While the limited
temperature range investigated by Bergmann et al. (up to 1000

Table 1. Gas Phase Kinetic Mechanism for GaN MOVPE Deposition from TMGa and NH3
a

reaction A α Ea

Decomposition of GaXYZ Species (X,Y,Z = CH3, NH2, or H)

G1 Ga(CH3)3 → GaCH3 + 2CH3 9.0 × 1016 0.04 79.07

G2 Ga(CH3)2NH2 → GaNH2 +
2CH3

1.2 × 1027 −3.20 81.38

G3 GaCH3(NH2)2 → GaNH2 + CH3
+ NH2

1.9 × 1018 −0.59 81.66

G4 Ga(NH2)3 → GaNH2 + 2NH2 1.9 × 1014 0.26 92.66

G5 GaH(NH2)2 → GaNH2 +
NH2 + H

3.2 × 1016 −0.40 87.60

G6 GaCH3HNH2 → GaNH2 +
CH3 + H

4.0 × 1024 −2.60 79.94

CH3,NH2,H Radical Reactions

G754,55 CH3 + NH3 → NH2 + CH4 2.5 × 103 2.86 14.60

G854,55 NH2 + CH4 → CH3 + NH3 3.1 × 101 3.59 9.02

G956 CH4 + H → CH3 + H2 1.3 × 104 3.00 8.03

G1056 CH3 + H2 → CH4 + H 6.9 × 103 2.74 9.42

G1157 H + NH3 → NH2 + H2 5.8 × 104 2.76 10.27

G1257 NH2 + H2 → NH3 + H 1.6 × 103 2.83 7.23

G1358a C2H6 → 2CH3 (0.2 bar) 2.1 × 1048 −9.72 101.87

G1458a 2CH3 → C2H6 8.1 × 1035 −7.14 7.62

G1558a CH4 → CH3 + H 5.01 × 1036 −6.77 110.83

G1658a CH3 + H → CH4 4.37 x1034 −6.77 5.38

Hydride Decomposition Reactions

G17 GaCH3HNH2 → GaNH2+ CH4 2.2 × 1011 0.79 70.63

G18 GaCH3HNH2 → GaCH3 + NH3 1.1 × 1013 0.21 63.10

G19 GaH(NH2)2 → GaNH2 + NH3 1.2 × 1013 0.20 60.82

GaXYZ + Ammonia (X,Y,Z = CH3, NH2, or H) Reactions

G20 Ga(CH3)3 + NH3 → Ga
(CH3)2NH2 + CH4

2.57 × 10° 3.39 14.59

G21 Ga(CH3)2NH2 + NH3 →
GaCH3(NH2)2 + CH4

2.9 × 10−1 3.84 20.99

G22 GaCH3(NH2)2 + NH3 → Ga
(NH2)3 + CH4

1.2 × 10° 3.49 24.93

G23 GaCH3 + NH3 → GaNH2 + CH4 8.3 × 101 3.25 18.09

G24 GaCH3HNH2 + NH3 → GAH
(NH2)2 + CH4

2.0 × 10° 3.48 21.7

G25 GaH(NH2)2 + NH3 → Ga(NH2)3
+ H2

5.2 × 101 3.16 23.06

G26 Ga(NH2)3+ H2 → GaH(NH2)2 +
NH3

3.6 × 107 1.28 29.49

G27 GaCH3HNH2 + NH3 →
GaCH3(NH2)2 + H2

2.9 × 10° 3.48 19.25

G28 GaCH3(NH2)2 + H2 →
GaCH3HNH2 + NH3

8.5 × 105 1.83 28.36

H/NH2 Substitution in GaXYZ Species

G29 Ga(NH2)3 + H → GaH(NH2)2 +
NH2

4.4 × 1012 0.15 7.10

G30 GaH(NH2)2 + NH2 →
Ga(NH2)3 + H

7.1 × 104 2.33 −2.00

G31 GaCH3(NH2)2 + H → GaH
(NH2)2 + CH3

4.7 × 1011 0.78 0.71

G32 Ga(CH3)2NH2 + H →
GaCH3HNH2 + CH3

5.0 × 1011 0.82 0.35

reaction A α Ea

Ammino/Methyl Substitution in GaXYZ Species

G33 Ga(CH3)3 + NH2 → Ga
(CH3)2NH2 + CH3

4.9 × 106 2.47 −1.45

G34 Ga(CH3)2NH2 + NH2 →
GaCH3(NH2)2+ CH3

3.7 × 103 2.93 −2.63

G35 GaCH3(NH2)2 + NH2 → Ga
(NH2)3 + CH3

2.1 × 103 2.87 −2.85

G36 GaCH3HNH2 + NH2 → GaH
(NH2)2 + CH3

6.5 × 103 2.92 −2.34

G37 GaCH3 + NH2 → GaNH2 + CH3 2.0 × 106 2.46 −1.43
NH2 and H Abstraction Reactions

G38 Ga(CH3)2NH2 + H → GaCH3 +
CH3 + NH3

1.4 × 108 1.61 6.41

G39 GaCH3(NH2)2 + H → GaNH2 +
CH3 + NH3

4.6 × 107 1.69 2.90

G40 Ga(NH2)3 + H → GaNH2 + NH2
+ NH3

6.3 × 107 1.69 4.42

G41 GaH(NH2)2 + H → GaNH2 +
NH2 + H2

1.4 × 109 1.60 2.51

G42 GaCH3HNH2 + H → GaNH2 +
CH3 + H2

1.6 × 10−4 5.80 0.03

Condensation Reactions (and Reverse Processes)

G43 2GaH(NH2)2 →
Ga2NHH2(NH2)2 + NH3

4.7 × 10−2 2.87 −16.53

G44 Ga2NHH2(NH2)2 + NH3 →
2GaH(NH2)2

6.0 × 10−2 3.11 −12.55

G45 2GaCH3(NH2)2 → Ga2NH
(CH3)2(NH2)2 + NH3

7.8 × 10−3 2.92 −16.36

G46 Ga2NH(CH3)2(NH2)2 + NH3 →
2GaCH3(NH2)2

3.1 × 10−3 3.73 −12.10

G47 2Ga(NH2)3 → Ga2NH(NH2)4 +
NH3

2.6 × 10−3 2.81 −14.62

G48 Ga2NH(NH2)4 + NH3 → 2Ga
(NH2)3

2.3 × 10−2 3.16 −8.21

G49 GaCH3(NH2)2 + GaH(NH2)2 →
Ga2NHHCH3(NH2)2 + NH3

7.6 × 10−4 3.40 −16.50

G50 Ga2NHHCH3(NH2)2 + NH3 →
GaCH3(NH2)2 + GaH(NH2)2

2.19 × 10−3 3.63 −12.32

G51 GaCH3(NH2)2 + Ga(NH2)3→
Ga2NHCH3(NH2)3 + NH3

8.3 × 10−3 2.87 −14.01

G52 Ga2NHCH3(NH2)3 + NH3→
GaCH3(NH2)2 + Ga(NH3)3

8.5 × 10−3 3.12 −8.95

G53 GaH(NH2)2 + Ga(NH2)3→
Ga2NHH(NH2)3 + NH3

1.9 × 10−2 2.84 −14.20

G54 Ga2NHH(NH2)3 + NH3→ GaH
(NH2)2 + Ga(NH2)3

1.5 × 10−2 3.08 −9.22

aCalculated using Troe parameters and interpolated at 0.2 bar.58
aUnimolecular rate constants in s−1 and bimolecular rate constants in
cm3/mol/s. Activation energies in kcal/mol. Reactions G13−G16 are
pressure dependent, and the rate constants are computed at 0.2 bar.
All backward rate constants, where relevant, are explicitly reported.



K) may be an explanation of the reason why GaNH2 was not
detected,14 this is not the case for the study of Schafer et al.,15

who investigated a temperature range extending up to 1400 K.
It is, however, noteworthy to point out that Schafer et al. found
that above 900 K the most abundant gas phase species that is
detected is atomic Ga. As they performed their experiments
using a ionization electron energy of 30 eV, it is possible that
the Ga signal may have been originated by the dissociative
ionization of GaNH2. Indeed, it is known that methyl groups
are labile upon ionization in TMGa, and the same may be
possible for NH2.

52 Although this explanation would reconcile
experiment and theory, we feel that additional experiments
performed with the aim of detecting the GaNH2 signal would
be crucial in determining which is the GaN growth precursor. It
is finally interesting to observe that GaNH2 was indeed
experimentally found to be the main product that is formed
when Ga atoms and ammonia dispersed in an Ar matrix are
photoactivated.53

3.2. Gas Phase Kinetic Mechanism. The gas phase kinetic
mechanism here proposed is summarized in Table 1, together
with rate constants interpolated between 300 and 1500 K. The
following criteria were followed to select the present list of
reactions. The thermodynamic analysis indicated that, in the
conditions at which GaN is deposited, TMGa is unstable, both
because its unimolecular fragmentation into GaCH3 and methyl
proceeds fast and because the substitution of its methyl groups
with amino groups and H atoms is thermodynamically favored
and kinetically fast. In order to properly describe the reactivity
of TMGa and to limit the total number of gas phase species, it
was decided to include in the calculations those species that can
be generated from amino and H substitution of CH3 groups:
Ga(CH3)3, Ga(CH3)2NH2, GaCH3(NH2)2, Ga(NH2)3, GaH-
(NH2)2, and GaCH3HNH2. The formation of Ga species with
two or three H atoms was thus discarded, as they are less stable
than Ga(NH2)3 and GaH(NH2)2 and since their formation
would require the full conversion of TMGa, in which case it is
expected that amino substituted species would be the most
abundant. Also, it was assumed that all these species can
undergo homolytic decomposition. As it is known that after
TMGa loses the first methyl group, it rapidly decomposes
further to also lose the second and yield GaCH3, it was decided
to lump together the two decomposition reactions. Similarly, it
was assumed that also other reactions leading to the formation
of GaXY species (X,Y = CH3, NH2 or H), such as reactions
G38−G42, would be followed by a successive cleavage of the
weakest GaXY bond. Also, in this case, the two reactions were
lumped. The considered decomposition reactions, G1−G6, are
listed in Table 1 together with the calculated high pressure rate
constants. Rate constants for decomposition reactions G1−G6
were calculated using variational transition state theory, as they
proceed without passing from a saddle point. The energy
changes calculated for reactions G1−G6 at different levels of
theory are summarized in Table 2. Reaction rates were
calculated for the scission of the most labile bond. The
progress of reactions G1−G6 leads to the formation of GaNH2,
GaCH3, CH3, NH2, and H. In order to describe the reactivity of
CH3, NH2, and H reactions G7−G16 were included in the
kinetic mechanism. The rate constants of these reactions are
well-known and were therefore taken from the literature.
Hydride species GaH(NH2)2 and GaCH3HNH2 can also
decompose at rates comparable to G5 and G6 eliminating
ammonia and methane. To describe these processes, which

occurs through tight transition states, reactions G17−G19 were
also included in the kinetic mechanism.
Two reaction classes were introduced in order to describe

the inter conversion kinetics among the considered GaXYZ
species (where X, Y, Z can be CH3, NH2, or H). In the first
reaction class, GaXYZ reacts with ammonia to substitute
methyl or H with an amino group (reactions G20−G28). The
transition state structure of reaction G20 is reported in Figure
3a. As already pointed out in earlier studies,21 these reactions

take place in two steps. The first is the formation of Lewis
acid−base adducts, such as Ga(CH3)3:NH3 for reaction G20,
which is a precursor state whose formation does not require
overcoming any energy barrier. The second step is the
elimination of a methane (or H2) molecule, which takes place
through a tight transition state. As explained in the previous
section the ammonia adduct is very unstable and it is rapidly
decomposed above 500 K. Thus, the rate of these reactions is
controlled by the tight transition state and can be calculated
using conventional transition state theory.
In the second reaction class GaXYZ adds NH2 and releases

either H or CH3 through reactions G29−G37, which can be
considered as a set of propagation reactions of a radical chain
mechanism started by reactions G1−G6. This set of reactions
was proposed by our group about a decade ago to be the main
mechanism of insertion of amino groups in Ga compounds.
The rate constants of these reactions were estimated in our
previous study using the kinetic theory of gases, as they proceed
without overcoming any energy barrier. Indeed, similarly to
what is found for the reactions between ammonia and GaXYZ,
these processes proceed through the formation of an
intermediate adduct of NH2 with GaXYZ that successively

Table 2. Energy changes for the reactions of decomposition
of Ga(CH3)3, Ga(CH3)2NH2, GaCH3(NH2)2, Ga(NH2)3,
GaH(NH2)2, and GaCH3HNH2 calculated at different levels
of theory. All energies include Zero Point Energy
corrections

energy change (kcal/mol)

reaction
M062X/6-
311+G(d,p)

ROCBS-
QB3

Ga(CH3)3 → GaCH3 + 2CH3 73.5 77.4
Ga(CH3)2NH2 → GaNH2 + 2CH3 74.5 78.5
GaCH3(NH2)2 → GaNH2 + CH3 +
NH2

76.8 81.5

Ga(NH2)3 → GaNH2 + 2NH2 90.9 94.2
GaH(NH2)2 → GaNH2 + NH2 + H 79.6 85.6
GaCH3HNH2 → GaNH2 + CH3 + H 74.2 78.0

Figure 3. Structures of transition states of reactions (a) Ga(CH3)3 +
NH3 → Ga(CH3)2NH2 + CH4 and (b) 2GaH(NH2)2 →
Ga2NHH2(NH2)2 + NH3.



decomposes, releasing H or CH3. The reactions are globally
exothermic, and no energy barriers are present both on the
entrance and on the exit channels of the PES. Given the
exothermicity of these reactions, their rate can be reasonably
assumed to be equal to that of the entrance channel. High
pressure rate constants were then determined using variational
transition state theory and assumed to be equal to the rate of
formation of the complex between NH2 and GaXYZ. The
variational rate constants differ by about a factor of 4 from the
collisional estimates, which can be considered reasonable given
the uncertainties of both approaches.
Since in the conditions in which GaN is deposited atomic H

can be present in significant concentrations, it is possible that it
may react with GaXYZ species to abstract either NH2 or H.
These reactions, which proceed through a tight transition state,
have small activation energies and are thus expected to proceed
fast. Reactions G38−G42 were introduced in the kinetic
mechanism to account for this reaction route. Abstraction of
methyl groups was found to proceed at a rate significantly
slower than that for abstraction of NH2 or H, because of larger
energy barriers.
Reactions G1−G42 describe several possible reaction routes,

in some cases competitive with one another, that lead to the
inter conversion between the GaXYZ species and to the
formation of their decomposition products. Following the
development of this part of the kinetic mechanism, the possible
reactivity among this species was investigated in order to
determine which are the fastest pathways that may lead to the
formation of the GaN nuclei that precedes the formation of
powders. As explained in the previous section, it is reasonable
to assume that the first stable nuclei will contain at least three
Ga atoms participating to six-membered cyclic species. It is thus
clear for kinetic reasons that, in order to form the first GaN
nuclei, it will be necessary to form an intermediate species
containing two Ga atoms. In our previous studies17,21 we
hypothesized that such species could be formed through a
radical chain mechanism that implied the formation of a radical
GaXYZ• species as an intermediate species. In the present
study we propose a new set of reactions that proceed much
faster than the mechanism we previously proposed as it
involves as reactants two GaXYZ species, with both reactants
containing at least one amino group, and not radicals. These
reactions proceed through the formation of a Lewis acid−base
adduct (see Figure 2b), which successively decomposes fast
through a tight transition state (Figure 3b) having an energy
barrier that is smaller than that of the reactants. At GaN
deposition temperature, the adduct is unstable with respect to

the reactants, and the reaction rate is controlled by the tight
transition state. The condensation reactions considered to be
relevant for the formation of Ga species with 2 Ga atoms are
reactions G43−G54 reported in Table 1.
Finally, some preliminary studies were performed in order to

investigate the reaction mechanism that leads to the formation
of the first particle aggregates. It is reasonable to expect that the
condensation products formed through reactions G43−G54
may successively react with a GaXYZ species through a similar
mechanism to form a nuclei having a structure equivalent to
that reported in Figure 2a. A preliminary analysis indicated that
a fast reaction pathway is possible if the product of the
condensation reacts with a GaXYZ species containing at least
two amino groups. The mechanism leading to the formation of
the nuclei may then be described by the following set of
reactions, here referred to make a practical example to the
GaH(NH2)2 and Ga2NHH2(NH2)2 reactants:

+ ↔GaH(NH ) Ga NHH (NH ) Ga NHH (NH )2 2 2 2 2 2 3 3 2 4
(N1)

↔ +Ga NHH (NH ) Ga (NH) H (NH ) NH3 3 2 4 3 2 3 2 2 3 (N2)

→ +Ga (NH) H (NH ) Ga (NH) H NH3 2 3 2 2 3 3 3 3 (N3)

Steps N1 and N2 are quite similar to the reaction mechanism
that was found for condensation reactions: formation of a Lewis
acid−base adduct followed by its decomposition through the
loss of an ammonia molecule. As found for condensation
reactions, in this case the formation of the adduct is also
barrierless, while for its decomposition several transition states
are possible, all with energy barriers lying well below the energy
of the reactants. Actually, a preliminary analysis of reactions N1
and N2 suggests that the rate limiting step for this reaction
sequence is the formation of the adduct through N1, since we
were able to find at least one transition state with a quite low
energy barrier, due to stabilization through intramolecular
donor−acceptor interactions. This preliminary analysis also
showed that reaction N3 is likely to proceed fast, thus
suggesting that the rate-determining step of this reaction
pathway may be the collision between the condensation
product and GaX(NH2)2, rather than the subsequent reaction
steps. Since at present it is difficult to determine a rate constant
for this process, as the vibrational analysis of the PES of
reaction N1 showed that it is highly anharmonic and that
multiple pathways leading to the same products are possible, we
conclude this kinetic analysis suggesting that the rate of
formation of the first nuclei will be proportional to the

Figure 4. Geometry of the AIX200/4 reactor used to model the gas phase kinetics active during GaN MOVPE.



concentration of the Ga2NH(NH2)2XY condensation products
and of the GaX(NH2)2 species (with X = CH3, H, or NH2),
with a rate constant that is probably close to the collisional
limit. While it is quite difficult to find a direct experimental
confirmation of the proposed mechanism of nucleation of GaN
powders, an indirect confirmation that our proposal may be
pointing in the right direction comes from the solution
chemistry study performed by Jegier at al,59 who showed that
poly(imidogallane) [HGaNH]n is an intermediate in the
conversion of cyclotrigallazane [H2GaNH2]3 to nanocrystalline
GaN poly(imidogallane). Indeed, both the Ga2NHH2(NH2)2
(and similar) chemical species that we propose to be formed as
an intermediate before the nucleation of the first powder nuclei,
as well the structure we propose for the first nuclei,
Ga3(NH)2H3(NH2)2, possess the imido bonds of [HGaNH]n,
thus indicating that both the mechanism here proposed and the
one found to be active for the conversion of cyclotrigallazane to
GaN nanocrystals may involve the formation of similar
intermediates.
3.3. Analysis of the Gas Phase Reactivity. The gas phase

reactivity was investigated embedding the kinetic mechanism
described in section 3.2 into a 2D model of the single wafer
horizontal reactor AIX200/4, which has been often used to
deposit GaN nitride thin films.5−7 A sketch of the reactor
configuration is shown in Figure 4, while the simulated
temperature profile is reported in Figure 5. Simulations were
performed assuming that GaNH2 decomposes upon collision
with the surface to give GaN and H2. Transport parameters for
all the considered gas phase species were computed from
Lennard-Jones parameters using Chapman−Ensog theory, as
described by Reid et al.60

The Operative Conditions Used in the Simulations Are
Those Usually Adopted to Deposit High Quality GaN Films
and Are Summarized in Table 3.
The calculated gas phase concentrations of the GaXYZ

species are reported in Figure 6.
The mole fraction distributions of the GaXYZ species shown

in Figure 6 show how the methyl groups of Ga(CH3)3 are
gradually substituted with amino group as soon as the reactant
enters the reactor heated zone. This is determined both by

direct reaction of ammonia with GaXYZ, followed by
elimination of methane and molecular hydrogen (reactions
G20−G28), and by the radical propagation reactions G29−
G37. This reaction pathway is clearly favored by the fact that
GaN is usually deposited with a large excess of ammonia with
respect to Ga. It is, however, interesting to observe that
Ga(NH2)3 is not the most abundant species, though it is the
one that is predicted to be the most stable through equilibrium
calculations, thus indicating that the system reactivity is
controlled by kinetics. The important role of this reaction set
had already been previously inferred by Ikeda et al.,23 as well as
by our research group.17,21 It is, however, interesting to observe
that a considerable amount of hydride species is predicted to be
formed above the susceptor, in a concentration comparable to
those of the most stable GaXYZ species. Once formed, hydrides
can decompose fast to GaNH2 through reactions G17−G19.
These reactions take place together with decomposition
reactions of GaXYZ as the gas approaches the heated susceptor.
The calculated mole fraction of the most abundant fragments of
GaXYZ are compared in Figure 7.
The data reported in Figure 7 show how, as the temperature

increases, GaXYZ species become unstable and decompose to
GaNH2, GaCH3, CH3, NH2, and H. In particular, in agreement
with the equilibrium calculations, we found that GaNH2 is the
most abundant species that is formed above the susceptor,
which confirms its identification as the main GaN growth
precursor. GaCH3 is present in concentrations that are about 2
orders of magnitude smaller than those of GaNH2.
One of the several reaction routes that can lead to the

formation of GaNH2 is the following:

Figure 5. Temperature field (K) of the AIX200/4 reactor computed in the operative conditions of Table 3 for a substrate temperature of 1400 K.

Table 3. Operative Conditions Used to Simulate GaN
Deposition in the AIX200/4 Reactor

variable operative conditions

substrate temperature 1400 K
flow rate upper channel 3.5 slm
flow rate lower channel 6.5 slm
total pressure 200 mbar
Ga(CH3)3 pressure 6.9 × 10−2 mbar
NH3 pressure 50 mbar



+ → +Ga(CH ) NH Ga(CH ) NH CH3 3 3 3 2 2 4 (G20)

+ + → +Ga(CH ) NH H GaCH HNH CH3 2 2 3 2 3 (G31)

+ → +GaCH HNH NH GaH(NH ) CH3 2 2 2 2 3 (G36)

→ +GaH(NH ) GaNH NH2 2 2 3 (G29)

Although this cascade of reactions proceeds fast as the
temperature increases, it is not the only pathway that leads to
the formation of GaNH2. A summary of the main reaction
pathways that are active during GaN deposition in the
investigated set up is reported in Figure 8.
As it is known, a powder nucleation mechanism is often

active in parallel and in competition with the film growth. As
described in the kinetic section, we hypothesize here that the
main step that precedes powder nucleation is the formation of
chemical species containing 2 Ga atoms through condensation
reactions. The calculated mole fractions of the most abundant
among these species are reported in Figure 9.
As it can be observed, the two condensation products that

are predicted to be formed in the highest concentration are the

same as the chemical species with two Ga atoms that are found
to be most stable through thermodynamic simulations. The
reason is that both the forward and backward reactions leading
to the formation and decomposition of these species are quite
fast, so that their relative abundance is controlled by
thermodynamics and local composition. This means that high
ammonia concentrations hinder the formation of the GaNH-
(NH2)2XY condensation products, because it accelerates their
decomposition reactions. However, high ammonia concen-
trations also promote the generation of GaX(NH2)2, which is
the GaNH(NH2)2XY reacting partner that leads to the
formation of the first stable GaN nuclei, so that it is reasonable
to expect that the impact of ammonia concentration on the
nucleation of powders may be on the whole limited. The
present analysis of the nucleation mechanism is a preliminary
work that will be further deepened in our next publication,
where simulations will be validated through comparison with
experimental data, and a powder formation and growth model
will be coupled to the fluid dynamic model.

3.4. Alternative Reaction Pathways. The kinetic
mechanism here proposed differs from others that can be

Figure 6. Distribution of the mole fractions of GaXYZ species in the AIX200/4 reactor computed in the operative conditions of Table 3 for a
substrate temperature of 1400 K.



Figure 7. Distribution of the mole fractions of the fragments of GaXYZ species in the AIX200/4 reactor computed in the operative conditions of
Table 3 for a substrate temperature of 1400 K.

Figure 8. Main reaction pathways that are predicted to be active in the gas phase during GaN MOVPE simulated using the kinetic mechanism
reported in Table 1.



currently found in the literature and contains a selected set of
reactions. In the present section we will discuss why we believe
that the present mechanism describes better the GaN kinetics
than others mechanisms that have previously been published
and we will comment on the reason why several reaction classes
were excluded from the present model. On the whole, six
alternative or parallel reaction routes were considered and
discarded, as proceeding at reaction rates not comparable to
those of the reactions listed in Table 1.
(1) The first alternative mechanism that was considered is

the radical mechanism that leads to the formation of
GaNH(NH2)2XY condensation products with the structure
shown in Figure 2c that we proposed a few years ago.17,21 An
example of this mechanism is given by reactions A1 and A2:

+ ↔ +GaH(NH ) H GaHNH NH H2 2 2 2 (A1)

+ → +GaH(NH ) GaHNH NH Ga NHH(NH ) H2 2 2 2 2 3
(A2)

The radical condensation mechanism was compared with the
one here proposed (reactions G43−G54) and found to be
significantly slower, though its rate constants have quite high
values as the system reactivity is almost collisional. The reason
is that the concentration of the GaXYZ• radicals generated in
reaction A1 (and others) and consumed in reaction A2 is much
smaller than that of the GaXYZ species that, through reactions
G43−G54, lead to the formation of the GaNH(NH2)2XY
species. The ratio between the concentration of GaXYZ and
GaXYZ• was computed inserting some reactions of the radical
mechanism in the fluid dynamic model and was found to be
comparable to what is predicted through equilibrium
simulations (see Figure 1b,c), that is about 105. As the rate
constant of reactions G43−G54 are only 2 orders of magnitude

smaller that those of reaction A2 (and others that are similar), it
was safely concluded that the contribution of the radical chain
mechanism to the formation of GaNH(NH2)2XY condensation
products is negligible in the investigated conditions. However,
it is possible that in conditions different from those here
examined, for example, in photoassisted or laser-assisted CVD,
the contribution of the radical chain pathway to the system
reactivity may become more relevant.
(2) The products of reactions G43−G54 are GaNH-

(NH2)2XY and ammonia. GaNH(NH2)2XY species can be
produced also through reactive mechanisms whose byproducts
are methane or molecular hydrogen. To test the feasibility of
these reaction mechanisms, rate constants were computed for
some reactions. It was found that these reactions have energy
barriers that are more than 20 kcal/mol higher than those of
the ammonia pathways with similar pre-exponential factors, so
that the rate constants are much smaller. These reaction
pathways were therefore neglected as they are not competitive
with those already considered.
(3) Methyl abstraction reactions from Ga species, which

were included in our previous studies assuming that atomic H
or methyl may be the extracting radicals,21 were not included in
the present mechanism, as their rate is much smaller with
respect to other competitive reaction pathways that are already
included in the mechanism. Two examples of such reactions are

+ → + +Ga(CH ) H GaCH CH CH3 3 3 4 3 (A3)

+ → + +Ga(CH ) CH GaCH C H CH3 3 3 3 2 6 3 (A4)

(4) The mechanism proposed by Hirako et al.18 to model the
GaN growth kinetics was considered and discarded, as it is
much slower than the mechanism here proposed. The Hirako
mechanism postulates, on the basis of DFT calculations and
fluid dynamic simulations, that the main GaN growth precursor
is the GaN gas phase diatomic molecule, which is also expected
to play a quite important role in the powder nucleation
mechanism. We examined the Hirako hypothesis quite
carefully. First we re-estimated the rate constants calculated
by Hirako, which were determined at a level of theory that is
lower than the one here considered, as we used a more recent
DFT functional that accounts also for dispersion and calculated
energies with the hybrid ROCBS-QB3 approach. We found
that one of the key reactions of the Hirako mechanism, the
decomposition of Ga(CH3)2NH2 to give GaCH3NH and CH4,
has an energy barrier that is about 30 kcal/mol higher than that
predicted by Hirako et al. The energy barrier we computed for
this process, 72.8 kcal/mol, is in reasonable agreement with the
76 kcal/mol value calculated by Mondal et al.22 for the same
process. Also, Hirako et al. neglected to consider additional
reaction pathways for GaCH3NH, such as the addition of an
ammonia molecule to give GaCH3(NH2)2. We investigated this
reaction pathway and found that it is barrierless, thus indicating
that, should GaCH3NH be formed, its main pathway would
most likely be that of being converted to GaCH3(NH2)2. As
GaCH3NH is the only precursor to the GaN diatomic species
proposed by Hirako, it was concluded that the mechanism of
formation of diatomic GaN proposed by Hirako is not active.
This implies that also the powder nucleation mechanism
proposed by these authors is not efficient.18 Finally, we
observed that, although alternative mechanism of formation of
diatomic GaN may be active in the gas phase, this species is,
however, thermodynamically unstable (see Figure 1c), so that,
even if it were formed in a non negligible amount in the gas

Figure 9. Distribution of the mole fractions of the two most abundant
Ga species with two Ga atoms in the AIX200/4 reactor computed in
the operative conditions of Table 3 for a substrate temperature of 1400
K.



phase, it is most likely that its fate would be that of being
converted back to more stable species, such as GaNH2. We
believe that the reason why several authors were able to model
with success the GaN deposition using Hirako model or similar
models assuming that the diatomic GaN species is the main
precursors to deposition, is that such simulations were usually
performed without accounting for backward reactions, as no
thermodynamic data were available up to now to calculate
backward rate constants. We recommend therefore to perform
future simulations of GaN deposition using the thermodynamic
data set proposed in the present paper.
(5) As discussed in section 3.1, Shafer et al.15 proposed on

the basis of mass spectroscopic investigation that the main GaN
growth precursor may be Ga. To test this proposal, we included
in the kinetic mechanism the following reaction of conversion
of GaNH2 to Ga:

+ → +GaNH H Ga NH2 3 (A5)

This reaction has a small energy barrier of 8 kcal/mol, which
means that at the high temperatures that are reached above the
growth substrate, where the concentration of GaNH2 and
atomic H is maximum (see Figure 7), atomic Ga may be
formed in a significant concentration. However, as shown in
Figure 1c, atomic Ga is thermodynamically unstable with
respect to GaNH2, which suggests that, if formed, it should
react fast with ammonia to form GaNH2 through the backward
process of reaction A5. Reaction A5 was found to contribute
negligibly to the gas phase reactivity and was therefore not
included in the gas phase mechanism.
(6) A final important point related to the gas phase reactivity

concerns the nature of the chemical species that may be the
nucleation precursors. Indeed it has been proposed in the
literature that both the compounds reported in Figure 2,
(Ga(NH2)2X)2 and Ga2NH(NH2)2XY, in the operative
conditions at which GaN is usually deposited may play an
important role in the kinetic mechanism of particles formation.
Hence, in order to clarify this critical issue, some sensitivity
tests were performed assuming that these two species are in
thermodynamic equilibrium. These simulations evidenced that
at the conditions at which nucleation is expected to occur
(which are those characterized by the formation of the
GaX(NH2)2 species, as explained in the previous sections),
the concentrations of the Ga2NH(NH2)2XY species are 1 or 2
orders of magnitude higher with respect to those of the
(Ga(NH2)2X)2 dimers. This motivated the inclusion of the
Ga2NH(NH2)2XY species in the model and the proposal that
they may be the reacting species leading to the formation of the
first gas phase nuclei.

CONCLUSIONS 
The main results of this work are twofold: the compilation of a
thermodynamic database suitable to study the evolution of the
gas phase composition as a function of the operative conditions
during GaN MOVPE, and the proposal of a kinetic mechanism
that may be used to describe the GaN gas phase reactivity when
it is deposited from TMGa and ammonia.
The thermodynamic database was used to determine which

are the main gas phase species that can be formed at different
temperatures in the operative conditions at which high-quality
GaN films are usually deposited (reduced pressure and V/III
ratio of 500). It was found that the most stable Ga species is
GaNH2, which is predicted to be more stable than GaXYZ
(X,Y,Z = CH3, NH2 or H), atomic Ga, or diatomic GaN. It is

thus proposed that GaNH2 is the main GaN growth species. It
would be quite important if this proposal could be proved
experimentally, as such evidence is presently missing. Also, the
thermodynamic analysis suggests that the precursors to the
formation of GaN gas phase nuclei may be Ga species having
the structure Ga2NH(NH2)2XY. Two different nuclei structures
were proposed and their thermodynamic stability was
investigated. It was found that their equilibrium concentration
rapidly increases with the decrease of the temperature. This
suggests that, similarly to what happens for the nucleation and
growth of soot, GaN powders may nucleate and growth in a
well-defined temperature window.
The kinetic mechanism was constructed on the basis of the

results of the thermodynamic study and exploiting sensitivity
analysis on a 2D FEM model to identify the major reaction
routes. The optimized mechanism consists of 54 reactions and
includes 20 different species. Backward reactions are explicitly
reported together with their rates when found to contribute
significantly to the gas phase reactivity. Made exception for a
few rate constants that were taken from the literature, all the
rate constants included in the gas phase mechanism were here
computed at a level of theory that is in general more advance
with respect to what is reported in the literature for this system.
The analysis of the gas phase reactivity was performed
simulating a well-known MOVPE reactor. It was found that
the conversion of Ga(CH3)3 to GaNH2 occurs in several steps
involving the gradual substitution of the Ga−CH3 groups with
the thermodynamically more stable Ga−NH2 and Ga−H,
groups and is followed by several decomposition reactions. The
kinetic analysis confirms the thermodynamic prediction that
GaNH2 is the most abundant Ga gas phase species that is
present above the deposition surface.
The proposed kinetic mechanism contains also a set of

reactions that lead to the formation of several Ga species that
we propose to be the precursors to the first stable GaN nuclei,
whose successive growth would lead to the formation of
powders.
The capability of the proposed gas phase kinetic mechanism

to properly describe the GaN growth kinetics as well as the
nucleation of powders will be the subject of a successive work,
which is currently in preparation.
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