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Quantum chemistry investigations have been performed to study the gas-phase chemistry active during the
MOVPE of GaN when Ga(CkJ; and NH;, diluted in a H carrier gas, are used as precursors. Optimized
molecular geometries, energies, and transition-state structures of gas-phase species have been determined
with density functional theory at the B3LYP/6-3t#(d,p) level. On the basis of the similarity with the soot
formation mechanism active during hydrocarbon combustion, we propose that in this system a gas-phase
chemistry is active and its reactivity is enhanced by a radical chain mechanism started from methyl radicals.
Initiation reactions are surface processes or the pyrolysis of G§{CAlpropagation mechanism composed

of fast radical reactions, most of which without an activation energy, was identified, and kinetic constants
were determined for each step. The proposed mechanism is able to describe the formation of large GaN
adducts formed by up to three-R5a—NH units. These molecules can give fast cyclization reactions that

lead to the formation of six-membered cyclic species, which, similar to benzene for combustion, are
thermodynamically stable in vast temperature and pressure ranges and can thus be considered as the first
GaN nuclei. We also found that the presence gfbla carrier gas can greatly enhance the rate of formation

of gas-phase particles because it is a major source of atomic hydrogen, a promoter of gas-phase reactivity.

1. Introduction quality, though this process is contrasted by thermal diffusion,
which hinders the diffusion of heavy particles toward hot

surfaces if a sufficient thermal gradient is present. The formation
of gas-phase particles is an important technological problem
because it is associated with the following: loss of precursors,
which will not be available for deposition; fouling of the reactor,

which must therefore be cleaned periodically; formation of stable
intermediate species of relatively low molecular weight, thus
only slightly affected by thermal diffusion, which might adsorb

on the surface in positions that might not be epitaxial and thus

Gallium nitride (GaN) attracts great interest because of its
several applications in optoelectronic, high-power, and high-
frequency devices. It is a binary IllI/V direct wide band gap
semiconductor (3.4 eV), and it is considered by many as the
most important semiconductor material after silicon. It can be
used to produce brilliant blue light and is among the most
promising materials for the next generation of high-temperature
transistors:? Moreover, gallium nitride is the semiconductor
e L0, o Do MBS g ris 0 the formaton of defects, s s Sacking Al
receivers into telephone sets capable of accessing communica-, N this framework, the aim of the present investigation is the
tion satellites directlj. The advantages of GaN devices include d€velopment of a gas-phase kinetic scheme apt to explain the
high output power with small physical voluthend high mechanism of formation of GaN powders, along with the

efficiency in power amplifiers at ultrahigh and microwave radio identification of the main precursors to the deposition of GaN.
frequencied:25 Experimental observations have shown that at low reaction
The preferred industrial method of producing gallium nitride temperatures (408500 K) the gas-phase reactivity of GaN
is metal organic vapor-phase epitaxy (MOVPE). The deposition Proceeds through the formation of don@rcceptor complexes
of GaN is conduced typically at temperatures of 100Qusually ~ (i-€., Ga(CH)3:NHs) due to the electron deficiency of alkyl
adopting ammonia and trimethylgallium (TMGa) as reactants gallium compounds and the basic proprieties of ammbfia.
with a V—IIl ratio (NHTMGa) higher than 1000, and hydrogen This experimental evidence is SL_Jpported by thgoretlcal results
as the carrier ga® Major problems encountered during the Fhat also reyealed how the formation of these atidse addycts
growth of high-quality films are represented both by the absence IS exothermic by about 16 kcal/mbt!* Along the formation
of a homoepitaxial substrate, so that films are usually deposited©f these complexes, the production of methane and gattium
on sapphire, which has a lattice mismatch of 14% with GaN, nitrogen adducts, which we refer to as amides (i.e., Ga[&H
and by the presence of severe parasitic gas-phase reactiond¥Hz), has been detected. This chemical pathway, known as the
These undesired reactions lead to the formation of GaN gas_“amide mechanism” and in which adduct condensation reactions

phase adducts and thus determine the nucleation of particles?lay & major role, represents a first pgssible mechanism of
formed by several gallium, nitrogen, carbon, and hydrogen formation of molecules with a GaN bond” It was also found
atoms’~1 Once generated, GaN powders can adsorb on the that Ga(CH).NH; can be isolated in a trimeric form: [Ga-

reactor walls or the growth surface, thus affecting the film (CHz)2NHz]s. The possibility that this compound is involved
in the GaN nanoparticle formation has been advatcédnd
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made by Mihopoulos for the MOVPE of AlGaN, who inves- of soot nucleation in combustion, that these molecules coagulate
tigated several possible high-temperature condensation reactionproducing GaN particle¥.
that produce GaN or AIN molecules and meth&he. Our theoretical approach is based on the use of density

Although at room-temperature chemical pathways active in functional theory (DFT), which combines good accuracy with
the GaN gas phase are dominated by reversible formation andlimited computational demand, to determine thermodynamic
dissociation of acietbase adducts without methane detection, Parameters and structures of reactants, products, and transition
the increase of the reaction temperature leads to the activationStates. Rate constants for reactions that require overcoming an
of a huge number of reactions, most of which are not yet well activation energy have been determlned. with transition-state
understood:317:18 Experimental results have shown that the theory (TST), whereas 'ghe rate of barrierless reaction was
products of these reactions are gas-phase molecules charactef/culated with the gas kinetic theory. o _
ized by gallium-nitrogen bonds. However, it is difficult to 2. Computathnal Detalls.Gas-phase reactions involved in
clearly identify the exact structure of these compounds. the metal organic vapor-phase epitaxy (MOVPE) of GaN were

Given the complexity of developing a reliable gas-phase investigated by combining density functional theory calculations

. . . with a suitable kinetic theory. In particular, in all of the DFT
d|agn_ost|c designed for th_e GaN MOVPE’.the gfas-phase calculations the Becke 3 parameters and Lee Yang Parr
chemistry of GaN has been investigated more in detail through

h cal hes. | | ional i .- 9 functionals were adopted to evaluate the exchange and correla-
theoretical approaches. In several computational investigations i, energy2-32 This computational method has already given
Timoshkin has determined structures, energies, and frequencie

) - ; Yood results in the study of similar reacting systérif82The
of a great number of possible high molecular weight gas-phase iy je_¢ all-electron 6-311 basis set with added polarization and

molecules. Thermodynamically favorite geometries of these ff,se functions (6-31%g(d,p)f was used in the calculations
compounds are represented by tetracoordinate dimers, trimerspecayse it allows us to determine the structures and energies of

tetramers, and hexamers that can assume a large number ofe gallium—nitrogen system with reasonable accurb@s a

potential stable configurations, among which many are cyclic general rule, all geometries were fully optimized with the Berny
or cubic?13.14 algorithm and were followed by frequency calculatiGh3d>
Although not much is known on the GaN gas-phase reactivity, Because it is known that vibrational frequencies smaller than
much work has been devoted to the study of the decomposition150 cnt?! can degenerate into rotational motions, we considered
mechanism of the most important gas-phase gallium precursor:explicitly low frequencies as rotors or hindered rotors when
Ga(CHp)s. At high temperature, the pyrolysis of Ga(gH found necessary.
proceeds at a significant rate through the successive homolysis The geometry of each molecular structure was considered
of gallium—carbon bonds. The measured rate constant of this stable only after calculating vibrational frequencies and force
reaction is 3.16< 10'° exp(59.48RT).19 Along this experimental ~ constants and if no imaginary vibrational frequency was found.
evidence, different theoretical investigations have been madeTransition-state structures were located by adopting the syn-
in order to elucidate the kinetics of this process. The Arrhenius chronous transit-guided quasi-Newton method and were char-
parameters for the first Ge&C bond homolysis of TMGa have  acterized by a single imaginary vibrational frequefititinetic
been estimated computationally by Schmid using density constants were estimated with conventional transition-state
functional theory and coupled-cluster calculatiéigis study theory if a distinct transition state could be identified. Otherwise,
showed that the activation energy for the Gagiziissociation ~ for reactions proceeding without overcoming an energetic
is probably 7 kcal/mol higher than that measured experimentally maximum on the PES, kinetic constants were calculated by
and that the underestimation is likely to be due to an enhancedadopting collisional theory as
surface reactivity that increases the Gagztdissociation rate.
In any case, both experimental and theoretical studies agree that, d, + d;5\2N,2 1 1
. ol _ [PA T MB)" A
at temperatures higher than 700, Ga(CH); decomposes to K = X( ) _06\/877 ka(M_ + M_) 1)
Ga(CH) and two methyl radicals. On the basis of this and other 1 A B
experimental observations, some authors have proposed that the - .
GaN gas-phase reactivity is significantly influenced by radical "/ered: Mi andh: are the collisional diameter, the molecular
. o weight, and the Avogadro constantis a steric factor that is
reactions, though no specific indication of the nature and rate bet 0 and 1 and represents th lisional efficiency. A
of such reactions have been propo&é@2° cween © and - and represents the colisional efliciency. As
) ) discussed in detail in our work on the MOVPE of GaAs and
The mechanism we propose here to explain the gas-phase|as 3the collisional diameter for atomic species was assumed
reactivity of GaN differs from those based on neutmaéutral to be equal to the covalent radius apdvas set to one. For
reactions proceeding through methane elimination and is basedyther molecular species, the collisional diameter is considered
on the hypothesis that the formation of GaN powders in the gqual to half of the sum of the forming bond length with the
gas phase follows a reaction mechanism similar to that used invan der Waals radius of the involved atom_cannot be
hydrocarbon combustion chemistry to describe soot forma- estimated easily in this case; thus, we approximated its value
tion 223 This hypothesis is based on our previous theoretical to the product of the Van der Waals active surfaces of the two
studies in which we have shown that gas-phase reactions activénvolved reactants. Calculatgdvalues are always less than 1;
during the MOVPE of several semiconductor materials such as as an example, for reaction 48 the active surface area ratio of
ZnSe, ZnS, CdTe, GaAs, AlAs, AlGaAs, and InP are strongly the radical GaNHis 0.5 because only the half-radical part of
enhanced by the presence of radicals that are generated at thehe molecule participates actively to the reactive process. The
surface, in particular when hydrogen is used as the carrier same value was determined for the GagLspecies leading to
gas?4~30 This can lead to a radical chain of reactions that can a steric factor for the reaction between Ga@Cahd GaNH of
eventually end in the formation of gas-phase adducts. Concern-0.25. The parameters adopted to estimate the collisional rate
ing the MOVPE of GaN, radicals can be produced both as a are reported in Table 1.
result of surface reactivity and through pyrolysis reactions. After  Kinetic constant pressure dependence and internal energy
the formation of gas-phase adducts, it is possible, as in the casdransfer was not investigated in this work. All kinetic constants

2
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TABLE 1: Parameters Adopted to Estimate Collisional Kinetic Constants (Values Are Reported in Angstroms)

atom radius fragment bond length

H 0.32 GaC 1.99

Ga 1.26 GaH 1.55

C 0.77 Ga-N 1.83

N 0.75 C-H 1.09

N—H 1.01
reactive species fragment diameter (range)

CHa*,NH,* 15-25
Ga(CH;),Ga(NH),GaNH,Gap2 — NH)Ga 2535
Ga(CH)x(NH2)1-x,Ga(CH)(NHz)-xNH-, 3.5-6.0
GaW2 — NH)Ga(CH)x,GaN,,GaNNH-
Ga(CHy)x(NH2)1-X,Ga(CH)x(NH2)2-XNH-, 4.0-7.5
Gau2 — NH)Ga(CH)x, Ga(CHa)x(NH)2,Ga(CHa)x(NH)NH-
Gag(CHz)x(NH)2,Gas(CHz)y(NH)NH-, Ga(CHz)x(NH)s3, 6.5-11.0

Gag(CHz)x(NH)NH-,GaNscyclic

reported here are thus to be considered in their high-pressurethese reactions have already been well investigated in the
limit. However, because most of the reactions considered areliterature, these calculations were aimed both at estimating the
bimolecular processes proceeding without the formation of a accuracy of our computational procedure and at determining
vibrationally excited intermediate state, it is likely that their the rate of some reactions for which kinetic parameters were
kinetic constant will be pressure-independent. The only excep- not availablé'® The condensation mechanism involves the direct
tions are unimolecular cyclization reactions discussed in para- reaction between the precursors to give GaffgNH, and CH,
graph 3.3.3. followed by consecutive addition of ammonia and elimination

All guantum chemistry calculations were performed with the of methane. The first reactions studied were the following:
Gaussian 03 suite of prograrffsand all pictures were drawn

with Molden 4.238 Ga(CH), + NH, — Ga(CH),NH, + CH,  (2)

3. Results and Discussion Ga(CH),NH, + NH, — Ga(NH,),CH, + CH,  (3)
This work was organized as follows. First, we tested our

computational approach by determining the kinetic constants Ga(NH,),CH; + NH; — Ga(NH,); + CH, 4)

of the condensation reactions and comparing obtained results
with those reported in literature. After that, we defined on a  The PES of reaction 2, reported in Figure la, confirms the
thermodynamic background the field of our investigation in trend reported in the literatufe® the formation of a doner
order to limit the number of chemical species to be considered. acceptor complex characterized by an enthalpy change at
Then we calculated the kinetic constants of key reactions 298 K of 15.68 kcal/mol, followed by the evolution to the
involved in the production of the first reactive radical species. products passing through a transition state. The rate of this class
After being generated, these radicals react with other gas-phasef reactions can be calculated at high pressures either assuming
molecules starting a radical chain mechanism. Thus, we that adduct and reactants are in chemical equilibrium, and then
successively identified three consecutive catalytic cycles that determining the reaction rate as that of a unimolecular process
eventually lead to the formation of GaN gas-phase adductsusing conventional transition state theory, or neglecting the
containing up to three RGa—NH units. The calculated formation of the adduct, which is reasonable if the adduct
thermodynamic parameters and kinetic constants are collectecbinding energy is small and temperatures are high, and calculat-
in tables and organized so that they can be inserted in a kineticing the reaction rate as that of a bimolecular process. For this
mechanism and reactor model promptly. particular case, we choose the second option, given the small
3.1. Gas-Phase Reactivity: Condensation Reactions and stabilization energy of the adduct (about 15 kcal/mol) and the
Definition of Investigated Field. In the first part of this work, high temperature at which the GaN MOVPE is performed
we studied high-temperature condensation reactions. Becausé~1000 °C). All three reactions are exothermic by about

TST

Ga(CH;); + NH;

Potential energy

Ga{CH;);:NH;

Reaction coordinate
a) b)
Figure 1. (a) potential energy surface of reaction&., E,, and AH, represent the enthalpy change of doracceptor complex formation, the

reaction activation energy, and the reaction enthalpy change, respectively. (b) Transition-state structure for the condensation reaction betwee
Ga(CH)s and NH.
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TABLE 2: Kinetic Constants of Condensation Reactiond

reaction logoA o Ea AH;,
2 Ga(CH); + NH; — Ga(CH;).NH, + CH,4 7.544 1.0 17.93 —18.89
3 Ga(CH):NH; + NH; — Ga(NHy).CHs + CH, 7.328 1.0 18.00 —-14.11
4 Ga(NH,),CHs + NH3; — Ga(NH); + CH, 7.211 1.0 18.22 —9.82
5 Ga(CH) + NH; — Ga(NH,) + CH, 9.332 1.0 18.50 —23.92
6 Ga(NH) + Ga(CH) — Ga@2 — NH)Ga+ CH, 9.510 1.0 16.40 —26.44

a Reaction rate coefficients expressedkas AT* exp(—Ea/RT); data consistent with units in kcal, mol, cm, s. Reaction enthalpies are calculated
at 298 K.

s A ... o o
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Figure 2. GaN gas-phase nuclei formation scheme adapted from the scheme proposed by Bockhorn to describe the soot formation in hydrocarbon
flames?!

20 kcal/mol and have activation energies between 17.9 andCVD reactors (about 10 s). This suggests that the condensation
20.0 kcal/mol. The kinetic constants have similar pre-exponential rate at which the reaction between the precursors proceed is
factors of about 3.5¢< 10T (K). For reaction 2, the transition-  too small to justify the formation of adducts. Thus, a radical
state structure is reported in Figure 1b. chain mechanism could represent an alternative reaction path-
Along with reactions 24, we determined other possible way, provided that radicals are produced in a consistent amount
condensation reactions starting from small GaN gas-phaseduring the growth process.
compounds to give methane and increasingly complicated GaN At typical temperatures of deposition of GaN (greater than
species. Also in this case, these reactions require overcoming a1000°C), it is known that for both H-VI and I11l—V compounds
relatively small activation energy, which is, however, likely to 3 significant amount of radical species are desorbed from the
decrease substantially the reaction rate at the consideredyrowing surfaces during the growth process. The exact nature
temperatures. The calculated rate-constant parameters for thesgf the desorbed hydrocarbon radicals depends on the precursors
reactions are reported in Table 2. adopted. These radicals may lead to the formation of a high
Results reported in the literature show that reaction 2 has anpymper of different GaN gas-phase adducts, which might be

activation energy of about 19 kcal/m$lin agreement with  considered as precursors to stable nuclei, as reported schemati-
those determined in this work. However, a comparison with cajly in Figure 2.

kinetic constants involved in the MOVPE processes of other
semiconductor compounds, in which previously theoretical
investigations demonstrate the importance of radical reactions
(for example, ZnSe, CdTe, AlGaAs), shows how the calculated
condensation reaction rates are slower than those characteristi
of a radical pathway*3%36In fact, MOVPE radical reactions
generally have no activation energy (or, in any studied case,
smaller than 510 kcal/mol) and pre-exponential factors2
orders of magnitude higher than those of reaction8.2n this
framework, it is interesting to evaluate, using the compute

The mechanism of powder formation we propose and
investigate here is analogous to that proposed to explain the
formation of soot during the combustion of hydrocarbons.
Because it is known that soot formation mechanisms can be
%xtremely complex, comprising hundreds of chemical species
involved in thousands of reactioASwe decided to limit the
investigated reaction field imposing some approximations.

First, we calculated the energies and entropies of many
d possible molecules formed by Ga and a combination of N, H,
condensation kinetic constants, the residence time in a perfectly2nd C (some of these compounds have already been studied in

_ the reside _ . e : ; .
stirred reactor necessary to obtain a significant formation of GaN the literaturé%1). We did not consider unsaturated species

adducts in the gas phase. This can be determined in firstP€cause of the low probability of a gallium atom to formra
approximation as bond with either N or C (in any case this would be a very weak

bond). For the same reason, we did not take into account species

cout yout with Ga—Ga bonds. Hydrocarbons characterized by the forma-
L Er”—“_c'e” (7) tion of more than one €C bond and Ga compounds in which
KeI1C e actants P KrITX e actants N—N and C-N bonds are present have not been considered.

This choice has been made because methane is the most
wherekg is the kinetic constant of the condensation reaction thermodynamically stable hydrocarbon in the temperature ranges
that produces the addudtandP are temperature and pressure, considered, while the energy ofNN and C-N bonds is smaller
Ris the gas constang; is the concentration of thigh chemical than that of the respective-NH and C-H bonds. This suggests
species, and; is its mole fraction- Typical operating conditions ~ that the formation of such compounds, though some are
of reactors adopted to deposit GaN film are the following: thermodynamically stable, such as HCN, is likely to be hindered
pressures of 50 Torr, temperatures higher than 1W)0and by kinetic barriers. As a result of this preliminary study, the
inlet mole fractions of V and Il precursors of about£Gnd investigation has been focused on gas-phase species composed
0.5, respectively. In such conditions, the residence time neces-of gallium atoms with valence equal to 1 or 3 (Ga compounds
sary to obtain through a condensation mechanism the formationwith valence 2 are unstaBR bonded with methyl, an amino
of a significant amount of gas-phase adducts (i.e;%L@s group, or an amino group partially substituted with other gallium
10 s, which is much higher than the usual residence times in atoms (e.g., Ga@-NH)Ga).
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On the basis of these considerations, we therefore chose a
(R—Ga—NH)3 trimer where R could be CiH NH,, or H, as
representative of the first stable nuclei that can be formed in a
GaN atmosphere. It is interesting that this species remembers,
for the chemical structure, the molecule considered in combus-
tion as the first precursor to soot formation: benzene.

We would finally like to observe that the (RGa—NH)3;
trimer differs from the GaN adduct that has been initially
proposed as precursor to the formation of GaN powders: (Ga-

b (CH3),NH»)3.1541The possibility that this molecule might form
Figure 3. General structure of (a) a four-membered ring and (b) a during GaN MOVPE has in fact been questioned recently on a
six-membered ring. R represents a £H, or NH, group. kinetic basis'® Moreover, by applying the same thermodynamic
considerations, we can observe that the free-energy change for
A second approximation of fundamental importance in order the formation of (Ga(Ck)2NH>)s at 1000°C is 151.64 kcal/
to limit the field of investigation is the definition of the  mol. This, which indicates that this species is thermodynamically
maximum size of the considered GaN molecules. This representsynstable with respect to the reactants, can be explained
an upper limit to the total number of reactions and chemical considering its formation reaction:
species that must be considered in the chemical mechanism.
Similar to what is often done in combustion, we choose to limit 3Ga(CH); + 3NH; — (Ga(CH;),NH,); + 3CH, (10)
the extent of our study to the formation of the first thermody-
namically stable GaN nuclei. The reason for this choice is that As can be observed this reaction, characterized by a decrease
a chemical species which is thermodynamically stable with of the total number of chemical species-62, is entropically
respect to reactants will have, as the only possible reaction (ASat 1000°C is —115.01 cal/mol/K) and energeticallAH
possibility, that of being converted to a more stable, and at 1000°C is 5.23 kcal/mol/K) extremely unfavored.
generally larger, chemical species. This is the reason that powder 3.2. Radical Generation Mechanism and First Propagation
growth models, such as the momentum method, require as inputReactions.Many experimental and theoretical studies have been
the rate of formation of the smallest thermodynamically stable performed in order to better understand the fundamental
nuclei, which is often a very difficult parameter to determtfie.  reactions that take place during the MOVPE of Ga-based
In this framework, the advantage of our kinetic mechanism is semiconductors. Results of these researches have clarified how
that, when inserted in a suitable fluid dynamic model, it will the metal organic precursors of gallium, in particular TMGa,
predict the rate of GaN nuclei formation as a function of the react with the growing surface atoms producing free hydrocar-
reactor geometry and operating conditions. bon radicals. The growth proceeds through the dissociative
As reported previously, recent computational investigations adsorption of TMGa to give a Ga(GHspecies adsorbed over
performed by Timoshkin et al. have identified some stable the growing surface, followed by methyl desorptiGn?®
structures of possible doneacceptor complexes of GalN3.14 Another important growth precursor is Ga(gHwhich is
These works show how reactants molecules can be arranged irpresent in the gas phase as a result of the thermal decomposition
complex structures such as cubic tetramers and hexamers, andgf TMGa. The TMGa and MMGa adsorption reactions proceed
more in general, that the formation of GaN cyclic oligomers is through the following global stoichiometry:
usually energetically favored. The smallest oligomers considered

were dimers and trimers so that we first studied whether cyclic Ga(CHy); + 0 — GaCH, + 2CH;: (11)
GaN molecules containing two or three GaN units were stable
with respect to precursors. In particular, we considered the Ga(CHy) + o—>GaCH_; (12)

following cyclization reactions:

The dissociation of the methyl group from Gag€hpecies
2Ga(CH); + 2NH; —~ (CH;GaNH), + 3CH,  (8) is an activated process that requires about 49 kcalfribAfter
being generated by surface reactions, methyl radicals can then
3Ga(CH); + 3NH; — (CH,GaNH), + 6CH,  (9) diffuse rapidly in the gas phase.

_ In addition, methyl radicals, as widely reported in litera-
The structures of the (RGa—NH)x oligomers are sketched  tre6.7.16 can also be produced directly in the gas phase as a

in Figure 3. The calculated free-energy changes for reactions 8resylt of thermal decomposition of both TMGa and adducts
and 9 are 34.32 and12.97 kcal/mol at 1000C. These results  produced through gas-phase reactions as

clearly indicate that the formation of a six-membered cyclic

species is significantly more favored than that of a four- A .

membered species. The reason is that both Ga and N can form Ga(CH);—Ga(Chy, + CH, (13)
stable tricoordinated species with bond angles of about.120 A

The formation of a four- with respect to a six-membered cyclic Ga(CH),NH,—~Ga(CH)(NH,)- + CH;*  (14)
species is therefore unfavored both from an energetic standpoint, ) )

because the four ring is more strained than the six ring, and The Ga(CH). species (or equivalent gas phase-adducts
from an entropic point of view. In fact, the entropy change for characterized by a gallium atom with valence 2, as the product
reaction 9 is significantly larger than that of reaction 8, mainly Of reaction 14) is quite unstable and, as reported in previous
because the number of chemical species increases by one univorks?®%it spontaneously expels a methyl radical to form the
in 9, whereas in 8 it remains the same (for reaction 8 the More stable monomethylgallium (MMGa) molecule through the
enthalpy change is 20.99 kcal/mol and the entropy change following reaction:

—10.48 cal/mol/K, whereas for reaction 9 energetic and entropic

changes are-5.87 kcal/mol and 5.57 cal/mol/K, respectively). Ga(CHy), —~ Ga(CH,) + CHy' (15)
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TABLE 3: Rate Coefficients of Reactions Started from
Methyl Radicals, Expressed ak = AT* exp(—Ea&a/RT) and
Consistent with Units in kcal, mol, cm, s

reaction logoA o Ea ref
16  CHs + NHz <> CHs + NH2* 3.40 286 146 48 oo
reverse 1.49 3.59 9.02 49 - d
17 CHy +Hy<CHy + H- 381 270 886 50 Figure 4. Transition-state structure for reactions 19 (left) and 20 (right).
reverse 360 316 875 51 Distances are reported in angstroms, and angles are reported in degrees.
18 H-+ NHz< Hy+ NHy 4.76 276 10.27 52
reverse 3.20 2.83 7.23 52

formation of thermodynamically stable nuclei. Despite the large

The nature of this instability is due to the external electronic number of reactions considered, we do not intend for this
configuration of the gallium atom, which forms preferentially investigation to be exhaustive of all of the possible reaction
either three covalent bonds (involving in this case all of its pathways but rather a study focused on at least one fast radical
external electrons) or one covalent bond (leaving coupled two mechanism that can lead to the formation of powders in GaN
external electrons). atmospheres.

The calculated activation energy for reactions 13 and 14 is  3.3.1. First Catalytic CycleThe first reactions involved in
68.9 kcal/mol, in agreement with the CCSD(T)/cc-pvdz com- the catalytic cycle are those between the gas-phase precursor,
putational results of Schmid, who reports a value of 71.1 Ga(CH)s, methyl radicals produced by the pyrolysis of TMGa
(corrected for BSSE, uncorrected for ZPE, which-i&.4 kcal/ or as a consequence of the film growth, ane &hd NH-
mol at the B3LYP/6-31%g(d,p) level)® The small difference radicals formed in reactions #88. In particular, the first
of 2.3 kcal/mol between (ChHLGa—CHs bond energies calcu-  reactions considered involve the gas-phase radicals produced
lated at the coupled-cluster and DFT levels indicates that the in the initiation reactions and the Ga precursors.
computational approach adopted here describesalistl bonds The products of reactions 19 and 20, the transition-state
reasonably well. The experimental activation energy for this structures of which are reported in Figure 4, are Gajjgkhich
kinetic step (59.48t 5.5 kcal/mol}® is smaller, which might further dissociates to give MMGa and a methyl radical, and an
be due to an experimental overestimation of the decomposition alkane molecule (methane or ethane, respectively). Because Ga-
rate determined by a surface catalytic efféct. (CHa)2 is unstable with respect to Ga(gHand CH, we directly

To determine the relative error of B3LYP/6-3tgd(d,p) report the products of its dissociation. The calculated rate
calculations with respect to higher level theories, we calculated constant and enthalpy changes are summarized in Table 4. In
the Ga-NH; and Ga-CHjs bond energies at the CCSD(T)/cc- general, it can be observed that although the rates of reactions
pvtz level, on structures optimized at the B3LYP/6-341d,p) with methyl radicals are slowed down by an energetic barrier
level. The DFT binding energies differ from CCSD values by higher than 30 kcal/mol, those with atomic hydrogen are faster
less than 2 kcal/mol in both cases, thus confirming the reliability because of the lower activation energy (16.2 kcal/mol). This
of the approach adopted here. represents a first clear indication of the relevant effect of the

Concerning the rupture of the second gallium-carbon bond carrier gas in the global kinetics of GaN MOVPE. Concerning
and the relative production of a free methyl radical, we reaction 21, it is interesting to notice that it represents an
calculated an activation energy of 28.3 kcal/mol. Also in this alternative to the condensation pathway to produce the first
case the value is in agreement with the experimental datagallium—nitrogen adducts. Moreover, the reaction has no
(35.4 kcal/mol)t® It is then possible to conclude that both the activation energy because the formation of the new Sd&ond
gas-phase homogeneous pyrolysis of the precursor and theakes place contemporarily to the cleavage of the-Gdond.
dissociative adsorption of gallium species over the surface lead This reaction is sterically unhindered, because-Nipproaches
to the formation of reactive methyl radicdls. Ga(CHp)s perpendicular to the Ga&C plane, and the bond

After being generated as result of both gas-phase pyrolysisformation involves the free Ga 4prbital and the unpaired NH
of TMGa and film growth, methyl radicals can react with the electron. The same qualitative mechanism is active in reaction
most abundant chemical species present in the gas phase22.

Because of the reactive nature of £ldnd the high temperature Reactions 21 and 22 proceed significantly faster than reactions
adopted in the GaN MOVPE, the carrier gases (hydrogien 19 and 20 because of the absence of activation energy. In
NH3) are likely to influence the chemistry of this system particular, at 1000C, the ratio of the rates of reaction 22 with
significantly. Thus, the first reactions considered were those respect to reaction 20 is 2.13 10%, which indicates that the
between CH-, H,, and NH;. For these reactions, forward and dominant reaction route at this temperature consists of the
backward kinetic constants are available in the literature and substitution of methyl groups with NHand H.

are summarized in Table 3. Hydrogen, ammonia, and methyl Summarizing, the calculated rate constants indicate that, in
radicals are characterized by a high reactivity and can then reactan atmosphere in which Ga(GH, NH3, and H are present in
with the Ga precursors. Here it is important to observe that the significant concentrations, methyl radicals will be generated
methyl radical reacts much faster with, Hhan NH. At quickly at temperatures higher than that of the decomposition
1000 °C, the rate of reaction 17, at parity of;thnd NH; of Ga(CH)s or in the presence of a heated surface on which
concentration, is in fact 8 times higher than that of reaction 16. Ga decomposition can take place. Then methyl radicals will
Atomic hydrogen, once produced through reaction 17, can thenreact with NH and H to form NH,- and H radicals, which in
react with NH to form NH,- at a rate that is about 2 orders of turn will react with Ga(CH)3 to form Ga(CH),NH, and Ga-
magnitude higher than that of reaction 16. We can thus conclude(CHs),H. Among the products of these reactions is againCH
that one of the effects of using,Hs a carrier gas is that of Because Ckt is consumed and produced in equal amounts in
increasing the NBt and H radical concentration. We will  this reaction cycle, we have just described a radical chain
discuss later how this is related to the GaN nucleation rate. mechanism in which methyl radicals catalyze the conversion

3.3. Radical Chain Mechanism.In this section, we inves-  of Ga(CH)z in Ga(CH).NH, and Ga(CH),H. Once formed,
tigate possible radical chain mechanisms that can lead to theGa(CH),NH, and Ga(CH),H are likely to react further with
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TABLE 4: Kinetic Constants Involved in the First Catalytic Cycle and Relative Reaction Enthalpies (Calculated at 298 Kj

reaction logoA o Ea AH,
19 Ga(CH); + CHs — Ga(CH) + C;Hg + CHae 8.928 1.0 30.90 12.58
20 Ga(CH); + H- — Ga(CH;) + CHs- + CH, 10.330 1.0 16.17 —4.94
21 Ga(CH)3 + NHy» — Ga(CH)oNH, + CHs- 12.407 0.5 0.00 —19.10
22 Ga(CH); + H- — Ga(CH;).H + CHa* 12.435 0.5 0.00 —9.41
23 Ga(CH),NH; + CHg» — C;Hg + Ga(NH,) + CHa: 8.928 1.0 30.90 7.55
24 Ga(CH),NH, + H- — Ga(NH,) + CH, + CHa+ 10.760 1.0 16.14 —9.96
25 Ga(CH),NH; + NHz — Ga(NH),CHs + CHa* 12.279 0.5 0.00 —14.32
26 Ga(NH),CHz + NH,» — Ga(NHy)s + CHa: 12.471 0.5 0.00 —10.02
27 Ga(CH) + NH,» — Ga(NH,) + CHs- 11.592 0.5 0.00 —24.13
28 Ga(CH).H + H- — Ga(CH;)H, + CHs- 12.259 0.5 0.00 —9.72
29 Ga(CH)H;, + H- — GaH; + CHz- 11.958 0.5 0.00 —8.28
30 Ga(CH),H + NHz* — Ga(CH;)NH,H + CHz- 12.231 0.5 0.00 —19.20
31 Ga(CH)NHH + NH,» — Ga(NHy)H + CHs- 11.929 0.5 0.00 —13.24
32 Ga(NH).H + NH,» — Ga(NH); + H- 11.857 0.5 0.00 —1.26

@ Reaction rate coefficients expressedkas AT* exp(—Ea/RT); data consistent with units in kcal, mol, cm, s

QQA}'

and are characterized by a lower pre-exponential factor, which
can be attributed to the different values of translational partition
functions. Similar to Ga(Ck); and Ga(CH),NH,, Ga(NH,)2-

CHjs can also react with Np to form Ga(NH)s. The same
reaction of substitution of a methyl group with MI4 also active

for Ga(CHp).

. 0 vl Finally, we can also observe that gallium hydrates, formed
108.6° ; i in reactions 22, 28, and 29, can follow the same reaction
' a mechanism of Ga(CkLNH,. The substitution of Cklwith H
is in fact exothermic by about-10 kcal/mol and proceeds
D 107.5° without activation energy. The Ga hydrides so formed can also

1.88A react with NH- substituting residual CHand H group with
amino groups. The substitution of H with Ghs in general
exothermic by about-20 kcal/mol, whereas substitution of H
2. USA 109.3°A d with NH; is in general athermic.

Some preliminary conclusions can be drawn from the analysis
Figure 5. Optimized geometrles calculated at the B3LYP/6-8tj1 P Y Y

d.p) level of th f(2) TMGa. (b) G NHs, (¢) Ga(CH). and of reactions 19-32. The first is that at temperatures typical of
Ed)pg;ae(\,l\le,_s. eory of (a) a, (b) Ga(@HHz, (c) Ga(CH), an GaN deposition the Ga(Gt precursor dissociates, generating

methyl radicals. These radicals react with ammonia aptoH
form NH,» and H. Successive reactions will lead to the
CHgs+, NH2+, and H along the same trend of Ga(G}adl The substitution of Ga(Ck) with Ga(NH,) and Ga(H). Given the
kinetic constants and enthalpy changes of these reactions aréendency of tricoordinated Ga to dissociate and the stability of
reported in Table 4. the Ga-NH; bond, it is likely that this radical mechanism will
The gallium-nitrogen compound Ga(GHpNH produced in lead to the rapid formation of Ga(NH We therefore advance
reaction 21 can then further react with other radicals to form the hypothesis that this molecule might represent a key GaN
Ga(NH) and Ga(NH),CHjs following the same pathway of Ga- compound both for the gas-phase chemistry and the surface
(CHg)s. growth chemistry. Ga(N}), the structure of which is sketched
Reactions 23 and 24 have almost the same activation energyin Figure 5 together with that of other important intermediates,
of reactions 19 and 20 and pass through a similar transition is a particularly stable molecule. In fact, the comparison between
state. In particular, reactions that involve a methyl radical have the enthalpy changes for reactions 21, 25, and 26, in which an
a higher activation energy with respect to those with hydrogen amino substitutes a methyl group in a tricoordinated Ga

TABLE 5: Kinetic Constants and Enthalpy Changes of Nitrogen Radical Formation Reaction3

reaction logoA o Ea AH;
33 Ga(NH) + H- — GaNH + H; 10.575 1.0 7.83 3.89
34 Ga(NH) + NHz» — GaNH + NH; 10.852 1.0 4.47 4.44
35 Ga(NH) + CHs» — GaNH + CH, 10.716 1.0 11.05 4.67
36 Ga(CH):NH; + CHg* — Ga(CH;),NH- + CH,4 10.573 1.0 11.05 5.18
37 Ga(CH),NH; + H- — Ga(CH).NH* + H, 11.298 1.0 9.21 4.40
38 Ga(CH),NH; + NHz — Ga(CH),NH- + NH3 11.086 1.0 7.69 4.98
39 Ga(NR),CHs + CHz» — Ga(CH;)(NH2)NH- + CH, 10.568 1.0 11.05 3.90
40 Ga(NH),CHz + H- — Ga(CHy)(NHz)NH- + H; 10.294 1.0 8.72 3.12
41 Ga(NR),CHs + NHz — Ga(CH)(NH2)NH: + NH3 10.360 1.0 6.36 3.69
42 Ga(NH)s + CHz* — Ga(NHy,)NH- + CH,4 10.568 1.0 11.05 2.25
43 Ga(NH); + H- — Ga(NH,),NH- + H, 10.575 1.0 7.83 1.47
44 Ga(NH)s + NH,» — Ga(NHy)NH- + NHs 10.340 1.0 4.29 2.05

a Reaction rate coefficients expressedkas AT* exp(—Ea/RT); data consistent with units in kcal, mol, cm, s. Reaction enthalpies are calculated
at 298 K.
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1.3, 9%

Figure 6. Transition-state structure for reactions 35, 38, 41, and 43. Distances are reported in angstroms.

TABLE 6: Kinetic Constants Determined Adopting Collisional Theory and Expressed as crfimol-s

reaction logoA
48 GaNH + Ga(CH) — Ga@2 — NH)Ga+ CHs: 12.435
49 GaNH + Ga(CHy)s — Gau2 — NH)Ga(CHs), + CHa 12.439
50 GaNH + Ga(CHy),NH, — Ga2 — NH)Ga(CHy)(NHy) + CHs: 12.425
51 GaNH + Ga(NH,),CH; — Ga@2 — NH)Ga(NH), + CHa: 12.438
55 Ga(CH):NH- + Ga(CHy)s — (CHa).Ga(2 — NH)Ga(CH), + CHa: 12.371
56 GaCHNH;NH: + Ga(CHy)s — (CHa)(NH2)Ga@2 — NH)Ga(CH); + CHs: 12.365
57 Ga(NH),NH- + Ga(CH)s — (NH,).Ga2 — NH)Ga(CH), + CHa: 12.369
58 Ga(CH).NH- + Ga(CH;).NH, — (CHs):Ga(2 — NH)Ga(CH;)(NH,) + CHs: 12.369
59 Ga(CH)(NHz)NH: + Ga(CH;)2NH2 — (CHg)(NH2)Gau2 — NH)Ga(CH)(NH2) + CHa 12.367
60 Ga(CH)(NHz)NH- + Ga(CH)NH, — (CHg3)(NHZ)Gap2 — NH)Ga(CH;)(NHy) + CHs: 12.367
61 Ga(NH),NH- 4+ Ga(CH),NH; — (NH,),Ga@2 — NH)Ga(CH)(NH,) + CHa 12.369
62 Ga(CH):NH- + Ga(NH,),CHs — (CHs):Gau2 — NH)Ga(NH,), + CHa: 12.367
63 Ga(CH)(NHz)NH- + Ga(NH).CHz — (CH3)(NHz)Ga@2 — NH)Ga(NH), + CHa 12.365
64 Ga(NH):NH- + Ga(NH,),CHs; — (NH,),Gau2 — NH)Ga(NH,), + CHa: 12.369
65 Ga(NH)(CH3)NH- + (CHs),Ga{u2 — NH)Ga(CH).— (NH,)(CHz)Ga(u2 — NH)Ga(CHy)(u2 — NH)Ga(CH), + CHs: 12.364
66 Ga(NH)(CH3)NH- + (CHs),Ga(u2 — NH)Ga(NH,), — (NH2)(CHs)Ga@2 — NH)Ga(CH)(u2 — NH)Ga(NH,), + CHs: 12.363
67 Ga(CH):NH- + (CHs):;Gau2 — NH)Ga(NH,), — (NH,),Ga@2 — NH)Ga(CH) (42 — NH)Ga(CHs), + CHa 12.361
68 Ga(CH):NH: + (CHs)(NH,)Ga2 — NH)Ga(NH),—~ (NH,)Ga2 - NH)Ga(NHy)(u2 — NH)Ga(CHs), + CHae 12.355

compound, with that of reactions 27, which involves a mono-  The kinetic mechanism summarized in Tables 3 and 4
coordinated Ga molecule, shows that the-@Gbd, bond in the provides a fast route for the formation of GaN adducts
monocoordinated molecule is more stable byl® kcal/mol containing one gallium atom and different amino groups (from
than in the tricoordinated Ga compound. The major stability of one to three) and reactive radicals: £H-, and NH-. All of
GaNH, can be ascribed to its peculiar electronic conformation, these molecules can then react together, increasing the number
which has an electron doublet over both the gallium and nitrogen and size of GaN gas-phase species. Because of the higher
atoms; upon binding, the nitrogen electron doublet can interact stability of nitrogen radicals with respect to gallium, the next
with the empty d orbitals of gallium, increasing the bond energy reactive steps we decided to study were the attack of the,CH
between the two atoms with respect to the tricoordinated Ga H-, and NH- radicals to the first generation of Ga species to
complex. In fact, the enthalpy changes of reactions 21, 25, andform Ga—amino radicals. The reactions investigated are reported
26 decrease from19.1 to—14.3, and to—10.0 kcal/mol with in Table 5 along with pre-exponential factors, activation
the progressive substitution of GHvith NH, groups. This energies, and enthalpy changes, while the transition-state
corresponds to an increase of the Mulliken charges of the structures of some representative reactions are sketched in
gallium atom from 0.69 to 0.76 and to 0.85. We can thus Figure 6. These reactions are characterized by an activation
conclude that the decrease of the-&H, bond energy with energy smaller than that of the reactions of formation of the
the degree of NBKHCH; substitution is determined by the initial methyl radicals and thus proceed quickly, leading to the
electrophilicity of NH. production of a large amounts of new nitrogen radicals.

Figure 7. (a) Structure of adducts produced through the second catalytic cycle: R1, R2, R3, and R4 reprgdehb(HH or a vacancy. Optimized
geometry of (b) GaNHGa, (c) (GhGau2 — NH)Ga, (d) (CH).Gau2 — NH)Ga(CH)., (e) Gaf2 — NH)Ga, and (f) (CH)(NH2)Ga(CH)2(u2
— NH)Ga(CH;)(NH,). Distances are reported in angstroms, and angles are reported in degrees.
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TABLE 7: Kinetic Constants of Reactions Leading to the Formation of Nitrogen Radicald

reaction logoA o Ea
69 (CHy)2Ga2 — NH)Ga(CH)(NH2) + CHz* — (CHs)Ga2 — NH)Ga(CH;)NH- + CH, 10.591 1.0 11.05
70 (CH)Ga2 — NH)Ga(CH)(NH2) + NHz: — (CHs).Gaw2 — NH)Ga(CH)NH- + NH3 10.340 1.0 5.00
71 (NHy)(CHs)Ga2 — NH)Ga(CH)(NH,) + H- — (NH2)(CHs)Ga@2 — NH)Ga(CH)NH- + H, 10.575 1.0 8.00
a Reaction rate coefficients expressedkas AT* exp(—Ea/RT); data consistent with units in kcal, mol, cm, s.
H H
R1 H H R4 H.C |\|1 ylj CH
N S - - #\olls
Cl;‘va/ (%a (|33 ¢ \(IBa “Ga \(I;‘-a
R2 RS RS NH, "JHz NH,

d

Figure 8. (a) General structure of adducts produced through the third catalytic cycle: R1, R2, R3, R4, and R5 reprgdeHb,GH or an empty
vacancy. Optimized geometry of (b) (GNH2)Gau2 — NH)Ga(NH,) («2 — NH) Ga(CH;)(NHy), (c) (CHs).Ga@2 — NH)Ga(CH) (2 — NH)
Ga(CH)(NHy), and (d) (CH)(NH2)Ga2 — NH)Ga(CH) (1«2 — NH) Ga(CH)(NH,). Distances are reported in angstroms, and angles are reported
in degrees.

TABLE 8: Kinetic Constants and Enthalpy Changes of Intramolecular Condensation Reactions That Produce Cyclic
Compoundg

reaction logoA o Ea AH;,
72 (CHy),Gap2 — NH)Ga(CHy)(u2 — NH)Ga(CH;)(NH,) — [CHsGaNHE + CH, 9.041 1.0 24.0 —17.70
73 (CH)(H)GaW2 — NH)Ga(H)2 — NH)Ga(H)(NHy) — [HGaNH]; + CH,4 10.330 1.0 16.7 —6.32

a Reaction rate coefficients expressekas A-T* exp(—Ea/RT); data consistent with units in kcal, mol, cm, s. Reaction enthalpies are calculated
at 298 K.

In addition to the reactions reported in Table 5, we determined between the nitrogen of a radical molecule and the gallium of
kinetic constants for similar reactions involving hydrogenated a neutral adduct, produced as a result of the first catalytic cycle,

species: Ga(CEINH,H, Ga(NH)H,, and Ga(NH),H. followed by the consequent elimination of a methyl radical. The
elimination of a methyl group from the formed adduct is due
Ga(CH)NH,H + NH,+*/CHg+/H- — Ga(H)(CH;)NH- + to the instability of a compound in which gallium has valence
NH,/CH,/H, (45) 2, as mentioned already.
GaNH + Ga(CH,) — Gau2 — NH)Ga+ CH,+ 48
Ga(NH,)H, + NH,*/CH,:/H- — Ga(H),NH- + NH,/CH,/H, (46) a a(CHy — Gal )Ga 3 (48)
GaNH + Ga(CHy),— Ga@2 — NH)Ga(CHy), + CHy: (49)

Ga(NH,),H + NH,/CH,-/H- — Ga(H)(NH)NH- + NH4/CH,/H,
(47) GaNH + Ga(CH,),NH, — Ga@2 — NH)Ga(CH,)(NH,) + CH,:
(50)
We found that these kinetic steps have almost the same
activation energy as those characterized by the presence of &2aNH + Ga(NH),CH; =~ Ga@2 — NH)Ga(NHy), + CH;+ (51)
methyl group in spite of H.
3.3.2. Second Catalytic Cycl&éhe production of Ga amino GaNk + Ga(CH),H — Gap2 — NH)Ga(CHyH + CHy (52)

radicals implies the formation of a new generation of radicals
: . '’ GaNH + Ga(CHy)H, — Ga@2 — NH)Ga(H), + CHj, 53
which can then start a second catalytic cycle, whose products (CHH, @ JGa(H), 3 (53)

will be larger GaN gas-phase compounds. In this section, we g g + Ga(CH)(NH,)H — Gaw2 — NH)Ga(NH)H + CH,:

report kinetic constants calculated for reactions between nitrogen (54)
radicals produced in the first catalytic cycle and all of the

reactive neutral species present in the gas phase. In particular, Here we have reported for the sake of brevity only the
similar to what was found previously, we calculated that reactions (48-54) between the GaNHadical and the Ga gas-
reactions involving the abstraction of hydrogen atoms bonded phase species generated in the first cycle. The same reactions
to a nitrogen or a carbon atom are hindered by a high activation have, however, been investigated for the following radicals: Ga-
energy. On the contrary, we studied the possibility of a radical- (CHz),NH+, Ga(CH)(NH2)NH-, and Ga(NH),NH-. These
exchange reaction that proceeds through the formation of a bondreactions are characterized by the formation of different GaN
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cycle along with the geometry of five representative molecules
is reported in Figure 7.

After being generated, these large GaN adducts can then react,
following the same pathway proposed for the first catalytic
cycle, with all of the radical species present in the gas phase to
form new nitrogen radicals. Of course, the number of reactions
is increased with respect to those investigated for the first

(b catalytic cycle, but their rate constants are similar and, in
particular, the kinetic parameters are not influenced by the kind
Fi_gure 9. Transition-sta_te structure for reactions (a) 73 and (b) 74. of radical but only by the chemical composition of the neutral
Distances are reported in angstroms. reactant. As in the case of the first catalytic cycle, the calculated
activation energies are between 5 and 12 kcal/mol, as can be
gas-phase compounds composed of a linear sequence of 3, 4bserved in Table 7, where three representative nitrogen radical
and 5 gallium or nitrogen atoms and by the production of methyl formation reactions are reported.
radicals that close the radical chain. Because these reactions do It is interesting to observe that, summing the reactions in
not present an activation energy, their kinetic constants were Table 7 in which a methyl radical is consumed, to those in
determined with collisional theory. Collisional kinetic constants Table 6 in which a methyl radical is produced, it is possible to
determined for some of these reactions are reported in Table 6obtain a catalytic mechanism by which small GaN adducts are
and, because it is possible to observe, are similar (reactionsconverted to large GaN species and radicals are neither produced
involving Ga hydrides have been omitted). The general structure nor consumed. The rate of this mechanism is particularly high,
of all 55 possible adducts formed through the second catalytic given the fact that the reactions involved require overcoming

1" CATALYTIC CYCLE
Step 1: new GaN molecules production Step 2: new nitrogen radicals generation
NH; NH,- Ga(CHy/H), (NH,), ., Ga(CHy/H),,(NH,),, NH,/CH,/H,
i
CHH, CH,H Ga(CHy/H),_(NH,), RN NH,/CH/H-
2" CATALYTIC CYCLE
Step 1: new GaN molecules production Step 2: new nitrogen radicals generation
R R R R
| | | | I
R™2 e R/Ga\'l:ll/Ga\NHz R/Ga\”/Ga\NH2 NH,/CH,/H,
R
CHy/H- Ga(CHyH); (NH,), RO NH,/CH, /H-
3" CATALYTIC CYCLE
Step 1: new GaN molecules production and cyclization reactions
Ga /Ga \?a \?a N< aNHZ
R R R
R R Cyclic compounds
CHy/H: CH,/H,

GLOBAL KINETIC MECHANISM

R R R
Ga_ éa éa
R™NH R” ‘N NH,
|
/Ga\ Ga
NH-
Ga(CH,),; NH; H,
CH3
Gas-phase
Surface

Figure 10. Graphical representation of the catalytic cycles involved in the radical chain mechanism.
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activation energies similar to those reported in Table 7, with  (2) The reactions will proceed about 2 orders of magnitude
values smaller than 12 kcal/mol. faster if H, is present in a significant concentration because it
3.3.3. Third Catalytic Cycle and Cyclization Reactions. promotes the formation of Hand NH:- radicals. This is
Following the same reactive steps of the second catalytic cycle,confirmed by experimental evidence according to which the
the global kinetic mechanism was incremented with reactions nucleation of GaN powders is suppressed ifisinot present
involving molecules produced in the second catalytic cycle. In in the gas phasé® This is in agreement with fluid dynamic
particular, we determined the rate constants of all of the reactionssimulations we performed using a lumped version of the
between the second-generation nitrogen radical and all of themechanism presented héfeyhich showed that removing H
neutral species produced in the first catalytic cycle. The samefrom the inlet mixture reduces the predicted GaN nuclei
radical-exchange reaction mechanism described in the previousconcentration by 2 orders of magnitude.
paragraph leads to the production of GaN gas-phase adducts (3) Our mechanism suggests that GagNid among the main
formed by gallium and nitrogen atoms in a number between 5 product of the radical chain mechanism. Because its concentra-
and 7. In Figure 8 are reported the global adduct structures oftion is dependent on that ofHand experimental studies have
the GaN compounds that can be produced through the third stepshown that GaN deposition rate can be increased by adding
of the catalytic cycle. The chemical composition of these hydrogen to the mixture#5>we advance the hypothesis that it
compounds is characterized by a sequence of three galliumis a key precursor to film growth.
atoms bonded by twe-NH— groups. Obviously, the number (4) The main product of this investigation is a detailed
of possible adducts is increased enormously with respect to thosechemical mechanism, comprising more than 200 species in-
produced during the second catalytic cycle because there arevolved in more than 400 reactions. We believe that its insertion
five different residues, R, which can be a vacancy, a hydrogen, in a suitable fluid dynamic model will help to identify the key
a methyl, or an amino group. MOVPE parameters, such as reactor geometry and operating
Summarizing, the global kinetic scheme developed is com- conditions, which operate in order to decrease the gas-phase
posed of a series of fast radical chain reactions that lead to thepowder formation and improve the quality of the deposited
formation of gas-phase compounds composed of gallium andfilms.
nitrogen atoms, which go from the simple Ga(}NHhholecule
to more complicated and larger molecules characterized by the Supporting Information Available: Thermodynamic pa-
presence of three gallium atoms and up to six/gkbups. This rameters of key chemical species. This material is available free
kinetic mechanism could be complicated easily considering of charge via the Internet at http://pubs.acs.org.
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