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Abstract

Based on quantum chemical theory, the gas-phase chemical cross-reaction pathways in
metal-organic chemical vapor deposition of InAIN films have been investigated. First,
calculations of the oligomerization reactions of Al and In amides were performed to in-
vestigate the relative difficulty of generating several dimers and trimers within this sys-
tem. The elimination reaction pathways were then investigated. The final stable products
of the polymers were analyzed from both thermodynamic and kinetic perspectives, and
the propensities of the reaction pathways were assessed from the viewpoint of the reaction
rates. The results indicated that in the gas-phase reaction pathways of InAIN grown by
metal-organic chemical vapor deposition, the equilibrium temperature for the dimeriza-
tion reactions lies between 960 and 1061 K, and above this temperature range, dimers can-
not form. Trimer formation is unlikely during the InAIN growth process. At higher reac-
tion temperatures, the oligomers tend to first undergo intramolecular elimination, losing
two CH4 molecules to form intermediate products, which then react with NH3 via inter-
molecular elimination to yield stable products. At lower reaction temperatures, the ten-
dency is for continuous intermolecular elimination with NH4 to generate stable, methyl-
free products.

Keywords: InAIN; metal-organic chemical vapor deposition; density functional theory;
gas-phase reaction

1. Introduction

The band gap of InAIN alloys is continuously tunable from 0.7 to 6.2 eV, correspond-
ing to emission wavelengths from 2 um to 200 nm, covering the deep ultraviolet to near-
infrared spectral range and making InAIN alloys ideal materials for optoelectronic de-
vices [1-3]. When the In content of InAIN is 17%, the a-axis lattice constant matches that
of GaN, allowing this alloy to replace AlGaN as a laser cladding layer. This alleviates the
tensile stress to prevent crack generation, and because it has a larger refractive index dif-
ference with GaN than AlGaN, the optical confinement is enhanced, improving the light
emission efficiency [4,5]. For example, Malinverni et al. [1,5] studied designs based on
InAIN cladding layers, enabling blue and green laser diodes to achieve low threshold
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currents. Simultaneously, the InAIN/GaN heterojunction interface can form a higher con-
centration of two-dimensional electron gas than the AlIGaN/GaN heterojunction interface,
making it suitable for preparing high-performance power electronic devices [6]. It can also
be used to fabricate lattice-matched high-electron-mobility transistors, contributing to im-
proving the performance and reliability of high-frequency millimeter-wave devices [7].

It should be noted that the growth of high-quality InAIN material faces a challenging
temperature dilemma [8,9]. InN and AIN, as the constituent materials of InAIN, have very
different growth temperature requirements. InN decomposes above 450 °C, and it is suit-
able for growth in low-temperature environments. For instance, when InN thin films are
grown by metal-organic chemical vapor deposition (MOCVD) technology, the InN epi-
taxial layer achieves the best results at 605 °C. As the temperature increases, the intensity
of its band-edge luminescence peak weakens and gradually redshifts [10]. In contrast, AIN
requires growth temperatures above 1100 °C to ensure crystal film quality. For example,
growing 1.5 um thick AIN by MOCVD at a single-substrate temperature of 1180 °C yields
an atomically flat surface [11-13]. This significant temperature disparity results in an ex-
tremely narrow temperature window for InAIN growth, making it difficult to simultane-
ously meet the requirements of both AIN and InN during a single growth process. This
readily leads to phase separation and compositional inhomogeneity in InAIN, severely
hindering the preparation of high-quality InAIN thin films.

The chemical reaction pathways of IlI-nitride MOCVD growth have been extensively
investigated. Through first-principle calculations and thermodynamic analysis, Manoel et
al. [14] investigated the formation mechanism of InAIN core—shell nanorods, evaluating
the characteristics of In- and Al-containing precursors. The gas-phase reaction pathways
for InAIN include the individual reaction pathways of AIN and InN, as well as the cross-
reaction pathway between AIN and InN. The gas-phase reactions for AIN and InN growth
mainly include the pyrolysis pathway and adduct pathway. By a combination of experi-
ments and numerical calculations, McDaniel et al. [15] investigated the pyrolysis of trime-
thylindium in He, H2, and D2, demonstrating that H2 participates in and accelerates tri-
methylindium pyrolysis. Zuo et al. [16,17] computationally analyzed radical-involved
metalorganic vapor phase epitaxy reactions in the trimethylgallium/NH3/H2 system, de-
termining the different reaction pathways for the radical-involved gas-phase reactions at
various temperatures. Oligomerization and elimination pathways also exist. Through nu-
merical simulation of reactor transport-reaction processes, Mihopoulos [18,19] found that
oligomer formation is the main reason for the decrease in the thin-film growth rate with
reduced pressure. They suggested that dimers are the main precursors for thin-film
growth, while trimers are the main precursors for nanoparticles.

Previous studies have focused on the individual reactions of InN and AIN within
InAIN, while less attention has been paid to their cross-reactions in oligomerization and
elimination. In this study, we performed quantum chemical calculations of the reactions
during MOCVD growth of InAIN. First, the oligomerization reactions of In and Al amides
were considered, exploring the relative difficulty of generating several dimers and trimers
within this system. The elimination reaction pathways were then considered. This paper
presents three reaction pathways (intramolecular elimination, intermolecular elimination,
and intramolecular followed by intermolecular elimination), using heterodimers and ho-
modimers as examples. By comparing the free energy differences, reaction energy barri-
ers, and reaction rate constants of each reaction at different temperatures, the final stable
products of the polymers were investigated from both thermodynamic and kinetic per-
spectives.

Density functional theory (DFT) and ab initio molecular dynamics (AIMD) simula-
tions are powerful theoretical tools for exploring gas-phase reaction mechanisms during
the MOCVD growth of nitride materials [20]. DFT calculations can provide accurate
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thermodynamic and kinetic parameters, including Gibbs free energy changes and energy
barriers, to identify favorable precursor reaction pathways. As a complementary method,
AIMD simulations can capture the dynamic structural evolution and real-time stability of
reaction intermediates under actual growth environments. These well-established theo-
retical approaches have been extensively used to study the reaction behaviors of nitride
precursors and provide a reliable theoretical basis for mechanism exploration. Based on
the above research background, this work employs DFT calculations to systematically in-
vestigate the oligomerization and elimination reaction pathways in the MOCVD growth
of InAIN.

2. Computational Models and Model Validation

Based on previous research findings [21], in this paper, we propose gas-phase reac-
tion pathways for MOCVD growth of InAIN, including the oligomerization reactions of
amides and the elimination reactions of oligomers. We focus on the cross-polymerization
pathways of dimethylindium amide (DMInNH:2) and dimethylaluminum amide
(DMAINH?), and the elimination pathways of the oligomers, as shown in Figure 1.
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Figure 1. Schematic diagram of InAIN reaction pathways. The black boxes indicate individual reac-

tions of Al and In, and the red box indicates the oligomerization and elimination pathways. This

paper focuses on the oligomerization and elimination pathways.

The density functional theory (DFT) calculations were performed with the Gauss-
ian09 program package [22]. The geometry optimizations, frequency calculations, and sin-
gle-point energy calculations of the reactants, transition states, and products involved in
the above reaction pathways were all performed using the B3LYP exchange—-correlation
functional within DFT [23]. For the geometry optimization and frequency calculations, the
H, C, N, and Al atoms were treated with the 6-31G(d) basis set. For the In atom, the core
electrons were treated with a pseudopotential, and the valence electrons were treated with
the SDD basis set. For the transition states, the TS and QST2 methods in Gaussian09 were
used to obtain the optimized structures and frequencies. To ensure that the obtained tran-
sition state connects the reactants and products, intrinsic reaction coordinate calculations
were performed [24]. The post-optimization frequency calculation files, single-point
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energy, frequency scaling factor (taken as 0.9804), temperature, and other parameters
were input into the Shermo program [25] to calculate the free energy.

It should be noted that no dispersion corrections were included in the present calcu-
lations. It is worth clarifying that dispersion interactions lead to minor deviations in the
absolute stabilization energies of organometallic clusters and transition states. Neverthe-
less, the energy shifts originating from dispersion forces are approximately uniform for
all intermediates and transition states along a given reaction pathway. This does not alter
the relative barrier heights among distinct reaction channels, the identification of favora-
ble reaction pathways, or the temperature-dependent evolution profiles of Gibbs free en-
ergy. Consequently, the core mechanistic conclusions derived from the qualitative analy-
sis in this work are not compromised by the exclusion of dispersion corrections. In addi-
tion, a substantial number of existing first-principles studies focusing on gas-phase oli-
gomerization of Ill-nitride MOCVD precursors have adopted the uncorrected B3LYP
functional. The computational parameters used in this work are consistent with those
widely accepted in comparable mainstream research, which guarantees the cross-compa-
rability of our results. For follow-up studies aiming at accurate quantitative evaluation of
cluster binding energies, dispersion-corrected functionals such as BSLYP-D3 can be uti-
lized.

To analyze the spontaneity and relative rate of each chemical reaction, we calculated
the Gibbs free energy of all species at various temperatures. The relative reaction tendency
was evaluated using the Gibbs free energy difference AG between reactants and products,
where AG < 0 corresponds to a thermodynamically spontaneous reaction. For multi-step
reactions at different temperatures, the relative reaction rate was assessed via the activa-
tion free energy AG* between the reactants and the transition state; a smaller AG* signifies
a faster reaction. A schematic diagram of the reaction free energy change is shown in Fig-
ure 2. The reactants ultimately generate C through three steps. Because the free energy
sequentially decreases from the reactants to B (i.e., AG < 0) and increases from B to C (i.e.,
AG > 0), the final reaction product is B.
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Figure 2. Schematic diagram of the reaction free energy change.

The calculated results of DMXNH; and [DMXNH;], (X = In or Al) are compared with literature
data to validate the reliability of our computations. As listed in Table 1, the optimized structures

obtained in this study agree well with literature results.
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Table 1. Comparison of optimized amide bond lengths (A) and bond angles (degrees).

Molecular Formula Computational Method X-N X-C  Reference

B3LYP/LANL2DZ 1.79 1.97 [21]

DMAINH:2 B3LYP/def2-TZVPP 1.78  1.96 [26]
B3LYP/6-31G(d) 1.79 197  This Paper

B3LYP/Lanl2dz 198 215 [27]

B3LYP/In:3-21G(d,p)&AKR4C, H,

DMInNH: N6-311G(d.p) 206 220 [28]
B3LYP/6-31G(d)/SDD 201 216  This Paper

B3LYP/def2-TZVPP 198 1.97 [26]
[DMAINFL]: B3LYP/6-31G(d) 1.99 198  This Paper

B3LYP/6-311G(d,p) +SDD 222 215 [29]

[DMInNHz2]2 MO062X/6-31G(d)/LanL2DZ 221 215 [30]
B3LYP/6-31G(d)/SDD 223 216  This Paper

To further compare the relative speeds of different reactions under identical condi-
tions, it is necessary to obtain the chemical reaction rate constant for each reaction. The
chemical reaction rate constant is the key kinetic parameter describing the rate of a chem-
ical reaction, and it is commonly denoted by the symbol k. Its magnitude directly reflects
the reaction speed, with a larger k value typically indicating a faster reaction rate. It can
be quantitatively related to important factors, such as the temperature and activation en-
ergy, through the Arrhenius formula, serving as the fundamental data for chemical engi-
neering design, reaction control, and kinetic studies. Tian [31] compiled a set of Excel
spreadsheets for calculating chemical reaction rate constants, enabling relatively conven-
ient calculation of k. The calculated k values are used to compare the speeds of different
reactions.

3. Results and Discussion
3.1. Oligomerization Reactions of DMInNH: and DMAINH:

In amides, the presence of lone pair electrons on the coordinating atom after bonding
with the central atom results in strong chemical activity, making them prone to form oli-
gomers [21], including dimers and trimers. Among these oligomers, dimers are the main
precursors for thin-film growth, while trimers are the main precursors for nanoparticles.

Dimerization reactions include the formation of homodimers through oligomeriza-
tion of DMInNH2 or DMAINH: individually, as well as the formation of heterodimers
through co-oligomerization between DMInNH: and DMAINHo:. The specific reactions are
as follows:

2DMInNH_ — [DMInNH | (1)
2DMAINH - [DMAINH_ ] (2)
DMInNH + DMAINH - [DMAINH ][DMInNH ] (3)

Reactions (1) and (2) are homodimerization, and reaction (3) is heterodimerization.
All thermodynamic calculations in this work are carried out at a total pressure of 1 atm,
which serves as the standard reference state for fundamental thermodynamic analysis and
is widely adopted in theoretical studies of III-nitride gas-phase reactions. The free energy
change diagrams for the dimerization reactions are shown in Figure 3, with the tempera-
tures selected based on common InAIN growth temperatures (around 1000 K). For all
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three reactions, AG increases with increasing temperature, indicating that they are exo-
thermic reactions with no energy barriers. For lower temperatures, AG is smaller, and the
reaction proceeds more easily.
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20 17.52 —— 1100K
] ——— 1200K
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Figure 3. The free energy change diagrams for the dimerization reactions (1-3).

The equilibrium temperature for each reaction was estimated by linear interpolation,
yielding the following three equilibrium temperatures: Te(1) = 960 K, Te(2) = 1061 K, and
Te(3) = 1043 K. When the reaction temperature inside the reactor is lower than the corre-
sponding equilibrium temperature, the amides will spontaneously generate dimers. Con-
versely, the dimers will spontaneously decompose. Comparing the three reactions at the
same temperature (taking 900 K as an example), the AG values of reactions (1), (2), and (3)
are —3.11 kcal/mol, -7.63 kcal/mol, and —6.9 kcal/mol, respectively. AG for reaction (2) is
the lowest, and AG for reaction (1) is the highest, indicating that [DMAINH:]> is most
easily formed, followed by [DMAINHz][DMInNH:] and [DMInNHz:].. This is because of
the greater polymerization tendency of DMAINH: than DMInNH:, making it easier to
oligomerize to [DMAINH:]2 and [DMAINH:][DMInNHz].

Similar to dimerization, trimerization reactions also include the formation of homo-
trimers and heterotrimers, with heterotrimers having different formation pathways. The
specific reactions are as follows:

[DMInNH ] + DMInNH_ — [DMInNH ] (4)
[DMAINH ]+ DMAINH_ — [DMAINH_ ], (5)
[DMInNH ]+ DMAINH - [DMAINH_J[DMInNH ] (6)
[DMAINH ]+ DMInNH_ - [DMAINH ] [DMInNH ] 7)
[DMInNH_J[DMAINH ] + DMInNH - [DMAINH_J[DMInNH ] (8)
[DMInNH J[DMAINH ]+ DMAINH — [DMAINH ] [DMInNH ] )

The above trimers are all formed by the oligomerization of dimers with amides. Re-
actions (4) and (5) are homotrimerization, while reactions (6)—(9) are heterotrimerization.
The free energy change diagrams for the trimerization reactions are shown in Figure 4.
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Similar to dimerization, AG increases with increasing temperature, indicating that the tri-
merization reactions are exothermic reactions with no energy barriers. For lower temper-
atures, AG is smaller, and the reaction proceeds more easily. However, within the selected
temperature range, AG is consistently greater than 0, indicating that no trimers form
within the InAIN growth temperature range.

Taking 900 K as an example, the AG values of reactions 4-9 are 13.49 kcal/mol, 11.72
kcal/mol, 11.66 kcal/mol, 13.75 kcal/mol, 15.45 kcal/mol, and 13.02 kcal/mol, respectively.
Comparing the AG values of the reactions at the same temperature, the AG values for
reactions (5), (6), and (9) are slightly lower than those for reactions (4), (7), and (8). This is
because the former three reactions involve DMAINH:2, whose greater polymerization ten-
dency makes the reactions proceed more easily.

If the InAIN reactor temperature is lowered to a temperature at which trimers can
form, there are two reaction pathways for the [DMAINH:][DMInNHz]2 trimer: (6) and (8).
Because AG for reaction (6) (13.75 kcal/mol) is lower than that for reaction (8) (15.45
kcal/mol) at the same temperature (e.g., 900 K), [DMAINH:][DMInNHz:]: tends to form by
this pathway. Simultaneously, because AG for reaction (8) is higher than that for reaction
(6), AG for its reverse reaction is lower, and [DMAINH2][DMInNHz:]> tends to decompose
by the reverse reaction of pathway (8). Similarly, [DMAINH:]2:[DMInNHz:] tends to form
by reaction (7) and decompose by the reverse reaction of reaction (9).

40 — = 800K
——900K
] ——1000K 34.5
— 388112 .32 2 29.74 341
30 4 — 29.32 29.26 29.74
1300k 27.01 21.83 26.84
_ ) 24.95 24.88 ! 124.98 |
/20. 120. 1/20.22 I
E 20 — ,",/ 18 S . Iw "I-'_ “/17.64
5] ni— /16.15 1/16.08 1l Il115.45 I
< 01349 . 13.75 " 1302
3 7 //11.72 71166 i/ 7068 i ==
N 10 ), 897 e 9.05 e — e 30
Wy == J I iy ~— J I :
7, 1/ 126 7 123 iy, iy iy 222
- Z vy % Z y Z
0 0y o) oy (N4 0y (UM 4

4) (%) ©] ©) ®) )]

Figure 4. The free energy change diagrams for the trimerization reactions (4-9).

The reactants and products of the dimerization and trimerization reactions are sum-
marized, and the optimized structures of various species are shown in Figure 5. The Al-
N bond length increases from 1.81 A in the monomer to 2.00 A in the trimer, and the In—
N bond length increases from 2.01 A in the monomer to 2.24 A in the trimer. The Al-C
and In—-C bond lengths show slight increases from the monomer to the trimer. The AI-N
bond length in [DMAINH:]2 is 2.01 A. In [DMAINH:2][DMInNHz], the AI-N bond length
shortens to 2.00 A, while the In-N bond length increases from 2.23 A in [DMInNH:]2 to
2.24 A in [DMAINH2][DMInNH]. In the heterodimer, the Al-N bond shortens and the
In-N bond elongates owing to the mutual influence of Al and In. The same trend is ob-
served in the trimers: compared with the homotrimers, the AI-N bond shortens and the
In-N bond elongates in the heterotrimers.
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Figure 5. Optimized structures of the species involved in the oligomerization reactions, Numbers
(1)-(9) denote the gas-phase reaction labels.

3.2. Elimination Reactions of the Oligomers

After amides form oligomers via oligomerization reactions, methane elimination oc-
curs to generate stable products. The elimination reaction pathways are divided into three
types: intramolecular elimination, intermolecular elimination with ammonia, and intra-
molecular elimination followed by intermolecular elimination. In this section, we report
the results of quantum chemical calculations for these three pathways, using
[DMAINH2][DMINNH?] as the starting material to calculate each reaction pathway and
determine the final stable products of the oligomers.

3.2.1. Intramolecular Methane Elimination Pathway

Previous research [32] indicates that for homodimers ([DMXNHz]2) and homotrimers
([DMXNHz2]s), the continuous methane elimination pathway can only proceed to the sta-
ble products [MMXNH]z2and [MMXNH]s (MM = monomethyl). In this study, we used a
similar research approach to study the intramolecular methane elimination pathway for
hetero-oligomers. First, we assumed that the [DMAINHz][DMInNH:] oligomer undergoes
a series of specific reactions for stepwise elimination of methane (CH4) and the ultimate
generation of [AIN][InN]. The feasibility of each elimination reaction used in the assump-
tion was then individually verified. In the intramolecular methane elimination process of
[DMAINH:][DMInNNHz:], the methyl groups on the metal atom and hydrogen atoms on
the amino groups are removed and combine to form methane (CH4). After multiple elim-
inations, [AIN][InN] is generated. The specific reactions are as follows:

[DMAINH_]J[DMInNH ] — [DMAINH J[MMInNH] + CH, (10)

[DMAINH J[MMInNH] — [MMAINH][MMInNH] + CH (11)

https://doi.org/10.3390/cryst16080487
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[MMAINH][MMInNH] — [MMAINH][InN] + CH, (12)

[MMAINH][InN] — [AIN][InN] + CH_ (13)

The above reactions represent the intramolecular methane elimination pathway for
the heterodimer. The reaction process involves an energy barrier. The optimized struc-
tures of the intermediate products and transition states obtained through quantum chem-
ical calculations are shown in Figure 6. During methane elimination, the methyl group on
the In atom is removed before that on the Al atom; the methyl groups on the X atom bear-
ing more methyl groups are preferentially eliminated.

@ X d J

“\} L ‘,, _ao - @n
; j —CH4

& , 9 J/“J ) J Al

9

[DMAINHZ] [MMInNH]

[DMAINH,][DMInNH,] TSI @ C

(11) N

&
J," J*j Jd H

/L
0/.\ L $\0 PR }/"
\M —CH4 g)\JJ
TS2

9
TS3
MMAINH JIMMInNH]

_ch, | (12)
{‘ _ay (13) /.
./H‘: - .)
[MMAINH][InN] [AIN][InN]

Figure 6. Optimized structures of the species in the intramolecular methane elimination pathway of
[DMAINH:][DMInNH?2] , Numbers (10)(11)(12)(13) denote the gas-phase reaction labels.

The free energy change diagram for this reaction pathway is shown in Figure 7. As
the temperature increases, the AG values of the reactions decrease. By linear interpolation,
the equilibrium temperature for reaction (10) is 849 K, meaning that when the reaction
temperature exceeds 849 K, [DMAINH2][MMInNH] spontaneously forms. For reaction
(11), AG < 0 at all temperatures, indicating that the reaction proceeds spontaneously
within the temperature range of 800-1300 K. For reactions (12) and (13), AG > 0 at all tem-
peratures, meaning that reactions (12) and (13) do not proceed spontaneously. Among the
reactants, intermediates, and final products, [MMAINH][MMInNH] has the lowest free
energy, indicating that it is more stable than the other species.
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Figure 7. Free energy change for the intramolecular methane elimination reaction of
[DMAINH:2][DMInNH].

3.2.2. Intramolecular Elimination Followed by Intermolecular Elimination Pathway

[DMAINH:][DMInNHz2] first undergoes intramolecular elimination of CH4 to form
[MMAINH][MMInNH], followed by substitution of CHs by NHs to generate [Al-
NHNH:][InNHNH?:]. The specific reactions are as follows: The first two reaction steps cor-
respond to (10) and (11), and the subsequent reactions are as follows:

[MMAINH][MMInNH] + NH > [AINHNH_J[MMInNH] + CH_ (14)

[AINHNH_J[MMIaNH] + NH - [AINHNH_ J[InNHNH ]+ CH_ (15)

The optimized structures of the species along this reaction pathway are shown in
Figure 8. During intramolecular methane elimination, the methyl group on the In atom is
eliminated first, followed by that on the Al atom. During intermolecular methane elimi-
nation with ammonia, the methyl group on the Al atom is substituted first, followed by
that on the In atom.

Reactions (10) and (11) are intramolecular elimination reactions, i.e., the first two
steps of the intramolecular elimination pathway for [DMAINH:][DMInNH:]. First,
[MMAINH][MMInNH] is generated after the removal of two methane molecules. Subse-
quently, intermolecular elimination with ammonia occurs, where ammonia molecules re-
place the methyl groups on the metal atoms, ultimately generating [AINHNH:][In-
NHNH:]. The free energy change diagram for this pathway is shown in Figure 9.

At reaction temperatures above 849 K, the AG value for each reaction is less than 0,
indicating that all of the reactions spontaneously proceed above 849 K, ultimately gener-
ating the stable product [AINHNH:][InNNHNH:]. As the reaction temperature increases,
the energy barrier for each reaction shows an increasing trend, and the reaction rate slows,
indicating that high temperatures inhibit the reaction.
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Figure 8. Optimized structures of the species in the intramolecular elimination followed by the in-
termolecular elimination pathway for [DMAINH:][DMInNH:], Numbers (10)(11)(14)(15) denote the

gas-phase reaction labels.
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Figure 9. Free energy change for the intramolecular elimination followed by the intermolecular

elimination pathway of [DMAINHz][DMInNH:].

3.2.3. Intermolecular Methane Elimination with Ammonia Pathway

In the intermolecular methane elimination reaction between [DMAINH:2][DMInNHz2]
and ammonia, NH3 loses a H atom and continuously substitutes the CHs groups on the
molecule. The displaced CH3 group then combines with H to form CHa. The specific re-

actions are as follows:

[DMAINH_J[DMInNH ]+ NH_ - [MMAI(NH ) J[DMInNH ]+ CH_

[MMAI(NH ) J{DMInNH ]+ NH - [MMAI(NH ) J[MMIn(NH ) ]+ CH,

(15)

(16)
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[MMAI(NH ) JIMMIn(NH ) ]+NH_— [AI(NH) JIMMIn(NH ) ]+ CH, 17)

[AI(NH ) JIMMIn(NH ) ]+ NH - [AI(NH ) ][In(NH ) ]+ CH, (18)

In this reaction pathway, each step involves the substitution of one methyl group by
an amino group. The optimized structures of the species along this pathway are shown in
Figure 10. First, the methyl group on the Al atom is substituted by an amino group, fol-
lowed by that on the In atom; the methyl groups on the X atom bearing more methyl
groups are preferentially substituted.

Q. Qo n

Wy
(16) d Al
(16) J J%‘ ) j)‘)

9 @ C

(DM AINHZ][DMI oNH,] [MMAI(NH,),][DMInNH, ]
O N
an| N D

@
(18)

9

9

TS9 TS8
—cn, | 19

}; :: +NH3 (19)
—_—
(19)
[AI(NH,);] [MMIn(NHz)z] TS10 [AI(NH,);][In(NH,),]

Figure 10. Optimized structures of the species in the intermolecular methane elimination pathway
of [DMAINH:][DMInNH2] with ammonia, Numbers (16)(17)(18)(19) denote the gas-phase reaction
labels.

The free energy change diagram for this pathway is shown in Figure 11. The AG value
for each reaction is less than 0, indicating that all of the reactions proceed spontaneously,
ultimately generating the stable product [AI(NH2)s][In(NH2)3]. As the temperature in-
creases, the energy barrier for each reaction shows an increasing trend, and the reaction
rate slows, indicating that high temperatures inhibit the reaction.

3.2.4. Comparison of the Elimination Reaction Pathways

To determine which reaction is most likely to occur under different conditions, it is
necessary to calculate the chemical reaction rate for each reaction and make a comprehen-
sive judgment combined with the free energy change diagrams.

First, the reaction rate constants for the intramolecular elimination of
[DMAINH:][DMInNH:] and the intermolecular elimination of [DMAINH:2][DMInNHz2]
with ammonia were calculated at different temperatures (800-1300 K). The results are
shown in Figure 12. When the temperature is above 850 K, the reaction rate constant for
the intramolecular elimination of [DMAINH:][DMInNH:] is higher than that for the inter-
molecular elimination of [DMAINH:][DMInNH:] with ammonia; that is, the
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intramolecular elimination reaction is faster than the intermolecular elimination reaction.
At 1000 K, the intramolecular elimination reaction rate constant is an order of magnitude
higher than that of the intermolecular reaction, suggesting that intramolecular elimination
predominates at this temperature.
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Figure 11. Free energy change for the intermolecular methane elimination reaction of
[DMAINH:][DMInNH:] with ammonia.
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Figure 12. Comparison of the reaction rate constants (k) of reactions 10 and 16 at different tempera-

tures.

Next, the reaction rate constants for the intramolecular -elimination of
[DMAINH:][DMInNH?:] and the pathway involving intramolecular elimination followed
by intermolecular elimination with ammonia were calculated at different temperatures
(800-1300 K). The results are shown in Figure 13. The solid lines indicate the first two steps
of intramolecular elimination (reactions 10 and 11). The dashed lines indicate the contin-
uation of intramolecular elimination (reaction 12) and intermolecular elimination (reac-
tion 14). The rate constant of reaction 12 is significantly lower than those of the other three
reactions at any given temperature, while the reaction rate constant of reaction 14 lies be-
tween those of reactions 10 and 11. This indicates that reaction 14 occurs at any tempera-
ture, corresponding to intramolecular elimination followed by intermolecular elimina-
tion.
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Figure 13. Comparison of the reaction rate constants for reactions 12 and 14.

In summary, for the intramolecular elimination pathway of In, Al-heterodimers, the
reaction tends to generate [MMAINH][MMInNH] and has difficulty proceeding further.
For the intermolecular elimination pathway and the pathway involving intramolecular
followed by intermolecular elimination, at higher temperatures, the reaction tends to pro-
ceed via reactions (10) — (11) — (14) — (15) to generate [AINHNH:][InNHNH?:]. These
results are broadly similar to those reported by Sangiovanni et al. [33].

From the perspective of growth mechanism, the precursor reaction feasibility, inter-
mediate stability, and energetic characteristics of products revealed in this work provide
important guidance for the MOCVD growth of InAIN thin films. Existing studies have
verified that for binary and ternary nitride systems fabricated via MOCVD, the stability
of precursors and the energetic properties of various reaction intermediates and final
products act as core factors governing the growth efficiency, micromorphology, and crys-
tal quality of thin films, which can directly determine the overall growth performance and
device application potential of nitride films [14]. This rule is universally applicable to all
types of IlI-nitride epitaxial growth systems, which further validates the scientificity and
practicability of the gas-phase reaction mechanism and energy evolution law obtained by
DFT calculations in this paper.

4. Conclusions

The gas-phase reaction pathways in MOCVD growth of InAIN were investigated by
DFT. The main conclusions are as follows:

(1) For the gas-phase reaction pathways of InAIN, oligomers may form at low tem-
peratures and possibly decompose with rising temperature. DMAINH2 may possess a
stronger polymerization tendency than DMInNH>, so it is more likely to produce oligo-
mers. Moreover, within the studied temperature window (800-1300 K), the AG values of
trimerization reactions are consistently positive, which suggests that trimer species are
unlikely to be generated under typical InNAIN growth temperatures. It is probable that
dimers are preferentially produced under such conditions.

(2) In the gas-phase reactions relevant to InAIN, oligomers yielded by oligomeriza-
tion may further proceed via methane elimination processes. Three plausible elimination
pathways were proposed and calculated in this work. At comparatively high reaction
temperatures, oligomers are likely to first experience intramolecular elimination to pro-
duce [MMAINH:[[MMInNH:]; this intermediate may subsequently react with NHs
through intermolecular elimination to yield the stable species [AINHNH:z][InNHNH:].
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Under relatively low temperatures or high NHs partial pressures, intermolecular elimina-
tion may dominate, potentially generating [AI(NH2)3][In(NH2)3].
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