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ABSTRACT: Hexagonal boron nitride (hBN) has attracted significant attention as a two-dimensional (2D) material due to its
unique structure and properties. In this paper, we investigated the gas-phase reactions between B,Hs and NH; and the reaction
pathways potentially leading to the synthesis of hBN by using ReaxFF-based reactive molecular dynamics (MD) simulations. From
the hundreds of chemical reaction pathways observed in these MD simulations, we extracted a highly reduced chemical kinetic
model to describe the gas-phase mixture evolution in chemical vapor deposition of hBN using B,H¢ and NH; as precursors. The
intent is to integrate this chemical model into future computational fluid dynamics (CFD) simulations of actual hBN deposition
testing and production reactors to provide enhanced insights for experimental synthesis processes and reactor optimization. The
chemical model of this study will serve as a stepping stone for large-scale simulations.

1. INTRODUCTION hBN using these sources is relatively complicated.'*™"”
Carbon-based precursors such as triethyl boron [B(C,Hs)s,
TEB] and trimethyl boron [(CHj;);B, TMB] do not have these
issues and are widely used for CVD/MOCVD of hBN, but it

Two-dimensional (2D) hexagonal boron nitride (hBN) is a
graphene-like structure formed by the sp® hybridized network
of boron and nitrogen. hBN is a promising material for electric

insulator, heat resistant material, and optical device applica- could lead to carbon contamination in 2D hBN.'”*7*’ In
tions in the deep ultraviolet spectral region because of its order to circumvent the impurity issues associated with carbon
chemical and thermal stability, chemical inertness, and good incorporation, the deposition of hBN using diborane (B,Hj)
lubricant properties. In addition, the wide band gap of hBN and ammonia (NHj,) as precursors has been employed.”*****
makes it an attractive candidate for semiconductor applica- It has been found that gas-phase chemical and physical
tions.' ~* processes play an important role in the deposition rate and

The chemical vapor deposition (CVD) and metalorganic quality of hBN. Bansal et al.?® reported CVD of hBN on C-
CVD (MOCVD) methods have been used for large-scale plane sapphire using B,Hs and NHj as precursors at high

. ) . 5—11
production of hBN with various precursors. 1]311:%/ NH; and temperatures using two growth modes: continuous mode and
BCl;/NH; have been used to deposit 2D hBN. ™"~ However,

their use has been gradually reduced due to the toxicity of
boron trifluoride (BF;) and boron trichloride (BCl,).”
Borazine (B;N;H) and ammonia borane (H;NgH;) have
many advantages because of 1:1 B/N stoichiometry. However,
borazine (B;N3Hj) is an unstable compound and reacts readily
to form low volatility polymers. Ammonia borane (H;NBH,)
is stable under ambient conditions, but its byproduct,
monomeric aminoborane (BH,NH,), is very active and
forms polymeric aminoborane. Therefore, the synthesis of

flow modulation epitaxy (FME) mode. In continuous mode,
precursors are simultaneously introduced into the reactor at
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constant flow rates. In the FME mode, precursors are
sequentially pulsed into the reactor. It was found that the
growth rate increased 25 times when the FME mode was used
in comparison to the continuous mode. This was attributed to
the decrease in parasitic gas-phase reactions resulting from the
sequential introduction of precursors in the FME mode,
leading to an increase in the concentration of borazine
reaching the substrate surface. However, when a purge step
was added between the injection of precursors in FME mode,
the formation of borazine was suppressed by reducing the gas-
phase mixing, disrupting the deposition of crystalline BN. This
study suggests that understanding the interplay between
transport processes (mixing) and key gas-phase reactions in
the B,Hs/NH; system is essential for improving the rate and
quality of hBN deposition.

The gas-phase reactions between B,Hy and NHj that result
in the synthesis of hBN were investigated in earlier research.
Murarka et al.”” noted that while the deposition rate exhibits a
weak inverse dependence upon the ammonia concentration, it
is linear in the concentration of diborane in the reactant gases.
Boron-to-nitrogen ratio in the deposited film falls as the
deposition temperature increases and as the [B,H]/[NH;] in
the feed gas drops to low levels. Gomez-Aleixandre et al.”>*’
reported the formation of different intermediate compounds
depending on the [NH,]/[B,H4] ratio. When B,H, is in
excess, aminodiborane (B,H;NH,) is formed. Conversely, in
an environment with a high concentration of NH;, B,H;NH,
may interact with other NH; molecules to generate various
adduct compounds and aminoborane (H,BNH,), which then
undergoes an additional rearrangement to form borazine
(B;N3Hj, a ring compound). As it is heated further, B;N;H,
gradually loses hydrogen until BN is produced. However, the
gas-phase chemical reactions leading to these key intermediates
are still not well explored, and their rate parameters have not
been quantified.

The purpose of this work is to provide a first-principle-based
understanding of gas-phase reactions between B,H4 and NH;,
necessary for future hBN deposition process optimization.
More specifically, we first used ReaxFF-based molecular
dynamics (MD) simulations to explore the gas-phase
chemistry between B,H¢ and NH;. Then, we will identify
the reaction pathways that potentially lead to the synthesis of
hBN. Finally, we will propose a highly reduced chemical
kinetic model extracted from the hundreds of chemical
reactions captured in ReaxFF-based MD simulations. The
intent is to incorporate this chemical model in future
computational fluid dynamics (CFD) simulations of actual
hBN deposition testing (e.g, Bansal’s experiments26) and
production reactors. Such large-scale CFD simulations are
expected to provide enhanced insights for experimental
synthesis processes and reactor optimization.30

2. METHODOLOGY

The ReaxFF-based MD methodology is used for reaction
exploration to enable longer simulation time with many more
reaction events compared to quantum chemical calculations.
2.1. ReaxFF. ReaxFF is a bond-order-based force field with
instantaneous connectivity for chemical bonds, depending on
the atomic local environment. The bond order is calculated
directly from an interatomic distance and is updated at every
iteration, which captures bond formation and breaking. The
total energy of a system consists of many-body empirical
potential terms. There are bond-order-dependent energy terms
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such as bond, angle, and torsion and nonbonded interaction
terms such as van der Waals and Coulomb interactions. The
ReaxFF method uses the Morse potential for the van der Waals
interactions to properly describe the short-range interactions
and uses the electronegativity equalization method (EEM) for
Coulomb interactions to calculate atomic charges. ReaxFF
calculates the energy of each atom in the system using the
following equation

system over under val tor

+ EvdWaals + ECoqumb

where Ey.4 (bond energy), E,.. (over-coordination penalty
energy), Eynger (under-coordination penalty energy), E;, (lone
pair energy), E,; (valence angle energy), and E,, (torsion
angle energy) are bond-order-dependent terms. E gy, (van
der Waals energy) and Ecyomp (Coulomb energy) are
nonbonded terms. More details about the ReaxFF energy
descriptions are given in previous publications.31_33

2.2. ReaxFF Molecular Dynamics Simulation Details.
ReaxFF MD simulations of NH;/B,H, were performed in 3D-
periodic boxes with a fixed density of 0.02 g/mL over 4
different temperatures: 2000, 2500, 3000, and 3500 K. In all
simulations, 1000 NH; molecules and 40 B,H4 molecules were
placed in the simulation box with a NH;/B,Hj ratio of 25:1,
much lower than the 2000:1 used in Bansal’s experiment. The
relatively high temperature range, high mixture density, and
low NH;/B,H¢ ratio are selected so that enough reaction
events occur within a reasonable amount of computational
time, which has already been verified by Lele et al.”*

For each simulation, the NH; and B,H4 molecular structures
consisting of the initial simulation configuration were energy
minimized at 0 K. These optimized structures were randomly
placed in a 3D-periodic box of an appropriate size to reach the
desired density of 0.02 g/mL. Then, the system was
equilibrated at 300 K under NVT ensemble, using Berendsen
thermostat with a temperature damping constant of 100 fs.
This step was run so that the randomly arranged molecules
could be stabilized without any chemical reaction occurring.
Following the equilibration, NVT simulations were performed
at the desired temperatures for 1 ns with a time step of 0.1 fs.
For each temperature, we performed 3 statistically independent
simulations with three different initial configurations for
ensemble averaging to reduce statistical noise. All the results
reported in this work were based on ensemble-averaged data
from the three NVT-MD simulations. All ReaxFF simulations
were performed using the previously developed and validated
B/N/H force field.>* We identified all reactions that occurred
during MD simulations at every temperature by using an in-
house reaction analysis code. This code operates on the
assumption that a reaction event occurs when a species with a
different chemical formula is identified. Such reaction events
are identified across all simulations, and their occurrence is
given as the difference between the forward and backward
reactions, and then avera§ed over the number of simulations at
a given temperature.”*>® Snapshots of the initial and final
simulation configurations are shown in Figure 1.

3. RESULTS AND DISCUSSION

3.1. Chemical Reaction Pathway Analysis. Major
products and dominant reaction pathways were identified
from ensemble-averaged ReaxFF simulation results at all 4
temperatures.

https://doi.org/10.1021/acs.jpca.3c08051
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(a) O ns (b) 1 ns

Figure 1. Snapshots of simulations of (a) initial and (b) final
configurations. The blue, pink, and white spheres indicate nitrogen,
boron, and hydrogen, respectively. Key reactant and product
molecules are magnified in these snapshots.

3.1.1. Identification of Major Intermediates and Radicals.
We examined the ReaxFF-based MD simulation results across
all 4 temperatures and identified major intermediate species
and key radicals. Figure 2 shows the temporal evolution of
reactants (NH; and B,H,), some major intermediate products
(BNH,, BNH;, and BNH,), and radicals (NH,, NH,, BH;, and
BH,) observed at all 4 temperatures. Because of the large
number of NH; in the system, the number of NH; consumed
was plotted, instead of the number of NH; molecules.

As shown in this figure, B,Hs was observed to dissociate to
BH; rapidly at all of the temperatures. As expected, this
dissociation becomes faster with increasing temperature. The
consumption of the other reactant, NH;, on the other hand,
was found to be much slower. This is also expected because the
N-H bond in NH; is much stronger as the B—H bonds in
B,H,.

The formation of NH, NH,, and BH, was observed
following the consumption of the reactants, which also
generated H radicals and H,. With the help of NH, and
BH, radicals, BN intermediate species such as BNH;, BNH,,
and BNH; are formed. These intermediate species led to the
formation of BNH, which was found in large amounts toward
the end of the simulations above 2500 K (Figure 2b—d). These
compounds were also observed at lower temperatures (Figure
2a) but in smaller amounts. Radicals such as H and BNH;,
which are produced and consumed very rapidly, are not shown
in Figure 2. The large amount of BNH, formed toward the end
of the ReaxFF simulations under excess NH; conditions is in
good agreement with previous studies.””*” This compound is
thermodynamically stable and serves as a building block for the
formation of borazine (B3;N;Hg), which leads to hBN
formation by gradual dehydrogenation. For these reasons,
BNH, is considered the end compound in our subsequent
chemical kinetic analysis. This BNH, gradually grows into a
larger boron—nitrogen species in the gas phase. As shown in
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Figure 2. Temporal evolution of the reactants, major intermediate products, and radicals observed during ReaxFF simulations at (a) 2000, (b)

2500, (c) 3000, and (d) 3500 K.
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Figure 3. Highest molecular weight B—N species observed in the (a) 2000, (b) 2500, (c) 3000, and (d) 3500 K ReaxFF MD simulations,

respectively.

Figure 4. Summary of the main reaction pathways with the major species from the initial precursors B,H4 and NHj; to the end species BNH,.

Figure 3, we observed B—N species with a higher molecular
weight at the end of the simulations (1 ns). Although they are
all straight chains, it is expected that ring formation will occur
in longer simulations.

3.1.2. Identification of Major Chemical Reaction Path-
ways. We examined all of the reactions occurring in the
ReaxFF simulations and ranked them according to their
number of occurrences. Overall, 1581 elemental reactions
(four temperatures combined) were discovered, but most of
these reactions were found to occur at low frequency. The
major reactions from the reactants to the most thermodynami-
cally stable B—N-containing products (identified in Section
3.1.1) are summarized in Figure 4.

When B,H is consumed, it splits into two BH; by
unimolecular decomposition and undergoes dehydrogenation
producing BH,, which makes BH, highly temperature
sensitive. NH; primarily leads to NH, and NH,. NH, can be
produced from NHj in two ways. The “NH; + H - NH, —
NH, + H,” path is dominant at low temperatures, whereas the
“NH; + NH; — NH, + NH,” reaction is dominant at high
temperatures. This is because the N—H bonds in NH; have
large bond dissociation energies and need high temperatures
for bond breaking. In contrast, the production of NH, from
NH; involves hydrogen addition with a low energy barrier,
which makes it the preferred pathway at low temperatures.
This explains why NH, is largely unaffected by the temper-
ature. Subsequently, NH, will combine with BH, to form the
first thermodynamically stable BN compound, BNH,. It can
also be formed from its radical BNHj, produced from the NH;
and BH, combination. BNH, then goes through several
dehydrogenation reactions to eventually form the end
thermodynamically stable BN compound detected in the
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ReaxFF simulations, BNH,. All of these BN species exhibit
high temperature sensitivity. Many reactions involved in their
formation, as stated above, are strongly temperature-depend-
ent.

3.2. Chemical Model Extraction. An accurate and
concise chemical kinetic model to describe the gas-phase
reactions in B,H/NH; systems was extracted from the ReaxFF
simulation results. Such chemical models are a critical input to
the CFD simulations that can predict hBN deposition to
enable deposition chamber design and optimization.

3.2.1. Pathway Selection. CFD simulations with chemical
reactions are generally computationally expensive due to the
high computational cost associated with chemical reaction rate
evaluation and time integration. Therefore, from ReaxFF
simulations, we extracted only a highly reduced set of reactions
covering the major pathways with major intermediates and key
radicals to represent the thousands of detailed elemental
reactions discovered in the MD simulations. It includes all
reactions with the highest production and consumption rates
of the major intermediate species at all temperatures. We
ensured that at least 70% of the total production and
consumption rates of the major compounds were accounted
for by the reduced set of reactions. Table 1 lists all selected
reactions from reactant dissociation to the formation of the last
thermodynamically stable molecule, BNH,.

3.2.2. Reaction Lumping and Rate Determination. In
order to ensure that the reduced set of reactions can accurately
reproduce the time histories of major compounds formed in
ReaxFF MD simulations, it is necessary to lump some of the
unconsidered, missing reactions from ReaxFF simulations into
the selected reactions that are similar by adding their number
of occurrences to that of the corresponding major reactions. As

https://doi.org/10.1021/acs.jpca.3c08051
J. Phys. Chem. A 2024, 128, 2584—2593


https://pubs.acs.org/doi/10.1021/acs.jpca.3c08051?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c08051?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c08051?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c08051?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c08051?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c08051?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c08051?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c08051?fig=fig4&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.3c08051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

Table 1. Extracted Main Reactions with Fitted Arrhenius

Parameters

reaction
B,H¢ — BH; + BH;
NH;+BH, — BNH;
NH, - NH, + H,
NH; + BH; — NH, + BH,
NH; + H - NH, + H,
BH; - BH, + H
BH; + H — BH, + H,
BH; + NH, — BH, + NH;
NH; + NH; - NH, + NH,
BNH; + NH; — BNH, + NH,
BNH, + NH; — BNH; + NH,
BNH; - BNH, + H
BH, + NH, - BNH,
BNH; - BNH; + H,
NH, + BNH, — NH; + BNH;
BNH, - BNH; + H
BNH; - BNH, + H
NH, + BNH, - BN,H; + H

E, (kcal/mol)

0.67065
1.95447
62.68034
29.20948
—5.11268
46.67474
—5.34185
14.58318
54.52575
12.14728
13.88708
6.42715
326.61463
11.77187
—19.39510
242.47318
53.23173
—3.07190

A

2.03134 X
1.61757 X
3.30220 X
222712 X
1.52225 X
2.63361 X
4.96490 X
1.65079 X
1.12763 X
3.40966 X
2.16079 X
1.28090 x 10
3.79662 x 10%
1.0415 x 10!

1.32575 x 10"
1.00891 X 10%¢
1.30655 x 1013
9.79604 x 10"

1011
1013
1014
1013
1012
1012
1013
1014
1014
1013
1012

such, this lumping process allows the production and
consumption rates of major species calculated from only the

main reactions (Table 1) to be comparable to those calculated
from ReaxFF simulations.

Minor reactions with reactants coming from the same origin
as those of a major reaction were lumped into that major
reaction. For instance, the minor reaction “BN,Hy; — BNH, +
NH,” was lumped into the major reaction “BNH; + NH; —
BNH, + NH,”, since the reactant BN,Hy was mainly formed
from BNH; + NHj; the reaction “B,H; — BH; + BH,” was
lumped into the major reaction “B,Hs — BH; + BH;” because
B,Hj; is mainly formed by H-abstraction from B,H,. However,
minor reactions with reactants formed too late than those of a
major reaction were not lumped into the major reaction, even
if these reactants came from the same origin. For example, the
minor reaction “B,H,;; = B,H; + BH; + BH;” was not lumped
into the major reaction “B,Hs — BH; + BHj;”, even though
B,H,, was mainly produced by B,Hg recombination followed
by H-abstraction. This was because B,H,, was only formed
toward the end of the simulations, whereas B,H; decom-
position to BH; was observed to occur only during the early
stage of the simulations (within the first 0.1 ns).

After reaction lumping, the effective reaction rates of all
major reactions, k, were calculated for all four temperatures.
The rate constant was calculated based on the same
methodology as proposed by M. Déntgen et al.’” to analyze
a large number of reactions from a single reactive MD
simulation and derive kinetic parameters of the reactions.
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Figure 6. Comparisons of time histories of B,H, predicted from ReaxFF simulations and CHEMKIN simulations with the extracted chemical

model at (a) 2500 and (b) 3000 K.

Figure S shows the logarithm of the reaction rates obtained
from ReaxFF as a function of the inverse of temperature for 4
representative reactions. The rate constants of reactions (a)
and (b) were found to be highly temperature-dependent, since
they have stable molecules as reactants which require high
temperatures to break the bonds; whereas the rate constants of
reactions (c) and (d) show weak dependence on temperature,
since their reactants are radicals highly reactive at all
temperatures. More importantly, the clear linear dependence
of In(k) on 1/T observed for almost all reactions strongly
suggests that the Arrhenius law

= el )
= exp| ——
RT

can be used to accurately describe the temperature dependence
of the reaction rates. In the Arrhenius equation above, A is the
pre-exponential factor, E, is the activation energy, and R is the
ideal gas constant. Note that the rate constant for reaction (a)
is missing at the lowest temperature. This is because this
reaction did not occur in the ReaxFF simulations at such a low
temperature. The temperature dependence of the rate
constants of all other reactions listed in Table 1 is quantified
in Figure S1 in the Appendix.

The In(k) ~ 1/T data is linearly fitted for all reactions listed
in Table 1 to obtain the Arrhenius parameters (A and E,), as
shown in Figure 5 for the 4 representative reactions and in
Figure S1 in the Appendix for all other selected reactions. The
obtained Arrhenius parameters are listed in Table 1 for all
reactions selected. It is shown that the Arrhenius equation
fitting is appropriate for almost all reactions with high root-
mean-square (R?) values. For unimolecular decomposition or
bimolecular reactions between 2 stable molecules, large pre-
exponential factors and high activation energies were obtained
from the fitting, as shown, for instance, for the reactions
“BNH, — BNH, + H” and “NH, + NH; — NH, + NH,” in
Figure Sab. This is consistent with the high collision
frequencies between the reactants and high temperatures
required to break the strong bonds in the reactants. These
reactions are typically dominant at high temperatures. On the
other hand, for reactions involving radicals, small pre-
exponential factors and low activation energies were obtained
from the fitting, as shown, for instance, for the reactions “BH,
+ NH, = BH, + NH;” and “BH; + H — BH, + H,” in Figure
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Sc,d. This is consistent with the low collision frequencies with
radicals and their high reactivity, which typically requires low
energy barriers. These reactions are typically more dominant at
low temperatures. As shown in Table 1, the reactions selected
in our reduced chemical model include all types of reactions
described above. Therefore, our chemical model is expected to
be applicable and accurate over a wide temperature range.

3.3. Chemical Model Validation. In this section, we
validate the highly reduced chemical kinetic model extracted
from ReaxFF simulations (Section 3.2) by comparing species
time histories predicted by this model with ReaxFF results
under the same conditions.

3.3.1. Validation Configurations in CHEMKIN. Continuum-
scale chemical kinetic simulations using the extracted gas-phase
chemical model were set up under the same conditions as
those used in the ReaxFF simulation (Section 2.2) for all 4
temperatures (2000, 2500, 3000, and 3500 K). These
simulations were performed using CHEMKIN, a widely used
chemical kinetics simulator that models idealized reacting
flows.”® To mimic the ReaxFF simulations, a closed 0D
homogeneous batch reactor model was selected in CHEMKIN
because there are no effects of convection or diffusion, and
species evolutions are governed by chemical reactions in the
ReaxFF simulations. To be consistent with the ReaxFF
simulation conditions, at each temperature, the NH; and
B,Hg precursors were prescribed to have initial mass fractions
of 0.96154 and 0.03846, respectively (a molecule number ratio
of 25:1), and constant temperature, pressure, and volume were
maintained throughout the simulation to keep a constant
density of 0.02 g/mL. The CHEMKIN simulation was carried
out for S ns at each temperature.

CHEMKIN simulations typically require three input data: a
chemical kinetic model with Arrhenius rate parameters,
thermodynamic properties for all species involved (e.g., specific
heats, enthalpies, and entropies), and transport properties (e.g.,
viscosity and diffusivity). However, given that we used the 0D
homogeneous reactor configuration with a constant temper-
ature in the CHEMKIN simulations, we did not need to
provide any thermodynamic or transport property data. Only
the reaction pathways and their chemical kinetic parameters
extracted from ReaxFF (Table 1) were provided as input for
CHEMKIN (Table S1).

3.3.2. Comparisons between ReaxFF and CHEMKIN
Results. Comparisons of the time evolutions of B,Hs, NHj,
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Figure 9. Comparisons of time histories of BNH, predicted from ReaxFF simulations and CHEMKIN simulations with the extracted chemical

model at (a) 2500 and (b) 3000 K.

BNH,, and BNH, between ReaxFF and CHEMKIN
simulations are shown in Figures 6—9 for 2 temperatures,
2500 and 3000 K. Comparisons for other species at the other 2
temperatures are shown in Figure S2 in the Appendix. Overall,
it can be observed that the CHEMKIN predictions using the
extracted chemical kinetic model are in reasonable agreement
with the ReaxFF results, especially for stable molecules (mole
fraction differences within a factor of 2). For radicals that are
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typically rapidly produced and consumed, the agreement is
typically within a factor of 3, partly due to the higher levels of
statistical uncertainties embedded in ReaxFF results. Consid-
ering that the set of chemical reactions in the chemical model
is highly reduced compared to the hundreds of reactions
observed in ReaxFF simulations, discrepancies with ReaxFF
results are inevitable. All errors that occur at each stage of
building a downsized chemical model, such as major reaction
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selection, lumping, and Arrhenius fitting, accumulate for any
compound, especially the late-forming compounds. Never-
theless, the performance of this extracted chemical model is
comparable to that of some well-established, extensively
validated chemical models in the literature for reacting systems
with well-known chemistry, for instance, the GRI-3.0 model for
methane combustion and the Glarborg model for NH;
oxidation.””*’

Figure 6 compares the ReaxFF and CHEMKIN simulation
results for the time evolution of B,Hy, the deficient initial
precursor. It is observed that both the extracted chemical
model and ReaxFF predict a similar level of temperature
dependence of the B,H; decomposition rate (moderate
increase in the rate with increasing temperature). Our chemical
model predicts a slightly faster B,Hs decomposition, mainly
through B,Hs — BH; + BHj, leading to an earlier onset of
radical product BH;. The overprediction of the B,Hg
decomposition rate is improved at higher temperatures (e.g.,
3000 K vs 2500 K). This overprediction can be attributed to
the uncertainties in the statistics collected in ReaxFF
simulations, in the Arrhenius fitting, and in the reaction
lumping process, where other B,Hs decomposition and BHj;
formation reactions occurring at slightly later stages were
lumped into B,H; — BH; + BH,,.

Figure 7 compares the ReaxFF and CHEMKIN simulation
results for the time evolution of NHj, the initial precursor of
NH,;, in abundance. It is observed that both the extracted
chemical model and ReaxFF predict a strong dependence of
the NH; consumption rate on the temperature, with much
higher rates at higher temperatures. This is consistent with the
high activation energies associated with almost all of the NH;
consumption reactions. The good agreement between ReaxFF
and CHEMKIN predicted NH; time histories suggests that
nitrogen flux from NHj to its associated radicals (NH, and
NH,) is well predicted by the extracted chemical model. This
is crucial for the accurate prediction of the formation of B—N
compounds since the conversion from NHj to its radicals is the
rate-limiting step (slow reactions compared to the rapid B,H,
decomposition reactions), leading to the first B—N-containing
species. Therefore, the overpredicted B,Hy decomposition by
the extracted chemical model, as stated above, does not affect
the onset of B—=N compounds, such as BNH,.

Figure 8 compares the ReaxFF and CHEMKIN simulation
results for the time evolution of BNH,, the first stable B—N-
containing molecule formed primarily from the combination of
NH, and BHj radicals. It is observed that the onset and initial
production of this species are predicted very well by the
chemical model at all temperatures. However, its consumption
rate is underpredicted, which leads to an overprediction of its
peak mole fraction in the CHEMKIN simulations. This can be
attributed to the uncertainties in the Arrhenius fitting of BNH,
consumption reactions. In addition, in the ReaxFF simulations,
some B—N compounds go through aggregation reactions to
form relatively large B—N clusters (B > 10, N > 10). Such
reactions were not considered in the extracted chemical kinetic
model, which could also lead to an underprediction of BNH,
consumption in the CHEMKIN simulations.

Figure 9 compares the ReaxFF and CHEMKIN simulation
results for the time evolution of BNH,, which is considered the
end thermodynamically stable compound identified in the gas
phase (large B—N clusters excluded) from ReaxFF simulations.
Due to the delayed consumption of BNH, predicted by our
chemical kinetic model, the formation of BNH, is also slightly
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delayed compared to ReaxFF results. This is because BNH, is
formed from BNH, via BNH; by dehydrogenation. As we
discussed earlier, late-forming compounds have cumulative
errors across all reactions involved in reaching these species,
resulting in more discrepancies with ReaxFF-MD simulations.
Despite this, the rates of increase in BNH, mole fraction are
similar between ReaxFF and CHEMKIN simulations at all
temperatures considered. This suggests that the production
rates of BNH, are well-reproduced by our chemical model
compared to ReaxFF. As detailed in a previous experimental
study,”> BNH, serves as the building block for borazine
(B;N;Hg) formation, which leads to hBN surface deposition.
Another previous study using a computational approach®' also
found that HBNH and B;N;H; are the most effective
precursors for producing BN nanostructures, especially 2D
planar structures such as hBN. They also studied synthetic
products across a range of temperatures and reported that
2000 K is the most productive temperature, achieving the
optimal balance between promoting hBN network formation
and preventing the formation of nonreactive N,. At lower
temperature (1500 K), the products have small flakes and
amorphous structures, while at higher temperature (2500 K),
the products have amorphous turbostratic #-BN-structures.
Therefore, the accurate prediction of BNH, by our chemical
model is expected to lead to promising hBN surface deposition
rate predictions when this model is combined with an hBN
surface chemistry model and applied in CFD simulations of
large-scale CVD devices for hBN production.

4. CONCLUSIONS

In this study, we investigated the gas-phase reactions between
B,Hg and NH; and the reaction pathways potentially leading
to the synthesis of hBN by using ReaxFF-based reactive MD
simulations. We identified major intermediate species, radicals,
and B—N-containing compounds, as well as main reaction
pathways dominant at high and low temperatures. A highly
reduced chemical kinetic model was extracted from ReaxFF
simulations. We incorporated reactions dominant at high and
low temperatures and lumped unconsidered reactions into the
selected reactions to achieve high accuracy and high
applicability across a wide range of temperatures. We obtained
the reaction rate parameters for the selected reactions using
Arrhenius fitting and validated the chemical model in
CHEMKIN against ReaxFF simulation results.

The extracted chemical kinetic model for NH,/B,Ng
systems was demonstrated to be able to accurately predict
the decomposition of the initial precursors, the formation of
the first B—N-containing compound, and the end thermody-
namically stable BN product. This model can be efficiently
applied to future CFD simulations of hBN synthesis in
practical devices once combined with a surface chemistry
model for hBN formation, which is the direction of our future
work.
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