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First-principles calculations, which also implement the nudged elastic band (NEB) code, are performed to
investigate (i) the stability of the (C2H5)3B:NH3 adduct formed by the initial precursor molecules tri-
ethylborane (C2H5)3B and ammonia NH3 in the metal–chemical-vapor-deposition (MOCVD) of hexagonal
BN, and (ii) the energy barrier to the first ethane elimination through consistent unimolecular, ammonia-
assisted, and adduct-assisted reaction pathways. Comparison is done with the reference case of the
(CH3)3Al:NH3 adduct, notoriously known for its high degree of stability and reactivity, which determines
an overall severe parasitic gas-phase chemical reaction mechanism in the deposition of AlN.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Aluminum nitride (AlN) and high-Al-content AlGaN alloys are
reputed as the technologically relevant wide-band-gap semicon-
ductor material system for the development of deep ultraviolet
(UV), k < 280 nm, light emitting diodes (LEDs) [1,2]. Hexagonal bor-
on nitride (BN) has also made appearance as a material of direct
wide-band-gap properties giving rise to intense room-temperature
deep UV emission and even lasing at 215 nm in electron excitation
experiments [3]. Most importantly, the achievement of hexagonal
BN layers has been approached by the metal–organic-chemical-va-
por-deposition (MOCVD), and on typical – considering the AlN-
based deep UV LEDs – substrates such as SiC [4] and sapphire
[5,6]. Previous explorative research into the MOCVD of BN-related
materials and their properties is done targeting either the achieve-
ment of single phase AlBN solid solutions for lattice matching in
the AlGaN/SiC system [7] or high-quality quaternary BAlGaN lat-
tice matched to AlN and BAlGaN/AlN multiple quantum well struc-
tures for deep UV emission [8]. Very recent advances are reported
on the MOCVD of p-type Mg-doped hexagonal BN on sapphire sub-
strates [9] and on n-type Si-doped AlGaN templates [10], which
suggests hexagonal BN/AlGaN p–n junction as an alternative de-
vice structure for deep UV photonics.

A successful MOCVD of high quality crystalline hexagonal BN
layers requires high process temperatures, �1300 �C [9,11], con-
sidering the strong B–N bond and the need for adequate surface
diffusion. Typical precursors are triethylborane, (C2H5)3B, and
ammonia, NH3, referred as to participate in parasitic gas-phase
chemical reactions [5,11,12], which may essentially be activated
by the high process temperatures.

The development of severe parasitic gas-phase chemical reac-
tions in the reference case of the MOCVD of AlN – which imple-
ments typical precursors such as trimethylaluminum, (CH3)3Al,
and NH3 at high process temperatures (>1100 �C) [13] – is consid-
ered in connection to the high degree of reactivity of the (CH3)3-

Al:NH3 adduct. This adduct is formed instantaneously upon
mixing of the precursors, and already at room temperature. The
NH3 precursor molecule readily donates electron-lone pair to the
electron-deficient (CH3)3Al precursor, the central metal atom of
which has an empty p-orbital [14]. The formation of the (CH3)3-

Al:NH3 adducts triggers intricate gas-phase chemistry dominated
by the propagation of high-order oligomers [(CH3)2AlNH2]n,
n P 3, following the easy dimerization of the amide monomer
(CH3)2AlNH2 [15]. The intricate gas-phase chemistry underlying
the MOCVD of AlN is thoroughly debated [15–20] due to its impact
on the operation of efficient, reproducible and controllable deposi-
tion process.

A variety of group-III R3M and group-V YH3 precursors, M = Al,
Ga, In; R = CH3, C2H5; and Y = N, P, As, is implemented in the MOC-
VD of a whole class of III–V semiconductor materials such as AlGa-
InAsP and more recently AlGaInN [20]. These precursors share the
same coordination characteristics as (CH3)3Al and NH3. Experimen-
tal and theoretical investigations of the initial formation and
subsequent reactivity of adducts formed by the respective
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group-III and -V precursors have been of key importance to ad-
vance the understanding and optimization of MOCVD processes
relevant to the achievement of device-quality semiconductor
structures.

The importance of the adducts R3M:YH3, M = Al, Ga, In; R = CH3,
C2H5; and Y = N, P, As, which form between group-III R3M and
group-V YH3 precursors under the conditions of the MOCVD of a
variety of III–V semiconductors, is known to depend on the relative
magnitude of their stability and the energy barrier to RH (i.e., n-al-
kanes, including methane, CH4, alternatively, ethane, C2H6) elimi-
nation [14]. The gas-phase chemistry involved in the MOCVD of
BN has not been addressed yet. We note though the implementa-
tion of a certain growth approach – the flow-rate modulation epi-
taxy – motivated to alleviate the anticipated parasitic side of gas-
phase chemical reactions in the MOCVD of BN [11].

The present study is focused on achieving a better comprehen-
sion of essential aspects of the MOCVD chemistry of BN by per-
forming first-principles calculations of the stability of the
(C2H5)3B:NH3 adduct and the energy barrier to the first ethane
elimination. This can determine the reactivity of the (C2H5)3B:NH3

adduct in the gas-phase and its potential to undergo evolution to-
wards adduct-derived species which may be of relevance for the
actual deposition mechanism underlying the MOCVD of BN.
Figure 1. Equilibrium structures of reaction species relevant to the investigated
gas-phase reaction pathways of: (a) ethane elimination in the (C2H5)3B + NH3

system; (b) methane elimination in the (CH3)3Al + NH3 system; (c) methane
elimination in the mixed (C2H5)3B + (CH3)3Al + NH3 system.

Table 1
Bond lengths R1 (Å) and R2 (Å), as indicated in Figure 1, of the equilibrium structures
of reaction species relevant to investigated gas-phase reaction pathways of ethane/
methane elimination in the (C2H5)3B + NH3/(CH3)3Al + NH3 reactant systems.

Reaction species R1 (Å) R2 (Å)

(C2H5)2B:NH3 – –
(C2H5)2BNH2 1.40 –
(C2H5)2NH3BNH2 1.50 1.74
(C2H5)3BNH2B(C2H5)2:NH3 1.69 1.60
(CH3)3Al:NH3 – –
(CH3)2AlNH2 1.78 –
(CH3)2NH3AlNH2 1.83 2.10
(CH3)3AlNH2Al(CH3)2:NH3 2.03 1.93
(C2H5)3BNH2Al(CH3)2:NH3 1.94 1.68
2. Methodology rationale and computational details

The modeling of reaction species, which represent correspond-
ing initial reactants, transition states (TSs) and final adduct-derived
products, is performed within the framework of the density func-
tional theory (DFT). The equilibrium structures of all species are
depicted in Figure 1, and their bond lengths are listed in Table 1.
At the first stage of the simulation procedure, the equilibrium
structures of all reaction species are optimized by employing the
Perdew–Wang exchange–correlation functional (PW91) [21] with-
in the generalized gradient approximation (GGA) to DFT, as imple-
mented in the GAUSSIAN 03 code [22]. The PW91 exchange–
correlation functional has been used before as a well performing
alternative method to the Becke 3-parameter exchange Lee–
Yang–Parr correlation hybrid functional (B3LYP) to simulate the
structures of reaction species relevant to the MOCVD of AlGaInN
[19]. In a more general context, the PW91 exchange–correlation
functional may be preferred when the chemistry of n-alkanes
(e.g., methane, ethane) is involved [23]. The 6-31G⁄ basis set is em-
ployed for all atoms. At the next stage of the simulation procedure,
the optimized structures of reaction species are employed for mod-
eling reaction pathways. The VASP code [24] at the PW91 level of
theory is adopted, making use of the projector augmented wave
(PAW) method [25] and a plane wave basis set. The plane wave ba-
sis is expanded up to a cut-off energy of 800 eV. A single C-point is
adopted as k-point sampling.

The nudged elastic band (NEB) code within the VASP package
[26–28] – a very adequate, modern, and powerful numerical tool
– is chosen to determine the minimum energy paths (MEPs) and
transition states, for which a sequence of discrete ‘images’ is pro-
duced. Each ‘image’ corresponds to a specific geometry of the
atoms on their way from a fixed initial to a fixed final state. Stan-
dard NEB [26] calculations are performed for approximately 100
ionic steps to achieve an approximate convergence for a specific
MEP. In order to obtain a rigorous convergence to a transition state
associated to this specific MEP, the standard NEB calculations are
followed by applying the climbing-image NEB algorithm (CI-NEB)
[29], so that the ‘image’ reaches the exact saddle point. In all en-
ergy barrier calculations performed, the number of ‘images’
(including the initial and final ‘images’) is set to ten which is
important because of the correlation between a higher number of
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‘images’ employed in a NEB calculation and an improved precision
of a MEP determination. The NEB code is applied successfully to a
wide range of problems with some of the most recent examples
found elsewhere [30,31]. For the structural relaxations of the spe-
cies involved, their constituent atoms are allowed to relax until the
forces acting on each atom decrease below the value of 0.01 eV/Å.
The total energy convergence criterion in both, geometry optimiza-
tions and electronic structure calculations, is set to be 10�5 eV.
Figure 2. Schematic diagrams of sequences of gas-phase reactions starting with the
formation of the (a) (C2H5)3B:NH3 adduct from the initial (C2H5)3B and NH3

precursor molecules and further C2H6 elimination through the unimolecular
reaction pathway (2); (b) (CH3)3Al:NH3 adduct formation from the initial (CH3)3Al
and NH3 precursor molecules and further CH4 elimination through the unimolec-
ular reaction pathway (5). The inset represents the minimum energy path between
two equilibrium structures (II and IV) of the overall gas-phase reaction. The line
drawn to connect the points serves the only purpose of guiding the eye. The
equilibrium structures of reaction species, corresponding to sequential steps I-to-IV
are depicted in each of the schematic diagrams.
3. Results and discussion

The instantaneous formation of the (C2H5)3B:NH3 adduct is con-
sidered as following the reaction:

ðC2H5Þ3Bþ NH3 $ ðC2H5Þ3B : NH3; ð1Þ

and in the context of the general framework of the formation –
without any energy barrier – of adducts of the type R3M:YH3 be-
tween group-III R3M and group-V YH3 precursors, M = B, Al, Ga,
In; R = H, CH3, C2H5; and Y = N, P, As, [20]. The donor–acceptor
bonding between the electron-rich group-V and the electron-defi-
cient group-III precursors has been a subject of fundamental stud-
ies, particularly on the example of the ammonia borane adducts
H3B:NH3 [20]. We point to the extensive DFT-based studies on the
reactivity of different (CH3)3M:NH3 adducts, M = Al, Ga, In, which
is substantially dependent on the metal atom involved [15–20].
(CH3)3Al, respectively (CH3)3Ga, and (CH3)3In, is the typical group-
III precursor in the MOCVD of AlN, GaN, and InN, and the deposition
process has significantly been optimized. Alternative precursor,
although less implemented, could be triethylaluminum, (C2H5)3Al,
respectively (C2H5)3Ga, and (C2H5)3In. Accordingly, few DFT-based
studies treat the initial reactivity of the (C2H5)3M:NH3 adducts,
M = Al, Ga, In [32]. There is no previous treatment of the reactivity
of adducts relevant to the MOCVD of BN. We note that a successful
precursor combination in the MOCVD of BN involves the group-III
precursor triethylborane, (C2H5)3B [4–12]. Among the complex con-
siderations in the choice of any precursor, the preference to
(C2H5)3B – as may be compared to another potential precursor
available in a liquid form, tributylborane [33] – is due to its volatil-
ity. The vapor pressure of (C2H5)3B is �12.5 torr at 0 �C [34], which
is appropriate in MOCVD conditions.

The (C2H5)3B precursor, like any other group-III ethyl, propyl,
butyl alkyls, is expected to undergo unimolecular decomposition
through b-elimination reaction. This may have consequences for
the overall growth chemistry underlying the MOCVD process,
and the material properties of the epitaxial layers. In the classical
case study of the MOCVD of GaAs, decomposition reactions of
group-III alkyls– active at or near the growing surface – contribute
a basis for qualitative description of the growth trends in respect to
the use of (CH3)3Ga, alternatively, (C2H5)3Ga precursors [35]. Par-
ticularly, the difference in the carbon incorporation into GaAs is ex-
plained with the difference in the reaction products from the
decomposition of the corresponding precursors. The (C2H5)3Ga
decomposition through b-elimination reaction with the formation
of C2H4 is considered the important reaction pathway in the
(C2H5)3Ga-based MOCVD of GaAs. Ethyl radicals (which can take
a hydrogen atom from AsH3 to form C2H6), and (C2H5)3Ga:AsH3 ad-
ducts – which can also participate in the C2H6 elimination reaction
[35] – are intermediate reaction products in this case [36]. Unlike
the (C2H5)3Ga:AsH3 adduct, the (C2H5)3In:PH3 adduct in the
(C2H5)3In-based MOCVD of InP is strong enough and propagates
the gas-phase with ethane elimination due to the reactivity of
the hydrogen attached to the outer C (b-carbon) [36].

For the decomposition of individual precursors to be important
under MOCVD conditions – and considered to directly reflect the
operation of reactions at or near the growing surface [35] – the
corresponding adduct needs to be unstable, which obviously ap-
plies to the case of GaAs. It is presented that the dissociation en-
ergy of the R3M:YH3 adducts, M = Al, Ga, In; R = CH3, C2H5; Y = N,
P, As, decreases in the order N� P > As, and the stability of adducts
decreases in the order Al > In P Ga [20]. The adducts between the
group-III R3M precursors and NH3are essentially strong and can be
dominating the MOCVD chemistry of III-Nitrides. Particularly, the
(CH3)3Al:NH3 adduct is notoriously known for its stability and sub-
sequent facile methane elimination to form high-order oligomers
[15], which certainly reflects the tendency of retention of the very
strong Al–N coordination interaction [20].

Following the perceived instantaneous (C2H5)3B:NH3 adduct
formation upon mixing of the precursors – and in the context of
the considered general framework – ethane elimination is further
considered consistent with the reaction pathways (2–4):



Figure 3. Schematic diagrams of sequences of gas-phase reactions starting with the
formation of the (a) (C2H5)3B:NH3 adduct from the initial (C2H5)3B and NH3

precursor molecules and further C2H6 elimination through the ammonia-assisted
reaction pathway (3); (b) (CH3)3Al:NH3 adduct formation from the initial (CH3)3Al
and NH3 precursor molecules and further CH4 elimination through the ammonia-
assisted reaction pathway (6). The inset represents the minimum energy path
between two equilibrium structures (III and V) of the overall gas-phase reaction.
The line drawn to connect the points serves the only purpose of guiding the eye. The
equilibrium structures of reaction species, corresponding to sequential steps I-to-V
are depicted in each of the schematic diagrams.
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ðC2H5Þ3B : NH3 ! TSð2Þ ! ðC2H5Þ2BNH2 þ C2H6 ð2Þ
ðC2H5Þ3B : NH3 þ NH3 ! TSð3Þ ! ðC2H5Þ2BNH2 : NH3 þ C2H6 ð3Þ
ðC2H5Þ3B : NH3 þ ðC2H5Þ3B : NH3 ! TSð4Þ
! ðC2H5Þ3BNH2BðC2H5Þ2 : NH3 þ C2H6 ð4Þ

where TS(2–4) stands for transition state.
Since ammonia is typically introduced in the gas-phase in the

ratio of NH3/(C2H5)3B �210–2100 in the MOCVD of BN [5], the
reaction pathway (3) can easily be assisted via collisions between
the (C2H5)3B:NH3 adducts and the excess NH3 molecules present
in the gas-phase. High gas-flow rates of NH3 and high process tem-
peratures, typical in the MOCVD of BN (and AlN), imply that there
is an excess of active N-bearing species readily available for depo-
sition at the surface [15].

The C2H6 elimination following any of the unimolecular (2),
ammonia-assisted (3) and adduct-assisted (4) reaction pathways
essentially generates adduct-derived species, which can poten-
tially evolve further by next steps of C2H6 elimination. Our purpose
is, however, to evaluate the importance of the (C2H5)3B:NH3 adduct
in the MOCVD of BN, which depends on the relative magnitude of
its stability and the energy barrier to the first ethane elimination
[14].

Figures 2a, 3a, and 4a represents schematic diagrams of se-
quences of gas-phase reactions starting with the formation of the
(C2H5)3B:NH3 adduct from the initial (C2H5)3B and NH3 precursor
molecules. The adducts may eliminate ethane through the transi-
tion states TS(2–4) and evolve towards the adduct-derived species
(C2H5)2BNH2, (C2H5)2BNH2:NH3, and (C2H5)3BNH2B(C2H5)2:NH3,
respectively. The equilibrium structures of all reaction species, as
obtained following the described computational procedure, are de-
picted alongside with the corresponding sequential steps I-to-IV(V)
in each of the schematic diagrams. Particularly, the geometry opti-
mization of a transition state structure (i.e., a metastable struc-
ture), is a very demanding task [14], which has been solved by
implementing adequate tools: the NEB and the CI-NEB codes. En-
ergy barrier calculations (respective insets in Figures 2a, 3a, and
4a) allow relative energies of reaction species to be obtained with
respect to the initial reactant system (C2H5)3B + NH3. The initial
reactants and final configurations correspond to the reaction spe-
cies associated with steps in each of the schematic diagrams in Fig-
ures 2a, 3a, and 4a, II to IV in the first case and III to V in the other
two, respectively.

The discussion of the stability of the (C2H5)3B:NH3 adduct, and
the energy barrier to the first RH (in this case C2H6) elimination
through the reaction pathways (2–4), involves comparison with
the stability of the reference (CH3)3Al:NH3 adduct and the energy
barrier to the first RH (in this case CH4) elimination through the
equivalent reaction pathways (5–7):

ðCH3Þ3Al : NH3 ! TSð5Þ ! ðCH3Þ2AlNH2 þ CH4 ð5Þ
ðCH3Þ3Al : NH3 þ NH3 ! TSð6Þ ! ðCH3Þ2AlNH2 : NH3 þ CH4 ð6Þ
ðCH3Þ3Al : NH3 þ ðCH3Þ3Al : NH3 ! TSð7Þ
! ðCH3Þ3AlNH2AlðCH3Þ2 : NH3 þ CH4 ð7Þ

where TS(5–7) stands for transition state.
The equilibrium structures of the corresponding reaction spe-

cies, as obtained after geometry relaxation, and the associated rel-
ative energies, as calculated with respect to the initial reactant
system (CH3)3Al + NH3, are depicted alongside with the sequential
steps I-to-IV(V) in each of the schematic diagrams in Figures 2b, 3b,
and 4b, respectively. The same simulation procedure, as in the case
of the (C2H5)3B + NH3 reactant system, has been carried out.

The (C2H5)3B precursor molecule forms a stable adduct with
ammonia expressed by the gain of energy of 13.9 kcal/mol (Figure
2a). On the other hand, the (C2H5)3B:NH3 adduct appears as consid-
erably less stable than the reference (CH3)3Al:NH3 adduct, which
formation is exothermic by 22.6 kcal/mol (Figure 2b). This value
compares well with previously published reaction energies for
the (CH3)3Al + NH3 system, i.e., an energy gain of 27.0 kcal/mol
for the formation of the (CH3)3Al:NH3 adduct and energy barrier
to the first methane elimination of 26.0 kcal/mol [18]. The energy
barrier to the first methane elimination through the transition
state TS(5) has the value of 24.7 kcal/molin our calculations (Figure
2b). It determines a relative energy of TS(5) of only 2.1 kcal/mol
with respect to the initial reactant system (CH3)3Al + NH3 (Figure
2b). A larger energy barrier, 36.0 kcal/mol, to the first ethane elim-
ination through the unimolecular reaction pathway (2) is calcu-
lated for the (C2H5)3B + NH3 system (Figure 2a).

It might be expected [18] that the joint impact of the following
two aspects: (i) the relatively lower stability of the (C2H5)3B:NH3

adduct (as compared to the (CH3)3Al:NH3 adduct), which is a factor
for reversible relaxation to the initial precursor molecules (reaction
(1)); and (ii) the larger energy barrier to the first ethane elimina-
tion, and the associated large relative energy of the corresponding
transition state TS(2) as obtained with respect to the initial
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reactant system (C2H5)3B + NH3 (Figure 2a);can preclude the reac-
tivity of the (C2H5)3B:NH3 adduct in the gas-phase and its potential
to undergo evolution towards adduct-derived species. The opera-
tion of the parasitic side of the gas-phase chemical reactions in
the MOCVD of BN may not essentially be initiated. In this case,
the decomposition of the initial precursors, (C2H5)3B and NH3,
and particularly at or near the growing surface, may dominate
the actual deposition process of BN.

Possibility for crossing the energy barrier to the RH (R = CH3,
C2H5) elimination through corresponding transition states cannot
be totally disregarded. It may successfully occur on the account
of the quantized vibrational energy stored upon formation of the
adducts, which are not in their ground states [37]. Further, adducts,
and particularly excited adducts, are expected to climb the energy
barrier to transition states, if adducts formation takes place under
the conditions of high temperatures [17]. This is of particular con-
cern in the MOCVD of BN, similarly to AlN, as it implies high pro-
cess temperatures (�1300 �C). The above qualitative comments
give reflection on the fact that the severity to which the parasitic
Figure 4. Schematic diagrams of sequences of gas-phase reactions starting with the
formation of the (a) (C2H5)3B:NH3 adduct from the initial (C2H5)3B and NH3

precursor molecules and further C2H6 elimination through the adduct-assisted
reaction pathway (4); (b) (CH3)3Al:NH3 adduct formation from the initial (CH3)3Al
and NH3 precursor molecules and further CH4 elimination through the adduct-
assisted reaction pathway (7). The inset represents the minimum energy path
between two equilibrium structures (III and V) of the overall gas-phase reaction.
The line drawn to connect the points serves the only purpose of guiding the eye. The
equilibrium structures of reaction species, corresponding to sequential steps I-to-V
are depicted in each of the schematic diagrams.
side of gas-phase reactions is manifested in reduction of the
growth efficiency depends on the MOCVD process conditions, reac-
tor geometry features, and residence time of precursors; heat dis-
tribution profiles and temperature gradients. We have shown that
device quality AlN-based heterostructures, and on a large 2 inch
diameter size wafers, can successfully be achieved in a horizon-
tal-type MOCVD reactor with merged jet of the precursors (CH3)3-

Al and NH3 – rather opposite to the common practice – provided
optimization of the mixing point in a cool upstream region is
achieved [38]. Other approaches to alleviate the parasitic side of
gas-phase reactions involve the implementation of: (i) various
modifications of the above referred flow-rate modulation epitaxy
[11], which for a horizontal-type reactor introduces the precursors
in a fashion that totally avoids their mixing, or (ii) vertical-type
reactor designs with mixing of the precursors just shortly above
the heated substrate [39].

The energy barrier to the RH (i.e., C2H6) elimination is raised
through the transition state TS(3) in the presence of excess ammo-
nia for the (C2H5)3B + NH3 system (Figure 3a). In a clear contrast,
the energy barrier to the RH (i.e., CH4) elimination is reduced
through the transition state TS(6) in the presence of excess ammo-
nia for the (CH3)3Al + NH3 system (Figure 3b).

The coordination interaction of the (CH3)3Al:NH3 adduct with a
second ammonia molecule forms a stable transition state ex-
pressed by the gain of energy of �1.0 kcal/mol. Formation of a sta-
ble transition state implies the possibility that the (CH3)3Al:NH3

adduct could proceed to the generation of adduct-derived species
in the gas-phase. While the ammonia-assisted reaction pathway
can open an effective RH elimination channel in the (CH3)3Al + NH3

system, the propagation of adduct-derived species in the gas-phase
in the (C2H5)3B + NH3 system can be restrained.

The established difference in the reactivity of the (C2H5)3B:NH3

and (CH3)3Al:NH3 adducts in the presence of excess ammonia
might be accounted for the different coordination requirement of
B and Al atoms. Yet, when same atoms are involved, difference in
the reactivity is established due to steric repulsion between the
ethyl groups and ammonia, which hardly takes place for the
methyl groups [32]. Our results show that the second ammonia
molecule comes to a shorter distance to the (CH3)3Al:NH3 adduct.
The respective Al–N bond length evolves from 1.67 Å, when the
N–H bond in the second ammonia molecule is breaking, to 1.51 Å
immediately after the methane molecule is eliminated. In the anal-
ogous coordination interaction, involving the (C2H5)3B:NH3 adduct,
the respective B–N bond length evolves from 1.96 Å, when the N–H
bond in the second ammonia molecule is breaking, to 1.83 Å
immediately after the ethane molecule is eliminated.

With reference to the steric repulsion between the ethyl groups
in two (C2H5)3B:NH3 adducts, which prohibits a strong coordina-
tion interaction, the energy barrier to the ethane elimination
through the TS(4) in the adduct-assisted (4) reaction pathway is
established to be further raised (Figure 4a) as compared with the
ammonia-assisted (3), and particularly with the unimolecular (2),
reaction pathways in the (C2H5)3B + NH3 system (Figures 2a and
3a, respectively). It is interesting to note that the replacement of
one of the (C2H5)3B:NH3 adducts with a (CH3)3Al:NH3 adduct can
substantially reduce the energy barrier to the RH elimination (Fig-
ure 5) being manifestation of the impact of the strong Al–N coordi-
nation interaction.

Due to steric repulsion, though less pronounced between the
smaller methyl groups in the (CH3)3Al:NH3 adducts, the energy
barrier to the methane elimination through the TS(7) in the ad-
duct-assisted (7) reaction pathway, is raised (Figure 4b) as com-
pared with the ammonia-assisted (6), and the unimolecular (5)
reaction pathways in the (CH3)3Al + NH3 system (Figures 2b and
3b, respectively). Nevertheless, the relative energies of the corre-
sponding transition states for the RH (i.e., CH4) elimination in the



Figure 5. Schematic diagram of sequence of gas-phase reactions starting with the
formation of the (C2H5)3B:NH3 adduct from the initial (C2H5)3B and NH3 precursor
molecules and further CH4 elimination through an (CH3)3Al:NH3 adduct-assisted
reaction pathway. The inset represents the minimum energy path between two
equilibrium structures (III and V) of the overall gas-phase reaction. The line drawn
to connect the points serves the only purpose of guiding the eye. The equilibrium
structures of reaction species, corresponding to sequential steps I-to-V are depicted
in the schematic diagram.
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(CH3)3Al + NH3 system – TS(5) �2.1 kcal/mol, TS(6) � � 1.0 kcal/
mol, and TS(7) �7.8 kcal/mol – are in the same order. The elimina-
tion of the RH (i.e., C2H6) in the (C2H5)3B + NH3 system is calculated
to be energetically much more costly with relative energies of the
corresponding transition states TS(2) �22.2 kcal/mol, TS(3)
�45.9 kcal/mol, and TS(4) �67.9 kcal/mol, of about an order of
magnitude higher.
4. Conclusion

First-principles calculations, which also implement the NEB
code, are performed to investigate the stability and subsequent
reactivity of the (C2H5)3B:NH3 adduct formed by the initial precur-
sor molecules (C2H5)3B and NH3 in the MOCVD of hexagonal BN. Of
the consistent gas-phase reaction pathways considered, ethane
elimination from the adduct generating the amide monomer (C2-

H5)2BNH2 is characterized with the energy barrier of �36 kcal/
mol. As justified by the raise of the corresponding energy barriers,
�59 kcal/mol and 95 kcal/mol, ethane elimination is not facilitated
by adduct reaction with neither a second ammonia molecule (NH3

is in excess in the gas-phase) nor with a second adduct (the
(C2H5)3B and NH3 precursor molecules convert to adduct with no
energy barrier). The (C2H5)3B:NH3 adduct appears stable against
ethane elimination, suggestive that the propagation of adduct-de-
rived species – capable to further react and complicate the overall
gas-phase chemistry underlying the actual deposition mechanism
– may essentially be precluded. A clear contrast can be noted with
the reference case of the (CH3)3Al:NH3adduct with facile methane
elimination which is further promoted through the coordination
interaction with a second NH3 molecule. In terms of operating con-
ventional MOCVD process, excess ammonia contributes active –
and readily available – N-bearing species for deposition at the sur-
face. The excess ammonia, however, promotes further the already
high degree of reactivity of the (CH3)3Al:NH3 adduct with known
ultimate adverse effect on the growth efficiency in the deposition
of AlN. It results from the propagation of less-volatile adduct-de-
rived species in the gas-phase. The first-principles calculations in
this study allow speculating that the excess ammonia in the
deposition of BN operates to prevent any reactivity of the (C2H5)3-

B:NH3 adduct in the gas-phase.
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