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Abstract The prospects of a control for a novel gallium
nitride pseudo-halide vapor phase epitaxy (PHVPE) with
HCN were thoroughly analyzed for hydrocarbons–NH3–Ga
gas phase on the basis of quantum chemical investigation with
DFT (B3LYP, B3LYP with D3 empirical correction on dis-
persion interaction) and ab-initio (CASSCF, coupled clusters,
and multireference configuration interaction including
MRCI+Q)methods. The computational screening of reactions
for different hydrocarbons (CH4, C2H6, C3H8, C2H4, and
C2H2) as readily available carbon precursors for HCN forma-
tion, potential chemical transport agents, and for controlled
carbon doping of deposited GaN was carried out with the
B3LYP method in conjunction with basis sets up to aug-cc-
pVTZ. The gas phase intermediates for the reactions in the
Ga-hydrocarbon systems were predicted at different theory
levels. The located π-complexes Ga…C2H2 and Ga…C2H4

were studied to determine a probable catalytic activity in

reactions with NH3. A limited influence of the carbon-
containing atmosphere was exhibited for the carbon doping
of GaN crystal in the conventional GaN chemical vapor
deposition (CVD) process with hydrocarbons injected in the
gas phase. Our results provide a basis for experimental studies
of GaN crystal growth with C2H4 and C2H2 as auxiliary
carbon reagents for the Ga-NH3 and Ga-C-NH3 CVD systems
and prerequisites for reactor design to enhance and control the
PHVPE process through the HCN synthesis.

Keywords Computer simulation . Density functional theory .

Gallium compounds . Growthmodels . Semiconducting III-V
materials . Vapor phase epitaxy

Introduction

Gallium nitride (GaN) is a semiconductor, characterized by a
unique combination of properties (wide direct band-gap,
higher thermal conductivity, large free exciton and optical
phonon energies) which makes it highly advantageous for
high-frequency and high-power electronic devices, blue–ul-
traviolet light-emitting diodes (LEDs), and laser diodes.
However, no really cost efficient growth technique is available
for the fabrication of bulk GaN crystals, from which substrate
wafers could be prepared.

Hydrogen cyanide (HCN) is a chemical transport agent in a
novel Ga-C-NH3 or so called pseudo-halide vapor phase
epitaxy (PHVPE) chemical transport system [1–3] as it has
already been demonstrated on the basis of thermodynamic
consideration [2] and quantum chemical mechanistic study
[4]. However, for the PHVPE method [1–3] based on hetero-
geneous reaction between solid graphite and NH3 to release in
the reactor volume the chemical transport reagent (HCN) one
can reveal a potential shortcoming to develop an effective and
scalable CVD GaN method: it is mostly uncontrolled
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generation of the carbonic atmosphere due to inherent features
of the exploited heterogeneous reactive system. Hence, to
bypass the technological problem, we need to investigate the
gas phase reactions of HCN generation since it is expected to
control the process by means of an injection system. First of
all, we consider the reactivity of CH4 with NH3 and Ga vapor
because one can anticipate that the reaction CH4+NH3→
HCN+3H2 can be an important and abundant source of the
chemical transport reagent.We suppose that reactions of C2H6

and C3H8 (homologues of CH4) or C2H4 and C2H2 with NH3

or Ga(2P) can be sources of reactive intermediates if the
corresponding reactions are not hindered.

Reactivity of Ga atoms was studied previously experimen-
tally and theoretically by using quantum chemical methods
(see reviews [5, 6] and references therein) for different elec-
tronic states and therefore, for different approaches to stimu-
late the reaction (thermal or photo-activation). For the present
study, it is important to note that the direct insertion reaction
Ga+CH4→CH3GaH was investigated earlier by the matrix
isolation technique with the matrix UV–irradiation combined
with electron spin resonance (ESR) spectroscopy, ab–initio
quantum chemical calculations [7, 8] as well as IR–spectros-
copy method and DFTcalculations [9]. It was found that CH4,
Ga, CH3GaH, CH3Ga, Ga2, and non assigned Gan clusters
were entrapped in the rigid matrix [9].

In ref. [10] profiles of several potential energy surfaces
(PESs) for the Ga+CH4 system were constructed by a special
procedure with energy calculations by multi–reference con-
figuration interaction with perturbation selection through iter-
ations (CIPSI) method [11, 12] which provides energy as the
sum of the variational energy in the reference space and a
second-order Möller-Plesset (MP2) energy contribution from
the determinants outside the reference space. The reference
CAS(11,12)SCF wave function was expanded on relativistic
effective core potential (RECP) with triple-ζ spd–valence
basis set augmented by s–, p–, and d–diffuse basis functions
[10] for Ga and RECP with double-ζ sp-valence basis set
extended by polarization d-function for C, and 1 s double-ζ
basis set extended by p–polarization function for H atoms. It
was shown that Ga(2S) reacts with CH4 via conical intersec-
tion of the ground and the excited state PESs whereas barrier
height for Ga(2P) was estimated to be 53.7 kcal mol−1 [10].
Transition probabilities between electronic states reported in
ref. [10] were estimated in ref. [13].

The Ga(2P)+C2H2 and Ga(
2P)+C2H4 reactions with varied

concentrations of hydrocarbons were studied [7, 14, 15] by a
combination of Ar matrix isolation technique and low level
quantum chemical calculations with MP2(FC)/3-21G(2d) as
the highest one. In refs. [7, 14, 15], the quantum chemical
methods were employed to search intermediates and to inter-
pret experimental ESR and IR spectral data. Structures of π–
complexes Ga…C2H2…Ga, Ga…C2H2, Ga…C2H4,
Ga…(C2H4)2 were reported in [7, 14, 15]. However, no

reaction mechanisms were established earlier. Therefore, it is
of great interest to study the reactivity of simple gas phase
hydrocarbons, namely, CH4, C2H6, C3H8, C2H2, and C2H4, in
the thermally activated reaction with Ga(2P).

The CH4 (and its homologues), C2H2 and C2H4 are repre-
sentatives of different classes of hydrocarbons. Thus, in the
chosen set, the assessment of their reactivity trend with carbon
chain increase is an important feature of computational screen-
ing. For the Ga–hydrocarbon–NH3 system, one can assume a
catalytic activity or reactivity of Ga…hydrocarbon complex
on the Ga+NH3 insertion reaction or on reactions in the
NH3+hydrocarbon system. These reactions will be studied
with quantum chemical methods.

The goal of the presented study is to predict gas phase
reaction mechanisms for the Ga–hydrocarbon (CH4, C2H6,
C3H8, C2H4, and C2H2) –NH3 systems in the ground state on a
basis of quantum chemical investigation. As a result, the
prospects of control for PHVPE through HCN synthesis in
the hydrocarbon–NH3 reaction will be estimated.
Additionally, we will elucidate the physico-chemical back-
ground of carbon incorporation in the case of injection of the
carbon precursor in the gas phase. It is indispensable to reveal
key–intermediate(s) in the gas phase since they are carried by
dilute gas flow on the surface layer and, thus, can cause the
carbon doping of growing GaN crystal and after passing the
reactor’s exhaust can be trapped and detected in further ex-
perimental investigation.

The computational screening of different hydrocarbons
(CH4, C2H6, C3H8, C2H4, and C2H2) as potential chemical
transport agents and for controlled carbon doping of deposited
GaN assists in the interpretation of the experimental results
and excludes an influence of the particular choice of chemical
reactor design or/and operational conditions.

Computational details

For preliminary stationary point search in the Ga–CxHy–NH3

systems and the PES topography exploration the B3LYP/cc-
pVDZ (C,H)+cc-pV(D+d)Z (Ga) theory level was employed.
These calculations were carried out with GAMESS program
[16]. The reactants, intermediates, and transition states (TSs)
were optimized further at the B3LYP/cc–pVTZ [17–22] the-
ory level by means of GDIIS method [23] as implemented in
the Gaussian 03 suite of programs [24]. ChemCraft [25] and
GaussView3 [26] molecular builders and editors were used as
tools for visualization and further analysis of the results ob-
tained. This theory level was chosen consistent with an earlier
study [4] of reaction mechanisms for the gas-phase model of
the pseudohalide CVD in the NH3-graphit-Ga system. In the
present study, the located structures were re-optimized with
the augmented basis set at the B3LYP/aug-cc-pVTZ theory
level to reduce basis set superposition error (BSSE) which can
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be especially important for atomic–molecular complexes and
other floppy structures including TSs.

Harmonic vibration frequency calculations with analytic
Hessian evaluation were conducted for all the stationary
points to insure their correct assignment to local minima (all
vibrational frequencies are positive) or transition states (sin-
gle imaginary frequency). Minimum energy paths (MEPs)
were constructed between all found stationary points by
means of intrinsic reaction coordinate (IRC) calculations
[27, 28].

This hybrid GGA functional includes three parameters
determined by fitting on the G1 data set [29]. Numerous
assessments and benchmarks of DFT methods found that
results of calculations by B3LYP functional were comparable
or even better than results of other functionals [30]. The
B3LYP density functional became quite popular and is widely
applied to chemical problems including GaN MOCVD in
Me3Ga+NH3 [31–33] and other metal organic sources of Ga
[34, 35]. However, the performance of available density func-
tionals for prediction of structural parameters, reaction and
activation energies is limited [36–38] if middle-range electron
correlation effect is required to be covered or even the PES
topologies as determined with different quantum chemical
methods are qualitative different [39–42].

In addition, taking this into account, the atomic-molecular
complexes were optimized at the B3LYP/aug-cc-pVTZ+D3
theory level where D3 denotes an empirical dispersion cor-
rection [36–38]. Located π-complexes were optimized at the
CCSD/aug-cc-pVTZ theory level with subsequent energy re-
finement with the composite approach CCSD(T)/aug-cc-
pVTZ//CCSD/aug-cc-pVTZ.

The PES profile obtained with the B3LYP method for
the CH4+Ga(

2P)→TS→HGaCH3 reaction was verified at
the CAS(11,12)SCF/cc-pVDZ theory level. Next, the acti-
vation energy was estimated by means of IRC curve fol-
lowing approach [43–47], that is, dual−level approxima-
tion for the quantitative estimation of the activation energy
(Ea) without full optimization of the geometric parameters
in the vicinity of two stationary points (different formal-
isms are reviewed in [48, 49]). Here, Ea was calculated
with the MRCI+Q method in conjunction cc-pVTZ and
aug-cc-pVTZ basis sets on the structures of the IRC curves
obtained at the B3LYP/cc-pVTZ and B3LYP/aug-cc-pVTZ
theory levels, respectively. The augmentation of the cc-
pVTZ basis set was used for estimation of influence of
diffuse function and to provide computational results in
quantitative consistency with the theory level of ref. [10].
To justify the results obtained with the MRCI+Q method, a
set of the IRC curve following calculations at the MR-
DDCI-1/cc-pVTZ and MR-DDCI-3/cc-pVTZ theory levels
was completed. The ORCA suite of programs [50, 51] was
employed for the calculations with the MRCI+Q, MR-
DDCI-1, MR-DDCI-3, and B3LYP+D3 methods.

Results and discussion

Reactivity of CH4, C2H6, C3H8, C2H4, and C2H2 in reactions
with NH3

The chemistry of both reagents (CH4 or other alkanes and
NH3) is well–known and is a fundament of important techno-
logical processes [52]:

1) In the Blausäure–Methan–Ammoniak (BMA, or HCN–
methane-ammonia) process developed by Degussa
around 1949 in cooperation with Heinrich Koppers
GmbH HCN is synthesized from methane and ammonia:

NH3 þ CH4→HCN

þ 3H2 ΔrH ¼ þ256kJ=mol; 1300∘C; catalysis�Pt=Ruð Þ
ð1Þ

2) Shawinigan Chemicals (Canada) developed the Fluohmic
process around 1960. In the Shawinigan process (Shine,
1971) hydrocarbon gases (usually propane or butane) are
reacted with ammonia in a fluidized bed consisting of coal
particles, which are directly heated with electric current:

3NH3 þ C3H8→3HCN

þ 7H2 ΔrH ¼ þ605 kJ=mol HCN; 1350−1650 �Cð Þ: ð2Þ

The conditions required for both processes (high tempera-
ture and/or catalysts) are not realized for the typical PHVPE
GaN crystal growth.

Let us investigate gas phase reactions (3)–(7) of HCN
synthesis, (9), (10) substitution for C2H6 and C3H8, and the
direct addition reactions (11), (12) at the B3LYP/cc-pVTZ
theory level:

CH4 þ NH3→CH3NH2 þ H2 ð3Þ

CH3NH2→HCNH2 þ H2 ð4Þ

CH3NH2→H2CNHþ H2 ð5Þ

HCNH2→HCNþ H2 ð6Þ

H2CNH→HNCþ H2 ð7Þ

H2CNH→HCNH2 ð8Þ

C2H6 þ NH3→CH3CH2NH2 þ H2 ð9Þ

C3H8 þ NH3→ CH3ð Þ2CHNH2 þ H2 ð10Þ
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C2H4 þ NH3→CH3CH2NH2 ð11Þ

C2H2 þ NH3→CH2CHNH2: ð12Þ

Structures and corresponding Cartesian coordinates for the
transition states of the reactions (3)–(7), (9)–(12) were collect-
ed in Supporting information (Fig. 1S and Table 1S).

The activation energy for elementary substitution (3) reac-
tion is 494.5 kJ mol−1 as calculated at the B3LYP/cc-pVTZ
level of theory. Amine CH3NH2 can undergo dehydrogena-
tion reactions (4) and (5) with formation of carbene HCNH2

and imine H2CNH. The Ea values for the reactions (4) and (5)
are 340.6 and 490.5 kJ mol−1, respectively. The HCN forma-
tion in the reaction (6) through dehydrogenation of carbene is
undergone with the barrier height of about 298.5 kJ mol−1.
The reaction path (7) with HNC formation is highly activated
with the barrier height of 375.9 kJ mol−1. For the isomeriza-
tion H2CNH→HCNH2 (8), the activation energy is 356.0 kJ
mol−1. Thus, the calculated data for (3)–(8) is in agreement
with experimentally determined very low reactivity of CH4

with NH3 and necessity to employ catalysis, e.g., like in
Degussa’s BMA technological process.

The elementary substitution (9), (10) and addition (11),
(12) reactions, which can be considered as initial stages of
gas phase HCN synthesis from the hydrocarbons, are very
highly activated as determined at the B3LYP/cc-pVTZ theory
level. For all the structures of the transition states for H2

elimination, the quasi-cyclic four-membered CH…HN moie-
ty with elongated C-H and N-H bonds can be clearly assigned
(Fig. 1S). The activation energies are given as 480.7, 472.7,
233.1, and 162.9 kJ mol−1 for reactions (9), (10), (11), and
(12), respectively. The corresponding reaction energies are
given as the following: 99.4, 90.5, −61.2, and −134.0 kJ
mol−1. The barrier heights for C2H6 and C3H8 (reactions 9
and 10) are insignificantly lower than the one for CH4. Thus,
the hydrocarbons (CH4, C2H6, and C3H8) do not provide
reaction pathway to HCN in the gas phase of GaN PHVPE.

To our knowledge, the reactions (11) and (12) are not
included in any technological process. To be realized for
HCN synthesis, the highly activated stage of C-C bond cleav-
age (with activation energy of about 380 kJ mol−1) is required
to be overcome for the reactions (11) and (12), and is consid-
ered here for completeness of the computational screening.

Reactivity of Ga with CH4, C2H6, and C3H8

In the presented study, we investigate the elementary C–H–
bond insertion reaction for Ga(2P) and CH4, C2H6, and C3H8

(for propane, both primary and secondary carbon atoms were
considered as reactive centers). It is worth noting that the
reaction and activation energies calculated at the B3LYP/cc-
pVTZ and B3LYP/aug-cc-pVTZ theory levels are in very
good agreement (within a few kJ mol−1). An exclusion, i.e.,

in the NH3 association reaction with Ga…C2H2 and Ga…
C2H4, the binding energy is basis set dependent. Thus, to be
consistent with the data reported in ref. [4] and provide easy
comparison of reaction pathways, the values are reported for
the B3LYP/cc-pVTZ theory level. Corresponding values ob-
tained with aug-cc-pVTZ basis set are assembled in Tables 1
and 3. The optimized Cartesian coordinates are given in
Supporting information (Tables 1S and 2S for the calculations
at the B3LYP/cc-pVTZ and B3LYP/aug-cc-pVTZ theory
levels). The structures of all the found TSs (TS1–TS4) include
the quasi–cyclic three membered C…H…Ga fragment
(Fig. 1, Table 1S).

For the Ga+C2H6 (system B in Fig. 2), two alternative
reaction pathways with TS2 and TS3, respectively, were
identified. The saddle points TS2 (symmetry point group
C1) and TS3 (symmetry point group Cs) were located for the
staggered conformation of ethane; however, they differ in the
direction of Ga atom attack (Figs. 1 and 2) and, thus, the
values of dihedral angles defined by C-C…H…Ga atoms —
about 0° and 90° for TS2 and TS3, respectively, as calculated
with the B3LYP method. For TS2 its symmetry analog exists,
TS2a, determined by an approach of Ga atom from symmetry
plane; however, it is a structural equivalent. The structures 2
and 3 (symmetry point groups C1) were located by means of
the IRC calculations as product valleys for TS2 and TS2a,
respectively. However, for the symmetric TS3 and the corre-
sponding reaction path, the structure following downhill to 3
necessarily breaks the symmetry (Cs→C1). Therefore, a bifur-
cation point exists on the reaction path [53, 54]. This conclu-
sion was verified by IRC calculations in the internal coordi-
nates. In this case, the downhill path finished in the TS of
degenerate rearrangement between 2 and 3. In other words, 2

Table 1 Activation (Ea, kJ mol−1) and reaction (Er, kJ mol−1) energies
for reactions of Ga with CH4, C2H6, C3H8, C2H2, and C2H4 as calculated
at the B3LYP/cc-pVTZ and B3LYP/aug-cc-pVTZ theory levels

Reaction Ea, kJ mol−1a Er, kJ mol−1a

Ga+CH4→TS1→
→ VRI point→1

195.4 (193.9) 37.0 (34.6)

Ga+C2H6→TS2→2
Ga+C2H6→TS2a→3

161.2 (160.0) 43.5 (41.6)

Ga+C2H6→TS3 →
→ VRI point→2 or 3

160.2 (158.7) 43.5 (41.6)

Ga+C3H8→TS4 →
→ VRI point→4

155.7 (154.0) 49.5 (47.1)

Ga+C2H2

Ga+C2H2→TS5→5 22.3 (23.1) −46.8 (−47.5)
5→TS6→6 3.1 (3.3) −9.6 (−11.8)

Ga+C2H4

Ga+C2H4→TS7→7 25.1 (23.1) −44.3 (−44.7)
7→TS8→8 304.8 (302.4) 300.7 (295.7)

a Data for B3LYP/aug-cc-pVTZ are given in parenthesis
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and 3 are structural analogues with Ea of the conformational
isomerization of 0.08 kJ mol−1 (Fig. 3); however, their exis-
tence is of especial importance for determination of topology
of the PES fragment and, thus, is important not only for local
rather than for global features of the PES. Bifurcation point for
this case coincides with valley-ridge inflection point that was
determined in ref. [4] for the Ga-NH3 insertion reaction as
well as in ref. [39] associated with degenerate rearrangement.

Similarly, bifurcation points on reaction paths were detected
for the Ga-CH4 and Ga-C3H8 systems after TS1 and TS4,
respectively. Both transition states belong to Cs symmetry
point group. Structures corresponding to saddle points of the
conformational rearrangements with Ea of 0.3 and 7.2 kJ
mol−1 for Ga-CH4 and Ga-C3H8, respectively, are depicted
in Fig. 3. Both TSs belong to the symmetry breaking paths
where the symmetry point groups of structures change from
Cs to C1. Defined in the early 1980s in [55–58], bifurcation
point on PESs is a challenge for ongoing developments of
mathematical grounds and computational algorithms [59–63]
and physico-chemical applications [59, 64–70].

The stabilization energy for all located pre–reactive com-
plexes are estimated to be very small (not more than 0.01 kJ

Fig. 1 Structures corresponding
to transition states and local
minima of PESs optimized at the
B3LYP/cc-pVTZ theory level.
Bond lengths are given in Å

Fig. 2 The PES profiles corresponding to reactions of Ga with CH4,
C2H6, and C3H8 system were obtained at the B3LYP/cc-pVTZ theory
level. The relative energies are in kJ mol−1. The solid, dotted and dashed
lines depict reaction pathways for CH4+Ga(

2P), C2H6+Ga(
2P), and

C3H8+Ga(
2P), respectively

Fig. 3 On the detection of the valley–ridge inflection points onminimum
energy reaction path. Transition state structures for degenerate rearrange-
ments located at the B3LYP/cc-pVTZ theory level: (a) CH3GaH→
CH3GaH; (b) CH3CH2GaH→CH3CH2GaH, and (c) (CH3)2CHGaH→
(CH3)2CHGaH
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mol−1) at the B3LYP/cc-pVTZ theory level, and their struc-
tures are very loose with typical shortest Ga…H distance of
about 3.1 Å (Supporting information, Table 1S). The complex
stabilization energy and the Ga…H distance calculated with
B3LYP+D3 method were found to be 7.5 kJ mol−1 and
3.05 Å, respectively, for CH4 as a representative of alkanes.
The activation energies of the reactions are 195.4 kJ mol−1 for
TS1, 161.2 kJ mol−1 for TS2, 160.2 kJ mol−1 for TS3, and
155.7 kJ mol−1 for TS4 (systems A, B, and C, respectively, in
Fig. 2). For Ga atom approach to primary H atom of C3H8

similar to TS2 of the Ga-C2H6 system, Ea was found to be
162.1 kJ mol−1. As is known, the primary H atoms are less
reactive than secondary H atoms in hydrocarbons. The com-
putational results are in agreement with this experimental
trend as can be deduced from the reaction energies compari-
son. The corresponding reactions are moderately endother-
mic, i.e., the relative energies of 1–4 are 37.0, 43.5, 64.2, and
49.5 kJ mol−1, respectively. The activation (Ea) and reaction
(Er) energies for the reactions in the Ga-hydrocarbon systems
are presented in Table 1.

In earlier studies [5, 6, 10], the analysis of probable influ-
ence of non–dynamic electron correlation for the TS1was not
presented. Here, we performed the analysis of the wave func-
tion obtained with full geometry optimization at the
CAS(11,12)/cc-pVDZ theory level. One can note that the
structure of TS1 located with CASSCF method is similar to
the optimized one in DFTcalculations (Table 1S). The inspec-
tion of the configuration interaction (CI) amplitudes for
CAS(11,12)/cc-pVDZ wave function shows that the relative
weight of the Hartree-Fock configuration (the square of the
first coefficient in the CI expansion vector) is about 0.93.
Thus, it is likely that results of the B3LYP density functional
as a single reference method are reliable. The Ea value was
calculated with the MRCI+Q/cc-pVTZ//B3LYP/cc-pVTZ
(Table 3S) and MRCI+Q/aug-cc-pVTZ//B3LYP/aug-cc-
pVTZ (Table 4S) composite approaches with the IRC curve
following approximation to validate the correctness of treat-
ment of dynamic correlation effect on the PES profile of CH4+
Ga→TS1→HGaCH3 by the B3LYP method. The Ea values
refined with the MRCI+Q method and calculated at the
B3LYP/cc-pVTZ theory level are 208.5 (with the cc-pVTZ
basis set), 204.4 (with the aug-cc-pVTZ basis set), and
173.3 kJ mol−1, respectively. The difference between the
MRCI and B3LYP results in one basis set is 13 kJ mol−1 that
is less than the mean absolute deviation (MAD) for this
density functional (determined in [30] to be 17.3 kJ mol−1)
and is 6.2 % of Ea estimated at the MRCI+Q/cc-pVTZ level
and, thus, one can consider it to be in good agreement. The
basis set augmentation has a very moderate effect, i.e., the
difference is 4.1 kJ mol−1, thus, it is comparable with the
chemical accuracy threshold. No intruder states problem was
detected for the multi-reference calculations on the super-
molecular (Ga…CH4) system for the reactant valley and the

saddle point (Figs. 2S and 3S). Therefore, taking into account
close agreement between values of activation energy calculat-
ed at the B3LYP/cc-pVTZ theory level and with the MRCI+Q
method in conjunction with the IRC curve following approx-
imation and the observed coincidence of the PESs topologies
determined by stationary point search and IRC calculations
with the B3LYP and CASSCFmethods, one can conclude that
DFT-B3LYP density functional is reliable for the activation
energy estimation of the Ga insertion reaction and investiga-
tion of the PES topology for the PES fragment corresponding
to the reaction. The Ea of 224.6 kJ mol−1 calculated earlier in
[10] with the wave function of the CIPSI method expanded on
triple-ζ spd–valence basis set augmented by s–, p–, and d–
diffuse basis functions for Ga and RECP with double-ζ sp-
valence basis set extended by polarization d-function for C, and
1s double-ζ basis set extended by p–polarization function for H
atoms sets with diffuse functions for C and H atoms is about
20.2 kJ mol−1 (10 %) higher than the estimate at the MRCI+Q/
aug-cc-pVTZ theory level. This discrepancy was analyzed
further, first, on limitation of MR-CISD+Q wave function by
means of MR-DDCI-3 and MR-DDCI-1 calculations updating
the IRC curve obtained at the B3LYP/cc-pVTZ theory level
(the multireference methods are ordered here from the most
flexible to least flexible wave function), second, on basis set
extension for all electron basis set, and, third, on implicit
coverage of relativistic effect by effective core potential.

The estimated Ea values for the multireference DDCI-3 and
DDCI-1 methods are 209.0 and 194.7 kJ mol−1 and, thus, two
conclusions can be deduced: 1) MR-DDCI-3 wave function is
a very good approximation to MR-CISD+Q; 2) truncation of
the wave function does not provide value higher than one
calculated with the MRCI+Q method. CIPSI is a hybrid
method providing the total energy as the sum of the variational
energy in the reference space and a second-order Möller-
Plesset (MP2) energy contribution from the determinants out-
side the reference space. Thus, the energy terms can be
overestimated if the quasi-degenerate orbitals are involved in
the space. One can conclude that MRCI+Q method imple-
mented in ORCA being a more elaborated version of CASS
CF-based methods provides a more reliable result.

The basis set extension from aug-cc-pVTZ to aug-cc-
pVQZ for CCSD(T) provides a very small influence on Ea

given as 158.1 and 160.1 kJ mol−1, respectively. If for Ga the
aug-cc-pVTZ-PP pseudo-potential basis set with inner ten
electrons approximated by the effective core potential was
used, the activation energy calculated with the CCSD(T)/
aug-cc-pVTZ-PP(Ga)+aug-cc-pVTZ(C,H)//B3LYP/aug-cc-
pVTZ composite approach is 149.6 kJ mol−1. Hence, the
employed here aug-cc-pVTZ basis set is reliable for energy
calculations.

The trend determined here of reactivity from less reactive
to more reactive in the sequence of CH4 – C2H6 – C3H8 (for
the latter, the insertion reactions for the C–H bond of the
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primary and secondary carbon atom are considered here) is
very common for chemistry of hydrocarbons. Moreover, com-
parison of activation energies for Ga(2P)+NH3→HGaNH2

calculated in refs. [4, 71] results in significantly less reactivity
than for NH3 which in turn is less reactive than HCN [2, 4].
Thus, the reactions of CH4 and its homologues with Ga(2P) in
thermal activated conditions are highly unfavorable and hin-
dered. Hence, these hydrocarbons (CH4, C2H6, and C3H8) are
not the favored candidates for an efficient chemical transport
with carbon doping based on HCN formation or in the form of
reactive carbon intermediates.

Reactivity of Ga(2P) with C2H2 and C2H4

The calculations performed in the presented study reveal that
the T–shaped π–complex Ga…C2H2 (6) is formed in a step–
wise reaction which proceeds via TS5, intermediate 5 and
TS6 with activation energies (Ea) of the first and second step
of 22.3 and about 3.1 kJ mol−1 (Figs. 1 and 4, Table 1). The
relative energy of the complex 5 is −46.8 kJmol−1. The energy
of the association reaction calculated with B3LYP+D3 meth-
od is −58.5 kJ mol−1. To our knowledge, the structure 5 with
trans–oriented H atoms was not reported earlier for Ga/C2H2

complexes. However, a complex with similar structure was
reported [72] for Al. In contrast to 6with two equivalent Ga…
C atomic molecular bond lengths of about 2.268 Å, 5 is
characterized by two non equivalent bond lengths —
2.108 Å and 2.568 Å (Fig. 1 and Table 1S); 6 is thermody-
namically more favorable than 5 by about 8.5 (8.4) kJ mol−1.
The value calculated with D3 correction is given in
parenthesis.

The reaction Ga+C2H4→7was found to proceed through a
single saddle point TS7 with Ea=25.1 kJ mol−1 and reaction
energy −44.3 (−57.8) kJ mol−1 (Fig. 4). The skewed approach

through TS7 is an elementary reaction in contrast to the π–
complex (6) formation for acetylene. No pre-reactive complex
was located for this reaction. The structure corresponding to a
reagent valley from IRC calculations rearranged after full
geometry optimization to a very shallow T-shaped complex
with elongated up to 3.2 Å Ga…C bond lengths (Table 1S).
The double-well potential, i.e., two T-shaped complexes, was
assigned in the earlier study [7] to 2B2 and 2B1 electronic
states for “tight” and “loose” structures, respectively.

Taking into account limited performance of available DFT
methods for systems stabilized by medium range electron
correlation and the determined earlier in [4] difference within
a few dozen kJ mol−1 between the B3LYP and CCSD(T) data,
especially, for Ga-Ga compounds, the π-complexes 6 and 7
were optimized with symmetry restriction, that it, point group
C2v as was determined in the full geometry optimizations with
the B3LYP method, at the CCSD/aug-cc-pVTZ theory level
and the association reaction energies were refined at the
CCSD(T)/aug-cc-pVTZ theory level. The Ga…C bond
lengths are 2.198 and 2.293 Å in 6 and 7, respectively. The
calculated values are by about 0.07 and 0.12 Å less than those
optimized with the B3LYP method. Corresponding reaction
energies at the CCSD(T)/aug-cc-pVTZ theory level are esti-
mated to be −74.9 and −67.5 kJmol−1 while at the CCSD/aug-
cc-pVTZ level used for the geometry optimizations the ener-
gies are −63.9 and −57.1 kJ mol−1, respectively.

Taking into account the determined remarkable difference
between results obtained with the B3LYP, B3LYP+D3, and
CCSD(T) methods, namely, the order of decrease of the
reaction energies given as following Er(B3LYP/cc-pVTZ)>
Er(B3LYP+D3/cc-pVTZ)>Er(CCSD(T)/aug-cc-pVTZ), i.e.,
from lower to higher exothermicity, is analyzed further with
the basis set augmentation (Table 2) and T1-diagnostic calcu-
lation [73, 74].

The values calculated with the DFT+D3 method are in
excellent agreement with those obtained at the CCSD/aug-cc-
pVTZ theory level (Table 2) for both basis sets. However, the
coupled cluster method exhibited remarkable differences in
the provided results: −51.9 and −63.9 kJmol−1 for 6 and −40.9
and −57.1 kJ mol−1 for 7 with cc-pVTZ and aug-cc-pVTZ

Fig. 4 The PES profiles corresponding to reactions of Ga with C2H2

(system C) and C2H4 (system D) were obtained at the B3LYP/cc-pVTZ
theory level. The relative energies are given in kJ mol−1

Table 2 Reaction energy (Er, kJ mol−1) for the association of Ga atom
with C2H2 or C2H4 calculated with the B3LYP+D3, CCSD, and
CCSD(T) methods

Method/basis set Reaction energy (Er, kJ mol−1)

Ga…C2H2 (6) Ga…C2H4 (7)

B3LYP/cc-pVTZ+D3 −66.0 −57.7
B3LYP/aug-cc-pVTZ+D3 −65.6 −57.8
CCSD/cc-pVTZ −51.1 −40.9
CCSD/aug-cc-pVTZ −63.9 −57.1
CCSD(T)/aug-cc-pVTZ −74.9 −67.5

J Mol Model (2014) 20:2473 Page 7 of 12, 2473



basis sets, respectively. The reported, in the presented study,
relative slow convergence of the CCSD calculated energies
with basis set augmentation with respect to this one for
B3LYP method is well known. T1 diagnostic values for Ga,
C2H2, C2H4, 6, and 7 of about 0.012 calculated for coupled
cluster method are below the threshold value of 0.02 [73, 74].
Hence, according to the criterion, influence of non-dynamic
electron correlation on the CCSD(T) results is insignificant.
One can conclude that the results calculated with the
CCSD(T)/aug-cc-pVTZ approach are the best estimate. The
B3LYP/cc-pVTZ data can be taken as a robust estimate for
reaction energies and an extensive screening of reactions,
reaction paths, and structures. The B3LYP/cc-pVTZ+D3
competes very efficiently with the significantly more resource
and time consuming CCSD/aug-cc-pVTZ theory level. The
reaction energies and geometrical parameters reported for the
T-shaped complexes 6 and 7 (Fig. 1, Tables 1S and 2S) were
optimized in the present study at the computational level better
than those reported in refs. [7, 14, 15].

The insertion of Ga atom in the double bond is hindered
(Ea=304.8 kJ mol−1) and unlikely to be observed among the
thermally activated gas phase reactions. Hence, it is very
unlikely that a double carbenoid complex 8 (Fig. 4) and its
successor in the reaction path perfectly linear H2CGaCH2

(shown in Supporting information) will be formed in an
observable amount. For the H2CGaCH2 carbenoid, the ther-
modynamics of the net reaction C2H4+Ga→H2CGaCH2 (Er=
142.4 kJ mol−1) reveals that its formation is unfavorable.

The small activation energies (22.3 and 25.1 kJ mol−1) for
the 6 and 7 generation allow to propose C2H2 and C2H4 as
prospective candidates for GaN carbon doping in the growth
conditions in the Ga-NH3-C2H2 or C2H4 systems and as a
transport agent for enhancement of the conventional Ga–NH3

CVD system. In contrast, CH4, C2H6, and C3H8 do not sig-
nificantly affect the carbon incorporation through gas phase
reactions in the thermal activation conditions. Thus, HCN
generated in C+NH3 at GaN growth conditions in CVD is
the main and the most efficient chemical transport reagent and
the source of the carbon doping via heterogeneous reactions of
HCN and cyano-and isocyano intermediates (HGaCN,
HGaNC, GaCN, and GaNC) located in the previous mecha-
nistic study [4] of the PHVPE system [1–3].

Reactivity of the Ga+NH3 with CH4, C2H2 or C2H4

The π-complexes Ga…C2H2 (6) (Figs. 1 and 4) and Ga…
C2H4 (7) (Figs. 1 and 4) were located at the B3LYP/(aug)-cc-
pVTZ, B3LYP/cc-pVTZ+D3, coupled clusters theory levels.
The question arises, whether the π-complexes are able to
catalyze the HCN synthesis in the C2H2-NH3 and C2H4-NH3

systems or if there is a change of reaction path, reducing the
activation barrier for the Ga…C2H2+NH3 and Ga…C2H4+
NH3 addition reactions in comparison to the earlier calculated

one [4] for Ga(2P)+NH3 (see also [71]). One can note that the
binding energies of the binary complexes 6, 7, and Ga…NH3

are similar, that is, −56.4, −44.6 kJmol−1 as was determined in
the presented study and in ref. [4] –39.4 kJ mol−1. Thus, it is
necessary to study the insertion reaction Ga…NH3+CH4.
Therefore, it is necessary to analyze an opportunity of a
catalytic activity which can enhance the probability of the
Ga-NH3→HGaNH2 or Ga-CH4→HGaCH3 addition reac-
tions. Ternary reactions are relative rare. However, several
examples are known [39, 75–77].

No reaction pathways being equivalent to the reactions
(11), (12) were determined. The structures corresponding to
pre-reactive complexes, saddle points, and products for Ga-
NH3 addition reactions in complexes 9 and 10 are shown in
Fig. 5. The PES profiles for the reactions are depicted in
Fig. 6. The ternary complexes 9 (Ga…C2H2…NH3) and 10
(Ga…C2H4…NH3) were located at the B3LYP/cc-pVTZ and
B3LYP/aug-cc-pVTZ theory levels. The complexation reac-
tions 6+NH3→9 and 7+NH3→10 are moderately exothermic
with reaction energies (Table 3) of −24.2 and −32.0 kJ mol−1,
respectively. Both 9 and 10 can be formed in step-wise reac-
tions in the ternary systems Ga+C2H2 (C2H4)+NH3 when the
intermediate formation of the binary complexes Ga…C2H2

(C2H4) or Ga…NH3 increases the reaction probability.
The activation energies (Ea) estimated as a difference be-

tween the energetic levels of monomers (6 and NH3 or 7 and
NH3) and corresponding saddle points (TS9 or TS10) are
143.0 kJ mol−1 and 131.5 kJ mol−1 as calculated at the
B3LYP/cc-pVTZ theory level (Fig. 6). For 9→TS9 and
10→TS10, Ea values were calculated to be 163.5 and
167.2 kJ mol−1, respectively. The Ea value (94.8 kJ mol−1

above initial reagents Ga and NH3 or 134.2 kJ mol−1 if Ga…
NH3 is thermalized) obtained earlier [4] for the Ga(2P)+
NH3→HGaNH2 reaction is remarkably lower (by about
35 kJ mol−1) than the Ea values (143.0 and 131.5 kJ mol−1

for non-thermalized prereactive complexes 8 and 9) for the
reactions with π-complexes 6 and 7 (Fig. 6). The inclusion of
Ga atom in the π-complexes does not stabilize efficiently
either the saddle point TS9 or TS10 whereas it stabilizes the

Table 3 Activation (Ea, kJ mol−1) and reaction (Er, kJ mol−1) energies
for reactions of Ga…C2H2 (6) or Ga…C2H4 (7) with NH3 and the
reaction Ga…NH3 with CH4 calculated at the B3LYP/cc-pVTZ and
B3LYP/aug-cc-pVTZ theory levels

Reaction Ea, kJ mol−1a Er, kJ mol−1a

6+NH3→9 0 (0) −24.2 (−17.4)
9→TS9→11 167.2 (163.8) 44.7 (40.3)

7+NH3→10 0 (0) −32.0 (−24.9)
10→TS10→12 163.5 (160.6) 2.9 (−2.6)
Ga…NH3+CH4→TS11→
→HGaCH3…NH3

185.6 (185.3) 9.4 (9.3)

a Data for B3LYP/aug-cc-pVTZ are given in parenthesis
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reactive center. The activation energy Ga…NH3+CH4→
TS11→CH3GaH…NH3 is 185.6 kJ mol−1. The complexation
reduced the barrier height by 9.8 kJ mol−1 (ca. 5 % of 195.4 kJ
mol−1 calculated for the Ga+CH4 system). This difference
is less than the MAD value for the B3LYP method [30].

Thus, the rate constant at the temperature T=1000 K through
TS11 is 3.3 times higher than through TS1; however, the net
reaction including TS11 is the third-order reaction, that it, the
enhancement of the gas phase carbonization reaction can be
neglected in comparison with the formation of C2H2 and C2H4

π-complexes which, thus, are the main gas phase reactive
species of GaN crystal carbonization as revealed with DFT
and ab-initio methods.

No reduction of the activation barrier was determined at the
B3LYP/cc-pVTZ theory level and, thus, no enhancement of
GaN CVD with injected hydrocarbons can be proposed with
respect to conventional GaN CVD or to the novel PHVPE.

Conclusions

Quantum chemical modeling of gas phase reactions has been
carried out to gain insight into controlled chemical transport
with HCN as a transport reagent and carbon doping of GaN
crystal in carbon-based (Ga-C-NH3) and conventional carbon-
free (Ga-NH3) CVD systems with injected hydrocarbons. The
reactivity of Ga(2P) with hydrocarbons (CH4, C2H6, C3H8,
C2H2, and C2H4), which can be considered as easy to use and
readily available carbon precursors for both the HCN synthe-
sis and gas phase generation of reactive carbon intermediates,
was predicted at the B3LYP/cc-pVTZ theory level. In addi-
tion, to exhibit probable catalysis for Ga-NH3 addition by
inclusion of NH3 and C2H4 or C2H2 in π-complexes, the
potential energy surfaces of the Ga+C2H2+NH3 and Ga+
C2H4+NH3 systems were studied.

Using CH4 as a precursor it is unlikely to obtain HCN in a
reaction with NH3 (only with catalysts) and no reaction with
Ga, which results in generation of highly reactive intermedi-
ates with low activation energy, was determined at the
B3LYP/cc-pVTZ theory level.

C2H6 reactivity with Ga(
2P) and NH3 is higher in compar-

ison with CH4 (activation energies are lower by 35.2 and
13.8 kJmol−1, respectively); however, HCN cannot be formed
efficiently and Ga(2P) cannot act as a catalyst.

C3H8 reactant closes the series of the investigated alkanes
and is slightly more reactive in comparison in agreement with
the common trend for CH4 homologues.

C2H4 low barrier for reacting with Ga(2P) with π-complex
C2H4…Ga formation but much higher activation energy was
estimated to react with NH3. It is more likely that NH3 reacts
with the product of the Ga+C2H4 complexation reaction but
inclusion of Ga atom in the complex does not activate the Ga+
NH3→HGaNH2 addition.

C2H2 is the most reactive substance between considered
hydrocarbons in reactions with both NH3 and Ga; however, no
efficient reaction pathways to HCN or GaN crystal growth
precursors were revealed in the present quantum chemical
study with the B3LYP density functional.

Fig. 5 Structures corresponding to transition states and local minima of
PESs optimized at the B3LYP/cc-pVTZ theory level. Bond lengths are
given in Å

Fig. 6 The PES profiles corresponding to reactions of NH3 with Ga…
C2H2 (6) and Ga…C2H4 (7) systems were obtained at the B3LYP/cc-
pVTZ theory level. The relative energies are given in kJ mol−1. The solid
and dotted lines depict reaction pathways for 6+NH3 and 7+NH3,
respectively
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Taking into account the aforementioned literature data and
DFT-B3LYP computational results on the reaction mecha-
nisms and activation energies for elementary stages of reac-
tions between hydrocarbons and ammonia summarized in
Table 1, one more conclusion can be drawn regarding process
design perspective. To stimulate an HCN synthesis, the
PHVPE reactor is required to be equipped by a special block
with a properly chosen catalyst. In this case, the control by a
gas flow of the reactive CH4/NH3/N2 mixture or by concen-
tration of CH4 can be set up indirectly, that is, by heteroge-
neous reactions on the catalyst. The novel reactor design with
the two-chamber schema (first, for the HCN synthesis, sec-
ond, for the PHPVE process) can be proposed as an enhance-
ment of the novel PHVPE. A probable catalytic effect of
molten Ga surface on the CH4+NH3→HCN+3H2 reaction
and, thus, in situ generation of chemical transport reagent
can be a subject of further experimental investigation.
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