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A feasible mechanism for catalyst- and template-free InN
nanorod growth was proposed, consisting of the random
nanoparticle nucleation from stable gas phase oligomers and
the subsequent directional growth along the c-axis. A com-
bined study of equilibrium analysis and computational ther-
mochemistry was used to determine the optimal growth con-
ditions — growth temperature and Cl/In ratio — for InN nano-

1 Introduction Nanoscale structures (such as
nanowires and nanorods) of group Ill-nitride materials
have drawn extensive interest in the application of quan-
tum electronics, optoelectronics and sensors [1-8]. We al-
ready demonstrated the promising application of Pt-coated
InN nanorods (termed NRs hereafter) for hydrogen gas
sensors [9]. In many cases, group III-nitride nanorods have
been grown by catalyst-assisted or oxide-assisted vapor
phase growth techniques [10-14]. Only limited attempts of
catalyst-, oxide-, and template-independent group III-
nitride NR growth were successfully reported; GaN NR
growth by typical hydride vapor phase epitaxy (HVPE)
[15], InN NR growth by hydride metal organic vapor phase
epitaxy (H-MOVPE) from our efforts [9, 16], and AIN NR
growth by chemical vapor deposition (CVD) using AICl;
and NH; [17]. A proper growth mechanism hence has not
yet been proposed unlike catalyst-assisted and oxide-
assisted growths described by the vapor-liquid-solid
mechanism and vapor-solid mechanism involving a series
of oxidation and reduction respectively [14].

Meanwhile, Timoshkin pointed out the possibility of
gas phase nanoparticle formation in his theoretical study
on the stability of rings and clusters in the gas phase during
the CVD of group III-V materials [18]. Several other theo-
retical studies of potential gas phase intermediates in group
I element (Al, Ga, and In)-N-H-Cl systems also sug-
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rod growth based on the proposed mechanism, and the com-
putationally determined values showed a good agreement
with reported experimental results. The involvement of InCls
as a key species in the proposed mechanism required the
Cl/In ratio to be ~ 3 by stoichiometry. The growth zone of
InN nanorods by HVPE was demonstrated to lie in the vicin-
ity of the growth-etch transition.
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gested the formation of thermodynamically stable oligomer
species, [Cly(Al, Ga or In)NH,],, in the gas phase even at
elevated temperatures (up to 1000 K) [19-22]. Based on
those conclusions [18-22], a probable solid-vapor mecha-
nism for InN NR growth by H-MOVPE featured with ran-
dom nanoparticle nucleation from the stable gas phase oli-
gomers and the subsequent directional growth along the c-
axis was introduced in our previous report [16]. Experi-
mental observations were fairly consistent with the pro-
posed growth mechanism as well [16].

In this study, the proposed solid-vapor mechanism [16]
is rationalized in more details using equilibrium analysis
combined with computational thermochemistry. The opti-
mal growth conditions for InN NR growth are resolved by
evaluating kinetic and thermodynamic constraints of the
system. Computationally determined growth conditions are
then compared to reported experimental conditions in lit-
erature [16] to verify the mechanism, particularly growth
temperature and Cl/In ratio which were experimentally
screened out as most influencing growth parameters [16].

2 Computational methods All computational ther-
mochemistry calculations were carried out using the
GAUSSIAN 03 program [23], along with B3LYP DFT
model chemistry and a split basis set (LanL2DZ for In
element and 6-311G(d) for other elements) [23-25]. Full
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geometry optimization was carried out for all gas species.
The transition state (TS) was located using the Berny Al-
gorithm as implemented in the GAUSSIAN 03 program
[23]. Harmonic vibration frequencies were calculated for
each structure, which allowed the enthalpy and Gibbs en-
ergy to be obtained computationally.

The CVD diagrams were computed using ThermoCalc
software with the SUB94 database implemented [26-29].

3 Results and discussion

3.1 Growth mechanism of InN nanorods The
growth mechanism of catalyst- and template-free InN NRs
by H-MOVPE is proposed as shown in Fig. 1. In this
modified system of HVPE, HCl is reacted with trimethyl-
indium (TMIn) instead of the liquid indium source used in
conventional HVPE [16]. The original idea of the proposed
mechanism is the possibility of the nucleation of nanopar-
ticles from stable gas phase oligomer species, [Cl,InNH,],..
The oligomer is an aggregate of the monomer (Cl,InNH,)
with HCI eliminated from the ammonia adduct (Cl;In:NHj).

As shown in Fig. 1, 2-D film growth with uniform nu-
cleation by the reaction of InCl (ad) and NHj; (ad) is fa-
vored when the Cl/In ratio is ~ 1. In this region, InCl is the
dominant gas phase reactant species along with NHj.
When the Cl/In ratio is increased to 3, the formation of
InCl; becomes kinetically possible depending on the
growth temperature (> 800 K) although its negative en-
tropy generation (AS < 0) renders it thermodynamically
unfavorable with the temperature increase. It is discussed
in Sections 3.2 and 3.3. The InCl; forms an ammonia ad-
duct (Cl;In:NH3) with NH; and the subsequent monomer
formation (Cl,InNH,) via a HCI elimination leads to the
formation of innate In-N bond in monomer [18-22]. The
oligomer species ([Cl,InNH,],), an aggregate of monomers,
has been identified to be stable in the gas phase below a

-CHs -CHs -CHy

certain high temperature (up to 1000 K) [18-22]. The
strong intramolecular H-CI hydrogen bonding and dipole-
dipole interactions are known to favor the formation of lar-
ger oligomer species [21]. The extent of the oligomeriza-
tion process has not been known explicitly, but Timoshkin
reported that the generation of gas phase [HGaNH], clus-
ters even with oligomerization degree n > 60 is viable in
his theoretical works [30, 31]. When the Cl/In ratio be-
comes much higher than 3, InN growth becomes unfavor-
able because of the enhanced HCI etching by excess HCI
(g). In addition, the equilibrium of the reaction, InCl;:NHj;
> ClL)InNH, + HCI, is shifted against the monomer forma-
tion. The result is either sparse nucleation or a complete
lack of InN growth.

The proposed growth mechanism presented in Figure 1
properly describes the growth behavior observed in the
InN NR growth by H-MOVPE [16]. The involvement of
InCl; as a key intermediate in the mechanism requires the
Cl/In ratio to be ~ 3 by stoichiometry and this has been
confirmed experimentally, as the optimal Cl/In ratio used
for InN NR growth was 3 ~ 4 [16]. At higher chlorine con-
centration in the system (Cl/In = 4 ~ 7), sparse nanorods or
microrods were grown [16]. In addition, the growth behav-
ior of InN NRs was independent of the kind of substrate
(silicon, GaN, or sapphire) [16]. This explains in that the
nucleation of nanoparticles from stable gas phase oli-
gomers, regardless of the growth mechanism, would not be
likely related to the substrate.

The observations that an individual nanorod was fac-
eted and did not show any cap morphology, and its diame-
ter did not change along the growth direction suggested a
solid-vapor mechanism initiated by random nanoparticle
nucleation and the subsequent directional growth [16]. The
preferential growth along the c-axis [15-17] is rather ex-
plicitly portrayed by dipole-dipole interactions between

In{CHzlz () ——— In(CH3lz (@) ——— InCHz () + HCI {g) ——— InCl (g)

CEIN » 3

crm-3
InCl (ad) + MH; (ad)

— InM () + HCI fg) + Ha (1)
: 2D film growth

InM (=) etching by excess HCI (g)
Clalm:MHz () — ClelnMHz (g) + HCI (g)

Equilibrium shifted against monomer farmation

InCl (g) +2HCI (g) — InCls (g) + Hz (3)
InCly (g) + MHs (g) — Clylr:NHs (g)
Clalr:MNHs (@) — ClinkHz (g) + HCI ()

- No growth or sparse nucleation

CllnkH; — Cligomerization — Scattered random nucleation of nanoparicles

— Directional growth along the c-axis
- Nanored growth
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Figure 1 Proposed growth mechanism of
InN NRs by H-MOVPE.
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nanoparticle nuclei and gas phase precursor species along
the c-axis. An oligomer species (CloIngN¢Hy) [21], as an
example, has the wurtzite structure inside although its
boundaries are saturated with hydrogens and chlorines.
The nanoparticle nucleus resulting from this oligomer spe-
cies thus has a dipole axis along the c-axis of its incorpo-
rated wurtzite structure. It is likely that the dipole axes of
nuclei then are randomly oriented at the initial stage of nu-
cleation irrespective of the kind of substrate. Chlorine con-
taining gas phase precursor species have strong dipoles, as
does NH;. Thus, higher reactant flux driven by dipole-
dipole interactions along the c-axis favors the directional
growth following randomly oriented nanoparticle nuclea-
tion. The experimental results demonstrated that the
growth rate along the c-axis is significantly higher than the
rate along the lateral direction [15-17]. It has also been
demonstrated that preferential growth of ZnO nanorods
along the c-axis in the presence of a perpendicular electric
field in plasma-enhanced CVD occurs by attracting
charged particles to the nanorod ends [32], and this is in
the same context.

3.2 Gas phase kinetics The growth temperature was
experimentally confirmed as a key growth parameter along
with Cl/In ratio [16]. While the preferable Cl/In ratio for
the NR growth was determined to be ~ 3 by the inherent
idea of the proposed growth mechanism itself (see Fig. 1),
a combined study of computational thermochemistry and
equilibrium analysis was employed to locate the tempera-
ture range most preferable for InN NR growth based on the
proposed mechanism, and the results are discussed in Sec-
tions 3.2 and 3.3. In most cases, kinetically limited gas
phase reactions placed an upper limit on growth tempera-
ture in CVD. The detailed study using computational ther-
mochemistry thus was preceded to obtain activation barri-
ers of gas phase reactions and to assess kinetic constraints
of the system in terms of growth temperature.

To test the selected basis set of moderate size
(LanL2DZ for In element and 6-311G(d) for other ele-
ments), reaction enthalpies for the thermal decomposition
process, TMIn — dimethylindium (DMIn) — mono-
methylindium (MMIn), as occurred initially in H-MOVPE
[16], were calculated and compared with literature values
[33] obtained with a bigger basis set in Table 1. It was
demonstrated the selected basis set is acceptable enough to
describe the trend of enthalpies for the methyl dissociation
from TMIn with a fair accuracy. The DMIn has the planar
doublet C,, geometry with an unpaired electron due to
their sp* hybridization and it is likely to decompose readily
to stable singlet MMIn, where one electron in the p orbital
is in effect donated to the carbon. The Mulliken atomic
charges of In and C elements (In/C) were varied in DMIn
and MMlIn as follows: 0.601/-0.196 (DMIn) — 0.445/
-1.069 (MMIn). The MMIn is stabilized by the ionic char-
acteristics of In-C bond. The energy barrier for the third
methyl dissociation from MMIn is increased again due to
their strong In-C bond.

WWW.pss-c.com

Table 1 Calculated reaction enthalpies for the thermal decompo-
sition of TMIn.

Entry Reactions AH®5 AH 05
(kcal/mol) in literature

1 IH(CH3)3 i Il’l(CH3)2 + CH3 61.1 58.8%

2 In(CH3)2 g InCH3 + CH3 26.6 247a

3 InCH; — In+ -CH;j 54.0 53.8%

“Data was taken from Ref. [33].

The formation of InCl via the reaction of MMIn and
HCI, known to occur in H-MOVPE, is depicted in Fig. 2.
The calculated energetics showed a minimum barrier for
the reaction and its high exothermicity shifted the reaction
forward. The main gas species, with Cl/In ratio ~ 1, be-
comes InClL. The 2-D film growth then follows via a het-
erogeneous reaction between adatoms of InCl and NH;. In
HVPE, liquid In reacts with HCI to form InCL

f{*‘“"_,n‘ cl
&

0.4%

InCH; + HCl

InCl+ CHy

Figure 2 Calculated energetics of the formation of InCl. The
AU’,95 values have the unit of kcal/mol.

When the Cl/In ratio increases up to 3, another path-
way becomes viable in the gas phase, the formation of
InCl;. Figure 3 showed the calculated energetics of InCl;
formation from InCl via the reaction with two HCls. The
overall reaction is also exothermic with negative AS. This
means the pathway is thermodynamically favorable below
a certain temperature, which is discussed in Section 3.3.
The pathway did have a comparatively high activation bar-
rier in the first HCI addition to form InHCI,, probably at-
tributed to the bond characteristic change from ionic to sp
hybridized. InHCl, and InCl; have planar C,, and Cs;
symmetries by sp” hybridization, respectively.

The formation of ammonia adduct (Cl;In:NH;) readily
follows due to its high exothermicity. Table 2 listed calcu-
lated reaction enthalpies for the formation of Cl;In:NHj;
and corresponding literature value obtained using a higher
level MP2 theory [20]. They also showed a good
agreement. Although the subsequent monomer formation

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3 Calculated energetics of the formation of InCls. The AU’,9¢ values have the unit of kcal/mol.

through HCI elimination is endothermic, its reaction en-
thalpy is smaller than the energy gained in the correspond-
ing ammonia adduct formation [20]. This suggests that a
HCI elimination can easily occur in the gas phase as long
as the condition is met that the ammonia adduct formation
is thermodynamically and kinetically favorable. Okamoto
[20] meanwhile reported that the activation energy for
monomer formation is 'not much larger than the reaction
energy' and Timoshkin [21] found that the TS (Transition
State) for a HCI elimination from GaCl;:NHj; lies only 1
kJ/mol (SCF/pVDZ level) higher than the reaction energy.

Table 2 Reaction enthalpies for the formation of ammonia ad-
duct (Cl;In:NHj3): Calculated and literature values.

Reactions AHozgg AHozgg
(kcal/mol) in literature
InCl; + NH3 — Cl3In:NH; -36.9 -35.9%

“Data was taken from Ref. [20].

In summary, there are two kinetically limited steps in
gas phase reactions in the mechanism proposed in Fig. 1;
the first methyl dissociation from TMIn and the first HCI1
insertion into InCl to form InHCl,. The former was attrib-
uted to the huge bond dissociation energy as shown in
Table 1, while the latter was a bimolecular reaction (two
moles of reactants — one mole of transition state,
AS™* < 0) having a fairly high activation energy as depicted
in Fig. 3. Table 3 summarizes AG™ and rate constants of
those reactions at several temperatures. The absolute rate
equations from transition state theory (TST) were used for
the calculation of rate constants as shown below [34]. For
where no obvious transition states exist (entry 1/3), it was
assumed AH = AH ™ and AS” = AS™,

kunimolecular = (kBT/h) eXp (‘AGO’I/RT)
Kbimoteeutar = (kg T/h) (RT/P*) exp (-AG™*/RT)

where kg, h, R are Boltzmann constant, Plank constant, and
gas constant respectively and P = 1 atm.

Table 3 Calculated activation energies and rate constants for selected reactions at several different temperatures.

Entry Reactions AS o5 AH"g  AGTHK AG™ /K AG™HK®
(cal/mol-K)  (kcal/mol) (298 K) (800 K) (1300 K)
1 n(CH) = In(CH) = CHs 378 611 T.géi/lo'” g.lé(x)/lo*s 1.38.2/10”2
2 InCl + HCl - [InCI-HCIf*  -26.5 32.0 3912/1 ) ;32.2/ 3,613/1 .
»wanwowann 2w S ($e e

SAG®* values have the unit of kcal/mol. The rate constants have the unit of 1/sec for unimolecular reaction and liter/mol-sec for bimolecular reaction,

respectively.

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

WWW.pss-c.com



phys. stat. sol. (c) (2008)

Contributed
Article

Although rate constants listed in Table 3 are not suit-
able for rigorous analysis, they demonstrated a certain high
temperature (> 800 K) is required for the two kinetically
limited reactions (entry 1/2), especially the HCI addition to
InCl, to have rate constants of some orders of magnitude
and be kinetically accessible. The ammonia adduct forma-
tion (entry 3) was shown to be facile even at high tempera-
ture despite its high negative entropy generation (AS 55 <
0) due to its high exothermicity (AH 595 < 0).

3.3 Temperature dependency of InN NR
growth A Kkinetic constraint was addressed in Section 3.2
that a certain high temperature (> 800 K) is needed to acti-
vate the formation of InCl; as a key species in the growth
mechanism proposed in Figure 1. It however comes in con-
flict with the high degree of InN etching in a chlorinated
environment at high temperature.

A CVD phase diagram for InN growth with Cl/In ratio
versus growth temperature was presented in Fig. 4. The re-
cently assessed data by Leitner et al. [35] with well sup-
ported experimental results provided that a thermal de-
composition temperature of solid InN (~ 680 K) is lower
than the typical growth temperature (~ 800 K) of InN films
[35, 36]. The InN NR growth by H-MOVPE [16] was thus
apparently achieved under non-equilibrium conditions be-
cause the thermodynamic constraint does not allow for the
formation of InN. A CVD phase diagram presented in Fig.
4 was in fact fitted to match with the experimental result of
InN NR growth by H-MOVPE [16], The phase transition
temperature is around 800 K when a Cl/Ga ratio is ~ 3,
which is still a bit lower than the optimum growth tem-
perature range (around 900 K) experimentally observed for
InN NR growth [16]. The Gibbs energy for solid InN was
taken from ThermoCalc SUB94 database. This is corre-
sponding to lowering the Gibbs energy by ~ 16 kcal/mol
compared to the data assessed by Leitner et al. The lower-
ing of the Gibbs energy of InN in Figure 4 could be under-
stood to consider kinetic barrier for decomposition because
decomposition temperature and growth temperature gener-
ally have a large overlap due to kinetic barriers. However,
it is noted that the optimized growth temperature for InN
NR growth was confined to a very narrow range, 600 to
650 'C (873 to 923 K) [16]. Considering that the InN film
growth using the same H-MOVPE system - where InCl is
dominant in the gas phase - was possible at temperatures as
low as 500 to 550 "C (773 to 823 K) [36], the temperature
range from 600 to 650 'C was likely determined by the ki-
netic constraint for InCl; formation (see Table 3). The high
degree of InN etching (thermodynamic constraint) sup-
pressed the growth temperature within the narrow range
where the kinetic constraint is barely removed. An increase
of the N/In ratio lifted the phase transition temperature at a
given Cl/In ratio. The growth zone of InN NRs by H-
MOVPE however lied in the vicinity of the growth-etch
transition in general as shown in Fig. 4 and reported in our
experimental work [16].

WWW.pss-c.com
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Figure 4 CVD phase diagram for InN growth.

4 Conclusions As a probable mechanism for the
catalyst- and template-independent InN nanorod growth in
H-MOVPE, a random nanoparticle nucleation from stable
gas phase oligomers and the subsequent directional growth
along the c-axis were proposed. The computationally re-
solved growth conditions based on the proposed mecha-
nism had a good agreement with reported experimental re-
sults.

Using computational thermochemistry, gas phase reac-
tions ranging from the decomposition of In metalorganic
precursors to ammonia adduct formation were investigated
to locate a kinetic constraint. A certain high temperature
(> 800 K) is necessary to kinetically access the formation
of InCl; as a key species in the proposed mechanism. De-
spite the high degree of InN etching in the chlorinated en-
vironment at high temperatures, the growth zone of InN
nanorods by HVPE lied in the vicinity of growth-etch
phase boundary where the kinetic constraint was lifted.
The important role of InCl; in the proposed mechanism re-
quired a preferable Cl/In ratio of ~ 3. A similar approach
will be carried out for GaN and AIN nanorods grown lack
of catalyst and template to corroborate the proposed
mechanism in group IlI-nitride nanorod growth.
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