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Abstract—Gallium-nitride nanorods with a diameter of 15–40 nm and length of 50–150 nm are synthesized
in monodisperse spherical mesoporous silica particles (MSMSPs) by high-temperature annealing of the
Ga2O3 precursor in ammonia. The template material (a-SiO2) is selectively removed by etching the compos-
ite MSMSP/GaN particles with HF to give individual GaN nanorods. It is shown that the size of the GaN
nanorods substantially exceeds the pore size of the MSMSPs (diameter ~3 nm, length ~10 nm). A possible
mechanism by which GaN nanorods are formed is proposed. Redistribution of the material within the com-
posite MSMSP/GaN particles possibly occurs via the surface diffusion of gaseous molecules within meso-
pores and via the diffusion of Ga and N atoms in a-SiO2.
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1. INTRODUCTION

Great interest has continued in recent decades in
obtaining and studying semiconductor materials of
varied morphology because these materials possess
electrical, transport, mechanical, and optical proper-
ties different from those in the bulk material [1, 2]. In
particular, GaN nanorods are promising for various
fields of micro-, nano-, and optoelectronics and
nanophotonics [3, 4]. The rod-like shape of the crys-
tals is characteristic of GaN, and their growth in the
direction of the hexagonal axis c is faster than that
along the a and b axes [5, 6]. GaN nanorods can be
obtained by various methods: vapor-phase epitaxy [7,
8], laser ablation [9, 10], molecular-beam epitaxy [11,
12], plasma-chemical vapor deposition [3], etc. There
exist various mechanisms for the formation and
growth of GaN nanorods, which depend on their syn-
thesis method and process parameters [14, 15].

One way to obtain GaN nanocrystals is via synthe-
sis of the material within cylindrical mesopores of sil-
icas of the types MCM-41 [16] and SBA-15 [17]. The
spatial hindrance to growing crystallites of various
shapes is determined by the diameter and length of
mesopores and also by the size and shape of the tem-
plate particles. For example, GaN nanoparticles with
sizes of several nanometers (~3 nm) are formed in
pores in the case of MCM-41 [18] and 7 × 50 nm
nanorods in the case of SBA-15 [17]. Despite active
studies of the mechanisms by which gallium-nitride

crystals grow, there is hardly any published evidence
about the mechanisms by which nanoscale forms of
GaN are formed in porous matrices.

A particular place among porous silicas is occupied
by monodisperse spherical mesoporous silica particles
(MSMSPs) having an internal system of cylindrical
nanochannels of the same diameter (3 nm) with a vol-
ume that accounts for 60% of the particle volume [19–
21]. We have obtained on the basis of MSMSPs nano-
composite particles containing oxides [22], metals
[23], semiconductor materials [24], and carbon nano-
dots [25]. When the substances are synthesized, chem-
ical and physical processes occur similarly in mono-
disperse particles of the same shape with identical pore
structures. Therefore, MSMSPs are ideally suitable as
a model object (nanoreactor) for studying the growth
mechanisms of anisotropic crystals in a silica matrix.

Here, we discuss the possible mechanism by which
GaN nanorods are formed in MSMSPs in the course
of high-temperature heterogeneous synthesis from
gas- and solid-phase precursors. The GaN nanorods
being formed have a size that substantially exceeds that
of mesopores in the template. The growth of coarse
GaN nanorods via the disappearance of fine nanorods
is probably due to a decrease in the total energy and
occurs via the diffusion of gallium atoms and Ga2O
molecules within MSMSPs. Morphological and
structural analyses of the materials obtained are made.
782
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Fig. 1. TEM image of GaN nanorods.

100 nm

Fig. 2. Raman spectrum of GaN nanorods. The lines show
the positions of the Raman-active phonon modes of hex-
agonal GaN.
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2. EXPERIMENTAL
Nanocomposite MSMSP/GaN particles were syn-

thesized by the procedure described in [26]. MSMSPs
having a diameter of 210 ± 20 nm and cylindrical pores
with a diameter of 3.1 ± 0.2 nm and a length of 10–
15 nm [19–21, 27] were filled with melt of the crystal
hydrate Ga(NO3)3 ⋅ 8H2O. The samples were dried at
a temperature of 400 K and then annealed at T =
800 K for 3 h for the nitrate to decompose into Ga2O3.
The mesopores were filled with Ga2O3 to 40 vol % of
the pore volume [26]. The subsequent annealing of
MSMSPs filled with gallium oxide was performed in
an atmosphere of ammonia (1 bar) at a temperature of
1300 K for 20 h in order to obtain gallium nitride
within the particles:

(1)
To etch the template material (a-SiO2), a weighed

portion of nanocomposite MSMSMP/GaN particles
was placed in a hydrofluoric acid solution (40 wt %
HF) for 2 h. Then, the undissolved material (filler sub-
stance) was separated by centrifugation, followed by
washing with deionized water, and ultrasonically
redispersed.

Microscopic studies were carried out by transmis-
sion electron microscopy (TEM) on a Jeol JEM-2100
microscope (Japan). A X-ray f luorescence microanal-
ysis (XFMA) was performed with an Oxford Instru-
ments INCA energy-dispersive X-ray spectrometer
built into the electron microscope. The particle size
distribution was determined by the dynamic light scat-
tering (DLS) method on a Malvern Zetasizer Nano
instrument at a temperature of 298 K. The Raman
spectra were measured at room temperature on a
Horiba Jobin Yvon T64000 spectrometer, with the
second harmonic of a Nd:YAG laser (λ = 532 nm)
serving as the source of light, at an excitation power on
the sample surface not exceeding P = 2 kW/cm2.

+ +�2 3 3 2Ga O ( ) 2NH ( ) 2GaN( ) 3H O( ).s g s g
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3. RESULTS AND DISCUSSION
TEM analysis of the material obtained after dis-

solving the template material demonstrated that it has
the form of nanorods with a diameter of 15 to 40 nm
and a length of 50 to 150 nm (Fig. 1). According to
Raman data (Fig. 2) the nanorods are composed of
nanocrystalline hexagonal GaN [26, 28, 29]. Accord-
ing to the data furnished by atomic-force microscopy
[26] and TEM (Fig. 3), there is no bulk gallium nitride
on the surface of MSMSP/GaN composite particles.
At the same time, the observed dimensions of the GaN
nanorods substantially exceed the pore size in MSMSPs
(diameter 3 nm, length 10–15 nm [19–21, 27]).

The size of objects observed in Fig. 1 is correlated
with that of the coherent-scattering region in GaN
(29 nm), determined by processing the X-ray diffrac-
tion pattern of the composite MSMSP/GaN particles
by the Rietveld method [26]. In addition, inclusions
several tens of nanometers in size, which contain,
according to XFMA, gallium atoms, are observed in
high-resolution TEM (HRTEM) images of the com-
posite particles (Fig. 3). According to DLS data, the
average hydrodynamic size of the GaN nanorods is
160 ± 25 nm (Fig. 4), which is in agreement with the
TEM data (Fig. 1 and inset of Fig. 4). It can be stated
on the basis of the above data that the nanorods were
formed within MSMSPs during the high-temperature
heterogeneous synthesis of GaN from the Ga2O3 pre-
cursor introduced into the mesopores. After the tem-
plate is removed, the GaN nanorods are dispersed in
an aqueous dispersion medium.

Let us consider in detail the possible mechanism by
which GaN crystallites are formed and grow within
the MSMSPs. We assume that particles with an aver-
age diameter of ~3 nm are first formed within the mes-
opores, as shown previously for the example of carbon
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Fig. 3. (a) TEM and (b, c) HRTEM images of MSMSP/GaN nanocomposite particles; (d) gallium distribution profile obtained
by the XFMA method from a single particle.

Distance, nm

(d)

30

40

10

0 10050
0

20

In
te

ns
ity

 o
f G

a 
(K

�
1)

 li
ne

, a
rb

. u
ni

ts

100 nm 100 nm

100 nm

(a)

(c)

(b)

Fig. 4. GaN-nanorod size distribution measured by the
DLS method. The inset shows the magnified TEM image
of a GaN nanorod.
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nanodots [25]. The smaller the size of a particle, the
higher its surface energy per unit volume and the
higher the chemical potential. The difference Δμ
between the chemical potentials of GaN particles with
different sizes favors a mass transfer from fine to
coarse particles. The main reason for the mass transfer
is that the system tends to decrease its surface energy
due to a decrease in the number of small particles, and
there occurs a transition to an energetically more
favorable state. Lowering of the total energy of the sys-
tem with increasing size of the nanorods and a
decrease in their μ is a thermodynamically favorable
process [30, 31], described by the Gibbs–Thompson
formula [32]:

Here, μr and μ∞ are the chemical potentials of the
component in a nanoparticle of radius r and in a par-
ticle with infinite size, respectively;  is the

−
∞

σ
Δμ = μ − μ = 2GaN SiO GaN2

.
3r

V

r

−σ
2GaN SiO
SEMICONDUCTORS  Vol. 54  No. 7  2020



FORMATION OF GaN NANORODS IN MONODISPERSE SPHERICAL MESOPOROUS 785
surface tension at the GaN–SiO2 interface; and VGaN
is the molar volume of GaN.

Within the pores of the MSMSPs, there occurs, in
the presence of nanorods with even a narrow size scat-
ter, mass transfer of the substance from fine nanorods
(to the point of their complete disappearance) to
coarser nanorods. This process will occur until the rate
at which fine nanorods disappear becomes insignifi-
cant and the mass-transfer rate is negligible (the sys-
tem will approach the thermodynamically equilibrium
state).

Two ways of substance transfer are possible within
MSMSPs. First, molecules of gaseous components
may move within the mesopores of MSMSPs via sur-
face diffusion. Second, amorphous silica forming the
MSMSPs is gradually softened at a synthesis tempera-
ture of 1300 K, the porous structure within the parti-
cles disappears, and, therefore, the diffusion of Ga
and N atoms within amorphous silica becomes the
main mass-transfer pathway.

Let us consider the mass transfer of a substance
through the gas phase. The thermal decomposition of
ammonia (pressure 1 bar) yields, according to the
reaction 2NH3 = N2 + 3H2, hydrogen (equilibrium
pressure of H2 at the synthesis temperature is hundreds
of millibars [33, 34]), which reacts with gallium oxide
[35, 36]:

(2)

The calculated Gibbs energy of reaction (2),
 = + 95 kJ/mol, which corresponds to the equi-

librium constant Kp =  = 10–4. At a
hydrogen pressure of 100 mbar, the equilibrium pres-
sure of the product formed in reaction (2), Ga2O, is
10 mbar, i.e., reaction (2) indeed can occur within
pores of silica particles during the synthesis of GaN.
Previously a similar process of the conversion of
Ga2O3 to Ga2O was observed in [35, 37]. Presumably,
Ga2O is transferred within mesopores to subsequently
give gallium nitride [35, 36], in accordance with the
following reaction equation:

(3)

Reactions (2) and (3) are responsible for the mass
transfer and for the coarsening of GaN nanorods. The
formation of gaseous Ga at a temperature of 1300 K is
unlikely because of its low vapor pressure (10–7 bar)
[38]. Therefore, Ga(g) is not involved in mass transfer
and is not considered here. We believe that GaN
nanocrystallites with a diameter of up to 3 nm and var-
ied length can be formed in the given stage within
three-nanometer MSMSP pores.

+ ↔ +2 3 2 2 2Ga O ( ) 2H ( ) Ga O( ) 2H O( ).s g g g

Δ 0
1300G

2 2 2

2 2
H O Ga O H/p p p

+ ↔ + +2 3 2 2Ga O( ) 2NH ( ) 2GaN( ) H O( ) 2H ( ),g g s g g

Δ = −0
1300 98 kJ/mol.G
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Together with the formation of GaN from Ga2O3,
the already formed GaN nanoparticles or nanorods
may be partly converted to Ga2O via the inverse reac-
tion (3). Ga2O is transferred and reacts with NH3
(present in the system in an excess amount) to give
GaN (3) near the surface of coarser GaN nanorods,
thereby making these even larger. Similar gas-trans-
port reactions [forward and reverse reactions (3)] are
characteristic of binary compounds of various compo-
sitions [39]. The water vapor formed in the course of
the reaction in which GaN is synthesized from Ga2O3
(1) serve as a transport agent.

At a temperature of 1300 K, porous silica is soft-
ened [40]. The pores in MSMSPs are closed and the
subsequent mass transfer of the substance occurs via
the diffusion of Ga and N atoms within SiO2. GaN
formed in the preceding stage is transferred to coarser
nanorods and this occurs, in accordance with the
Gibbs–Thompson equation, until rods comparable in
size with the MSMSPs themselves are formed. At a
temperature of 1300 K, the diffusion coefficients of Ga
and N atoms in SiO2 are D(Ga) 5 × 10–11 cm2/s
[41, 42] and D(N) = 1.4 × 10–4 cm2/s [43], respec-
tively. Therefore, the growth rate of GaN nanorods in
MSMSPs will be primarily determined by the diffu-
sion rate of Ga atoms. This rate, calculated by the for-
mula  ≈ , where τ is the diffusion time
(in s), was found to be 550 nm in 1 min, which allows
Ga atoms to move within the whole spherical particle,
thereby providing the growth of GaN nanorods.
Together with the diffusion of Ga and N atoms in
SiO2, there occurs the diffusion of Si and O atoms in
GaN [44]. These processes lead to redistribution of
the material within the MSMSPs.

4. CONCLUSIONS

It was demonstrated in the study that the heteroge-
neous synthesis of GaN from Ga2O3 under thermody-
namically equilibrium conditions via annealing at a
temperature of 1300 K in an atmosphere of ammonia
yields gallium-nitride nanorods within MSMSPs. The
size of GaN nanorods differs from the initial size of the
mesopores (3.1 nm). According to TEM data, their
diameter varies from 15 to 40 nm, and their size, from
50 to 150 nm. According to the Raman data, the
nanorods are composed of hexagonal GaN.

A possible mechanism by which GaN nanorods are
formed was suggested. This mechanism is based on
two kinds of mass transfer of the substance within
MSMSPs: (i) transfer of molecules of gaseous compo-
nents via surface diffusion and (ii) substance transfer
via the diffusion of Ga and N atoms within amorphous
SiO2. The growth of GaN nanorods is energetically
favorable, and, presumably, coarse GaN nanorods are

v τ( (Ga) )D
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formed via the absorption (disappearance) of fine
GaN crystallites in MSMSPs.
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