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Formation of Cubic GaN Nanocrystals: A Study of the Thermal Stability of
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Cubic GaN nanoparticles and nanorods have been success-
fully synthesized from the nitridation of nanocrystalline GaP
at 500 °C for 30 min, by manipulating different heating rates
in nitrogen. The results of the thermal stability studies of
nanocrystalline GaP under N2 at different heating rates sup-
port the idea that cubic GaN can form from GaP via a N−P
metathesis mechanism. The morphology of the cubic GaN
can be controlled by variation of the external synthetic para-

Introduction

Nanostructures have potential for unique applications in
electronics, optoelectronics and catalysis due to their high
surface-to-volume ratios, quantum confinement effects and
high fraction of chemically similar surface sites.[1,2] Wide
band-gap semiconductor compound nanomaterials of the
13�15 group, such as GaN, GaP and GaAs are important
in fundamental physics and are widely used for high-speed
digital circuits, electronic and optoelectronic devices.[3] Over
the past several years, considerable efforts have been made
to explore new and simple synthetic routes to group 13�15
semiconductor nanocrystals.[4�7]

Of this group of semiconductors, the properties of GaN
nanocrystals have received the least attention due to the
difficulty involved in their preparation. Of the limited stud-
ies on GaN nanocrystals which have been reported, most
have focused on hexagonal GaN with the wurtzite
structure.[8�12] In comparison, cubic GaN nanocrystals
have generally been studied in the form of thin films.[13�15]

A recent report of cubic GaN powder synthesis via ammon-
olysis under thermal conditions required over 2700 atm of
NH3 pressure for over 24 h and the resultant product was
generally found to be mixed with hexagonal phase GaN.[16]

Moreover, cubic GaN has advantageous physical properties
compared with those of the hexagonal phase, such as easier
p-type doping, easier cleaving for laser facets, and a nar-
rower energy band gap which means it is easier to reach the
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meters such as the rate of heating. This work shows that it is
very simple to synthesize cubic GaN nanoparticles or nanor-
ods and opens a wide route towards detailed studies of the
fundamental properties and potential applications of semi-
conductor nanocrystals.

( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

blue and green region.[17] Studies of the synthesis of cubic
GaN nanocrystals is therefore of great importance.

Low-dimensional crystal structures, geometries such as
wires, rods, and thin films are currently the focus of much
attention due to their special properties.[18�20] These fasci-
nating systems are expected to exhibit remarkable mechan-
ical, electrical, optical and magnetic properties. Such low-
dimensional crystalline materials have potential appli-
cations in molecular based electronic devices such as optical
memory and in switches, displays and data records. Several
approaches have been successfully developed for the fabri-
cation of such nanowires and nanorods and their morpho-
logies, microstructures and growth mechanisms have been
studied.[21�25]

The synthesis, optical properties and catalytic reactivity
of GaP nanocrystals have been studied in detail by our
group.[26�28] The growth process and stability of GaP nan-
ocrystals under thermal conditions in benzene have also
been studied and a method for controlling the reaction pro-
cess and uniformity of GaP grains has been reported.[29]

As is already known, the application of semiconductors
depends on the change in the environmental conditions, so
studying the influence of such conditions on the properties
of semiconductor nanomaterials is also important. In this
study, the thermal stability of GaP nanocrystals under a
nitrogen atmosphere was investigated in detail and resulted
in the establishment of a new preparative route to cubic
GaN nanoparticles and nanorods.

Results and Discussion

XRD patterns were used to examine the crystal struc-
tures and phase purities of the products which were ob-
tained by heating GaP nanoparticles at 500 °C for 30 min.



S. Gao, L. Zhu, Y. Xie, X. QianFULL PAPER

Figure 1. XRD patterns of (A) the starting GaP nanocrystals (B)
the pure cubic GaN sample prepared from the heat treatment of
GaP nanocrystals at 500 °C for 30 min with a heating rate of 5 °C/
min and 10 °C/min (C) the cubic GaN sample prepared from the
heat treatment of GaP nanocrystals at 500 °C for 30 min with a
heating rate of 20 °C/min, the note * labels the residual elemental
Ga

Figure 1 (A) displays the XRD pattern of the starting GaP
nanocrystals. Pure cubic GaN was obtained from GaP nano-
crystals at a low heating rate (�10 °C/min) under N2 at
500 °C for 30 min and the corresponding XRD pattern is
shown in Figure 1 (B). All the reflections at 2θ � 35.5, 40.5,
58 and 68.5°, were indexed to the (111), (200), (220) and
(311) lattice planes of cubic GaN, respectively. The calcu-
lated lattice parameter of cubic GaN using a computer
simulation is a0 � 4.502 � 0.004 Å, which is good agree-
ment with the reported value.[17]

Figure 1 (C) shows the XRD pattern of the product pre-
pared from the heat treatment of GaP nanocrystals under
N2 at 500 °C for 30 min at a heating rate of 20 °C/min,
indicating that the product is cubic GaN coexisting with a
minor amount elemental Ga (denoted as *, JC,PDF File,
No. 31-0539). The minor elemental Ga can be easily re-
moved by treatment using 1  hydrochloric acid and pure
cubic GaN can be obtained and its identity confirmed by
its XRD pattern which is similar to that in Figure 1 (B).
The XRD patterns of all the products are quite different
from that of the starting GaP nanoparticles. The above re-
sults show that cubic GaN is formed by the heat treatment
GaP nanocrystals under N2 via a P�N metathesis reaction.

The morphology and structure of the prepared cubic
GaN nanocrystallites were further characterized using
transmission electron microscopy (TEM). Figure 2 (A)
shows that the starting GaP nanocrystals are uniform
spherical particles with a diameter of 8 � 2 nm. Figure 2
(B and C) show that the cubic GaN obtained under N2 at
500 °C for 30 min are uniform spherical particles with a
diameter of 16 � 2 nm for the product obtained with a
heating rate of 5 °C/min and 22 � 3 nm for the product
obtained with a heating rate of 10 °C/min, in good agree-
ment with the XRD result in which the average size can be
calculated by employing the Scherrer equation. They exhi-
bit the same morphology as the starting GaP nanocrystal-
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Figure 2. (A) TEM image of the starting GaP nanocrystals (B), (C)
and (D) TEM images of cubic GaN obtained from heat treatment
of GaP nanocrystals in N2 at 500 °C for 30 min at heating rates of
5 °C/min, 10 °C/min and 20 °C/min, respectively; the picture insets
are the SAED patterns of the corresponding materials

lites, the only difference being that the resultant GaN nano-
crystals are larger than the starting GaP nanocrystallites
due to the heat treatment at 500 °C. The SAED pattern
[inset of Figure 2 (C)] shows diffraction rings consistent
with the (111), (200), and (220) lattice plane of the cubic
GaN phase. Except for the cubic GaN obtained at 500 °C
for 30 min with a heating rate of 20 °C/min, the morpho-
logies of the products [Figure 2 (D)] are different from the
product obtained at 500 °C for 30 min with a heating rate
of 10 °C/min in which nanorods are formed with diameters
of 25 �30 nm and lengths of 200 �500 nm.

X-ray photoelectron spectroscopy (XPS) was used to in-
vestigate the elemental composition of the starting GaP
nanocrystals and the above prepared GaN nanocrystals.
The XPS results can provide evidence for the formation of
GaN. Higher resolution spectra were taken of the Ga3d and
N1s regions. The XPS spectra are shown in Figure 3. The
binding energy values of the Ga3d and N1s core levels agree
well with their chemical environments in cubic GaN. This
clearly indicates that the N2 molecules must be chemically
bonded to Ga atoms, presumably forming N�Ga bonds.

The above results indicate that the P�N metathesis reac-
tion occurred regardless of the heating rates used in our
experiments . The replacement of P by N atoms is facili-
tated by the fact that P is more volatile than Ga and tends
to escape from GaP upon thermal annealing. Traditionally,
nitridation reactions using N2 need high temperature
(�1000 °C), since N2 is very inert and stable. Small GaN
crystals have been synthesized from molten gallium and N2

at 700 °C in an alkali metal flux[30,31] and nanorod architec-
tures have been prepared from catalyzed reactions between
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Figure 3. XPS spectra of the Ga3d (A) and N1s (B) core levels; the
solid line represents the raw material GaP nanocrystals and the
broken line represents the prepared cubic GaN obtained by heat
treatment of GaP nanocrystals in N2 at 500 °C for 30 min with a
heating rate of 10 °C/min

gallium and NH3 above 900 °C.[32,33] Our experiments indi-
cate that cubic GaN can form at lower temperatures and
shorter reaction times, an observation which is based on the
high surface-to-volume ratio of nanocrystalline raw materi-
als of GaP which can remarkably reduce the difficulty of
nitridation. The GaP particles sizes significantly affect the
nitridation reaction. The nitridation process may become
more difficult or even incomplete and when the particle
sizes reach the micron dimension, XRD results indicate that
no GaN forms at all. Furthemore, at different heating rates
the synthesized GaN exhibits different nanoscale morpho-
logies, which leads us to believe that different heating rates
cause different reaction mechanisms. The mechanisms of
the surface adsorption reaction on GaP nanocrystals, and
the formation of cubic GaN nanoparticles and nanorods
are shown schematically in Scheme 1.

Regardless of the heating rates used in our experiments,
the initial process involves the desorption of P atoms from
the starting GaP nanocrystallites, adsorption of N atoms
on the GaP surface and the further nitridation reaction
[Scheme 1 (A)]. As is known, the surface area of nanocrys-
tals is much larger than the bulk materials and there exist
many vacancies and dangling bonds on the surface. In our
experiments, the N2 molecules are adsorbed onto the sur-
face of the starting GaP nanocrystals during the initial
stage of heating [Scheme 1 (A1)]. Firstly N2 is adsorbed on

Eur. J. Inorg. Chem. 2004, 557�561 www.eurjic.org  2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 559

Scheme 1. The proposed mechanism for the formation of cubic
GaN nanocrystals; (A) the surface adsorption reaction of N2 on
GaP nanocrystals and the nucleation of GaN; (B) the growth of
GaN nanoparticles at lower heating rates; (C) step growth of GaN
nanorods at higher heating rates

to the surface of the GaP nanocrystals (adsorbent), the
physical adsorption depending on the van der Waals force.
The vacancies and dangling bonds on the surface of the
GaP nanocrystals provide a favorable environment for N2

molecules to form bonds. Upon elevating the temperature,
chemical bonding of N and Ga results, producing the acti-
vated adsorption. As a result, the N2 molecules can be acti-
vated on the surface of GaP nanocrystals at a rather low
temperature, remarkably weakening the strength of the
N�N bond on the surface of the GaP nanocrystals
[Scheme 1 (A2)]. After the activated N atoms have formed
[Scheme 1 (A3)] the N�P metathesis reaction can take
place [Scheme 1 (A4)]. Since the metathesis reaction in-
volves conversion of one zinc blende structure to another
zinc blende structure this reaction can therefore be called a
topotactic transformation.

At a lower heating rate (�10 °C/min), the desorption of
P, absorption of N and nitridation of GaP is a synchronous
process on the GaP nanocrystals with no formation of ex-
cess Ga droplets, an observation which has been validated
by the XRD pattern [as shown in Figure 1 (B)]. Thus GaN
gradually forms on the surface of the GaP nanoparticles
during this process. The total reaction can be described as
in Equation (1).

GaP � N2 � GaN � P (1)

The high surface area and reactivity of nanocrystalline
GaP directly result in the formation of cubic GaN at lower
temperature, lower pressure and shorter reaction times
[Scheme 1 (B)]. The resultant GaN nanoparticles inherit the
GaP matrixes in terms of structure and morphology which
explains the similarity between the structures and morpho-
logies of the resultant GaN and the starting GaP.

When the heating rate is higher (�20 °C/min), however,
the reaction is complicated and the initial chemical reaction
is the desorption of P from the GaP nanocrystals, as de-
scribed in Equation (2).

GaP � Ga � P (2)
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The desorption chemical reaction is dominant and rapid

and so the newly formed gallium has high activity and can
react with N2 to produce GaN nuclei, Equation (3).

Ga � N2 � GaN (3)

A higher heating rate also promotes gallium coalescence
along with its nitridation resulting in the appearance of
smaller droplets of Ga. GaN nuclei start to aggregate and
act as the nucleation seeds, then, stepwise growth proceeds
with Ga droplets being pushed outward by the descending
GaN [Scheme 1 (C)]. The Ga droplets play a crucial role in
the growth of GaN nanorods based on the vapor-solid (VS)
mechanism which is widely used to explain the growth of
fiber-like semiconductors.[34] VS growth is apparently sup-
ported by the large Ga surface area and high reactivity
which increases the effective steady-state Ga vapor pressure.
The system is not in equilibrium because the Ga vapor re-
acts to form GaN. The increased rate of evaporation af-
forded by the large surface area of Ga more than likely
produces a larger steady-state vapor pressure than is present
over larger and coarser Ga particles. Scheme 1 (C) sche-
matically depicts the mechanism of the formation of cubic
GaN nanorods. More evidence has been provided by the
supplementary experiments undertaken with a heating rate
of 50 °C/min. The crystal structures and phase purities of
the products are shown in Figure 4 (A) and the morpho-

Figure 4. XRD pattern (A) and TEM image (B) of cubic GaN
obtained from heat treatment of GaP nanocrystals at 500 °C for
30 min in N2 with a heating rate of 50 °C/min
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logies of the nanocrystalline GaN samples are shown in
Figure 4 (B). The XRD pattern of the product prepared
from the heat treatment of GaP nanocrystals under N2 at
500 °C for 30 min with a heating rate of 50 °C/min indicates
that the product is cubic GaN coexisting with a minor
amount of elemental Ga (denoted as *) supporting that idea
that cubic GaN nanorods can be obtained at the higher
heating rate and the growth of GaN nanorods is based on
the vapor-solid (VS) mechanism.

The above mechanism showing that cubic GaN can form
in GaP via P�N metathesis is directly supported by the
thermal stability study of GaP nanocrystals under nitrogen.
At a lower heating rate, the desorption of P and nitridation
are synchronous processes and, accordingly, the weight loss
should be slow. At a higher heating rate, however, the de-
sorption of P is preferential, so the weight loss should be
rapid. In order to validate this, the thermogravimetric
analysis (TGA) technique was used to analyze the thermal
behavior of the GaP nanoparticles under N2 at different
heating rates. A typical TGA profile is shown in Figure 5,
and the results are completely in accord with the above con-
clusion.

Figure 5. Thermogravimetric analyses of GaP nanocrystals in an
N2 flow at different heating rates; (A) 5 °C/min, (B) 10 °C/min, (C)
20 °C/min

One can see that at a heating rate of 5 °C/min [Figure 5
(A)], the weight loss is gradual, i.e. reaction (1) takes place
during this process. The N and Ga atoms can be rendered
miscible by an oxidation process since the N and Ga atoms
can form a stable electrovalent bond, resulting in the final
formation of GaN nanoparticles. At a heating rate of 10
°C/min, the weight loss is quicker than with a heating rate
of 5 °C/min [Figure 5 (B)]. A precipitate line is obtained at
a heating rate of 20 °C/min [Figure 5 (C)], indicating that
the weight loss is much quicker than at the heating rates of
5 °C/min and 10 °C/min, namely, that reaction (2) takes
place first followed by reaction (3) so the weight increases
again later. The thermal stability results of GaP nanocrys-
talline under N2 at different heating rates support the pro-
posed mechanism that cubic GaN can form in GaP via a
N�P metathesis mechanism.

Conclusion

In conclusion, a convenient, low-temperature technique
has been established for the synthesis of cubic GaN nano-
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crystals based on the fact that the small size effect of the
starting GaP can remarkably reduce the difficulty of nitrid-
ation. Cubic GaN nanoparticles and nanorods have been
successfully synthesized from the nitridation of nanocrys-
talline GaP at 500 °C for 30 min using a range of different
heating rates. The thermal stability results of GaP nanocry-
stalline under N2 at different heating rates support the pro-
posal that cubic GaN can form in GaP via a N�P metath-
esis mechanism.

Figure 6. Schematic experimental setup for the formation of cubic
GaN nanocrystals; GaP nanocrystals were placed in the quartz
crucible

Experimental Section

Synthesis of Cubic GaN Nanocrystals: The starting GaP nanocrys-
tals used in the present study were synthesized in the benzene-ther-
mal route using Na3P and GaCl3 as the raw materials which has
been described in detail elsewhere.[26] In a typical experiment, the
starting GaP nanocrystals were loaded into a quartz crucible which
was then horizontally placed in the quartz tube of a tubular fur-
nace. The experimental setup for the formation of cubic GaN nano-
crystals is described schematically in Figure 6. Firstly, the quartz
tube was evacuated for 20 min. After this, the quartz tube was ven-
tilated with high purity (99.999%) N2 at a flow of about 20 sccm
(standard cubic centimeters per minute) for several minutes, a unit
mass flow controller was used to regulate the flow velocity of N2

gas. The system was heated to 500 °C using different heating rates
and then maintained at this temperature for 30 min. The samples
were then allowed to cool to room temperature and were sub-
sequently sealed in glass tubes for further characterization.

Characterization: Powder X-ray diffraction (XRD) patterns were
obtained at room temperature using a Rigaku D/max-γA model X-
ray diffractometer with Ni-filtered Cu-Kα radiation. TEM images
of the samples were obtained from a Hitachi H800 transmission
electron microscope using an accelerating voltage of 200 kV.
Samples for TEM investigations were briefly ultra-sonicated in
ethanol, and then a drop of suspension was placed on a holey cop-
per grid with carbon film. X-ray photoelectron spectra (XPS) were
measured on a VGESCALAB 220i-XL X-ray photo spectrometer
with Al-Kα (1186.6 eV) radiation as the exciting source with meas-
urements performed at pressures lower than 1 � 10�8 Torr. Thermo-
gravimetric analyses (TGA) were performed on a Perkin�Elmer
DC/2C type TG-DTA apparatus under a N2 atmosphere at differ-
ent heating rates. Fourier transform infrared spectra (FT-IR) of
pellets of the samples mixed with KBr were recorded on a Nicolet
Magna-IR 750 FTIR spectrometer at a resolution of 4 cm�1.
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