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The growth process, stability of GaP nanocrystals and the
formation of Ga3P nanocrystals under solvothermal condi-
tions were investigated. At moderate reaction times and tem-
perature, the growth process is mainly in accordance with
the Ostwald ripening mechanism, which is the dissolving of
the smaller GaP crystallites and growth into larger ones.

Introduction

Semiconductor nanocrystals have attracted considerable
interest since they exhibit a wide variety of intriguing size-
dependent properties, such as the blue shift of the optical
absorption and photoluminescence, electronic and nonlin-
ear optical effects and fast relaxation times. These proper-
ties result from a quantum confinement effect in systems
with small dimensions; these dimensions are sensitive to the
fabrication method.[1�2] Research on the applications of
semiconductor nanometer materials, such as biological
fluorescence marking[3] and optoelectronic devices, has also
been greatly promoted.[4�5] In addition, the high surface
area and the specific growth kinetics can also influence the
interior structure of nanocrystals. In order to use these ef-
fects, however, it is important to control the size and the
size distribution, as well as the stability of the particles
against conglomeration. The structural, physical, electronic
and magnetic properties may be controlled by changing the
synthetic method.

Increasing progress has been made on the research and
development of semiconductor nanometer materials.[6]

Among the semiconductor materials, the group II�VI com-
pounds have been studied the most widely. Much work has
been done on them, especially on aspects of their prep-
aration and properties.[7�10] The core/shell nanostructures
of the II�VI materials have also been studied because the
shell type and shell thickness provide further control for
tailoring the optical, electronic, electrical, and chemical
properties of semiconductor nanocrystals.[11�14] In con-
trast, III�V semiconductor nanoscale materials are less
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However, GaP nanocrystallites become unstable under in-
creasing reaction temperatures or prolonged reaction times.
EDAX and XRD were used to identify the new Ga3P phase.
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well studied because the II�VI semiconductors are easier
to prepare, for a number of reasons.[15] Current interest has
focused on the synthesis and characterization of III�V
semiconductor nanocrystals and the optical properties of
quantum size particles.[16�18] III�V semiconductor
nanowires have attracted much interest in recent years for
their potential application in high-electron-mobility nanoe-
lectronic devices and full-color flat panel displays.[19] Sev-
eral approaches have been successfully developed for the
fabrication of these nanowires.[20�24] The morphology,
microstructure and the growth mechanism of the nanowires
has been investigated in detail.

The most important route for the formation of the III�V
semiconductor nanocrystals involves organometallic
reagents.[25�29] The solvothermal synthetic route has been
studied extensively and has proven to be a powerful route
for the preparation of new materials,[30�32] in particular
for the preparation of III�V semiconductor
nanocrystals.[33�36] The advantage of this method is the ef-
fective prevention of the oxidation of the products, with
the result that the isolated crystalline materials do not need
subsequent treatment at high temperatures. In addition, or-
ganometallic precursors are not required. However, since
the reaction takes place in a sealed system, relatively little
work has been done with regards to the growth process and
the stability of the product in the solvothermal process,
which in fact influences their application directly.[37]

GaP is an indirect-gap semiconductor and has many im-
portant uses in microelectronic devices. A few reports have
been published on the synthesis and properties of GaP
nanocrystals[25,38�39] and nanowires.[28,29] In previous work,
we have reported on the factors that affect the particle size
of GaP nanocrystals in the reactions of both GaCl3·Et2O
and GaCl3·benzene with Na3P, where the GaP nanorods
and nanospheres were synthesized under solvothermal con-
ditions in benzene.[40,41] It is necessary to study the growth
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mechanism and the stability of nanoparticles under differ-
ent synthetic conditions in order to determine the best
method of synthesis. As far as we are aware, the synthesis
of Ga3P nanocrystals has not been reported previously, al-
though the electronic state of Ga3P clusters has been stud-
ied theoretically.[42] It is clear that in the smaller clusters the
P�P bond plays a more decisive role in the structure and
bonding, however, as the cluster size increases beyond four
atoms, the magic stability of P4 can be overcome by the
Ga�P bonds and thus a mixed cluster is expected to exhibit
greater stability. We have previously studied the stability
of GaP nanocrystals under solvothermal conditions in ben-
zene,[43] but the growth process and the formation mecha-
nism were not discussed.

In this paper, the growth process and stability of GaP
nanocrystals under solvothermal conditions in benzene are
investigated in detail. A method for controlling the reaction
process and improving the uniformity of the GaP grains is
presented, as well as the formation of the Ga3P nanocrys-
tals.

Results and Discussion

The Formation and Growth of GaP Nanocrystals

The reaction was carried out at 300 °C and a series of
changes was experienced over different time periods. Fig-
ure 1 (A) shows the XRD pattern of the product obtained
from mixing the starting materials Na3P and GaCl3 in a
benzene solution, at room temperature. A bump centered
at 29° can clearly be seen, which corresponds to the (111)
diffraction peak of the GaP crystal with a zincblende struc-
ture, indicating the existence of many GaP particles that are
small in size. As the reaction proceeds, the bump center
becomes weaker from B to D, whereas the three diffraction
peaks corresponding to (111), (220) and (311) of the
zincblende GaP grow stronger and narrower. However,
when the reaction time is increased to 24 h, a new phase
appears, indicating that GaP nanoparticles have undergone
a chemical change [Figure 1 (E)]. The average size of the
GaP crystallites of samples A, B, C and D were calculated
to be about 2, 8, 11 and 48 nm, respectively, by the Scherrer
equation, which indicates that the particle size enlarges with
increasing reaction time.

In order to study the grain size distribution and its
change during the reaction, the absorption spectra of
samples A, B, C and D were analyzed, which are shown in
Figure 2. The absorption peak positions and shape reflect
the particle sizes and granularity distribution. The spectrum
of sample A is only an inconspicuous peak at about
400 nm, indicating the amorphous nature of A. The absorp-
tion spectra of samples B and C show several broad peaks,
indicating that there is a broad granularity distribution of
GaP nanocrystallites. The absorption edge shifts progress-
ively to the red due to the growth of grains during the reac-
tion process. Although the XRD data indicate larger aver-
age particle sizes, this could not be verified by UV/Vis stud-
ies. Because there is a broad granularity distribution of GaP
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Figure 1. XRD patterns of samples obtained at 300 °C for different
reaction times of the mixture: 0 h (A), 3 h (B), 7 h (C), 12 h (D),
24 h (E)

nanocrystallites, large numbers of the GaP nanocrystallite
particles are smaller than the Bohr radius of the exciton in
GaP. So, in the absorption spectra of samples B and C, the
broad excitonic peaks arise due to the quantum confine-
ment effect Definitive evidence of the nanoscale dimensions
of the quantum particles was obtained from our TEM
studies.

Figure 2. Optical absorption spectra of samples A, B, C and D of
Figure 1; sample dispersion in benzene

The morphology of the as-prepared nanoparticles was
studied by Transmission Electron Microscopy (TEM), as
shown in Figure 3. Figure 3 (A) shows the morphology of
the product of sample A. In sample B there are very few
large crystallites but a large amount of smaller ones. Com-
pared with sample B, the proportion of large crystallites
increases in sample C and the granularity distribution is
irregular, although many smaller particles also exist. The



S. Gao, J. Lu, Y. Zhao, N. Chen, Y. XieFULL PAPER
shape of these nanoparticles is nearly spherical with diam-
eters ranging from 5 to 10 nm for sample B and 8 to 16 nm
for sample C, in accordance with the average size estimated
from the XRD patterns. Because there are so many smaller
particles, the excitonic peaks arise in our UV/Vis studies for
samples B and C. The proportion of smaller crystallites in
sample D is reduced and the grains become uniform. As in
sample C, the GaP particles are essentially spherical and
the average diameter is nearly 46 nm, which is also consist-
ent with the calculated crystallite sizes from XRD patterns.
Figure 3 (E and F) represent the selected area electron dif-
fraction (SAED) of samples A and D, respectively. Figure 3
(E) shows one electron diffraction ring and (F) shows three
electron diffraction rings corresponding to the zincblende
phase. The SAED results are consistent with the XRD re-
sults. Figure 3 (E) indicates that the diffraction bump cen-
tered at 29° in Figure 1 (A) corresponds to the (111) diffrac-
tion peak of a GaP crystal with a zincblende structure.

Figure 3. TEM images for GaP nanocrystals prepared at 300 °C
for different reaction times of the mixture: 0 h (A), 3 h (B), 7 h (C),
12 h (D); E and F are the SAED patterns of samples A and D

From the XRD, UV/Vis absorption spectra and TEM
images, it is clear that samples B and C consist mainly of
smaller crystallites with few large ones present. A mass
transport process should exist between these crystallites un-
der high-temperature-high-pressure (HTHP) solvothermal
conditions in benzene. This phenomenon can be explained
as follows, according to the Kelvin equation [Equation (1)],
(where P0 and Pr are the equilibrium vapor pressure of con-
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stituents on the surface of the bulk crystal and nanocrystals
with radius r, respectively, σ is the surface tension, ρ is the
density of nanocrystals, R is a constant, T is absolute tem-
perature and M is the molecular mass) it is obvious that Pr

increases rapidly with a decrease of r.

(1)

Pr on the surface of the smaller GaP crystallites is larger
than it is for the larger crystallites. The different values of
Pr for crystallites with different radii is the driving force
for the transport of Ga and P from the surface of smaller
crystallites to the larger ones. For GaP nanocrystallites, the
smaller grains dissolve because of the unsaturation con-
dition near the surface, while the larger grains increase in
size due to the supersaturation condition.

From the discussion mentioned above, we propose a
method for controlling the transport of the constituents and
improving the uniformity of the grain size. As we know, at
high monomer concentration the smaller particles grow fas-
ter than the larger ones and, as a result, the size distribution
becomes more uniform. Therefore, we can raise the concen-
tration of Ga and P in the reaction system to create super-
saturation of Ga and P at the surface of the small crystal-
lites as well as the large ones. Assuming that the additional
concentration of Ga and P are [Ga]av and [P]av, the equilib-
rium concentrations of the corresponding constituents on
the surface of the large crystallites are [Ga]le and [P]le, and
the values on the surface of the small crystallites are [Ga]se

and [P]se. The real concentrations of Ga and P are as fol-
lows:

Small crystallites: [Ga]s � [Ga]se � [Ga]av, [P]s � [P]se � [P]av

Large crystallites: [Ga]l � [Ga]le � [Ga]av, [P]l � [P]le � [P]av

It is obvious that [Ga]l � [Ga]s and [P]l � [P]s. For the
reaction Ga � P �

� GaP, the speed (v) is described in
Equation (2), where v is the growth speed of crystallites and
k is a constant.

v � k [Ga] � [P] (2)

Thus, the growth speed of the smaller crystallites is faster
than that of the larger ones. As a result, the uniformity of
the grains improves. This ability to control the uniformity
of the semiconductor nanocrystalline grains affords an op-
portunity to further test theories of quantum confinement
and yields samples with desirable optical characteristics
suitable for practical application. More experiments were
performed to provide further evidence in order to draw bet-
ter conclusions. Samples A and B are obtained when the
concentrations of the precursors are twice those of the first
experiments, at 300 °C for 4 h and 6 h, respectively. TEM
images of the above samples are shown in Figure 4 (A and
B). Figure 4 (C and D) are the images, under the same ex-
perimental conditions, where the concentrations of the pre-
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cursors are the same as those of the first experiments. It
can be seen from the images of samples A and B that the
grain size is more uniform than in the samples formed at
300 °C for 4 h and 6 h at lower concentrations. From the
TEM images of samples C and D one can see the aggre-
gation of the particles, confirming our previous assump-
tions. This phenomenon is in accordance with the results
obtained from the absorption spectra. The absorption spec-
tra of samples A and B were analyzed and the results are
shown in Figure 5. The absorption spectra are regular, with
a single absorption peak indicating the uniformity of the
particle sizes. The particle sizes of samples A and B are
about 5 and 9.5 nm, respectively. The Bohr radius of the
exciton is reported to be 55 Å (a diameter of 11 nm) in
GaP.[44] The absorbance peaks at 380 nm [Figure 5 (A)] and
416 nm [Figure 5 (B)] correspond to approximately 5 and
9 nm GaP crystallites, respectively, which is consistent with
the TEM results.

Figure 4. TEM images for GaP nanocrystals prepared at 300 °C at
twice the precursor concentrations for 4 h (A), 6 h (B); C and D
are the TEM images for GaP nanocrystals prepared at four times
the precursor concentrations for 4 h and 6 h; the insets E and F
are the SAED pattern of samples A and B

Figure 5. Optical absorption spectra of samples A and B of
Figure 4
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The Stability of GaP Nanoparticles and the Formation of
Ga3P Nanocrystals

In the previous section it could be seen that a new phase
was obtained after Na3P and GaCl3 reacted at 300 °C for
24 h. The XRD pattern of this new phase is shown in Fig-
ure 1 (E). An Energy Dispersive X-ray Diffraction (EDAX)
analysis study was performed in order to determine the
composition of sample E, obtained at 300 °C over 24 h.
Figure 6 shows the EDAX spectrum, in which both P and
Ga bands are detected when the electron beam is focused
on one of the particles. Na and Cl were also detected be-
cause the sample was not properly washed and so an ex-
tremely small amount of by-product (NaCl) is present. Be-
cause of the low concentration of NaCl and the small par-
ticle size, direct determination of the NaCl by X-ray diffrac-
tion is difficult; no NaCl diffraction peaks appear in
Figure 1 (E). The insert in Figure 6 indicates the results of
the elemental analysis. From the EDAX and element analy-
sis, we conclude that the new compound is Ga3P. Moreover,
all the reflections shown in Figure 1 (E) can be indexed to
the tetragonal Ga3P phase and the average crystallite sizes
of Ga3P were found to be about 55 nm, as estimated from
the Scherrer formula.

Figure 6. The EDAX results of Ga3P at 300 °C for 24 h; inset:
elemental analysis result of sample E

From the above discussion it can be seen that Ga3P is
obtained from the reaction of Na3P and GaCl3 at 300 °C
for 24 h, indicating that GaP is in fact metastable in the
solvothermal process. In order to confirm this metastability,
a further series of experiments was performed. All products
were identified from the XRD patterns. Figure 7 shows the
XRD patterns of the samples that were prepared at 420 °C
for 12 h (A), 400 °C for 14 h (B) and 340 °C for 20 h (C).
The relationship between the reaction conditions and prod-
ucts is summarized in Table 1. Figure 8 shows the TEM im-
ages of Ga3P, from which one can see that at 420 °C for
12 h (A) or at 400 °C for 14 h (B), Ga3P nanocrystallites
have a high crystallinity and are well distributed. This is
better than the results for Ga3P obtained at 340 °C for 20 h
(C) or at 300 °C for 24 h (D). The size distribution of the
sample obtained at 300 °C for 20 h is irregular: the largest
particle size is 75 nm but the smallest is only 20 nm. This
result is consistent with the average particle sizes from the



S. Gao, J. Lu, Y. Zhao, N. Chen, Y. XieFULL PAPER
XRD patterns. Figure 8 (E and F) are the ED patterns of
samples A and D. The diffraction intensity gives more proof
of the crystallinity of the samples at different temperatures
and times.

Figure 7. XRD patterns of Ga3P at 420 °C/12 h (A), 400 °C/14 h
(B), 340 °C/20 h (C)

Table 1. Relation between reaction conditions and products

Time [h] ProductTemp. [°C]

300 7 GaP
12 GaP
20 GaP (major),

Ga3P (minor)
24 Ga3P

340 8 GaP
12 GaP (major),

Ga3P (minor)
20 Ga3P

380 8 GaP
12 GaP (major),

Ga3P (minor)
400 8 Ga3P (major),

GaP (minor)
14 Ga3P

420 8 Ga3P (major),
GaP (minor)

12 Ga3P

In the current system, GaP was formed by the reaction
Na3P � GaCl3 � GaP � 3 NaCl, but upon prolonging
the reaction time or increasing the reaction temperature, the
products turned into Ga3P. Careful observation showed
that, after heating at 300 °C for between 3 and 12 h, the
autoclave was filled with a blue-green benzene solution and
a gray-black powder (GaP), whereas when the heating time
reached 24 h at 300 °C, 20 h at 340 °C, 14 h at 400 °C or
12 h at 420 °C, the autoclave was filled with a yellow or
light-brown benzene solution and a gray-white powder
(Ga3P). Upon removing some of the yellow or light-brown
benzene solution and dripping it onto filter paper in air,
spontaneous combustion takes place, indicating that white
phosphorus is dissolved in the yellow or light-brown ben-
zene solutions. In our experiments the Na3P and GaCl3 mo-
lar ratio is 1:1, so we believe that under solvothermal con-

 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2003, 1822�18271826

Figure 8. TEM images of Ga3P at 420 °C/12 h (A), 400 °C/14 h
(B), 340 °C/20 h (C), 300 °C/24 h (D); E and F are the SAED
pattern of samples A and D

ditions in benzene, the decomposition of GaP should take
place when the reaction time is prolonged or the reaction
temperature is increased as shown in Equation (3).

6 GaP � 2 Ga3P � P4 (3)

In order to study the reaction mechanism, more experi-
ments were performed. A purified sample of GaP was
placed into an autoclave, under the same solvothermal con-
ditions; the results differed from the above-mentioned re-
sults. Thus, either NaCl or unchanged Na3P is necessary
for the decomposition process to occur.[45�47]

Experimental Section

Preparation and Growth of GaP Nanocrystals: All analytical grade
solvents used in our experiments were dried with sodium chips and
distilled under a flow of N2. All reagents were analytical grade or
better and used without any purification, except for Na3P, which
was prepared according to the literature (small pieces of sodium
and an excess of white phosphorus were mixed in benzene, heated
to the melting point of sodium, and stirred and refluxed for
10�12 h).[48] A typical experimental procedure is as follows: Na3P
powder and a benzene solution of GaCl3 were placed in a stainless
steel autoclave and benzene was added to raise its ratio to 70�85%.
After the air in the solution was expelled by N2 (99.999% pure),
the autoclave was sealed and heated to 300 °C over different time
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periods, and then allowed to cool to room temperature. The prod-
ucts were filtered off and washed with benzene, absolute ethanol
and distilled water. Finally, the products were dried under vacuum
at room temperature for 2 h. In order to study the growth and
stability of GaP nanoparticles the as-prepared GaP was treated at
different temperatures and times under the same conditions.

Characterization of the Products: The phases of the products were
detected at a scanning rate of 0.02°s�1 in the 2θ range from 20 to
60° by using a D/max-γA X-ray diffractometer with Ni-filtered Cu-
Kα radiation. Optical absorption spectra were recorded with a Hita-
chi 340 UV/Vis/NIR recording spectrophotometer at room tem-
perature. The absorption cell used was a 1-cm quartz cuvette. A
blank solution of benzene was used as the reference. TEM images
of the samples were obtained from a Hitachi model H800 trans-
mission electron microscope using an accelerating voltage of
200 kV. To prepare the TEM samples, the colloids were briefly
ultrasonicated, and then a drop of the colloidal suspension was
applied to a copper mesh covered with a carbon film for 30 s.
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