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allium sulfide (GaS) is one of the
most important wide bandgap
III⫺VI semiconductors (Eg ⫽ 3.05
eV) with layered structures.1 GaS usually
crystallizes into double layers of nonmetal
atoms, each consisting of [S⫺Ga⫺Ga⫺S]
sheets and stacking together by the nonbonding interaction through the S atoms
along the c-axis as shown in Figure 1 inset.1
There are two layers in a single GaS unit
cell, in which the bonding between two adjacent layers is the van der Waal interaction and the bonding within a layer is predominantly covalent. The strong intralayer
bonding and the weak interlayer van der
Waals interaction give rise to highly anisotropic structural, electrical, optical, and mechanical properties, which have made GaS
attractive in photoelectric devices, electrical
sensors, and nonlinear optical applications.
For example, doped GaS is a promising material for the fabrication of near-blue-light
emitting devices.2 Thin films of GaS deposited on GaAs substrate can enhance photoluminescence yield of GaAs by 2 orders of
magnitude.3
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ABSTRACT Gallium sulfide (GaS) is a wide direct bandgap semiconductor with uniform layered structure used

in photoelectric devices, electrical sensors, and nonlinear optical applications. We report here the controlled
synthesis of various high-quality one-dimensional GaS nanostructures (thin nanowires, nanobelts, and zigzag
nanobelts) as well as other kinds of GaS products (microbelts, hexagonal microplates, and GaS/Ga2O3
heterostructured nanobelts) via a simple vaporⴚsolid method. The morphology and structures of the products
can be easily controlled by substrate temperature and evaporation source. Optical properties of GaS thin nanowires
and nanobelts were investigated and both show an emission band centered at 580 nm.
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One-dimensional (1-D) nanowires, nanotubes and nanobelts recently became the
focus of intensive research to be used as active materials for high-performance nanoscale devices due to their unique structures, such as large surface-to-volume
ratios.4⫺17 Both theoretical work and experimental work have been done on 1-D GaS
nanostructures.18⫺23 GaS nanotubes were
theoretically predicted and they might find
uses in nanoscale devices.18 The mechanical
properties of GaS nanotubes are believed
to relate with the tube diameter and wall
thickness.18 Using a laser and thermally induced exfoliation method, Gautam et al.
synthesized GaS nanotubes.19 Hu
et al. also synthesized GaS nanotubes using a thermal annealing
method.20 Both methods created
nanotubes with bad crystallinity,
which may greatly affect their
semiconducting performance and
future applications. Very recently,
Hu et al. synthesized high-quality
GaS submicrotubes using a hightemperature thermal reaction
method at 1400⫺1500 °C21,22 and
Panda et al. synthesized short GaS
nanobelts using catalyst-assisted
thermal evaporation method.23 UsFigure 1. Typical XRD pattern of a GaS nanostructure. Ining these two methods, highset: structural model of GaS with layered structure.
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Scheme 1. Vaporⴚsolid method used for the controlled growth of 1-D GaS
nanostructures.

quality GaS nanostructures were produced. However,
systematic studies on the controlled growth of 1-D GaS
nanostructures with different morphologies are still
not available until now.
Herein, using a simple catalyst-free vapor⫺solid
method, we reported the controlled synthesis of highquality GaS nanostructures on a large scale. We were
able to control the morphologies (thin nanowires,
nanobelts, zigzag nanobelts, microbelts, hexagonal
microplates) and compositions of the GaS products
(heterostructured nanobelts) by substrate temperature
as well as evaporation source. The strategy utilized for
controllable growth of GaS products is illustrated in
Scheme 1.

Figure 2. (a,b) SEM images, (c) TEM image, and (d,e) HRTEM images of
the thin GaS nanowires.

1116

VOL. 3 ▪ NO. 5 ▪ SHEN ET AL.

RESULTS AND DISCUSSION
Figure 1 shows an XRD pattern of a typical product.
All peaks in this pattern can be indexed to pure hexagonal GaS (JCPDS NO. 30-0576, space group: P63/mmc).
During XRD analysis, no characteristic peaks from other
crystalline impurities, such as GaN, Ga2O3, Bi2S3, were
detected, indicating the formation of high purity GaS
products.
Figures 2 panels a and b show the SEM images with
different magnifications of the GaS product deposited
on the upstream end of the inner wall of the small
quartz tube as indicated in Scheme 1. It can be clearly
seen that the product deposited here consists exclusively of thin nanowires with lengths of several
micrometers on a large scale (Supporting Information,
Figure S1). A typical TEM image of the thin GaS nanowires is shown in Figure 2c. It shows that the thin GaS
nanowires have uniform diameters of ⬃20 nm. EDS
attached to TEM was used to check the composition of
nanowires and the spectrum shows the presence of Ga
and S, indicating the formation of GaS (Supporting Information, Figure S2). High-resolution TEM (HRTEM) was
used to study the microstructures of the thin GaS
nanowires, and the lattice-resolved HRTEM images
taken from two typical thin GaS nanowires are depicted in Figure 2d,e. These nanowires are of single
crystal nature and the clearly marked interplanar d spacing is calculated to be 0.24 nm, which corresponds to
that of the [104] lattice plane of hexagonal GaS. Defects
were found to exist in the nanowires as revealed by
the images.
The substrate temperature where the products deposited plays an important role in the formation of
GaS nanostructures with different morphologies. Figure 3a shows a low-magnification SEM image of the GaS
products deposited on the graphite substrate downstream where the temperature is around 800 °C. According to the high-resolution SEM images (Figure
3b⫺f), the products are composed of numerous nanobelts with typical lengths of several tens to hundred
micrometers. Detailed analysis reveals that most of the
GaS nanobelts are of branched comblike morphologies
instead of forming individual nanobelts (Figure 3b and
3c). In other words, for the present GaS products, many
GaS nanobelts grew on either one side (Figure 3b) or
both sides (Figure 3c) of a stem GaS nanobelt. Figure 3d
is a SEM image of several aligned GaS nanobelts grown
on one side of a single GaS comb. According to these
images, typical GaS nanobelts have rough surfaces and
widths of 1⫺2 m. The thickness of these GaS nanobelts can be calculated from the side-view SEM images
shown in Figures 3e,f, where the beltlike morphology is
well recognized. Typical GaS nanobelts have thicknesses of 70⫺80 nm. Besides GaS nanobelts with rough
surfaces, some GaS nanobelts with smooth surfaces
were also detected, which are usually highly curved as
revealed in Figure 3g,h.
www.acsnano.org
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To study the microstructures of these GaS
nanobelts, TEM, HRTEM, and selected-area electron diffraction (SAED) were performed. Figure 4a
is a TEM image of two individual GaS nanobelts
with widths of about 1 m. Both nanobelts have
rough surfaces similar to the SEM results in Figure
3d. The branched structure can be clearly seen in
Figure 4b. The insets in this image are SAED patterns taken from different regions of the branched
nanobelts, revealing the single crystal nature of
both nanobelts. Both patterns can be indexed as
the [001] zone axis of a hexagonal GaS crystal.
Lattice-resolved HRTEM were taken on different
regions marked in Figure 4b and the corresponding images are depicted in Figures 4c⫺e. The resolved lattice fringes in these images are about
0.31 nm, corresponding well to the (101) plane of
hexagonal GaS crystal. On the basis of the SAED
patterns and the HRTEM images, we can deduce
that the preferred growth directions of the GaS
nanobelts are perpendicular to the {100} planes.
Figure 4f is a TEM image of a GaS nanobelt with
smooth surface. The corresponding SAED pattern
shown in the inset can also be indexed to the [001]
zone axis of a hexagonal GaS crystal. The HRTEM
image of the smooth GaS nanobelt is shown in
Figure 4g, where the calculated lattice distance is
0.31 nm, also corresponding to the (101) plane of
hexagonal GaS. The results indicate that the
Figure 3. (a) Low-magnification SEM image of GaS nanobelts; (bⴚd) highgrowth directions for these nanobelts are along
magnification SEM images of the GaS nanobelts, showing interesting branched
structures composed of aligned nanobelts; (e,f) side-view SEM images of the
the [100] orientations.
GaS nanobelts, showing thin belt-thickness; (g,h) highly curved GaS nanobelts.
On the substrate where the temperature is
around 800⫺850 °C, many zigzag GaS nanobelts
which can also be indexed to the [001] zone axis of hexwere found deposited besides the straight nanobelts
agonal GaS. Undoubtedly, the observed lattice fringes
discussed above. Figure 5 panels a and b are SEM imare separated by 0.31 nm, in according to the (101)
ages of several zigzag GaS nanobelts with widths of
plane of hexagonal GaS.
1⫺2 m. The belt shape of the zigzag GaS nanobelt
can be clearly seen in Figure 5c. We
also studied the microstructures of
the zigzag GaS nanobelts using TEM,
HRTEM, and SAED, and the results
are demonstrated in Figure 5d⫺f.
Figure 5d is a TEM image showing
four kinks of a zigzag GaS nanobelt.
The angle between two neighboring
kinks is calculated to be 120°, which
is in consistent with that between
two {101} planes of hexagonal GaS.
A high-magnification TEM image
taken on the edge of a single kink is
depicted in Figure 5e. From this image, one can see that the GaS nanobelt is wrapped with a layer of amorphous material with thickness of
several nanometers. The correFigure 4. (a) TEM image of two GaS nanobelts; (b) TEM image of a branched GaS nanobelt; (cⴚe)
sponding SAED pattern taken from
HRTEM images taken from the parts framed in panel b; (f) TEM image and (g) HRTEM image of a
the kink is shown in Figure 5e inset,
straight GaS nanobelt.
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When the substrate temperature is
950 °C, GaS microbelts were formed instead of GaS nanobelts, as revealed
by Figure 6a. The GaS product deposited at this temperature is typical GaS
microbelts instead of nanobelts at
lower temperature. These GaS microbelts have quite long lengths in the
range of several hundred micrometers to several millimeters. Compared
with the quite different lengths, the
thickness of the microbelts did not
change a lot between GaS microbelts
and nanobelts. As indicated in the SEM
image inset in Figure 6a, the thickness of a GaS microbelt is about 100
nm, only a little thicker than the GaS
nanobelts (Supporting Information,
Figure S3). These phenomena are usually observed for 1-D semiconductor
nanostructures synthesized via vapor
phase approaches, where high temperature favors the formation of
microbelts while low temperature
favors nanobelts.24
We found in the present
Figure 5. (aⴚc) SEM images, (d) TEM image, and (e,f) HRTEM images of the zigzag nanobelts.
vapor⫺solid method that 1-D GaS
Inset in panel e is a SAED pattern.
nanostructures or microstructures only
formed when the deposition temperature is higher than 700 °C. In the case of lower substrate temperature, for example, 650 °C, only hexagonal GaS microplates were formed as shown in Figure 6b.
According to this image, all the GaS microplates are of
uniform hexagonal shapes with the side length of about
4 m.
The formation of 1-D GaS nanostructures can be explained from the viewpoint of chemical reactions. When
the mixture of GaN and Bi2S3 was used as the source,
GaN thermal decomposed to generate Ga vapor at high
temperature according to the following reaction.
2GaN f 2Ga + N2

(∆G°1443K ) -309.4 kJ/mol)
(1)

Bi2S3 is believed to easily decompose at high temperature to generate S vapor:
2Bi2S3 f 4Bi + 3S2

(∆G°1443K ) -188.1 kJ/mol)
(2)

Figure 6. (a) SEM image of very long GaS microbelts; (b) SEM image of GaS
hexagonal microplates; (c) TEM image of a GaS/Ga2O3 heterostructured nanobelt; (d,e) HRTEM images taken from the center GaS nanobelt and the outer
Ga2O3 nanoparticles.

1118

VOL. 3 ▪ NO. 5 ▪ SHEN ET AL.

The decomposition of Bi2S3 to generate Bi is confirmed by the fact that Bi spheres are deposited on the
inner wall of quartz tube downstream (Supporting Information, Figure S4). Then, the newly generated Ga vapor and S vapor follows thermal reaction to generate
GaS vapors:
www.acsnano.org
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2Ga + S2 f GaS

(∆G°1443K ) -70.3 kJ/mol)
(3)

Carried by the Ar gas, GaS vapors were then transferred to the low temperature region and deposited
on the graphite substrates. Influenced by the substrate
temperature, 1-D GaS nanostructures with different
morphologies were then formed at different regions.
GaS microbelts were formed at high temperature region and only GaS nanobelts formed at lower temperature region, which is in agreement with previous
reports.24,25 When the deposition temperature is lower
than 700 °C, the growth is mainly governed by the crystal structure of hexagonal GaS phase, thus only hexagonal GaS microplates are formed. In the double quartz
tube reaction system, trace GaS vapors was trapped at
the upstream end of the small quartz tube, resulting in
the formation of thin GaS nanowires at this point. Here,
we should mention that the products were only formed
in the double-tube furnace system. Without the small
tube, only GaS micro- or nanoparticles are formed.
We are also able to synthesize GaS/Ga2O3 heterostructured nanobelts using the vapor⫺solid method
by choosing the mixture of Ga2O3 and Bi2S3 as the
evaporation source (Supporting Information, Figure
S5). Figure 6c depicts a TEM image of a single GaS/
Ga2O3 heterostructured nanobelt with a width of about
2 m. The clear ripplelike contrast in the TEM image is
due to the strain resulting from the ribbon
bending.25⫺27 The clear brightness contrast between
the nanobelt and the surface of the nanobelt, dark
nanoparticles, indicates the formation of heterostructures. EDS analysis confirms that the inner nanobelt
within the heterostructures is GaS, while the outer
nanoparticles are Ga2O3 (Supporting Information, Figure S6). We took HRTEM analysis on both the inner
nanobelt and the outer nanoparticles and the images
are demonstrated in Figure 6d,e. The lattice fringe in
Figure 6d is calculated to be 0.31 nm, perfectly matching the (101) lattice plane of hexagonal GaS, which is in
agreement with the GaS nanobelts synthesized from
the mixture of GaN and Bi2S3. The HRTEM image taken
from outer sheathed Ga2O3 nanoparticles is depicted in
Figure 6e and the resolved lattice distance is 0.59 nm,
corresponding to the (002) plane of monoclinic Ga2O3
phase.
In the case of using the mixture of Ga2O3 and Bi2S3,
Ga2O3 decomposes at high temperature according to
the following reactions:21
Ga2O3 + 2C f Ga2O + 2CO
(∆G°1443K ) -103.4 kJ/mol) (4)
2Ga2O + 4CO f 4Ga + C + 3CO2
(∆G°1443K ) -214.2 kJ/mol) (5)
www.acsnano.org

Figure 7. PL spectra of (a) thin GaS nanowires and (b) GaS
nanobelts.

As revealed by the reactions 4, the total entropy considerably increases to form gaseous Ga2O and CO. At a
temperature as high as 1443 K, Ga2O3 spontaneously reacts with a carbon powder to form first gaseous Ga2O
and CO, and then gaseous Ga due to negative Gibbs
free energy. The newly generated Ga or Ga2O then reacts with S vapor or CS2 to generate GaS vapors following eq 3 or the following equation:
Ga2O + CS2 f 2GaS + CO
(∆G°1443K ) -80.4 kJ/mol) (6)
After the growth of GaS nanobelts, excessive Ga2O3
will be evaporated and deposit on the surface of GaS
nanobelts, resulting in the formation of GaS/Ga2O3 heterostructured nanobelts.
Optical properties of the vapor⫺solid synthesized
GaS nanostructures were also investigated. Figure 7
shows the room-temperature photoluminescence (PL)
spectra taken from thin GaS nanowires and GaS nanobelts. It is clear that a strong emission centered at ⬃580
nm is detected in both spectra. The emission band is
in agreement with the PL emission band observed from
bulk GaS crystals.28,29 This emission may come from
some impurities existed in the products and is due to
the radiative recombination of electrons from minimum
of conduction band by holes from deep captor centers.
CONCLUSIONS
In conclusion, a simple catalyst-free vapor-solid
method was developed for the controlled growth of
high-quality 1-D GaS nanostructures (thin nanowires,
nanobelts, zigzag nanobelts), microstructures (microbelts and hexagonal microplates), and heterostructures
(GaS/Ga2O3 heterostructured nanobelts). We easily
achieved control of products by choosing the substrate temperature and source material. These highquality 1-D GaS nanostructures may find applications
in nanoscale devices. Choosing suitable experimental
parameters, such as evaporation source, deposition
temperature, this simple vapor⫺solid method may be
VOL. 3 ▪ NO. 5 ▪ 1115–1120 ▪ 2009
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extended to synthesize 1-D nanostructures of other
III⫺VI group semiconductors.

10.

METHODS
The vapor⫺solid method utilized consists of a horizontal
tube furnace with two different-sized quartz tubes as shown in
Scheme 1. In a typical process, the source materials, either the
mixture of GaN and Bi2S3 (for the synthesis of 1-D GaS nano- and
microstructures) or the mixture of Ga2O3 and Bi2S3 (for the synthesis of GaS/Ga2O3 heterostructured nanobelts) were placed in
a graphite boat in the center of the furnace. High purity Ar
(99.999%) gas was used as the carrier gas. After purging the furnace with Ar gas for 30 min, the temperature of the furnace was
increased to 1170 °C and kept at that temperature for 1 h. Graphite plates (length ⫻ width: 2 cm ⫻ 0.5 cm) were used as the substrates for the growth of GaS products. After cooling down to
room temperature, yellow powders were found deposited on
the graphites substrates as well as the open entrance of the small
quartz tube. Different kinds of GaS products were grown on
graphite substrates placed downstream at different locations
with different temperatures (Scheme 1).
The produced GaS samples were characterized using an
X-ray powder diffractometer (RINT 2200), a Hitachi field-emission
scanning electron microscope (SEM, S-4800), a JEOL fieldemission scanning electron microscope (SEM, JSM-6700F), and
a JEOL 300 KV field-emission transmission electron microscope
(TEM, JEM-3000F) equipped with energy dispersive X-ray spectrometry (EDS). Photoluminescence (PL) was studied at room
temperature by using a continuous-wave He⫺Cd laser with a
325 nm line.
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