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ABSTRACT
Layer-structured group Ill chalcogenides have highly anisotropic properties and are attractive materials for stable photocathodes and battery
electrodes. We report the controlled synthesis and characterization of layer-structured GaSe nanowires via a catalyst-assisted vapor —liquid —
solid (VLS) growth mechanism during GaSe powder evaporation. GaSe nanowires consist of Se —Ga—Ga—Se layers stacked together via van
der Waals interactions to form belt-shaped nanowires with a growth direction along the [11 —20], width along the [1 —100], and height along the
[0001] direction. Nanobelts exhibit a variety of morphologies including straight, zigzag, and saw-tooth shapes. These morphologies are realized
by controlling the growth temperature and time so that the actual catalysts have a chemical composition of Au, Au —Ga alloy, or Ga. The

participation of Ga in the VLS catalyst is important for achieving different morphologies of GaSe. In addition, GaSe nanotubes are also
prepared by a slow growth process.

Layer-structured semiconductor materials such as group lll is tetragonally coordinated to three Se atoms and one Ga
monochalcogenides have highly anisotropic electrical, opti- atom. Adjacent layers are held together by weaker van der
cal, and mechanical propertieshich result from the strong ~ Waals interactions. Disc-shaped GaSe quantum dots have
intralayer covalent bonding and the weak interlayer van der been synthesized from organometallic precursors in an
Waals interaction. The bonding anisotropy also suggests thalorganic phasé.GaSe NTs have been prepared recently by
there are no surface dangling bonds except at the edge othe evaporation of GaSe and the exfoliation with orgafics.
the layers and that photoexcited antibonding states do notpitferent from these previous studies, our synthesis of GaSe
weaken the metalchalcogenide bond and enable the good Nws is carried out through a vapeliquid—solid (VLS)
photostability? Their unique properties have made them growth mechanisfhduring GaSe thermal evaporation. The
attractive in applications such as solar cedlad solid-state  \/| 5 mechanism has been used extensively for the growth
batteries! Their one-dimensional nanowire (NW) structures ¢ one-dimensional IV, HVI, and 11—V semiconductor

may afford better materials for these applications becausenanostructure® in which Au nanoparticles function as

NWs have a large surface area for charge carrier separation, i ersal catalysts. Inspired by this, we also use Au nano-

arr:d for fast_ 1on mterg?rallatlo(rj\dy\{hlle lilnv?/mtammg eff(;ment particles in our GaSe NW synthesis. The nanocatalyst
¢ a[jge ctarne}r tra:njp_ tnha '“OT" i N tcan tErow 'ti a compositions can be varied between pure Au, pure Ga, or a
good system for studying shape anisotropy together with Size- ;5 alloy by controlling the source and substrate

dependent properties. However, a facile synthet!c rT]EzthOdtemperature and growth time, also effectively controlling the
to controllably produce group Il monochalcogenide NWs morohologies of the resulting GaSe NWSs
has not been developed. Here we report the synthesis of GaSe P 9 9 )

NWs and show that NWs exhibit a variety of controllable ~ The synthesis was conducted in a 12 in. horizontal tube

morphologies including straight, zigzag, saw-tooth nanobelts furnace (Lindberg/Blue M) equipped Wita 1 in. diameter

(NBs), and nanotubes (NTs). quartz tube (Figure 1A). The source material, polycrystalline
GaSe exhibits a hexagonal layered strucfurgth each GaSe powder, was positioned in the middle of the furnace.

|ayer Consisting of SeGa—Ga—Se sheets. Each Ga atom The Sub§tl’ates, natiVE'O?(idized silic@h00covered with
—— 20 nm diameter Au particles, were placed downstream at
t*fTodWTjom correspondence should be addressed. E-mail: yicui@ the expected locations to accurately set the temperature
stanford.eau. :
IDepartment of Materials Science and Engineering, Stanford University. High-purity N, premixed with 2% H (99.999%) acted as a
Department of Chemistry, Stanford University. carrier gas. The tube was pumped to a base pressure of 60
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Inc. mTorr and flushed with the carrier gas repeatedly to decrease
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Figure 1. (A) Schematic diagram of the furnace used for the synthesis of GaSe nanostructures. (B) Temperature profile of the furnace at
different set temperatures of 400, 500, 600, 700, 800, and@fespectively. (C) TG curve of bulk GaSe under dynamic vacuum (Adapted
from ref 11). (D) Different morphologies of GaSe NWs controlled by growth temperature and time.

oxygen contamination. The carrier gas flow rate was
maintained at 100 sccm at a pressure of 1 atm during the
growth. The set temperature for the thermal evaporation was
determined by the sublimation behavior of the source
material. The thermogravimetry (TG) curve of GaSe under
dynamic vacuum, adapted from ref 11 (Figure 1t),
indicates appreciable volatilization appears at about°€0
and the complete evaporation is reached at about°@50
Therefore, the typical source temperature is ramped to 800
or 900°C at a rate of 70C/min, and then maintained for 1

to 3 h. At the experimental temperature, GaSe sublimes
congruently, and the vapor consists of predominantly
GaSe and Sgand a small amount of G& The amount of

Ga in the vapor is a critical factor for different GaSe
morphologies. The temperature distribution in the tube is
important for controlling the morphologies of NWs and has
been measured at different set temperatures (Figure 1B). A
temperature gradient was established from the center to the
end of the tube. The substrates were placed downstream at
different temperature zones ranging from 600 to 200The Figure 2. Nanowires grown at 808C for 1 h. (A) SEM image of
morphology and structure of the synthesized nanomaterials@S-9rown NWs from GaSe evaporation. (B) Low-magnification

: : . : EM image of a single-crystalline hexagonal GaSe NW with a Au
were characterized using an FEI Sirion scanning electrontip_ (C) Selected-area electron diffraction pattern on GaSe NW in

microscope (SEM) and a Philips CM20 transmission electron (g) indexed for the hexagonal structure with-&° growth direction.
microscope (TEM) operating at 200 kV. Chemical analysis (D) HRTEM image of the same NW. The (0002) plane with a
was done using energy-dispersive X-ray spectrometersspacing of 0.796 nm is shown. The NW growth direction is

(EDX) equipped on the TEM and SEM. Different morphol- indicated by the white arrow. (E) HRTEM image of the Au particle

ogies at different growth condition are summarized in Figure at the tip of the same NW. The lattice (111) plane of Au with a
. . spacing of 0.238 nm is shown.

1D and will be discussed below.

Figure 2A shows a typical SEM image of as-grown NWs diffraction (SAED) pattern (Figure 2C) on the same NW
after GaSe powder evaporation at 8@ for 1 h. The NW shows a regular spot pattern, confirming the single-crystalline
widths range from 20 to 28 nm, and the lengths extend up nature of the NW with a [1320] growth direction. A high-
to several microns. TEM observation provides structural resolution TEM (HRTEM) image (Figure 2D) of the same
information on the NWs. The TEM image of a single NW NW reveals that the lattice spacing of the planes parallel to
(Figure 2B) demonstrates that the NW is uniform (ca. 25 the growth direction is 0.796 nm, agreeing well with the
nm in width) and has a smooth surface along its length, with spacing of the (0002) planes of hexagonal GaSe. These
a particle (ca. 20 nm in diameter) at the tip. To confirm the results indicate that GaSe NWs consist of layers ofGa—
chemical composition of the NW, EDX spectra were Ga—Se stacked together, as shown in Figure 1D. Extensive
consecutively obtained from the wire part and the tip (Figure TEM studies on NWs with different zone axes aligned with
S1 in Supporting Information). The EDX analyses reveal the the electron beam show that NWs all have similar widths.
presence of Au in the tip, while the wire is GaSe with a Due to the anisotropic nature of GaSéhe information
Ga/Se atomic ratio 0f1.02, indicating that the composition  suggests that GaSe NWs have a nearly square-shaped cross
of the NW is indeed GaSe. The selected-area electronsection, i.e., the width and height are the same. The HRTEM
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3 h growth but notim 1 h growth is expected to originate
from the slow thermal decomposition of GaSe at 80
Control experiments at 80 without the Au nanoparticles
did not yield any NW on the bare Si substrates, indicating
that Au in nanopatrticle catalyst is still the main ingredient
to catalyze the growth of GaSe NWs at this temperature.

Second, the length of GaSe NWs is increased to tens of
AT microns shown in SEMs of as-grown samples on the top
0628 "™ and at the edge of substrate (Figure 3A and B, respectively).
The width of the NWs is also increased significantly. Close
to the catalyst tip, the width of NWs increases to—BD

nm, which is approximately twice that of the catalyst alloy
and approximately three times of that of NWs grown for 1
h. This suggests that the vapaolid mechanisit takes
place during NW growth in addition to VLS growth. Due to
its layered structure, a NW is expected to have many
dangling bonds at the two edges, which can easily incorporate
atoms directly coming from the gas phase or diffusing from
the top/bottom surfaces. Indeed, we found that the width of
some GaSe NWs is larger on the base side than on the tip
side (Figure 3C), confirming the existence of a vapsolid
mechanism to increase the width of NWs.

Third, the height of NWs is much smaller than the width.
Figure 3F shows a low-magnification TEM image of a GaSe
NW that rotates 90 Through the rotation, we can see a top
and side view of a single NW. It has a height (50 nm) much
smaller than the width (180 nm), revealing the NB shape.
The flat surface of the NB is parallel to the (0002) plane,
Figure 3. Nanowires grown at 80€C for 3 h. (A) Representative  \yhereas its width is in the [4100] direction. As shown in

SEM image of GaSe NWs over the substrate. (B) SEM image of . . :
the GaSe NWs at the edge of the substrate. Inset: close-up viewFlgure 3G, the measured spacing of the planes is 0.323 nm,

highlighting the zigzag shape. (C,D) Low-magnification TEM image corresponding to the (1610) lattice plane of hexagonal
of a GaSe NB with a nanoparticle at the tip. Inset: corresponding GaSe. The growth direction of the NB, as indicated by an
SAED pattern. (E) HRTEM of the particle at the tip of the NB in  arrow in Figure 3G, is [1320], which is confirmed by the
g%;Dghg\:A)lihowa;”t‘g‘g'zmats'%“e-rﬁg"w'm(ac‘?le_éjf :Rci'aEsl\i ?'n?athS; rotaies corresponding SAED pattern (Figure 3G inset). A HRTEM
same NB regcorde% from the boxed aréas in (F), respec?ively. Insets' 1a9€ of a NB taken f rom the side wew_sho_ws the If'iyered
represent the corresponding SAED patterns. structure of GaSe (Figure 3H). The lattice image displays

alternating bright and dark fringes that run parallel to the

image of the tip shows lattice planes with a spacing of 0.238 growth direction. The periodic spacing of these fringes is
nm, corresponding to those of the (111) plane of Au without ~0-796 nm, as marked in the image, corresponding to the
any Ga or Se alloying (Figure 2E). The presence of the Au (0002) planes of hexagonal GaSe. The corresponding SAED
nanoparticle at the end of a NW corroborates the Au catalyst- Pattern (Figure 3G inset) clearly indicates that the growth
assisted VLS growth mechanisiThe diameter of the Au  direction is [11-20], consistent with that obtained in the flat
nanoparticle matches the width and height of the Nws, View. The height of GaSe NBs, which is [0001] layer
implying the possibility of size control by the catalyst size. Stacking direction, is still similar to the size of AGa
When extending the growth time t3 h with the same alloyed catalyst. This suggests that the overgrowth on the
source temperature of 8T, remarkable Changes in the h8|ght through a VS mechanism is much slower than at the
GaSe NW morphology can be identified compared to the €dges because there are no dangling bonds on the layer
NWs afte 1 h growth (Figure 3). First, the NWs have a Surface.
catalyst particle at the tip with a diameter of 480 nm, These differences in the longer growth time at 8@
which is markedly bigger than the initial 20 nm Au particle appear to be attributed to the VLS overgrowth and the
(Figure 3D inset), implying the alloy formation in the Au—Ga alloy catalyst. To further study how Ga affects the
catalyst. EDX spectra on the catalyst particle show the growth, we carried out the growth at 960G for 1 h because
presence of both Au and Ga with a Au/Ga atomic ratio of more Ga vapor can be produced during the faster decom-
1.5, confirming Au-Ga alloy formation (Figure S2 in  position of GaSe at higher temperatdté? A high yield of
Supporting Information). The HRTEM image on the catalyst GaSe NBs is obtained, and an even more dramatic change
particle (Figure 3E) gives the lattice fringes of the particle of morphologies appears (Figure 1D). Large area SEM
as 0.625 nm, which does not match with Au or Ga, also images show that there is a significant fraction of NBs with
suggesting the alloy formation. The incorporation of Ga in sawtooth (Figure 4A) and zigzag (Figure 4B) morphologies,

2nm
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different growth temperatures and times have an identical
crystal structure and the same long-axis orientation.

EDX analysis in SEM reveals that the particle is solely
composed of metallic Ga without Au (Figure S3 in Sup-
porting Information). The TEM EDX spectrum on the
catalyst particle close to the tip of NBs further confirms that
the sphere consists of Ga without Au (Figure S3 in
Supporting Information). Indeed, the growth without Au
catalyst at 900C gives the same results, suggesting Ga is
a more active catalyst for NB growth at this temperature.
The SAED patterns focused on the catalyst show that the
SAED spots that originate from the hexagonal GaSe NB.
The diffuse rings in the SAED patterns suggest the amor-
phous nature of the Ga liquid droplets, which was also

Figure 4. Nanowires grown at 90€C for 1 h. (A) Representative observed .preVIOU.SIV)' The coexistence of bOt.h GasSe spots
SEM image of the GaSe NBs from GaSe evaporation at°@0 and Ga diffuse rings suggest that G'a partlc!es and GasSe
Inset: high-resolution SEM image of a selected area. (B) SEM overlay on top of each other, consistent with the SEM
image of zigzag NBs with a Ga sphere near the tip. Inset: higher observation.

magnification SEM image of the NB tip. (C) Low-magnification ; ;
TEM of a straight-zigzag-sawtooth NB. (D) Low-magnification We believe that the appearance of sawtooth and zigzag

TEM image of a sawtooth NB. (E) HRTEM image recorded from morphologies_ re_sults from the participation _of Ga as the
the area indicated by the white circle in (D). Inset: the correspond- catalyst. Ga liquid droplets have a low surfateterfacial
ing SAED pattern. (F) Low-magnification TEM image of a straight energy compared to Au and their shape is much more

NB with a Ga sphere near the tip. (G) HRTEM image recorded sensitive to perturbation during growthwhich causes the
];rgrr:‘estggngirﬁg gfl'zcgtsgng?'ntgfeﬂ:’;hﬁ% E[:iIFr)Cle in (F). Inset: the nstant change in growth direction to make zigzag and
' sawtooth structures without increasing the free energy.
which we can start to observe in a small fraction of NBs Recently, anisotropic growth-induced sawtooth structures
grown at 800°C for 3 h (Figure 3B inset). The widths of ~have been observed for wurtzite ZnO, ZnS, and CdSe,
the NBs become even larger, ranging from 200 nm to severalWhich is caused by the equilibrium crystal surface structure.
microns, and lengths are up to several hundred microns. TheSince Au-catalyzed GaSe NWs do not show sawtooth or
thicknesses of the NBs are increased to ca. 100 nm (FigureZigzag morphologies, we conclude that this is less likely the
4A inset). Most interestingly, a large particle is located at explanation for the GaSe case. Periodic sawtooth faceting
or close to the NB tip, adhering to the flat side surface of during VLS growth of Si NWs have also been directly
the NB (Figure 4B and its inset), which is different from Observed? explained by periodic shrinking and expansion
the VLS growth in most materials. In addition, NBs can be Of the liquid droplet induced by the interplay of surface
bent> 180" without breaking, which suggests that the NBs €nergy and geometry of NWs and the liquid droplet. This

are rather flexible in contrast to the fragile bulk crystal of Mechanism can explain the sawtooth patterns symmetric
GaSe (Figure 4A¥ around the NW axis. The sawtooth and zigzag patterns in

To understand the structure characteristics of these dif- GaSe NBs do not have such a symmetric axis. We conclude

ferent morphologies, we have conducted TEM studies. Low- that this mechanism alone is less likely to account for GaSe
magnification TEM observation (Figure 4C) reveals that Sawtooth and zigzag morphologies, but rather the mechanism
sawtooth, zigzag, and straight structures can coexist in theis directly related to the probability to perturb the liquid
same GaSe NB. As shown in Figure 4D, the NB with droplet by the combination of surfacenterfacial energy,
sawtooth-faceted sidewalls has an asymmetric configurationthermal energy, gas flow, or other mechanical motions.
and an irregular periodicity. All sawtooth angles are uni- Further studies are being carried out to understand these
formly 12C°. Zigzag NBs also have the same 12furning matters.

angle. This characteristic angle reflects the hexagonal sym- Layer-structured materials can in principle form NTs by
metry of GaSe layered structurkalso suggesting sawtooth  rolling up the layer$:?° Here we can produce GaSe NTs by
and zigzag are indeed the same morphology. Sawtoothslowly heating GaSe powder to 90C at a rate of 1°C/
structures can be understood as the small periodicity of min, which allows the SeGa—Ga—Se layers to have enough
zigzag structures. HRTEM observations and SAED patternstime to roll up. We note that we can find some fraction
(Figure 4E) of the sawtooth indicate that the NB has a (~5%) of NTs, although the main product is still NBs. Figure
hexagonal structure with a zigzag growth direction along 5A shows a TEM image of a GaSe NT. The NT is straight,
[11—20] and [2-1—10] successively. These two directions with an inner diameter 020 nm and an outer diameter of
are equivalent, which is the same growth direction as the ~35 nm. The HREM image of a wall of the NT (Figure
straight NBs grown at 800C. The SAED patterns do not 5B) gives a lattice spacing 0f0.8 nm, corresponding to
change when the electron beam is moved along the lengththe (0002) lattice planes of hexagonal GaSe. The NTs usually
of NB, indicating that the whole NB is a single crystal. These have a catalyst particle at one end and the other end is closed.
data suggest that sawtooth, zigzag, and straight NBs atThe inner diameter is determined by the diameter of catalyst.
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