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ABSTRACT: We fabricated Ga-GaSb nanohybrids by the droplet epitaxy
method and precisely tuned the interaction between the metal and
semiconductor parts. Selective absorption enhancement from 1.2 to 1.3 μm
was conﬁrmed via ultraviolet−visible−infrared absorption spectra in all of the
nanohybrids, which shows size and component dependence. Valence band
spectra of the samples indicate that carrier separation occurs at the interface at
the Schottky junction and the high density of states near the Fermi level in a
semiconductor controls the process of charge transfer. Thus, the enhanced
selective absorption in the infrared region will open up a broad prospect for
applications in infrared detection and thermophotovoltaic cells.

■

nm was realized at the Ag-Ag2S heterojunction.9 Most of these
MS hybrids exhibit good performance in the visible-light region.
Our motivation is to select a proper system in the infrared (IR)
region.
III-Sb materials are attractive candidates as IR detectors due
to their small band gap, ranging from 1.6 eV (AlSb) to 0.2 eV
(InSb). In this work, we synthesized Ga-GaSb(111) MS
nanohybrids by droplet epitaxy10−13 to study the infrared
absorption property. Their size mainly depends on the size of
the metal drop initially formed by the Ga ﬂux. Compared with
the GaSb epi-ﬁlm, absorption is enhanced, ranging from 1200
to 1380 nm in these MS nanohybrids, which is mainly caused
by charge separation at the interface; namely, electrons transfer
to the metal surface and holes gather into the valence band with
the top bending upward. The process of charges transfer is
conﬁrmed by the density decrease of states (DOS) in the
valence band spectrum. Thus, the Ga-GaSb nanohybrids will
open up a broad prospect for applications in IR detection.

INTRODUCTION
Metal-semiconductor (MS) hybrids, combination of diﬀerent
metal and semiconductor materials in a nanostructure, have
attracted much attention for their availability to design the
absorption and emission properties, control the nanoscale
energy-transfer processes, create new excitations in the coupling
regime, and increase the optical nonlinearities.1−4 The
interaction between the material components of hybrid
nanoparticles is the key point for designing and modifying
their properties. Precise control of the size and composition of
nanohybrids makes it possible to satisfy diﬀerent application
requirements by tuning the interaction.5 For example, the
photoluminescence property of Au-CdS MS nanostructures
may be promoted through a carrier transfer process;6 for
example, the excited electrons on the metal surface transfer via
a surface plasmon wave to the conduction band of the
semiconductor and recombine with holes in the valence band.
The Schottky junction formed at the interface, an interaction
between metals and semiconductors, controls the process of
charge transfer. Its potential barrier strongly depends on the
crystal facet of the semiconductor attached to the metal. Hence,
the semiconductor crystal in the hybrid design may be better
enclosed by a certain proper facet to promote its various
performances. It was proved that the Schottky barrier can be
formed at the Cu2O (100)-Pd interface to accelerate the
migration of holes from Cu2O (111) to Pd for improved
photocatalysis.7
It is reported that the core−shell structure of Cu@Cu2O
could favor the charge transfer and inhibit recombination of
photogenerated hole−electron pairs8 and drive an enhancement of photocatalytic activity in the visible-light region. The
tunable surface plasmon resonance absorbance from 568 to 761
© 2016 American Chemical Society
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EXPERIMENTAL SECTION

Prior to growth, p-type low-resistance Si(111) wafers doped with B
were chemically cleaned by Shiraki clean procedures.14 The cleaned
wafers were immediately loaded into the molecular beam epitaxy
(MBE) load-lock chamber and degassed at 200 °C under a ﬁnal
pressure of 5 × 10−8 Torr for 2 h. A SVTA III-V reactor equipped with
a valved cracking cell for Sb and an eﬀusion cell for Ga was used to
grow these nanohybrids. The cracking zone temperature of the Sb
source was ﬁxed at 1000 °C to provide atomic antimony and Sb2. The
base pressure maintained in the growth chamber was about ∼10−10
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Figure 1. SEM images of the MS hybrids for samples A (a), B (b), and C (c). All scare bars are 100 nm. The corresponding particle size statistic
graphs are showed in (d), (e), and (f).
Torr. The substrates were annealed at 800 °C for 10 min to get Si
(111)-(7 × 7) reconstruction. Then the substrate was directly cooled
down to 350 °C for the growth.
First, Ga droplets were formed by supplying Ga ﬂux without Sb ﬂux,
and then these droplets were crystallized by supply of Sb ﬂux. This
method was used to obtain three samples of Ga-GaSb metalsemiconductor hybrid nanostructures with three diﬀerent Ga and Sb
ﬂux duration times, and the only diﬀerence is the duration time of Ga
and the Sb ﬂux. The three samples were named as A (the duration
time was 10 min for Ga and 20 min for Sb), B (the duration time was
15 and 20 min), and C (the duration time was 15 and 30 min),
respectively.
Surface morphologies were analyzed with scanning electron
microscopy (SEM) by FEI Helios Nanolab 600i. The hybrid
nanostructures formed by two diﬀerent phases of metal and
semiconductor were conﬁrmed by atomic force microscopy (AFM)
(NSK SPA400) in phase scan mode. High-resolution transmission
electron microscopy (HRTEM) (FEI Tecnai G2 S-Twin F20) was
used to verify the crystal facet of GaSb attached to Ga metal. The solid
ultraviolet−visible−infrared (UV−vis−IR) absorption spectrum within
the wavelength 1100−1800 nm was obtained with a Shimadzu U-4100.
X-ray photoelectron spectroscopy (XPS) (Thermo ESCALAB250)
scanned the valence band spectrum to study the electronic structure
near the Fermi level.

pattern in the SI, the hybrids consist of metal Ga and
semiconductor GaSb. Phase diagrams were obtained simultaneously with the AFM image, and the phase boundary between
metal and semiconductor could be seen clearly.
Sample C was used as an example to verify the crystal facet of
GaSb attached to Ga metal for its bigger size. Good
attachment16 can be seen in TEM in Figure 2(a). In the

Figure 2. (a) Full width TEM image for sample C (Ga 15 min-Sb 30
min). (b) High resolution image for the red box with the dash line in
part (a). In order to work out the crystal facet more easily, a lattice
fringe image is obtained by IFFT in the red box with the solid line.
And the interplanar spacing between the parallel lines is 0.352 nm.

■

RESULTS AND DISCUSSION
The surface morphologies of the Ga-GaSb metal-semiconductor nanohybrids grown on Si(111) substrates were
characterized by SEM. Each nanohybrid consisted of two parts
in diﬀerent contrast and had a similar conﬁguration with a bulb.
The particle size statistics have been done with 100 particles,
respectively, and detailed SEM images can be found in the
Supporting Information (SI). The average size was about
105.23 nm, 146.76 nm, and 171.54 nm for samples A, B, and C,
respectively. For sample A (Ga 10 min-Sb 20 min) and B (Ga
15 min-Sb 20 min), shown in Figure 1(a) and (b), the particle
size of the nanohybrids increased with the duration time of the
Ga ﬂux at the cost of a decrease in density. Thus, the particle
size strongly depended on the size of the metal drop initially
formed by the Ga ﬂux.15 But the proportion of semiconductor
obviously enlarged in sample C (Ga 15 min-Sb 30 min) in
Figure 1(c). The height of the nanohybrids increased with its
size as shown in AFM images in the SI. According to the XRD

inset in Figure 2(b), interplanar spacing (0.354 nm) between
the parallel lines is similar to the interplanar crystal spacing
(0.352 nm) of (111).17 It can be concluded that the crystal
facet of GaSb is the (111) crystal face, which is similar to the
Au-catalyzed growth of GaSb nanowires.18 In addition, it is also
conﬁrmed from the inverse fast fourier transformation (IFFT)
images. Twin domains appear frequently in GaSb nanowires or
epi-ﬁlms.19 But no twin domain or threading dislocation exists
in the semiconductor part, as shown in Figure 2(b), and other
locations of semiconductor parts are shown in the SI. This is
due to the high migration rate on the liquid Ga metal surface
before it condenses into a solid, and the stress during growth
can be eﬀectively released. Moreover, this MS hybrid has an
advantage over those synthesized by directly assembling metal
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metal. Herein, the work function for the metal Ga is 4.2 eV23
and the electronic aﬃnity for the semiconductor GaSb is 4.06
eV.24 So energy bands in GaSb near the interface bend
upward,25 as shown in Figure 4. Thus, every absorption peak in

and semiconductor particles. It is known that not all the surface
facets of a semiconductor could oﬀer appropriate work
functions to form the Schottky barrier with a metal, simply
because diﬀerent crystal facets may have varied electronic
structures, resulting in huge variations in their work functions.20
For this reason, only when the metal is deposited on speciﬁc
facets of a semiconductor can the desired Schottky barrier be
formed to facilitate the migration of electrons.21 But by
assembling, the surface facet of a semiconductor attached to a
metal is unﬁxed. In addition, it may introduce extra interface
scattering which suppresses electronic transport compared with
this droplet epitaxy.
The band gap of these MS hybrids is estimated from the
exciton features in the absorption spectra of each size
distribution, and we compare them with a GaSb epi-ﬁlm on a
Si(111) substrate in Figure 3. Each absorption spectrum

Figure 4. Band alignment for the MS hybrids. Charge transfer
processes are marked by arrows.

Figure 3 corresponds to every energy level transition. When an
electron is excited to a certain level higher than the potential
barrier of the lowest defect level, it will fall into the Fermi level
of metal Ga and the hole in the VB of GaSb gathers into the
valence band, with the top bending upward. The concentration
of exciton is thus reduced and more electrons can be excited.
Therefore, absorption increases for excitation energy higher
than a certain value around 1200−1380 nm due to charge
separation. But absorption enhancement for sample C is not as
obvious as the other two. This is mainly caused by the big size
of the semiconductor part. When it is excited, so many
electrons and holes are created that the valence band with its
top bending upward cannot contain these holes and the surface
of Ga metal will be full of electrons. Hence, the lower the
proportion of semiconductor is, the stronger the absorption
enhancement will be.
At the Schottky barrier formed by band bending, charge
transfers to the metal, primarily from the high DOS of the
semiconductor.26 The valence band spectrum (Figure 5) near
the Fermi level was used to conﬁrm the charge transfer process.
There are 2 peaks in the VB spectrum of the GaSb ﬁlm.27,28
This matches well with the theoretical calculated value, and the
peak between 0 and 4 eV mainly consists of the p-like projected
DOS of Ga and Sb, while it is their higher activity due to the
nearest position to the Fermi level that causes these peaks in
MS hybrids to decrease. Therefore, charge separation29 at the
interface of the Schottky junction and the high DOS in the
semiconductor keep electrons transferring to the Fermi level of
the metal. The probability of exciton recombination is reduced,
and more excited electrons create more absorption.

Figure 3. IR absorption spectrum of the MS nanohybrids and the
GaSb epi-ﬁlm. Absorption enhancement caused by charge transfer is
shown in the schematic diagram.

consists of many absorption peaks. According to Yu’s work,22 it
is reasonable to assume that the main peak around 1200 nm is
the absorption for exciting electrons from the valence band
(VB) to the conduction band (CB), while other peaks belong
to the absorption for exciting electrons from the valence band
(VB) to the defect levels between VB and CB. Compared with
the GaSb epi-ﬁlm, it seems that absorption enhances at the
wavelength of 1150−1380 nm in MS hybrids, especially for
samples A and B, in which the semiconductor part is far smaller
than the metal part. Compared with other IR detection metal−
semiconductor nanomaterials, Ga-GaSb MS nanohybrids own
infrared absorption enhancement in the near IR-II region
(wavelength 1.0−1.4 μm) and are ﬁt for ﬂuorescence imaging
of cancer cells. Fluorescence imaging in the near IR-II is more
desirable over visible (450−750 nm) and traditional near IR-I
imaging (750−900 nm), owing to reduced photon scattering
and deeper tissue penetration. And GaSb, whose band gap is
0.72 eV, has a good spectral response to thermal radiation of
sunlight. Then Ga-GaSb MS nanohybrids can promote the
conversion eﬃciency of thermophotovoltatic cells through this
absorption enhancement.
When a semiconductor contacts a metal, a Schottky junction
dependent on their work functions can be formed to aﬀect the
migration of charge carriers from the semiconductor to the

■

CONCLUSION
In summary, we have developed a successful strategy to
enhance absorption through charge separation in Ga-GaSb MS
nanohybrids. And it can be tuned by adjusting the size and the
ratio of the metal and semiconductor. For a low ratio, the
absorption enhancement reduces as the capacity for electrons
on the metal surface decreases. The Schottky barrier formed by
band bending drives charge separation; namely, electrons
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Figure 5. Normalized valence band spectra near the Fermi level for
MS hybrids and the GaSb ﬁlm. Charge transfer induces a decrease in
DOS shown in the purple box.

transfer to the metal surface and holes gather into the valence
band with the top bending upward. It is the high DOS in the
semiconductor that keeps electrons transferring to the Fermi
level of the metal. The process of electron transfer is conﬁrmed
by the VB spectrum, in which the p-like projected DOS
decreases compared with the GaSb ﬁlm. This will open up a
broad prospect for applications in infrared detection and
thermophotovoltaic cells.
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