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ABSTRACT Optoelectronic devices based on layered materials such as
graphene have resulted in significant interest due to their unique properties
and potential technological applications. The electric and optoelectronic properties
of nano GaTe flakes as layered materials are described in this article. The transistor
fabricated from multilayer GaTe shows a p-type action with a hole mobility of
about 0.2 am? V=" s, The gate transistor exhibits a high photoresponsivity of
10* A/W, which is greatly better than that of graphene, MoS,, and other layered

compounds. Meanwhile, the response speed of 6 ms is also very fast. Both the high

Photoresponsivity (A/W)
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photoresponsivity and the fast response time described in the present study strongly suggest that multilayer GaTe is a promising candidate for future

optoelectronic and photosensitive device applications.
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ince the discovery of graphene, layered

materials have attracted a lot of inter-

est in various applications, including
nanoelectronics, optoelectronics, and en-
ergy conversion.'”® Graphene has been
most intensively studied because of its
unique and fascinating physical, chemical,
optical, and mechanical properties.*~’
However, the absence of a band gap re-
stricts its applications, not only for field
effect transistors due to the low on/off
current ratio, but also for optoelectronics.®
Especially in the latter applications, gra-
phene absorbs light with about 2% in the
range of visible light, and this is too low
to use for practical photodetection.”'®
The absorption intensity can be increased
by employing multiply stacking graphene
such as bilayer and trilayer graphene
sheets, but such an approach by opening
a band gap could merely compromise the
two important properties of graphene—
high transport mobility via the Dirac-cone
quantum state and the gate bias tun-
ability." Various approaches have recently
been proposed, such as exploiting metallic
plasmonics, chemical modifications of gra-
phene, and a nanostructured microcavity
in order to enhance the light absorption
of graphene,’* ' but the performance

LIU ET AL.

of graphene-based photodetectors has
not been obviously improved. The fast
quenching of photoexcited carriers and
the difficult control in the p—n or the
metal—graphene junction are the main
reasons for the low photoresponsivity of
graphene.

As another approach, heterostructures
constructed from graphene and other
layered materials have been proposed.''®
A graphene/WS,/graphene heterostructure
has been demonstrated to exhibit a photo-
responsivity of 0.1 A/W.'” Most recently, a
phototransistor based on the graphene—
MoS, heterostructure reached a photore-
sponsivity of 107 A/W,'® but this caused a
reduction in response speed. In addition,
the fabrication processes for making such
heterostructures are not generally feasible
and will not be compatible with current
circuit-fabrication technology in comple-
mentary metal-oxide semiconductor elec-
tronics. Other layered materials exhibiting
exotic properties have been sought to date,
such as boron nitride’®?® and transition-
metal dichalcogenide.?'** Because of the
high electron mobility, the excellent on/off
ratio, and the high quantum luminescence
efficiency, monolayer MoS, has been an
interesting research topic nowadays.?*?*
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Figure 1. Crystal structure of GaTe: (a) top view and (b) side view; the tellurium and gallium atoms are represented by blue
and orange spheres, respectively. Two thirds of the Ga—Ga bonds lie perpendicular to the layer plane; the other one-third lie
in the layer plane. The length of the Ga—Ga bond is 2.44 A; the lengths of Ga—Te bonds are 2.70, 1.68, and 2.63 A, respectively.
(c) Raman spectra of GaTe bulk crystal and multilayer. With decreasing thickness, some peaks are diminished in the multilayer

sample.

Via the quantum-mechanical confinement, the band
gap of MoS; changes from indirect in bulk to direct in
monolayer,”> which makes monolayer MoS, suitable
for applications in optoelectronic devices. Photodetec-
tors based on monolayer MoS, have shown a reason-
ably high photoresponsivity of up to 880 A/W,?® but
a slow photoresponse time (on the order of several
seconds), and the complicated processes of fabricating
monolayer MoS, devices, however, significantly limit
its applications. Moreover, unfortunately the multilayer
MoS,-based photodetectors did not show high photo-
responsivity (about 0.1 A/W),>"?® partly because of its
indirect band gap nature.

It can be considered that the direct band gap
materials will allow both a high absorption coefficient
and efficient electron—hole pair generation under
photoexcitation, and therefore a layered material with
a natural direct band gap could be a promising candi-
date for photodetector optoelectronics applications.
Keeping this fundamental scenario in mind, gallium
telluride GaTe and In,Se; are found to be very intri-
guing since both are compounds having a direct
band gap among IlI-VI layered semconductors.>*3°
We started experiments along this thought using GaTe
nanoflakes by employing the Scotch-tape exfoliation
method used in graphene. During the research we
made many literature surveys, and a preliminary study
was found in a Chinese patent opened to the public
very recently.?' As far as we know from this patent,
GaTe was studied as a photodetector with a simple
two-terminal contact structure under photoirradiation
as one of a series of layered materials, without special
attention to the direct band gap.

In the present article, we will report the optoelec-
tronic properties of multilayer GaTe flakes using the
field effect transistor device construction and will
describe their important physical parameters as a
photodetector. It is shown that the GaTe multilayer
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phototransistor reaches a photoresponsivity value
higher than 10* A/W, which is 2 orders higher than
that of the MoS, phototransistor device.?® In addition,
the photoresponse time is about 6 ms, one of the
fastest among the reported layered material photo-
transistors so far. The present results clearly demon-
strate that multilayer GaTe thin films are an attractive
candidate for applications in optoelectronics.

RESULTS AND DISCUSSION

Layered GaTe has high potential for applications in
various optoelectronic devices, radiation detectors,
and solar cells due to the optimum band gap as a solar
window material and wide band gap as semi-insulating
at room temperature. It is a typical lll—VI layered semi-
conductor, with a monoclinic structure and a direct
band gap of about 1.7 eV at the Z point of the Brillouin
zone border.? The unique crystal structure of GaTe
induces interesting consequences on the band structure
and hence the optical and electrical properties, such as
direct band gap and strong excitonic absorption.
Figure 1a and b show its crystal structure, and the layer
of GaTe consists of alternate Te—Ga—Ga—Te sheets.
The chemical bonding between layers is of van der
Waals type, while the intralayer atoms are predomi-
nantly covalently bonded. The strong covalent bond-
ing in a layer and the weak interlayer van der Waals
interactions are responsible for the structural, electric,
and optical properties with two-dimensional character
in this system. Besides the common in-plane—out-
of-plane anisotropy observed in the optical and the
electrical properties of layered compounds, the special
in-plane anisotropy in the bonding of GaTe makes
this material greatly more attractive. In typical IlI—VI
layered compounds such as GaS and GaSe,** all Ga—Ga
bonds are perpendicular to the layer planes, while
GaTe has only two-thirds of the Ga—Ga bonds normal
to the layer planes and the others order almost parallel
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to them, which results in largely different optical and
crystallographic properties from those of the other
lI—VI compounds. For example, GaS and GaSe are
known to be indirect band gap semiconductors,3#3>
in contrast to GaTe, with a direct band gap, and this
becomes more advantageous when optoelectronic
applications are considered.

Multilayer GaTe flakes can be exfoliated from a bulk
crystal by employing the Scotch tape method, which
has been extensively adopted in graphene research.?
The thin flakes were subsequently transferred on a
doped silicon substrate covered with a 300 nm thick
thermal oxide layer. An optical microscope was used
to identify the thin flakes. In the present study, we
focused on the multilayer samples (thickness of more
than 5 nm) because the yield of the monolayer was
found to be much lower than multilayers. We first
measured the Raman spectra of GaTe in a multilayer
and in bulk, as shown in Figure 1c. The Raman spectra
are nearly identical with the data in previous reports,*~3®
indicating that the prepared samples are of reason-
ably high quality. The peaks at 114.7, 117.8, 126.1, and
1434 cm™' are the A, mode, while the peak at
175.8 cm ™' is the By mode. With decreasing thickness
of the sample, only the peaks at 126.1 and 143.4 cm™"
remain, while all the other peaks diminished. The ob-
served dependence of the Raman spectrum on layer
thickness is still unclear, and more experimental
and theoretical approaches will be needed for further
clarification.

Theory predicts that when GaTe is thinned to a
monolayer, the direct band gap becomes indirect.394°
In order to understand the transition from a direct to an
indirect gap, we performed first-principles calculations
to determine how the band gap in multilayer GaTe
approaches that of bulk GaTe. Here it is essential to
note that while monolayer GaTe is hexagonal, bulk
GaTe is monoclinic (see Figure 1). We have found that
the band gap of multilayer hexagonal GaTe rapidly
approaches that of bulk hexagonal GaTe, which
however is still an indirect band gap. This means that
hexagonal GaTe always has an indirect band gap
regardless of the number of layers; therefore we con-
clude that the samples in our experiment exist in the
monoclinic phase, just like bulk GaTe. It is worth noting
however that in the hexagonal phase an important
shift takes place in the valence band. The valence band
maximum shifts toward the I" point as the number of
layers is increased (see Figure 2), and by the time we
reach a width of 10 layers (which is the thickness of our
thinnest sample) it shifts all the way to the I point,
allowing for an optical transition with the local con-
duction band minimum at I'. Therefore, even in a
hexagonal phase it is reasonable to expect improved
optical absorption efficiency and a good optoelectro-
nic performance in multilayer GaTe. A more detailed
calculation including the geometrical optimization
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Figure 2. Band structures of GaTe with a thickness of
(a) monolayer, (b) five layers, and (c) bulk, based on the
hexagonal crystal structure.

without any structural constraints and a comparison
between experiment and theory would be very intri-
guing in future studies. As a cross check we have also
calculated the band structure of single-layer monocli-
nic GaTe using fixed lattice paramaters taken from the
bulk 3D monoclinic material, and we found that it
exhibits a direct band gap just like the bulk 3D mono-
clinic phase, which indicates that multilayer monocli-
nic GaTe should have a direct band gap, in accordance
with our measurements.

Regarding the Raman spectra, the persistence of the
two peaks at 126.1 and 143.4 cm ™' suggests that they
are I" point phonons originating from a single layer
perturbed only slightly by the van der Waals interac-
tion. As such, it makes sense to compare the results to
first-principles calculations,*® which show that hexa-
gonal GaTe has five zone center Raman active modes
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Figure 3. (a) Three-dimensional schematic view and the cross section view of the multilayer GaTe device. A doped silicon
substrate covered with 300 nm thick SiO, was used as a back gate. The Cr/Au electrodes were used as source and drain. (b)
Optical image of a typical multilayer GaTe device. Scale bar is 10 um. The thickness of the flake is about 10 nm. (c) Output and
(d) transfer curves of a multilayer GaTe transistor. The transistor shows p-type behavior, and the mobility deduced from the

transfer curves is about 0.2 cm?V~'s ",

with three of them at frequencies above 180 cm™". This
does not agree with the measurements and is there-
fore further evidence that the samples in our measure-
ments are in the monoclinic and not in the higher
symmetry hexagonal phase.

Before discussing the photoresponse behavior, we
examine the electrical transport properties of a GaTe
transistor at room temperature. Figure 3a and b show a
schematic view and an optical image of the multilayer
device fabricated by photolithography, where two
Cr/Au electrodes were deposited as the source and
the drain, respectively. Figure 3c and d show the
output and the transfer characteristics of the fabricated
transistor. It can be seen from the figure that the
transistor exhibited an obvious p-type semiconducting
behavior, which is consistent with previous reports.
The field effect mobility of this device was estimated
from the linear region in the I4—Vq curve by using
the equation u = (dly)/(dVy) x L/(WGV,), where Lis the
channel length, W is the channel width, and ; is the
capacitance between the channel and the back gate
per unit area (G = g¢,/d; &g is the vacuum permittivity,
g is the relative permittivity, and d is the thickness
of SiO, layer). The calculated mobility of our device was
about 0.2 cm? V™' 57, and this is comparable with
that of other compounds such as GaS, GaSe, and
MoS,.*" It is well known that trap/impurity states exist
on the SiO,/Si surface in the case of bottom gate
transistors and that scattering from the charged im-
purities degrades the carrier mobility of the devices.
Reducing the amount of surface traps/impurities in the
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bottom gate dielectric is expected to improve the
mobility of the GaTe-based transistors. It has been
reported that the mobility of MoS, can be increased
from 0.1 to 200 cm? V™' s~ by using the high-k gate
dielectric material HfO, as a top gate due to the sup-
pression of Coulomb scattering as well as the modifi-
cation of phonon dispersion.?® In addition, the channel
layer thickness and the contact resistance also play key
roles in obtaining high-mobility and high-performance
transistors.*>** Further improvement of the mobility
will be achieved by optimizing these conditions in
GaTe transistors.

The optoelectronic properties of multilayer GaTe-
based phototransistors were investigated by exploring
their output characteristics of the photocurrent, such
as the photocurrent generation and the photorespon-
sivity at different light intensities, and different applied
drain and gate voltages. To generate the photocurrent,
the incident photon energy must be greater than the
energy gap of the intrinsic semiconductor, and the
response of photodetectors is proportional to the rate
of incident beams of photons. Since the energy of a
photon is inversely proportional to the wavelength, the
spectral response generally increases linearly with the
wavelength. Light in the green wavelength region is of
special interest and has a very wide range of applica-
tions. For example, X-ray images in radiology operate
at the green wavelength region. Therefore, a fast
photodetector with good performance at the green
wavelength would significantly advance the state of
the art and expand the usage of imaging applications.
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Figure 4. (a) Photocurrent as a function of the drain voltage under the illumination of different light intensities at a
wavelength of 532 nm. (b) Light intensity dependence of the photocurrent under a drain voltage of 5 V. The photocurrent has
a power law dependence on the light intensity. The black line is the guide to the eyes.
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Figure 5. Dependence of the photoresponsivity on the
illuminated light intensity. The photoresponsivity is deduced
from the data of Figure 4b. The black line is the guide to the
eyes. The light wavelength is 532 nm and the drain voltage is
5 V. At a low light intensity, the photoresponsivity exceeds
10* A/W.

In the present study, we chose 532 nm as the illumina-
tion source wavelength for studying the GaTe-based
photodetector.

We first studied the light intensity dependence of
the photocurrent. Figure 4a shows that the photocur-
rent changes as a function of drain voltage at various
light intensities under exposure to the 532 nm light.
Under this excitation energy, the device still generates
an obvious photocurrent even if the illumination in-
tensity is less than 30 nW/cm?. Remarkably, the device
shows a response in a wide range of light intensity from
tens of nW/cm? to 30 mW/cm?. This is thanks to the high
transition probability due to the direct band gap of GaTe.
The photocurrent increases gradually as the light intensity
increases. In Figure 4b, we plot the light intensity depen-
dence of the photocurrent in alog—log scale. It can clearly
be seen that the photocurrent can be expressed by a
simple power law equation, lon o< p% where I,y is the
photocurrent, Pis the light intensity, and ais the index of a
power law. By fitting the experimental data in Figure 4b,
the a value was deduced to be 0.73. The deviation from
the ideal slope of o. = 1 is attributed to complex processes
in the carrier generation, trapping, and electron—hole
recombination in the semiconductor.**

One of the most important parameters for a photo-
detector is its photoresponsivity R, which is the ratio of
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Figure 6. (a) Time-resolved photoresponse of the multi-
layer GaTe device recorded by alternative switching on and
off the light illumination. (b) Typical rise or decay behaviors
of the photocurrent at the initial stage just after the light
illumination is switched on (upper panel) or off (lower
panel). The photocurrent and the time are normalized and
shifted. The photocurrent increases (decreases) more than
90% in 20 ms after the light illumination is switched on (off).

generated photocurrent intensity to that of the inci-
dent light** Figure 5 shows the photoresponsivity R
evaluated at a bias voltage of 5 V. At low illumination
intensities, the present device reached a photorespon-
sivity of 10* A/W, and this value is several orders higher
than that of graphene-based photodetectors as well as
that of MoS,-based photodetectors reported elsewhere.?®
A sublinear dependence of the photoresponse on the
light intensity was observed upon tuning the light
intensity. The presence of the trap states either in GaTe
or at the interface between GaTe and the underlying
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Figure 7. (a) Gate voltage dependences of the drain current under dark state (black line) and under light illumination
(green line). The light wavelength is 532 nm, and the light intensity is about 30 mW/cm?. Applied drain voltage is 10 V. (b)
Dependence of photocurrent on the gate voltage deduced from (a). (c) Schematic band diagram of the devices under different
illumination and gate bias conditions. E¢, Femi level; E¢, conduction band; Ey, valence band. Green area indicates the thickness
of the Schottky barrier. Depending on the applied gate voltage, the thickness of the Schottky barrier can be increased or
reduced, resulting in the gate dependence of the photocurrent.

SiO, layer may be responsible for such a reduction in
photoresponsivity. The reduction in the density of
electron trapping states under high illumination in-
tensity led to the saturation of the photoresponse.?®
On the other hand, the carrier lifetime will be shor-
tened due to the self-collisions and quenching of
photogenerated carriers under high light-power
illumination.*®

The response time is the critical factor for realizing a
high-performance photodetector. In the present study
we investigated a time-resolved photocurrent change
by the light illumination cycles with on and off modes.
The photocurrent changing as a function of time under
this process is shown in Figure 6a. The photocurrent
was modulated depending on the light illumina-
tion period on or off. In order to understand the fast
response of the photocurrent, the photocurrent in the
initial stage of light illumination with both on and off
modes was recorded and shown in Figure 6b. In the
first 20 ms after the illumination was turned on or off,
the photocurrent changed (rose or decayed) by more
than 90%. The photocurrent rose dramatically in 20 ms
after the light illumination and then increased with a
little slower kinetics. The photocurrent also decayed
very fast within 20 ms after the light-off, followed by
slow kinetics before returning back to the initial dark
current. The response dynamics of the photocurrent in
our devices can be described by an exponential func-
tion, and the response time constant can be deduced
by fitting the experimental data. The evaluated rise
time constant was about 6 ms, which is one of the
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fastest among the data so far reported for layered
material-based photodetectors.”’ This value is still
larger than that usually observed for the intrinsic
band-to-band excitations in conventional bulk semi-
conductors. This can be attributed to the influences of
traps and other defect states during the photocurrent
generation processes.

Finally the gate bias tunability of the photoresponse
will be described. The photocurrent generation was
recorded by monitoring the drain current (/y) under
illumination by scanning the gate voltage (V) from 60
to —60V, keeping both the light intensity and the drain
voltage constant. The gate voltage dependence of the
photocurrent was observed and shown in Figure 7b.
The photocurrent gradually increases when changing
the gate voltage from positive to negative. The gate
voltage dependence of the photocurrent is consistent
with that of the p-type-doped GaTe. Because the Cr
adhesion layer (3 nm) is extremely thin and does form
a continuous film, as schematically illustrated in
Figure 7c, we restrict our discussion to the Au and
GaTe interface. When Au electrode and GaTe are
contacted, a charge transfer occurs at the interfaces
via Femi level tuning under an equilibrium condition,
and this causes the accumulation of space charge in
the contact region together with band bending to form
a Schottky-type barrier as well as a depletion layer.
When a positive gate voltage is applied, the band
shifts downward and the depletion layer increases
simultaneously, resulting in the larger Schottky barrier.
The tunneling of photocarriers through the Schottky
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TABLE 1. Summary of Important Device Parameters of
Photodetectors Based on Layered Materials Including
This Work

device spectral response
material structure range  responsivity time ref
graphene 3 terminal visible IR 0.01A/W  1.5ps 5
graphene oxide 3 terminal IR 07AW 25 48
monolayer MoS, 3 terminal visible 880 AW 45 26
multilayer MoS, 3 terminal UV—IR 0.1 A/W 27
multilayer WS, 2 terminal visible 92 uA/W 5 ms 47

multilayer GeSe 3 terminal visible few seconds 49
multilayer GaSe 2 terminal UV—visible 2.8 AW 20 ms 50

multilayer GaTe 3 terminal visible 10°AW  6ms this work
In0 needle 3 terminal UV 4700 A/W 51
Si 2 terminal UV—uvisible 119 A/W 52

barrier becomes more difficult than the zero gate
voltage condition. On the other hand, the Schottky
barrier will become narrow when negative gate vol-
tage is applied, and the photogenerated charges will
drift efficiently to the external circuit accompanied by a
large photocurrent.

In order to compare the photoresponse properties
of GaTe with those of other layered materials, we
summarized the photoresponsivity and the response
time in Table 1, both of which are two crucial factors
for photodetection devices, together with the data of
other layered compounds reported in the literature.

METHODS

Multilayer GaTe nanoflakes were mechanically exfoliated
from bulk GaTe crystals (2D semiconductors) by the Scotch
tape method, transferred on SiO,/Si substrates, and then char-
acterized by Raman spectroscopy (Horiba, LabRAM HR-800),
optical microscopy (Olympus, BX51), and atomic force micro-
scopy (Hitachi, AFM5100N). The devices were fabricated by
conventional photolithography, evaporation, and lift off processes.
Cr (3 nm) and Au (60 nm) were deposited by thermal deposition
under high vacuum. Electric performances were measured by
current—voltage measurements using a semiconductor parame-
ter analyzer (Agilent, B1500A). A semiconductor laser with a
wavelength of 532 nm was used to study the photoresponse
properties of the devices. First-principles calculations were per-
formed using the VASP® plane-wave-based density func-
tional theory code within the local density approximation with a
600 eV plane-wave cutoff energy and a 12 x 12 Monkhorst-Pack
k-point grid (12 x 12 x 12 in the case of bulk hexagonal GaTe).
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