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A photocurrent was applied to a Sb,SeTe, topological insulator nanosheet at a wavelength of 325 nm, and it
exhibited extremely high performance such that the responsivity and photoconductive gain are 354 A W~*

and 1531, respectively, at a bias of 0.1 V. This photoresponse is orders of magnitude higher than most
Received 2nd June 2017 ted values for topological insulators and two-dimensional transitional metal dichalcogenides. Th
Accepted 28th July 2017 reported values for topological insulators and two-dimensional transitional metal dichalcogenides. The

photoresponse is linear with the applied voltage. Responsivity and gain under vacuum are higher than

DOI: 10.1039/c7ra06151] that in air by a factor of 2.5. This finding suggests that the Sb,SeTe, topological insulator nanosheet has
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. Introduction

A system with a high surface area domain carrier and high
carrier mobility is expected to be able to play a role in photo-
detecting applications. In addition to nanowires that possess
a high surface-area-to-volume ratio, two-dimensional materials
with high carrier mobility, such as graphene and graphene-
based heterostructures, have attracted significant attention for
their photoresponse-related application potential."* However,
their gapless structure and limited light absorption ratio
prevent them from exhibiting efficient photocarrier separation
or accumulation. This leads to poor performance in their pho-
toresponsivity and photoconductive gain.*™ To overcome this
drawback, the integration of graphene and two-dimensional
transitional metal dichalcogenides (TMDs) with a band gap
appears to be a more promising approach.*” The reported
results reveal that graphene-MoS, and graphene-WSe, hybrid
structures have achieved extremely high performance in pho-
toresponsivity and photoconductive gain.>”

3D topological insulators are promising materials due to
their insulating bulk state and gapless conducting surface state
induced by the strong spin-orbit interaction.®® The insulating
bulk state plays a role in photocarrier separation and accumu-
lation. The linear dispersions in the surface state reveal an
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great potential for ultraviolet optoelectronic device applications.

extremely high carrier mobility. This peculiar band structure in
the topological insulator is similar to the proposed band
structure in the graphene-MoS, and graphene-WSe, hybrid
systems,>” and is expected to result in a high photoresponse.
Several experimental works were performed on different topo-
logical insulators, which exhibited various kinds of character-
istics that are expected to be able to be used in a wide range of
applications.”™® It has come to our attention that most
photocurrent experiments have mainly focused on the appli-
cation of visible and near infrared light to topological insula-
tors, graphene-topological insulator heterostructures and 2D
TMDs. Work with ultraviolet light is relatively rare, and the re-
ported photocurrent performance is low.**>*

In this paper, we applied a photocurrent to a Sb,SeTe,
topological insulator at a wavelength of 325 nm. The experi-
mental results show that the responsivity and photoconductive
gain reached 354 AW ™' and 1531, respectively, at a bias of 0.1V
and a light intensity of 40 W m™>. These values are orders of
magnitude larger than most reported values for topological
insulators and 2D TMDs. It is therefore suggested that the
Sb,SeTe, nanosheet has great potential for future ultraviolet
optoelectronic device applications.

ll. Experimental method

Sb,SeTe, single crystals were grown by a homemade resistance-
heated floating zone furnace (RHFZ). The starting raw materials
of Sb,SeTe, were mixed according to the stoichiometric ratio. At
first, the growth temperature was increased to 620 °C. The
temperature was kept at 620 °C for 15 hours to let the raw
material melt. The growth temperature was decreased from
620 °C to 580 °C at a rate of 1 °C h™". Finally, the material was
naturally cooled down to room temperature in an evacuated
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quartz glass tube. The material was used as a feeding rod for the
following RHFZ experiment. After growth, the crystals were then
furnace cooled to room temperature. The as-grown crystals were
cleaved along the basal plane, with a silvery shining mirror-like
surface, and then prepared for further experiments. The EDS
and XPS spectra support the fact that the crystal is Sb,SeTe,.*®

The Sb,SeTe, nanoflakes were obtained by exfoliating bulk
crystals using dicing tape and were then dispersed on the
insulating SiO, (300 nm)/n-Si templates with pre-patterned Ti/
Au circuits. Two platinum (Pt) metal contacts were subse-
quently deposited on the selected Sb,SeTe, flakes using the
focused-ion beam (FIB) technique. The thickness was about
181 nm and the surface area was approximately 1.18 um®. As
shown in Fig. 1, two Pt contacts were deposited on the sample
for the photocurrent measurement. The current-voltage curve
shows a linear dependence that supports the ohmic contacts in
the sample. The conductivity is approximately 33.7 ¢ em ™.
Fig. 2 shows a schematic diagram of the nanosheet device
illustrating the photoelectrical measurement setup and light
illumination.

A He-Cd UV laser with a wavelength of 325 nm was used as
an excitation light source for the photoconductivity measure-
ment. An optical diffuser was used to broaden the laser beam
size (~20 mm?) to uniformly illuminate the conduction channel
of the nanosheets for the steady-state photocurrent measure-
ments. The incident laser power was measured by a calibrated
power meter (Ophir Nova II) with a silicon photodiode head
(Ophir PD300-UV). The leakage current of the SiO,/Si template
chip is of the order of 0.1 nA at a bias of 1 V. The leakage current
is several orders of magnitude lower than the total measured
current under UV light illumination.

The inset of Fig. 3 shows the measured current of our Sb,SeTe,
nanosheet under light illumination with different powers of

Results and discussion

Voltage (V)

Sb,SeTe,

Fig. 1 SEM picture of the Sb,SeTe, nanosheet. Two Pt contacts are
deposited on the nanosheet to measure the photocurrent. The top-
right figure shows the linear current—voltage curve indicating the
ohmic contact between the Pt electrodes and Sb,SeTe, nanosheet.
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Fig. 2 Schematic diagram of the nanosheet device illustrating the
photoelectrical measurement setup and light illumination.

light. It clearly shows that the photocurrent increases with
increasing light power. Fig. 3 shows the extracted photocurrent
as a function of the light power intensity from 40 to 400 W m >
at a bias of 0.1 V. To quantitatively analyze the relationship
between the photocurrent and light intensity, the photocurrent
was fitted by the simple power law relation, I, = AP’, where A is
a constant for a certain wavelength, P is the power intensity of
the light which is illuminated on the device, and 6 is a constant
that is related to the photosensitivity of the device. As shown in
Fig. 3, the experimental data fits well with the power law rela-
tion, and the fitting result gives # = 0.82. This non-integer
exponent can be regarded as a consequence of a complex
process of electron-hole generation, trapping and recombina-
tion with the topological insulator.”

To quantitatively determine the performance of the Sb,SeTe,
nanosheet under light illumination, the responsivity, R, and the
photoconductive gain, G, are calculated through the relation:

R= % (1)
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Fig. 3 The measured photocurrent, as a function of light power
intensity, which can be well described by the simple power law rela-
tion. The bottom-right inset shows the photocurrent at different
powers of illuminating light.
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where Ip, P, S, h, ¢, e, n and A are the photocurrent, light
intensity, effective area, Planck’s constant, light velocity, elec-
tron charge, quantum efficiency and wavelength, respectively.
The photoconductive gain is proportional to the responsivity at
the same wavelength. The quantum efficiency can be expressed
as =1 — e *, where « is the optical absorption coefficient and
t is the sample thickness. The optical absorption coefficient is
determined by the material and the light wavelength. According
to the previous experimental report, the calculated 7 is
approximately 0.88 for a Sb,SeTe, single crystal with a thickness
of 81.7 nm at a light wavelength of 325 nm.* Theoretically, if the
photocurrent (Ip) linearly depends on light intensity, R is
a constant because R ~ Ip/I. According to the sub-linear Ip versus
I relationship in Fig. 3 (Ip ~ I°%), it is expected that R will
decrease with an increase in intensity following R ~ I°'%. The
weak dependence of R and I is somewhat similar to the hole
trapping mechanism in an n-type semiconductor.

Fig. 4 shows the evaluated responsivity and photoconductive
gain as a function of the light intensity at 0.1 V. It reveals that
the responsivity and photoconductive gain decrease as the
power intensity increases. The responsivity and photoconduc-
tive gain are 354 AW~ and 1531 at a bias of 0.1 V and a power
intensity of 40 W m ™. These values are among the largest re-
ported values in the literature on topological insulators'»**3°
and 2D TMDs.**"*

There are several possible mechanisms that lead to the
observed responsivity and gain in our Sb,SeTe, topological
insulator being several orders of magnitude higher than most
reported values for topological insulators»**?° and 2D
TMDs.*'"*! Following the standard model, the photocurrent is
directly related to the carrier transit time that might be
expressed as © = I*/uVyq, where t is the carrier transit time,  is
the device length, u is the carrier mobility, and Vg4 is the applied
bias. The detected photocurrent is proportional to the carrier
mobility and the applied bias.
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Fig.4 Responsivity and photoconductive gain as functions of the light
power intensity at a wavelength of 325 nm. Both responsivity and
photoconductive gain increase as the light power intensity decreases.
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An extremely high photoresponse has been observed in
various kinds of graphene-TMD hybrid structures.>” The
theoretical calculation reveals that the Dirac point lies within
the gap of the bulk state,** and our previous work supports the
fact that the Fermi level lies below the Dirac point in our Sb,-
SeTe, topological insulator.*** This band structure of the Sb,-
SeTe, topological insulator is similar to the graphene-TMD
hybrid structure. The energy of the light at 325 nm is much
larger than the band gap of the bulk state; thus, the photons can
easily generate electron-hole pairs. As shown in Fig. 5, the
carriers in the valence band of the bulk state contribute to the
conduction band of the bulk state through light assistance. The
optic-induced carriers from the bulk state could partially
contribute to the surface state with a linear dispersion band
structure.> Our previous work supports the fact that the surface
state carrier mobility of our Sb,SeTe, topological insulator is
approximately 55.5 cm®> V' s~

On the other hand, a topological insulator surface is quickly
oxidized after it is exposed to the atmosphere. The surface
condition strongly influences the carrier transport properties in
low dimensional systems. The surface oxidation diminishes the
topological insulator surface state and/or distorts the band
structure. This surface oxidation reduces the effective carrier
mobility. Our previous work revealed that the surface state
carriers of our Sb,SeTe, sheet are tolerant to surface oxidation
that might come from unavoidable pollution during the fabri-
cation process and experimental performance.*® This leads to
less effective defective materials that would combine with the
surface electron transport properties in our Sb,SeTe, sheet.

Detectivity, which determines how weak irradiation can be
distinguished from noise, is another important index used to
characterize the performance of photodetectors. The specific
detectivity (D*) is calculated through the relation:

Rsl/z

7 ™ @

, electrons
© holes

Fig. 5 Schematic of the band structure. The carriers in the valence
band of the bulk state contribute to the conduction band of the bulk
state through light assistance. The optic-induced carriers from the
bulk state could partially contribute to the surface state with a linear
dispersion band structure.
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where R, S, g, and I, are the responsivity, effective area of light
illumination, electronic charge, and dark current, respectively.
Using the experimental data, the detectivity is determined to be
5 x 10° Jones. This value is close to the reported values for
a Bi,Se; topological insulator nanowire,”® and larger than the
values for a Sb,Te; topological insulator thin film at room
temperature.*

In addition to reducing the effective surface area, the
adsorbed molecules on a topological insulator surface might
create a local potential barrier that will bend the band structure
and further influence the effective carrier mobility. The physical
adsorbed molecules on the material’s surface would directly
lower the effective light illumination area, carrier transition
time and carrier mobility. In order to optimize the intrinsic
optoelectronic characteristics of the Sb,SeTe, nanosheet, the
photocurrent was applied in bias-dependent and vacuum
environments. Both the responsivity and gain are directly
proportional to the photocurrent. As shown in Fig. 6, both the
responsivity and gain were linear with the applied bias.
Furthermore, both the responsivity and gain were enhanced
under vacuum. Our experimental results show that both the
responsivity and gain under vacuum were larger than those in
atmospheric conditions by a factor of 2.5.

The responsivity versus wavelength (ie. PC spectrum)
measurement was conducted for the Sb,SeTe, nanostructures.
However, the intensity of the monochromatic light emitted
from our monochrometer equipped with a Xe lamp light source
is not high enough to generate a definable photoresponse, so we
failed to get a successful PC spectrum. Nevertheless, to obtain
information about the wavelength-dependent photoresponse,
we conducted the photoresponse measurement using lasers as
the light source. The light intensities for the different wave-
lengths were all controlled at the same value of 10 W m™ > and
the photocurrents were normalized using the value at 325 nm.
The result shows that the Sb,SeTe, nanostructure has a better
response to UV light than visible light. To see the responsivity
ratio of UV light to visible light, responsivity values are also
normalized using the value at 325 nm. The ratios of R(532 nm)/
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Fig. 6 The responsivity and photoconductive gain are both linear with
the applied bias in air and under vacuum. The responsivity and
photoconductivity under vacuum are 2.5 times higher than in air.
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R(325 nm) and R(633 nm)/R(325 nm) are 82% and 58%,
respectively.

IV. Conclusion

A photocurrent was applied to a Sb,SeTe, topological insulator
nanosheet at a wavelength of 325 nm. It exhibited extremely
high performance, and the responsivity and photoconductive
gain were 354 A W' and 1531, respectively, at a bias of 0.1 V.
This high photoresponse is orders of magnitude higher than
most of the reported values for topological insulators and 2D
TMDs. The photoresponse is linear with the applied voltage.
The responsivity and gain under vacuum are 2.5 times higher
than those in air. This finding suggests that the Sb,SeTe,
topological insulator nanosheet has great potential for ultravi-
olet optoelectronic device applications.
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