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Due to the novel optical and optoelectronic properties, 2D materials have
received increasing interests for optoelectronics applications. Discovering
new properties and functionalities of 2D materials is challenging yet
promising. Here broadband polarization sensitive photodetectors based on
few layer ReS, are demonstrated. The transistor based on few layer ReS,
shows an n-type behavior with the mobility of about 40 cm? V=" s~! and on/off
ratio of 10°. The polarization dependence of photoresponse is ascribed

to the unique anisotropic in-plane crystal structure, consistent with the
optical absorption anisotropy. The linear dichroic photodetection with a high
photoresponsivity reported here demonstrates a route to exploit the intrinsic

communication, near field imaging,
remote sensing, as well as to military
applications.l) It demands the capability of
high detection sensitivity yet compactness
for achieving a high level of integration
and flexibility. By far, devices commer-
cially available are incapable of meeting
these requirements. Most technological
implementations integrate the detection
component with polarization element in
a nonmonolithic platform. In addition,
a flexibly integrated device will enable a

anisotropy of 2D materials and the possibility to open up new ways for the

applications of 2D materials for light polarization detection.

1. Introduction

Light polarization is an important concept in optics, dis-
cussing the generation, detection, and manipulation of light
with certain vibration direction and period. Detection of light
polarization has been adapted to various fields, ranging from

better adaptability of the polarized optical
system, while classic quantum-well based
photodetectors, which utilizes a grating to
couple the incident light into the quantum
wells, are not suitable to flexible applica-
tions.ll In order to examine the direction of polarization in an
efficient and convenient way, certain materials like nanowire or
carbon nanotube have been proposed because of their intrin-
sically high sensitivity and flexibility.}*! However, these mate-
rials require sophisticated technologies to pattern the devices
and align channel materials. The emerging 2D materials such
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as graphene and MoS, shed a light to the detection of polariza-
tion due to their unique crystal structures and high sensitivity
to the light.

When materials are scaled to 2D, or even to monolayer
limit, they exhibit unique properties and phenomena which
are distinct from their bulk counterparts. This emerges pri-
marily due to the quantum confinement effect.>%! For example,
room temperature quantum Hall effect has been observed in
graphene.1%12l From the aspect of optical behaviors, an indi-
rect to direct band crossover, valley-selective circular dichroism,
and large exciton binding energy showed up in transition metal
dichalcogenides (TMDs) like MoS, and WS,.'*'I Though a
very promising candidate, there are few reports on the detection
of polarized light using 2D materials.'®2%] ReS, is a typical lay-
ered TMD with a band gap of 1.5 eV. It has distorted 1T highly-
anisotropic in-plane structure which will induce electrons and
photons with anisotropic nature within the layer plane.?1?2 In
addition, ReS, has been reported to have vanishing interlayer
coupling,?’l and integrated inverter based on the conductivity
anisotropy of ReS, has been demonstrated.” ReS, has also
been used as a platform for the study of ballistic transport.[?’]
These unique properties of ReS, may enable a new research
field of electronics and photonics device where the strong
anisotropic properties of 2D materials can be used to design
conceptually novel electronic and optoelectronic device appli-
cations. In this article, a polarization sensitive photodetector
with high photoresponsivity is demonstrated based on atomi-
cally thin ReS,, benefiting from the anisotropic nature of the
material itself. It is completely different from existing photo-
detectors for polarization sensitive detection which requires
the use of extra components such as gratings to couple the
incident light.?l Our study shows that atomi-
cally thin ReS, may pave a promising way to
the applications on the integrated photonic @
circuits, optical switches, and interconnects
for detecting the various orientations of lin-
early polarized light in a highly integrated
photonic platform.

2. Characterization of ReS, Flakes

Similar to the layered structure of other
TMDs, ReS, crystalizes in a lattice with
strong covalent in-plane bonds and weak van
der Waals interlayer interactions (Figure 1a,
side view of ReS;). Such strong anisotropy
from the asymmetric structure bonds leads
to many anisotropic behaviors, such as their
electrical and optical property difference
between the directions parallel and perpen-
dicular to the layers. Besides, the distorted
Cddl, layer structure of ReS, leads to triclinic
symmetry and large in-plane anisotropy,?’!
which is significantly different from other
TMDs with hexagonal structures like MoS,.
Figure 1b shows the top view of ReS, crystal
structure. We can see that Peierls distortion
of the 1T structure results in buckled S layers
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and zigzag Re chains along one of the lattice vectors (b-axis)
in the plane. The intrinsic anisotropy of ReS, provides a new
degree of freedom to manipulate its optical and optoelectronic
properties for novel integrated device applications.

To investigate the optical and electrical properties of the ReS,
atomically thin flakes, a scotch tape based mechanical exfolia-
tion method was used to peel thin flakes from bulk crystal onto
degenerately doped silicon wafer covered with 285 nm SiO,.128!
The morphology and thickness of the exfoliated ReS, were char-
acterized by optical microscopy, high resolution transmission
electron microscopy (HRTEM), and atomic force microscopy
(AFM), respectively. Figure 1c,d shows the HRTEM images and
corresponding fast Fourier transform (FFT) pattern taken from
few layer ReS, flake, confirming high crystallinity of the exfoli-
ated ReS,. The distortion of Re atom arrangement from perfect
hexagonal symmetry creates a distortion of the S atom arrange-
ment in the layer plane. The Re chained formed by distortion is
clearly seen in the TEM image along the b-axis. The structural
anisotropy leads to orientation-dependent electric and optical
properties, which will be discussed in details below. Figure 2a
shows the typical optical image of ReS, thin flake on SiO, sub-
strate. The AFM image of the ReS, flake is shown in Figure 2b.
The monolayer ReS, can be identified from the line profile
displayed in Figure 2c. Figure 2d shows the Raman spectrum
for ReS, of monolayer, few layer (3 nm) and bulk, respectively.
The observed 15 vibrational modes in the 100-400 cm™' range
are associated with fundamental Raman modes (Aq, Ey,, and
Eyg) coupled to each other and to acoustic phonons, which
is significantly different from TMDs with higher hexagonal
symmetries,?>3% indicating the structure anisotropy of ReS,.
The main peaks at 150 and 210.5 cm™ are corresponding to

Figure 1. Crystal structure and TEM characteristics of the ReS,. a) Side view and b) top view
of the crystal structure. The structure shows distorted 1T structure and Re-chain along the
b-axis, as indicated by the red lines. c) The HRTEM and d) corresponding FFT pattern of ReS,,
indicating the high crystalline of the exfoliated sample.
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Figure 2. AFM and Raman characteristics of the ReS,. a) Optical image of a typical ReS, flake. Scale bar is 5 pm. b) An AFM image of the area sur-
rounded by black dashed lines in (a). c) The line profile of the ReS, flake along the white line indicated in (b), showing a single-layer thickness of 0.9 nm
for the monolayer range, and a thickness of 3 nm for the few layer range. d) The Raman spectrum of bulk (blue), few layer (green) and monolayer (red)
ReS,, respectively. The main peaks at 150 cm™ and 210.5 cm™ are corresponding to the in-plane (E,;) and mostly out-of-plane (A;,-like) vibration
modes, respectively. The Raman peaks are quite similar in the bulk, few-layer and monolayer forms, indicating weak interlayer coupling.

the in-plane (E,;) and mostly out-of-plane (Ay-like) vibration  anisotropies. In order to examine the in-plane optical anisot-
modes, respectively. The peak positions are slightly different  ropy, we measured the polarization dependence of the absorp-
from the reported one, which is due to the differences of excita-  tion spectrum for cleaved ReS, thin fake on a quartz substrate
tion laser wavelengths of 488 nm in the literature and 532 nm  using the microscopic spectrophotometer. Inset of Figure 4a
in this study.’!] When the thickness is thinned down to mono-  shows the optical image and orientation indication of crystal
layer, the main Raman peaks show very small change due to  used for the measurement. Large anisotropy of absorption
weak interlayer coupling in ReS,, which is consistent with pre- is observed by changing the polarization angle from 0° to

vious report.[?’] 90° (with respect to the b-axis). Surprisingly the anisotropy is
In TMDs with perfect in-plane hexagonal
lattice, different M points in the Brillouin (a) (b) (©)

zone (e.g., M1 and M2 in Figure 3a) are
equivalent due to the sixfold symmetry.
Therefore, the electronic dispersion along 00
I'-M1 and T-M2 should be identical. How-
ever, this case changes when lattice distor- M1
tion takes place in ReS,, which breaks the

I M2

e M1

-3
o

P
original symmetry and makes M1 and M2 % s
inequivalent. Angle-resolved photoemission M2 =
spectroscopy (ARPES) measurements have w
been carried out to study the electronic band I.IIJ 4 L

dispersion along I'M1 and I'-M2, respec-
tively. Energy distribution curves (EDC) 2nd
derivative images have been used to enhance
the electronic structures and plotted in e
Figure 3 b,c with their momentum locations
shown in Figure 3a. Clear differences can
be recognized between the dispersion along Momenlum (1fA)

,F-Ml and 1“.-M2,[2§]()n51stent with the theoret- Figure 3. Anisotropic electronic structure of ReS,. a) Undistorted hexagonal Brillouin zone of
ical calculations. ) ) ) ReS,. The band dispersion along I'-M1 b) and I'-M2 c) with their momentum locations marked

The structure anisotropy is always associ-  in a. The differences between b and c indicate that the sixfold symmetry of the hexagonal
ated with the optical and electrical property  Brillouin zone is broken due to lattice distortion.
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Figure 4. The polarization dependent absorption spectrum of atomically thin ReS,. a) 2D plot of absorption spectrum as a function of the polarization
angle respect to the b-axis of the crystal structure. Inset of (a) shows the optical image of the ReS, with a thickness of about 12 nm. The definition of
angle respect to the b axis is also shown, which will be used in the following measurement. Scale bar, 10 pm. b) Absorption as a function of polarization
angle at different photo energies (2.41, 1.96, and 1.58 eV, respectively). They follow the sinusoidal function fitting (black line).

observed in a wide range from 1.55 eV (800 nm) to 2.76 eV
(450 nm) (Figure 4a), which is different from previous reports
in bulk samples, in which anisotropy is only observed in a
small range around the band edge,*233 this probably originates
from the enhanced transmission of light for the ultrathin ReS,
layer. The broadband anisotropic absorption re-ignites interests
for the study of polarization sensitive photodetector used in the
visible to near infrared spectrum. Figure 4b plotted the absorp-
tion as a function of the polarization angle. The curve can
be fitted with a sinusoidal function, which is identical to the
band-edge absorption and Raman spectra spectrum change in
anisotropic materials.3234 This in-plane anisotropy of ReS, is
attributed to the field-induced polarization of the lattice, which
leads to displacements of the lattice atoms, and consequently
affects the electronic states of the solids.1® The peak observed
near band edge is related to the exciton absorption,?® which is
also polarization dependent, shifting from 1.51 to 1.48 eV by
rotating the polarization from perpendicular to parallel b-axis
direction (see the inset in Figure 4a). This polarization depend-
ence of exciton absorption can be used for the wavelength and
polarization sensitive luminescent applications.

3. Electronic Transport and Photoresonse
Properties of ReS, Transistor

Electronic properties have a pronounced effect on the perfor-
mance of photodetection. Before examining the photodetector
performance, we first fabricated the field effect transistors
(FETS) using atomically thin ReS, and studied their transport
performances. The transistor was fabricated using the photo-
lithography, following the deposition of Cr/Au (5/50 nm) elec-
trodes using the high vacuum thermal evaporator. In order to
study the polarization dependence of ReS, FET later, the conduc-
tion channels were made along the b-axis direction. Figure 5a
shows the output characteristics of the device based on the
flake with a thickness of about 3 nm, indicating an obvious

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

n-type semiconducting behavior of ReS,. The linear I;—V, curve
under low drain voltage indicates negligible Schottky barrier
at the ReS, and Cr/Au interfaces. When the gate voltage was
varied from —30 to 30 V while applying 0.1 V drain voltage, as
shown in Figure 5D, the channel switched from off state to on
state and an increase in drain current by a factor of 10°> was
observed. The measured on/off ratio is four orders of magni-
tude larger than those in graphene and comparable to the value
recently reported in MoS, device.l’”] The field-effect mobility
was estimated from the linear region in the I;—V, curve (V,
. . dl, L
from 10 to 30 V) by using the equation u= av, X wevs
where L is the channel length, W is the channel width, and C; is
the capacitance between the channel and the back gate per unit
area (Ci = €o&r / d; & is the vacuum permittivity, &, is the rela-
tive permittivity, and d is the thickness of SiO, layer), respec-
tively. The mobility is calculated to be around 18 cm? V! s7,
with L = 6.2 pm, W = 1.7 pm, and d = 285 nm. This value is
comparable to the values from exfoliated MoS, layers. Further
improvement of the mobility will be achieved by optimizing
the contact metals, the interface between the channel and gate
dielectric or using high-k gate dielectric screening.*’—

To understand the mechanisms of limiting the mobility in
ReS,, we examined the temperature dependence of the mobility
from room temperature to 100 K (Figure 5c,d). By decreasing
the temperature, the mobility increased monotonically to
40 cm? V7! 571, due to the weak electron-phonon scattering at
low temperature.[*?l As shown in the inset of Figure 5d, the tem-
perature dependence can be fitted by the power law pro<T"7,
where the exponent y is about 1.1, which depends on the
dominant phonon scattering mechanism. This value is same
as that reported for bilayer MoS,,!l and is smaller than that
of monolayer MoS, and theoretical calculation.l“**2 Although
some variations in the apparent phonon damping factor may
be explained by charged impurity scattering and homopolar
phonon quenching,*! the origin of the observed yin our work
is still unclear, more experimental and theoretical calculation,
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Figure 5. Characterization of the few layer ReS, field effect transistor. a) Output transfer curve of the transistor at room temperature based on ReS; with
a thickness of about 3 nm. The transistor exhibits n-type behavior and low contact resistance. The inset shows a typical optical image of the transistor.

Scale bar, 10 ym. b) The linear (red) and log (black) scale plots of the transfer curve, showing a mobility of 18 cm? V-

571 with a on/off ratio of about

10°. ) The I4-V, transfer curve for the ReS, transistor with a drain voltage of 0.1 V acquired at different temperatures. d) The field effect mobility as a
function oftemperature extracted from (c). The mobility increases gradually with decreasing temperature. The inset shows the power law fitting of the
data, indicating the dominant electron-phonon scattering at higher temperature.

including much lower temperature measurement combining
with the Hall mobility measurement, will be of much help for
fully understanding the scattering mechanism and optimizing
the device performance for ReS; and other 2D materials.

The good electronic properties of ReS, make it promising for
the application of optoelectronic devices. In addition, the direct
band gap nature of this material results in both a high absorp-
tion coefficient and efficient electron-hole pair generation
under photoexcitation, which is crucial for high-performance
photodetectors. We examined the photoresponse properties of
atomically thin ReS, (=3 nm) in the two-terminal device geom-
etry, using a typical green semiconductor laser (2.4 eV) as the
illumination source (Figure 6a). The photoresponse under dif-
ferent wavelength excitations is also investigated and shown in
Figure S1 (Supporting Information). The device shows good
response to all the wavelength lights. Figure 6b shows the
photocurrent as a function of drain bias. By increasing the light
power the photocurrent becomes stronger. In Figure 6¢c, we
have extracted the light power dependence of photocurrent at
different drain voltages. It can clearly be seen that the photocur-
rent satisfies a simple power law relation Iph o< p%, where I, is
the photocurrent, P is the light power, respectively. The index

Adv. Funct. Mater. 2015,
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of power law o is deduced to be 0.3, which is attributed to com-
plex processes in the carrier generation, trapping, and electron—
hole recombination in the semiconductor.*3] The process for
the photocurrent generation can be explained by a simplified
energy band diagram (Figure 6d). The charge transfer via Femi
level tuning between the interface of metal electrodes and ReS,
channels, resulting in the band bending, and therefore forming
Schottky type barriers as well as a depletion layers. Under the
light illumination with the photon energy greater than the
energy gap of the semiconductor, electron-hole pairs are excited
by absorbing light and laterally separated by the applied drain
bias, leading to the generation of photocurrent. The response
of photodetector is proportional to the rate of incident beams
of photons, which is consistent with the result in Figure 6c.
The time dependent photoresponse of the ReS, device carried
out by mechanically modulating the intensity of the incoming
light and recording the current change, and shown in Figure S2
(Supporting Information). Photoresponsivity R, as the ratio
between the intensity of generated photocurrent to that of the
incident light, is one of the most important parameters for a
photodetector. Figure 6e shows the photoresponsivity evalu-
ated at different bias voltages from Figure 6b, respectively. The

wileyonlinelibrary.com

“
G
F
F
>
v
m
~




-
™
s
[
-l
wd
=
™

6  wileyonlinelibrary.com

www.afm-journal.de

(a)

[
s

Half wave plate

Linearly Polarized light

Electrode

(d) Source

0.0 1 0 20 3.0
Pog (MW)

ReS;

E¢

Under illumination and bias 0.0 10

MekiS

www.MaterialsViews.com

(5]

Photoresponsivity (1 OSA!W)
- ]

20 3.0
Py (MW)

Figure 6. Photoresponse properties of the ReS, device. a) 3D schematic view of the photodetection device. The light is illuminated on the ReS, channel,
and the light polarization is controlled by the half wave plate, which is used for the linear dichroism detection later. b) The photocurrent response
as a function of drain voltage under different light intensity green light illumination. c) the photocurrent as a function of light intensity under a drain
voltage of 1V (blue), 2 V (green) and 3 V (red), respectively. The data can be fitted very well using the power law function (black line). d) Schematic
band diagrams of the device under different illumination and bias conditions. Ef, Fermi level; E¢, Conduction band; Ey, Valence band. The ReS, forms
Schottky barriers with Cr/Au electrodes. When a light illuminates the device, electron—hole pairs are generated and separated by the applied drain
voltage, generating photocurrents. ) The light intensity dependence of photoresponsivity deduced from (c) for drain voltages of 1V (blue), 2V (green),

and 3 V (red), respectively. The black lines are guides to eyes.

device achieved a photoresponsivity of 10° A W at low inten-
sity of light. This value is several orders of magnitude higher
than that of graphene-based photodetectors.* It is also com-
parable with the highest value of MoS,-based photodetectors,*’!
and is three orders of magnitude higher than that of black
phosphorus.*?l A sub-linear dependence of the photoresponse
was observed upon tuning the light power. The presence of
the trap states either in the channel or at the interface between
ReS; and the underlying SiO, layer may be responsible for the
reduction of the photoresponsivity at higher light power.*’]

The structure anisotropy induced linear dichroism in ReS,
enables us to study the polarization sensitive photodetector.
We now focus our study on the polarization sensitive detec-
tion of the device. The polarization of the illuminated light
is controlled via the combination of one half wave plate and
a polarizer. Figure 7a shows the evolution of photocurrent as
a function of the polarization angle of the linear polarizer. By
rotating the polarization of the light while keeping the incident
power constant, the photocurrent changes dramatically. The

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

photocurrent with the incident light polarized along the b-axis
(defined as 90° see inset of Figure 4a) is much stronger than
that perpendicular to the b-axis (defined as 0°). This is a strong
evidence that demonstrates the polarization dependent absorp-
tion and resulting photocurrent detection via linear dichroism.
The photocurrents under drain voltages of 1, 2, and 3 V as a
function of incident light polarization angle are shown in
Figure 7b. The data can be perfectly fitted by a sinusoidal func-
tion. In addition, the photocurrent and absorption has a quite
similar dependence on the incident light polarization, as shown
in Figure 7c, which are plotted in the same polar coordination.
This strongly suggests that the intrinsic polarization dependent
photoresponse originates from ReS, itself. These observations
clearly indicate that the incident light in different polarization
states passing through the anisotropic ReS, experiences a var-
ying absorption, directly reflecting the intrinsically anisotropic
nature of the crystal structure. Due to the varying absorption
in the wide wavelength range seen from the absorption spec-
trum, the polarization sensitive photodetection can be extended

Adv. Funct. Mater. 2015,
DOI: 10.1002/adfm.201504546
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Figure 7. Polarization sensitive photoresponse of ReS,. a) The photocurrent change as a function of drain bias under different polarization light illu-
minations. b) The change of the photocurrent under different drain biases plotted as a function of polarization angle, the data can be fitted very well
using a power law function (black line). c) The photocurrent with drain bias of 1V (red squire) and absorption (green circle) measured under different
polarization angle of green light and plotted in polar coordinates. The blue lines are the fitting results using sinusoidal function. The consistence
between photocurrent and absorption indicates the intrinsic linear dichromic response of ReS,.

to a wide range from visible to near infrared. Compared to
the reported polarization sensitive device based on a wire-grid
polarizer relying on nanofabrication processes,’?®l our demon-
strations prove that atomically thin ReS, can be used as a poten-
tial intrinsic linear dichroism media with high responsivity for
practical integrated optical applications.

4, Conclusions

In this work, we have studied the electronic and photoresponse
properties of atomically thin ReS, obtained by mechanical exfo-
liation method. The electron mobility up to 40 cm? V! s7! was
obtained with an on/off ratio of about 10°. The device also shows
a good photoresponse with a photoresponsivity of 10> A W,
The linear dichroic photodetector based on anisotropic ReS, is
demonstrated, which is ascribed to the polarization sensitive
absorption induced by crystal structure anisotropy. Combining
with the environmental stability and unique physical properties
like weak interlayer coupling of ReS,, together with the high
flexibility of 2D materials,*’! the linear dichroism observed in
ReS, leads to a new degree of freedom to manipulate electronic
and optoelectronic properties and opens up exciting opportuni-
ties of novel integrated optical and optoelectronic device appli-
cations for polarization detection. The advantage of the simple

Adv. Funct. Mater. 2015,
DOI: 10.1002/adfm.201504546
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transistor architecture reported here allows the polarization
dependent phototransistor to be used as part of a circuit, for
example, as part of a complementary inverter or ring oscillator.
Recent progress in growth of 2D materials and heterostruc-
ture,*% should allow the creation of arrays of micrometre-
scale devices, as well as integration with CMOS electronics
and ultimate thin light polarization detection devices based on
anisotropic ReS, and other 2D materials.[*-1]

5. Experimental Section

Isolation and Characterization of ReS, Flake: The ReS, single crystals
were synthesized through chemical vapor transport using iodine
as the transport agent. A scotch-tape method was used to exfoliate
ReS, flakes on the degenerately doped Si substrate covered with
285 nm SiO,. Optical identification was conducted with Olympus
BX51 microscope. Thickness of the thin flake was measured by Asylum
Research Cypher S Atomic Force Microscopy (AFM) in trapping
mode. Raman spectrum characterization was performed using Witec
confocal Raman system under 532 nm laser excitation. HRTEM image
was obtained using FEI Tecnai F20 system. The ARPES experiments
were carried out at Beamline 5-4 of the Stanford Synchrotron
Radiation Lightsourse (SSRL) of Slac National Accelerator Laboratory
using 25 eV photons with a base pressure better than 5 x 107"
Torr. Absorption spectrum was characterized by Jasco MSV-5200
microscopic spectrophotometer.

wileyonlinelibrary.com
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Device Fabrication and Measurement: The electrodes were patterned
via photolithography, followed by thermal evaporation of Cr/Au
(5/50 nm) and subsequent lift-off process. Electric characterization
was performed by using the Aglient B1500 semiconductor parameter
analyzer. Low temperature measurement was performed in a probe
station cooled by liquid nitrogen. The photoresponse was measured
using a semiconductor green laser as the illumination source, in the
ambient condition. Light power dependence of the photoresponse was
performed by tuning the light power while keeping the light polarization
unchanged. Polarization dependence of the photoresponse was carried
out by rotating the polarization of the light using a half wave plate and
a polarizer, while keeping the light power unchanged throughout the
measurement.

Supporting Information

Supporting Information is available from the Wiley Online Library or
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