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In-plane anisotropic two-dimensional (2D) materials offer great

opportunities for developing novel polarization sensitive photode-

tectors without being in conjunction with filters and polarizers.

However, owing to low linear dichroism ratio and insufficient

optical absorption of the few layer 2D materials, the comprehensive

performance of the present polarization sensitive photodetectors

based on 2D materials is still lower than the practical application

requirements. In this work, after systematic investigation of the

structural, vibrational, and optical anisotropies of layer-structured

Te nanosheets, a novel polarization-sensitive self-powered imaging

photodetector with high comprehensive performance based on a

p-Te/n-MoSe2 van der Waals heterojunction (vdWH) with strong

interlayer transition is proposed. Owing to the high rectification

ratio (104) of the diode, the device shows excellent photovoltaic

characteristics. As examples, the photodetectors exhibited an ultra-

high on/off ratio of 105 at a relatively weak light intensity

(4.73 mw cm�2), and the highest responsivity of the device could

reach 2106 mA W�1 without any power supply. In particular,

benefitting from the excellent dichroism properties of Te

nanosheets synthesized in this work, the anisotropic ratio of the

photocurrent (Imax/Imin) could reach as high as 16.39 (405 nm,

24.2 mw cm�2). This value obtained under zero bias voltage is

much greater than that of present 2D material photodetectors even

at a bias voltage. In addition, the highest detectivity is 2.91 � 1013

Jones at a low bias voltage of �0.08 V. This work provides a novel

building block for high resolution polarization-sensitive photode-

tection of weak signals in complex environments.

Introduction

Driven by the rapid development of information technology
(IT), photodetectors with the unique ability of converting
optical signals into electrical signals have stretched throughout
every facet of our lives.1 In particular, imaging photodetectors
operated at different wavelengths are essential for many
domains including flame detection, converting communica-
tion, medical diagnosis, night vision, and remote sensing,
etc.2–4 However, as conventional photodetectors can only pro-
vide spectral information and the corresponding intensity of
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New concepts
In order to precisely identify the targets in several concealed, camou-
flaged, and non-cooperative backgrounds, extensive efforts have been
carried out to explore the schemes of polarization-sensitive
photodetectors with a small volume. Benefiting from the intrinsically
in-plane anisotropic crystal structures, several 2D semiconductors
were explored for constructing monolithic polarization-sensitive
photodetectors. However, due to the low absorption, insufficient
polarization sensitivity, and lack of air stability, the comprehensive
performance of these devices based on 2D semiconductors is still lower
than required for practical applications. Herein, a novel polarization-
sensitive self-powered imaging photodetector with high comprehensive
performance based on a p-Te/n-MoSe2 vdWH is proposed. In particular,
owing to the excellent dichroism properties of Te nanosheets synthesized
in this work and strong interlayer transition of the p-Te/n-MoSe2 vdWH,
the anisotropic ratio of photocurrent could reach as high as 16.39 without
any power supply. This value is 7 times larger than that of present Te-
based photodetectors. It is believed that the p-Te/n-MoSe2 vdWHs would
provide additional opportunity for constructing a compact monolithic
polarization-sensitive imaging system with low energy consumption.
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optical radiations, it is difficult for them to precisely identify
the targets in several concealed, camouflaged, and non-
cooperative backgrounds. Inspired by the polarization-
sensitive photoreceptors of several animals such as
cuttlefish,5 a kind of special functional photodetector with
the ability of obtaining polarization imaging exhibits low false
alarm in conjunction with the reflection, scattering, and trans-
mission information of the object in a complex environment.
Simply, the core of polarization-sensitive photodetection tech-
nology is constructing devices with the conformation and
orientation of the material/device structures.6

Until now, most technological implementations of polarization-
sensitive photodetection are realized by nonmonolithic approaches,
in which polarizers are positioned in front of the photodetectors.
Under the impetus of rapidly developing nanotechnology, the ability
of shrinking the size of the photodetectors and manipulating light
with certain vibration at a small volume is essential. And extensive
efforts have been carried out for exploring the schemes of mono-
lithic polarization-sensitive photodetectors. Although orientating in
anisotropic device patterns such as quantum-well structures,7 and
one-dimensional (1D) nanostructures including InP,8 ZnO,9 and
CdS10 nanowires (NWs) and so forth are proposed as potential
building blocks for constructing polarization-sensitive photodetec-
tors, these demand sophisticated patterning and aligning processes.
Additionally, the randomness and aspect ratios of 1D materials
would limit the diversified device preparation.11,12

In contrast, benefiting from the intrinsically in-plane aniso-
tropic crystal structures, the emerging two-dimensional (2D)
layered semiconductors such as black phosphorus (BP), anti-
monene, ReS2, ReSe2, GeAs, GeSe, and GeSe2, etc. have been
extensively explored by our13–17 and other groups18–21 as the
active materials of monolithic polarization-sensitive photode-
tectors. However, due to the low absorption, insufficient polar-
ization sensitivity, and lack of air stability, the comprehensive
performance of these kinds of polarization-sensitive photode-
tectors is still lower than practical applications. Additionally,
some polarization-sensitive photodetectors are needed for long-
term working in some unmanned hazardous atmospheres or
harsh environments. Until now, high performance self-powered
polarization-sensitive photodetector materials operating with-
out any power supply are still lacking.

Nowadays, great efforts in fabricating self-powered photo-
detectors have been demonstrated in our22–26 and other pre-
vious studies27–30 through the construction of p–n junctions,
Schottky junctions, and heterojunctions by the photovoltaic
effect. Due to the nature of dangling bond-free surfaces
enabling 2D layered materials to integrate other desirable
materials into vdWH without consideration of the crystal lattice
mismatch, it would be greatly advantageous to explore novel
vdWH configurations of polarization-sensitive self-powered
photodetectors by a facile and low-cost approach.

Fortunately, as a quasi 2D layered semiconductor, Tellurium
(Te) is a rising star building block for polarization-sensitive
photodetection owing to several excellent unique properties
such as high carrier mobility of B103 cm2 (V*S)�1, adjustable
bandgap (0.35–1.2 eV), high linear dichroism, and outstanding

environmental stability at room temperature.31,32 Therefore, to
further enhance the photoelectric conversion efficiency and the
polarization-sensitivity of the present Te based polarization-
sensitive photodetectors, the structural, vibrational, and optical
anisotropies of layer-structured Te nanosheets synthesized by a
solution synthesized method are systematically investigated,
and then multilayer MoSe2 nanosheets with stronger optical
absorbance (Absorbed Photon Flux Jabs B4.6 mA cm�2),33

broad spectral selectivity (400–900 nm),34 stability, and high
carrier mobility (50–100 cm2 V�1 s�1)35 are selected to construct
high-performance p-Te/n-MoSe2 vdWHs with a strong interfa-
cial coupling effect by facile exfoliation and transfer technolo-
gies for fabricating a self-powered polarization-sensitive
photodetector. Owing to the high rejection ratio (104) of the
diode, the as-assembled p-Te/n-MoSe2 vdWH exhibits excellent
photovoltaic behavior. As examples, the device could achieve a
large on/off ratio of 105, high responsivity of 2106 mA W�1, and
high external quantum efficiency (EQE) of 645% without any
power supply at the wavelength of 405 nm. More importantly,
owing to the highly anisotropic optical properties of Te
nanosheets, the self-powered photodetectors exhibit a strong
polarization-sensitive photocurrent up to 16.39 at 405 nm. To
the best of our knowledge, the photocurrent anisotropy ratio of
p-Te/n-MoSe2 vdWH is 7 times more than that of Te-based
photodetectors.32,36 In addition, due to the high detectivity of
the device (2.91 � 1013 Jones) at a small bias voltage (�0.08 V),
this photodetector can not only realize high-resolution ima-
ging, but also distinguish the polarization of incident light
effectively.

Results and discussion

To construct the polarization sensitive photodetector based on
p-Te/n-MoSe2 vdWH, highly crystalline Te nanosheets were
synthesized via a facile solution-grown process at first
(Fig. S1, ESI†). Fig. 1a is the optical image of the as-fabricated
nanosheets with a relatively smooth surface. It can be found
that the length of the nanosheets ranges from 40 to 90 mm, and
the width of the nanosheets ranges from 3 to 11 mm. Subse-
quently, the mophology, chemical composition, and crystal
structure of these nanosheets is further confirmed by transmis-
sion electron microscopy (TEM) and energy dispersive X-ray
spectroscopy (EDS). Fig. S2 (ESI†) demonstrates that a Te
element is homogeneously distributed throughout the
nanosheets in the EDS mapping image. Fig. 1b is the high-
resolution TEM (HRTEM) image and corresponding selected-
area electron diffraction (SAED) pattern. The bright and clear
diffraction spots exhibited that the as-fabricated Te nanosheets
have a helical chain structure along the [0001] direction. The
lattice constant along the [0001] direction is 5.97 nm, the
d-spacing of the {1210} plane family is 2.19 Å, the d-spacing
of the {0001} plane family is 5.97 Å, and the angle between the
(0001) and (1%210) crystallographic planes is 901. The crystal
structure of Te is shown in Fig. S3 (ESI†). The helical chains
along the [0001] direction are defined as the c-axis of the crystal.
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It means that the nanosheets fabricated in this work are formed
from high-quality g-Te single crystals with c-axis preferred
orientation.37–39 Therefore, the as-fabricated multilayer
nanosheets are confirmed to be pure g-Te with an asymmetric
point group of D3.40 To further evaluate the phonon vibration
and crystal orientation of the fabricated Te nanosheets, Raman
measurements are implemented.41 The Raman spectrum
shown in Fig. 1c exhibits three peaks located at 93 cm�1,
121 cm�1, and 139 cm�1, which are in good agreement with
the E1, A1, and E2 phonon modes of Te. In detail, the afore-
mentioned three phonon modes of Te correspond to the
bending of the bond rotating around the a-axis, the chain
expansion mode of each atom moving on the base plane, and

the asymmetric stretching of the helical chain along the c-axis,
respectively.42 The identification of the a-axes and c-axes of our
sample, shown in Fig. 1d, was carried out by angle-resolved
polarized Raman spectroscopies (ARPRSs) as measured
directly. In Fig. 1d, the c-axis is defined as the y direction in
the experimental coordinate, the x direction is perpendicular to
the a-axis, and y is the angle between the directions of the c-axis
and the incident light. It can be found that in Fig. 1e and f, the
different Raman mode intensities change periodically with the
variation of rotation angle under the parallel-, and cross-
polarized configurations, indicating a strong in-plane vibration
anisotropy. Under a parallel polarization configuration (Fig. 1e), Al,
E1 photon mode exhibits a period of p, and the E2 mode exhibits a

Fig. 1 Material characterization and anisotropic characterization of solution-grown Te nanosheets. (a) Optical microscope image of Te nanosheets.
(b) HRTEM image taken from a Te nanosheet. Inset: Diffraction pattern of a Te nanosheet. (c) Atomic vibrational patterns of E1, A1, and E2 phonon modes
in Te Raman spectra and their corresponding atom vibration directions. (d) Optical microscope (OM) image of the measured nanosheet, showing the
crystallographic axes, the experimental coordinates, and the directions of the incident and analyzed scattered light, and indicating the angle y between
the incident light and the y direction (c-axis). (e) Polarized Raman intensity mapping of Te nanosheets as a function of wave number and incident angle in
parallel-polarized configurations. (f) Polarized Raman intensity mapping of Te nanosheets as a function of wave number and incident angle in cross-
polarized configurations. (g) Polar plot of E1, A1 and E2 mode intensity in parallel-polarized configurations. (h) Polar plot of A1 and E2 mode intensity in
cross-polarized configurations.
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period of p/2, while under the cross polarization configuration, all
modes exhibit a period of p/2 (Fig. 1f). In contrast, under the cross
configuration, the intensity tendency of the E1 mode is not observed
due to its low intensity value. In order to reveal the dependence of
the angle-resolved Raman and crystal axis orientation more intui-
tively, the peak intensities of different modes are extracted and
plotted into corresponding polar graphs (Fig. 1g and h). The
polarized Raman intensity is fitted through Raman tensor
analysis,43 and the Raman scatter intensity (I) of the peak can be
expressed as

Ip|ei R es|
2 (1)

where R is the Raman tensor, and ei and es are the electric field
vectors of the incident and scattered light, respectively. Under
the parallel configuration,

ei = [sin y 0 cos y] (2)

es = [sin y 0 cos y] (3)

while for the cross configuration,

ei = [sin y 0 cos y] (4)

es ¼ sin yþ p
2

� �
0 cos yþ p

2

� �h iT
¼ cos y0� sin y½ �T (5)

where variable y is the angle between the c-axis of the
crystal and the polarization direction of the incident light.
The ultrathin trigonal Te belongs to the D3 point group.
The Raman tensors of A1, E1 and E2 modes are given as
follows:40

R A1ð Þ ¼
a 0 0
0 a 0
0 0 b

2
4

3
5 (6)

R E1ð Þ ¼
c 0 0
0 �c d
0 d 0

2
4

3
5 (7)

R E2ð Þ ¼
0 �c �d
�c 0 0
�d 0 0

2
4

3
5 (8)

where a, b, c, and d, are Raman tensor elements. The polarized
Raman intensity I for the different modes can be obtained as
follows:

I(A1)8 = |a sin2 y + b cos2 y|2 (9)

I(E1)8 = |c sin2 y|2 (10)

I(E2)8 = |2c sin y cos y|2 (11)

I A1ð Þ?¼ a� b

2
sin 2y

����
����
2

(12)

I E1ð Þ?¼
c

2
sin 2y

��� ���2 (13)

I(E2)> = |�d cos 2y|2 (14)

where 8 and > represent the parallel and cross-polarization con-
figurations, respectively. As shown in Fig. 1g and h, Raman spectra
agree very well with the theoretical prediction. In addition, based on
the Raman tensor analysis, the a-axis direction of the crystal
orientation can be determined by the intensity of the E1 mode,
the direction of the maximum intensity of the E1 peak.36 The ARPRS
show that the c-axis of the selected 2D Te is consistent with the
orientation of the y direction of the nanosheet, which corroborates
our TEM analysis.

In order to confirm that the p-Te/n-MoSe2 vdWH has been
formed, SEM images and associated element mapping of p-Te/
n-MoSe2 vdWH are characterized (Fig. 2a and b). The SEM
image and corresponding element mapping demonstrates that
the p-Te/n-MoSe2 vdWH device is uniformly fabricated on the
SiO2/Si substrate with a relatively smooth surface. The energy-
dispersive X-ray spectroscopy (EDS) analysis in Fig. 2b further
affirms that the chemical composition of the obtained p-Te/
n-MoSe2 vdWH consisted of Mo, Se and Te elements, and the
Mo/Se ratio of the MoSe2 sample is close to 1 : 2. The thickness
of the MoSe2 and Te nanosheets is 24.55 nm and 27.94 nm by
AFM (Fig. S5, ESI†). Raman mapping of p-Te/n-MoSe2 vdWH
(Fig. S6, ESI†) with the homogeneity of each component of Te,
MoSe2 and Te/MoSe2, and the three peaks in the Raman spectra
collected near the red dots, yellow dots and blue dots in Fig. 2c
exhibit no obvious shift, demonstrating the good quality of the
p-Te/n-MoSe2 vdWH after the mechanical exfoliation, and
target-transfer processes.44 The SAED pattern of the heterojunc-
tion region shows two sets of clearly distinguishable diffraction
patterns of different orientations (Fig. 2d), which proves that
the high-quality of the p-Te/n-MoSe2 vdWH is fabricated as
shown in Fig. S7 (ESI†).

Fig. 2 Polarization-sensitive self-powered photodetector based on a
p-Te/n-MoSe2 van der Waals heterojunction. (a) SEM images p-Te/n-
MoSe2 van der Waals heterojunction device. (b) Elemental mapping images
and the corresponding EDS. (c) Raman spectra of Te, MoSe2, and the
overlapped region in the heterojunction device. (d) The SAED pattern
collected near the overlapped region in the heterojunction shows two sets
of oriented electron diffraction patterns, corresponding to Te and MoSe2.
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To study the electric properties of the aforementioned Te/
MoSe2 vdWH, I–V characteristic measurements of the diode
were first carried out under dark conditions. Fig. 3a is the
optical image of the device (top view). To demonstrate the
structure of the device vividly, a side view of the structural
models is shown in the inset of Fig. 3a. The linear characteristic
of the Ids–Vds curves in Fig. 3b indicates the ideal Ohmic contact
of both the Ti–MoSe2–Ti and Ti–Te–Ti devices. And the transfer
curves of the Te and MoSe2 field-effect transistors obtained in
Fig. 3c demonstrated that Te is a p-type material and MoSe2 is a
n-type material in this work. Ids–Vds curves in Fig. 3d exhibit a
significant rectification behavior of p-Te/n-MoSe2 vdWH with
the ideality factor (n) of 1.017, which is very close to the ideal
p–n junction diode (n = 1).45 In particular, the p-Te/n-MoSe2

vdWH device with a high rectification factor of 104 at �2 V
still exhibits a very low dark current of 363 pA even under
a bias voltage of �2 V. This value of dark current is smaller
than that of the pristine Te, MoSe2 device (mA) and the
rectification factor is larger than that of Te-based and
MoSe2-based photodetectors reported at present.26,46,47

Therefore, the significant rectification characteristic of the
p-Te/n-MoSe2 vdWH diode in this work is mainly originated
from the Te–MoSe2 p–n junctions instead of metal-
semiconductor contact.

To examine the self-powered character of this diode, I–t
curves of p-Te/n-MoSe2 vdWH were measured under the illu-
mination wavelengths of 405 nm, 532 nm, 635 nm and 808 nm
at 0 V. As shown in Fig. 4a, photocurrents of the p-Te/n-MoSe2

vdWH photodiodes could change immediately with highly
repeatable photoswitching characteristics and better stability
when the light switched between on and off. Particularly at the
wavelength of 405 nm, the device exhibits an ultra-low dark
current of 10�14 A and a significant photocurrent of 10�8 A
(Fig. S8, ESI†). This means that the photoresponse on/off ratio
could reach up to 5 orders of magnitude. In addition, the

photocurrent is steadily increasing with increasing the power
density of incident light (405 nm). It demonstrated that the
number of photogenerated carriers is proportional to the
absorbed luminous flux. Based on the ultra-high photore-
sponse on/off ratio of the photodetectors, linear dynamic range
properties (LDR) are further analyzed at zero bias voltage.
Generally, the LDR can characterize the light intensity range
of the photodetectors with constant responsivity, which can be
given by48

LDR ¼ 20 log
Iph

Id

� �
(15)

Iph = Iillumination � Idark (16)

where Iph is the photocurrent, Iillumination is the illumination
current, and Id is the dark current. The calculated LDR can
exceed 110 dB (Fig. 4b), which is superior to the InGaAs-based
photodetector (66 dB).49,50 In addition, the device exhibited a
significant photovoltaic characteristic as well. As examples, the
maximum open-circuit voltage (VOC) and the maximum short-
circuit current (ISC) could reach up to 0.25 V and 72 nA when the
light intensity increases to 42.8 mW cm�2 (Fig. 4c). And the
maximum output electrical power could reach 5.76 nw at
405 nm (42.8 mW cm�2) (Fig. S9, ESI†).

In order to further confirm the performance of the self-
powered photodetector, detailed data on the responsivity (R)
and external quantum efficiency (EQE) were investigated at
0 V using a 405 nm laser with the power density ranging
from 0.04 to 42.8 mW cm�2 as the light source. Responsivity
and EQE of the p-Te/n-MoSe2 vdWH photodetector can be
determined by:

R ¼ Iph

P
(17)

EQE ¼ hcR

el
(18)

where Iph is the photocurrent, P is the incident light power, l is
the wavelength of incident light, e is the electronic charge, h is
the Planck constant, and c is the light velocity. It can be found
in Fig. 4d that the highest responsivity and EQE values could
reach 2.1 A W�1 and 645%, respectively, which is better
than commercial Si photodetectors (r1 A W�1).51 In addition,
both the responsivity and EQE decreased slightly with increas-
ing light power intensity. This phenomenon may originate from
the self-heating-induced increase in the charge carrier scatter-
ing and the rate of charge recombination.52

The detectivity (D*) is one of the key Fig.-of-merits for a
photodetector, which usually describes the smallest detectable
signal. D* is defined as:

D� ¼ RS
1
2

2eIdð Þ
1
2

(19)

where R is the responsivity, S is active area, e is the electronic
charge, and Id is the dark current. The calculated detectivity of

Fig. 3 Electronic characteristics of p-Te/n-MoSe2 vdWH. (a) Schematic
illustration of the p-Te/n-MoSe2 vdWH device. Inset: OM image of the
p-Te/n-MoSe2 vdWH device. (b) Ids–Vds curves of Te and MoSe2 at
Vg = 0 V. (c) The transfer curves of the Te and MoSe2 field-effect transistors.
(d) Ids–Vds curves of the p-Te/n-MoSe2 vdWH device at Vg = 0 V.
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devices is plotted in Fig. 4e. And the detectivity of the device is as
high as 2.91 � 1013 Jones at the wavelength of 405 nm
(0.89 mW cm�2). The performance comparison between our p-Te/
n-MoSe2 vdWH photodetector and other 2D photodetectors
reported previously is shown in Fig. 4f. Our p-Te/n-MoSe2 vdWH
photodetector has a remarkable advantage compared to other 2D
photodetectors.25,27,28,30,32,53–62 On the other hand, the photore-
sponse of our self-powered device was very fast, highly stable and
reproducible. As shown in Fig. 4g, the 10–90% response time and
decay time were measured to be 25 ms and 22 ms, respectively. And
the excellent repeatable photoresponse after 200 switching cycles
indicates a high reliability of our device (Fig. 4h).

To explore the working mechanisms of the high photore-
sponse characteristics for the p-Te/n-MoSe2 vdWH photo-
diodes, Kelvin Probe Force Microscopy (KPFM) is employed to
unveil the trend of Fermi level shift of Te and MoSe2, as well as
the band alignment in p-Te/n-MoSe2 vdWH (Fig. 4i–k). The
contact potential difference (VCPD) between the probe tip and
the sample is given by

VCPD ¼
WTip �WSample

e
(20)

where Wtip and Wsample are the work function of the tip and the
sample, and e is the elementary charge, respectively. Therefore,

the work function difference of the nanosheets can be calcu-
lated by measuring the VCPD difference. As shown in Fig. 4j, the
VCPD difference of the Te/MoSe2 vdWH is determined to be
about 40.08 mV. Based on the KPFM result, the energy band
diagrams are proposed in Fig. S10 (ESI†). Due to the difference
of Fermi level (EF), the electrons would diffuse from MoSe2 into
Te while holes should diffuse from Te into MoSe2 when p-type
Te comes into contact with n-type MoSe2. Therefore, the energy
level near the Te surface bends upward, while the energy level
near the MoSe2 surface bends downwards. Eventually, the
Fermi levels of Te and MoSe2 are arranged at the same level,
resulting in the formation of a built-in electric field near the
p-Te/n-MoSe2 interface (Fig. 4k). Moreover, a strong built-in
electric field and a depletion layer formed near the junction
region are capable of reducing the electron–hole recombination
and preventing the electron transport from MoSe2 to Te, favor-
ing a low reverse dark current and thus improving the detectiv-
ity. To confirm the above statement of carrier transfer at the
p-Te/n-MoSe2 interface, photoluminescence (PL) spectra of
MoSe2 and the p-Te/n-MoSe2 vdWH were measured as well.
As shown in Fig. 4l, the significant quenching of the PL
intensity in p-Te/n-MoSe2 vdWH indicates the transfer of
photogenerated carriers between Te and MoSe2, leading to an
increase in the increase of non-radiative recombination and the

Fig. 4 Self-driven photoresponse characteristics of p-Te/n-MoSe2 vdWH. (a) Photoresponse of the heterostructure under different light wavelengths
(405, 532, 635 and 808 nm, 10 mW cm�2) at zero bias voltage. Inset: Schematic diagram of the separation process of photogenerated carriers on the
interface of p-Te/n-MoSe2 vdWH under laser illumination. (b) Photoresponse on/off ratio and linear dynamic range (LDR) of p-Te/n-MoSe2 vdWH under
varied power intensities at zero bias voltage. (c) Ids–Vds measurements under different laser power intensity of 405 nm for p-Te/n-MoSe2 vdWH.
(d) Responsivity (R) and External Quantum Efficiency (EQE) of p-Te/n-MoSe2 vdWH under varied power intensities at zero bias voltage. (e) Detectivity (D*)
of the p-Te/n-MoSe2 vdWH device. (f) Performance summary of self-powered photodetectors based on 2D semiconductors. (g) One cycle of the
photoresponse to a wavelength of 405 nm at zero bias voltage for estimating both the rise and fall time. (h) Time-dependent photoresponse under
200 on/ooff switching cycles. (i) KPFM mapping images of the Te/MoSe2 vdWH. (j) Histogram distributions of VCPD extracted from the KPFM mapping
image. (k) Energy band diagram and carrier transport of the Te and MoSe2 for after contact and under light irradiation at 0 V. (l) PL spectra of the MoSe2

and p-Te/n-MoSe2 vdWH.
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decrease of PL emission recombination. Therefore, KPFM and
PL results clearly indicate a strong interfacial coupling in p-Te/
n-MoSe2 vdWH.63

As mentioned above, strong intrinsic anisotropy of Te
nanosheets and excellent photovoltaic properties of the p-Te/
n-MoSe2 vdWH photodetector offer us additional opportunities
to further explore the polarization sensitive photoresponse of
the device. In view of this, polarization-resolved photocurrents
of the p-Te/n-MoSe2 vdWH self-powered photodetector were
measured with a laser (405 nm, 12.2 mW) as the optical source,
and the measurement setup is shown in Fig. 5a. And then the
polarization-dependent photocurrent of the device from �2.0 V
to 2.0 V at 405 nm is obtained. y is the angle between the
polarization direction of incident light and the c-axis of Te
nanosheets. It can be found that in Fig. 5b, the measured
photocurrent depends on the polarization angle and bias
voltage. To better illustrate the self-powered performance of
the polarized photodetector, Fig. 5c exhibits the polarization-
resolved photocurrents of the device at zero bias voltage. It is
obvious that the photocurrent changes periodically when the
y is rotated from 01 to 3601. The photocurrent reaches the
maximum when the value of y is 901 and 2701, respectively. This
direction is corresponding well to the a-axis direction of Te
nanosheets. On the other hand, the minimum value of the
photocurrent is exhibited at 01 and 1801, which is

corresponding to the c-axis direction of Te nanosheets. In
addition, ARPRSs tests, polarized photodetection and in-plane
electrical transport characteristics of the MoSe2 device were
performed and the results revealed that MoSe2 is in-plane
isotropic (Fig. S13, ESI†). Therefore, the anisotropic photocur-
rent observed in this work is originated from the Te layer
instead of the MoSe2 layer. In order to observe the polarized
photoresponse more intuitively, a polar diagram of the normal-
ized polarized photocurrent for the incident wavelengths of
405 nm at zero bias voltage is exhibited (Fig. 5d). The points
were fitted by the function:

Iph(y) = Iphmax cos2(y + j) + Iphmin sin2(y + j) (21)

where the Iphmax and Iphmin represent the maximum and mini-
mum photocurrent, y is the polarization angle and f is the
fitting parameter. According to the experimental data in
Fig. 5d, the calculated photocurrent anisotropy ratio (Iphmax/
Iphmin) could reach as large as B16.39. In addition, to further
confirm the polarized photoresponse of the p-Te/n-MoSe2

vdWH device, the polarized photocurrent is also studied under
the irradiation of a laser with 635 nm wavelength (Fig. S14,
ESI†). The calculated photocurrent anisotropy ratio is also as
high as B13.97. Meanwhile, two other heterojunction devices
were also checked, and the photocurrent anisotropy ratio shows
a good consistency (Fig. S15, ESI†). It is noteworthy that the

Fig. 5 Polarization-sensitive photodetection of the p-Te/n-MoSe2 vdWH. (a) Schematic diagram of the experimental setup for polarization-resolved
photocurrent measurement. y is the angle between the polarization direction of incident light and the y direction (c-axis of Te nanosheets). The scale bar
is 20 mm. (b) The polarized photocurrent for the wavelengths of 405 nm at room temperature, under the light power intensity of 24.2 mW cm�2.
(c) Polarized photocurrent for the incident wavelengths of 405 nm (24.2 mW cm�2) at zero bias voltage. (d) Polar diagram of the polarized photocurrent
for the incident wavelengths of 405 nm at zero bias voltage, and the anisotropic ratio of 16.39. (e) Photocurrent anisotropy ratio comparison for various
2D materials.
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photocurrent anisotropy ratio of our device is significantly
superior to that of widely researched anisotropic 2D materials
and their heterojunctions, such as Te, black phosphorus, WTe2,
ReS2, ReSe2, etc. (Fig. 5e).6,13,14,18–21,28,29,32,54,55,64–73 This
demonstrated that the as-fabricated p-Te/n-MoSe2 vdWHs in
this work would establish themselves as great petential
building blocks for constructing polarization-sensitive
photodetectors.

To further explore the polarization-sensitivity of the p-Te/n-
MoSe2 vdWH photodetector, responsivities of the device at 0 V
with the polarized angle varying from 0 to 3601 were extracted
at 405 nm (24.2 mW cm�2) and plotted in polar coordinates. As
shown in Fig. 6a, the largest responsivity of the device could
reach 314 mA W�1 with a high anisotropic ratio of B16.9. In
addition, polarized EQE, detectivity, and LDR are also calcu-
lated (Fig. 6b–d). The EQE could reach 96.2% with a high
anisotropic ratio of B16.39 (Fig. 6b). Importantly, a highest
polarized detectivity of 1.87 � 1012 Jones could be obtained for
the device, and its anisotropic ratio can reach B14.7 (Fig. 6c).
Correspondingly, the highest polarized LDR value is 102.5 dB
(Fig. 6d). Compared with the reported polarization-sensitive
photodetector, the excellent comprehensive performance of our
device is realized (Table S1, ESI†). Fig. 6e and f show the
histogram of responsivity, EQE, detectivity and LDR extracted
from the polar diagram at 01, 901 and 1801. It is obvious that
our device has strong anisotropy. These results collectively
demonstrate that our device possesses the ability of polarized
imaging photodetection without external optical elements.

It is well known that polarization imaging with the ability to
obtain polarimetric information of a scene can obtain a higher
recognition rate of the target details. Until now, smart polariza-
tion imaging with small size is urgently needed for many fields

including industry, medicine, and space exploration, etc. There-
fore, to further demonstrate the polarization imaging photo-
detection capability of the p-Te/n-MoSe2 vdWH photodetector,
the device is employed as the single point-like sensing pixel in a
polarization imaging system. Fig. 7a describes the schematic
illustration of the polarization imaging measurement system,
in which an LED screen is used to provide an unpolarized and
uniform white light source. A hollow letter ‘‘SCNU’’ as the
imaging targets is made in a black acrylic plate and placed
behind the light source. The p-Te/n-MoSe2 heterojunction
image sensor is mounted onto a computerized 2D rotary stage,
which can be moved continuously and scan the target line by
line. During the image-sensing process, the photocurrent from
the p-Te/n-MoSe2 heterojunction photodetector was collected
by a computer, and the location information for the targets is
recorded simultaneously. The imaging system finally converts
the input signal current into a set of gray values to form an
image. The polarizer and half-wave plate are mounted in front
of the focusing lens to convert the incident light irradiated on
the photodetector into linearly polarized light whose polariza-
tion direction is changed by rotating the half-wave plate. Under
linear polarized illumination, ‘‘SCNU’’ polarized imaging
(365 � 180 pixels) is successfully acquired when the polarized
light is at 01 and 901 (Fig. 7b and c). It should be pointed out
that an obvious polarization distinction is observed, confirm-
ing the great application potential of our device.

Conclusions

In summary, after systematically investigating the non-
centrosymmetric crystal structure of multilayer Te nanosheets

Fig. 6 Polarization-sensitive photodetection of p-Te/n-MoSe2 vdWH. (a–d) Polar diagram of the polarized responsivity (a), EQE (b), detectivity (c), and
LDR (d) for the incident wavelengths of 405 nm (24.2 mW cm�2) at zero bias voltage. (e) Histogram of responsivity and EQE extracted from the polar
diagram at 01, 901 and 1801. (f) Histogram of detectivity and LDR extracted from the polar diagram at 01, 901 and 1801.
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by angle-resolved polarized Raman spectroscopy, a high perfor-
mance polarization-sensitive imaging photodetector was fabri-
cated based on multilayer p-Te/n-MoSe2 vdWH. Such a device
exhibits a large on–off ratio photocurrent (105), high responsiv-
ity (2106 mA W�1), a fast response speed (B20 ms), and
especially an ultra-high photocurrent anisotropy ratio of 16.39
at zero bias voltage. And a high detectivity (2.91 � 1013 Jones)
could be obtained at a small bais voltage (�0.08 V). Thus,
multilayer p-Te/n-MoSe2 heterojunction devices proposed in
this work were not only proposed as a potential building block
for constructing a compact monolithic polarization-sensitive
imaging system with low energy consumption, but also pro-
vided an additional platform for exploring novel 2D and quasi
2D materials towards practical applications.

Experimental
Device fabrication

Multilayer Te nanosheets were prepared by a solution-growth
method.31 The precursor Na2TeO3 and polyvinylpyrrolidone
(PVP) were dissolved in deionized water to form a uniform
solution under magnetic stirring, and then hydrazine hydrate
(N2H4) and aqueous ammonia solution were added. Then the
mixed solution was put into a stainless-steel autoclave lined
with Teflon and the autoclave was kept at 180 1C for 20 h. After
falling to room temperature, the obtained solution was

centrifuged at 5000 rpm for 5 min and washed with deionized
water for 3 times. MoSe2 nanosheets were fabricated by the
mechanical exfoliation method from bulk MoSe2 crystals. The
p-Te/n-MoSe2 were fabricated by the target-transfer method. In
this process, Te nanosheets are first transferred onto a silicon
wafer covered with a 300 nm SiO2 film by drop-casting the
tellurium ethanol solution. Then, MoSe2 nanosheets was exfo-
liated onto a transparent polydimethylsiloxane (PDMS) film by
Scotch tape and aligned onto Te nanosheets via a three-
dimensional location adjustment platform equipped with an
optical microscope (Shanghai OnWay Technology Co., Ltd). The
Ti/Au electrodes were patterned by the process of photoresist
(ARP-5350 bought from Taizhou SUNANO New Energy Co., Ltd)
spin-coated, ultraviolet exposure (via the markless lithography
machine of TuoTuo Technology Co., Ltd.) and development to
obtain the desired electrode pattern. Finally, an electron beam
evaporation instrument was employed to define and deposit
source/drain electrodes (5 nm Ti/60 nm Au).

Characterization

Morphologies and the contact potential difference of the sam-
ples were characterized using SEM (Hitachi S-4200) and AFM
combined with KPFM (Bruker Multimode 8). The elemental
composition was characterized using EDS in a Hitachi S-3400N
and HT7700. The structures of Te and MoSe2 nanosheets were
studied by TEM (Hitachi HT7700). Raman and PL signals of the
samples were collected using a micro-Raman spectrometer

Fig. 7 Imaging sensing capability of the p-Te/n-MoSe2 vdWH photodetectors. (a) Schematic diagram of the polarization imaging measurement system.
(b and c) Imaging results of ‘‘SCNU’’ letters with polarization angles of 01 (b) and 901 (c), respectively.
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System (NOST Technology, with laser excitation of 532 nm). The
electrical and photoelectric properties of the photodetector
were performed at room temperature using a three-probe
station (Keithley Agilent B2902A system) and a multi-
wavelength optical-fiber laser. Polarization imaging was mea-
sured by a polarization imaging system equipped with a camera
lens (CAV-SPRATDS-V2), a 2D rotary stage (MDOM103) and an
amplification circuit.
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