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ABSTRACT: Anisotropic two-dimensional (2D) materials have
garnered significant attention in recent years due to their
polarization-sensitive photoresponse. However, the inherent
crystal structure fundamentally limits the polarization ratio of
photocurrent to around 2, which is far below commercial
requirements (> 10). Here, the polarimetric photodetector
based on vertical asymmetrical 1T° MoTe,/MoS,/1T’ MoTe,
dual van der Waals (vdWs) Schottky junction was
demonstrated. Owing to the unique vertical dual-Schottky
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junction, the device exhibits excellent performance under 915 nm illumination, including a fast rise/decay time of 40/36 s, a
broad 3 dB bandwidth of 12.5 kHz, and ultrahigh polarization ratios of 32 (0.045 V) and 47 (-0.015 V), potentially reaching
infinity. Based on the outstanding response speed and polarization sensitivity, the device conveniently achieves polarization
angle recognition for linear polarization light by switching external bias voltage without the aid of any polarizer or half-wave
plate. In addition, the infrared angle of linear polarization (AoLP) imaging for a target obscured by a blocking film is
demonstrated, in which targets with different polarization angles can be clearly distinguished. This work provides a novel
scheme for next-generation integrated and all-in-one infrared polarimetric detection and imaging systems.

KEYWORDS: anisotropic, 1T’ MoTe,, dual-Schottky junction, all-in-one, polarization detection

1 Introduction

Polarization is a vector characteristic that describes the vibration
direction of light waves, which is independent of scalar information
such as intensity, wavelength, and phase [1-4]. Polarimetric
photodetection technology is essential to the development of optical
radar, remote biological diagnosis, and optical
communication devices [5-8]. Compared with traditional intensity
detectors, the polarized photodetector can acquire extra
polarization states from the target objects and shield stray light,
which not only obtains more information but also enhances the
capacity to detect and identify the target objects precisely [9, 10].
For the conventional division-of-time, -focal-plane, -amplitude, and
-aperture polarimeter structures, drawbacks such as relying on
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polarizers, complex optical paths, and huge volumes limit the
popularization of polarimetric imaging systems [6, 11].

In recent years, emerging anisotropic two-dimensional (2D)
materials such as ReS,, BP, and 1T° MoTe, with intrinsic
polarization-dependent light response, have been regarded as
promising active films for integrated and miniaturized polarimetric
photodetection [12-15]. Among them, 1T° MoTe, is an
outstanding semimetal possessing high carrier mobility and broad
response from deep ultraviolet (UV) to long-wave IR [16].
However, the inherent anisotropic crystal structure fundamentally
determines the polarization ratio of photodetectors based on
individual materials, which is generally around 2 and not sensitive
enough to satisfy the demands of commercial polarized imaging
devices [9, 17]. Constructing van der Waals heterojunctions is an
effective strategy to modulate the polarization sensitivity [18, 19].
Besides, the built-in electric field in the heterojunction interface can
suppress dark current and promote the separation of photo-excited
carriers. Thus, the photocurrent and response speed can be
effectively improved [20-22].

At present, plenty of van der Waals heterojunction devices based
on anisotropic 2D materials such as MoSe,/GeSe/MoSe, [23],
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ReS,/WSe, [24], 1T” MoTe,/WSe, [18] have been widely explored,
showing that the polarization ratio is superior to single anisotropic
material. In addition, the gate voltage can regulate the Fermi level of
the semiconductor in heterojunctions, which can influence the
barrier height and thus modulate the polarization ratio [18, 25, 26].
Nevertheless, these methods either provide a slight improvement in
polarization ratio or require additional gates, which complicates the
device structure and hinders their industrial applications. On the
other hand, the photoresponse of photodetectors based on a single
anisotropic 2D material varies cosinusoidally with a 180° period
[27-29]. Consequently, the photocurrent and polarization angle do
not have a one-to-one correspondence. Each photocurrent value,
except for the extrema, corresponds to two polarization angles
within a period, rendering the direct identification of the
polarization states through photocurrent unfeasible.

Herein, we report a vertically stacked 1T MoTe,/MoS,/1T
MoTe, dual Schottky junction to realize an all-in-one device for
angle recognition of linear polarization light. Two back-to-back
Schottky junctions ensure that there is always an enhanced built-in
field, whether at positive or negative bias, which endows the device
with a fast rise/decay time of 40/36 us and a broad 3 dB bandwidth
of 12.5 kHz. We designed the a-axis between the top 1T°-MoTe,
and the bottom 1T°-MoTe, offset by a specific angle, leading to
asymmetry photoresponse in the Schottky junctions on both sides
of the middle MoS,. As a result, once a bias is applied to this dual
Schottky junction structure under illumination, the photoresponse
from one side will be suppressed, and that from another side will
dominate, endowing the device with an ultrahigh polarization ratio
exceeding 30, potentially reaching infinity. Therefore, we can switch
the dominant photoresponse region by altering the external bias
voltage, resulting in a unique photocurrent pair corresponding to
specific polarization direction. This one-to-one correspondence
significantly simplifies the polarization angle recognition for
arbitrary linear polarized light. Finally, the infrared AoLP imaging
was conducted in obstructed environments without assistance from
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complex light paths or wave plates, realizing an integrated and
minjaturized  all-in-one  polarimetric system. This work
demonstrates a feasible scheme for an on-chip polarization angle
recognition photodetector and inspires the design and fabrication
of a next-generation polarimetric imaging system with a highly
integrated and ultra-compact configuration.

2 Results and discussion

1T MoTe, is a novel semimetal 2D material with an in-plane
anisotropic crystal structure, which originates from periodic
distortion of the lattice and shift of Mo atoms from the
corresponding Te octahedron as shown in Fig. S1 in the Electronic
Supplementary Material (ESM). The anisotropic crystal structure
endows 1T° MoTe, with anisotropic optical properties.
Transmission electron microscopy (TEM) is employed to identify
the anisotropic crystal structure of MoTe,. The ribbon-shaped 1T’
MoTe, flake was transferred to a micro-grid copper, as shown in
TEM images (Fig. S2 in the ESM). As shown in Fig. 1(a), the high-
resolution TEM (HRTEM) image reveals the interplanar spacing of
0.626 and 0.345 nm, which correspond well to the d-spacing of
(100) and (010) planes [30]. Interestingly, the long side of the
ribbon-shaped flake is parallel to the (010) orientation, which
means the 1T” MoTe, crystal is easily cleaved along the b axis (Mo-
Mo zigzag chain direction), which is similar to 1T" ReS, [31].
Furthermore, the inset image in Fig. 1(a) is a select area electron
diffraction (SAED) pattern that coincides with the monoclinic
structure of the 1T° phase. Angle-resolved polarized Raman
(ARPR) is a nondestructive optical method to demonstrate the
anisotropic lattice arrangement of the 1T° MoTe, crystal [26, 32].
Figures 1(b) and 1(c) show the angle-dependent Raman intensity
false-color mapping of micromechanical exfoliated 1T° MoTe,
nanosheet under parallel and perpendicular configuration. Herein,
the parallel or perpendicular configuration represents the initial
polarization direction of the Raman laser parallel or perpendicular
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Figure1 (a) HRTEM image of 1T” MoTe, flake and SAED image (inset) of the 1T" MoTe,. (b) and (c) The ARPR intensity map of 1T" MoTe, flake under parallel and
perpendicular configuration, respectively. (d) Optical microscopy image of the dual-Schottky junction device with bottom 1T" MoTe,, MoS,, and top 1T" MoTe,
highlighted by the brown, white, and blue dashed lines, respectively. (¢) KPEM image of the 1T"-MoTe,/MoS,/1T-MoTe, heterojunction. (f) Polar plot of photocurrent of
bottom 1T°-MoTe,/MoS, heterojunction and top 1T°-MoTe,/MoS, heterojunction in the device.
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to the analyzer direction, denoted as XX or XY, respectively. It
illustrates that the Raman intensity shows strong rotation angle
dependence and periodicity, especially for the vibration mode of A}
and A} at 77.8 and 162.8 cm”, respectively. To investigate the
relationship between the polarization direction and Raman
intensity, the polar plots of Raman intensity against polarization
angle are plotted (Fig. S3 in the ESM). The maximum Raman
intensity appears when the laser polarizes along the (100) crystal
orientation in the XY configuration. In contrast, in the XX
configuration, the maximum intensity occurs when the laser
polarization direction is along the (010) orientation, which indicates
that the crystal orientation can be distinguished by ARPR.

Figure 1(d) shows the optical microscopy image of the dual
Schottky junction device. The device consists of a vertically stacked
1T MoTe,/MoS,/1T" MoTe, heterojunction, where the b-axis of
top 1T° MoTe, is twisted by an angle (84°) relative to the b-axis of
bottom MoTe,. The atomic force microscopy (AFM) image of the
heterojunction (Fig. S4 in the ESM) shows that the thickness of the
bottom MoTe,, middle MoS,, and top MoTe, are 62, 8, and 44 nm,
respectively. Owing to MoS, having a higher Fermi level than that
of MoTe,, two Schottky junctions with opposite bending directions
are formed in the overlapping region of the tri-layer heterojunction.
Figure 1(e) displays the kelvin probe force microscope (KPFM)
image of the heterojunction in Fig. 1(d), which can identify the
work function difference by measuring the potential difference
between the KPFM conducting tip and the sample surface [33, 34].
The work function difference between middle MoS, and bottom
MoTe, is calculated to be 26 mV, while that with the top MoTe, is
51 mV. According to the KPFM result, the energy band alignment
before and after contact are plotted (Fig. S5 in the ESM),
respectively, where the n-type MoS, has a higher Fermi level than
that of top/bottom 1T” MoTe,. Upon contact, two depletion regions
with opposite built-in electric field directions are formed. We
measured the I-V curves of the bottom and top Schottky junctions
(Fig. S6 in the ESM), respectively, and both have apparent
rectification characteristics, which further proves the existence of
dual Schottky barriers. As shown in Fig. 1(f), the behavior of the
bottom and top Schottky junction in the tri-layer structure is
consistent with bilayer 1T” MoTe,/MoS, heterojunction, and they
all show polarized photoresponse with a period of 180°. Moreover,
the maximum photocurrent occurs when the polarized direction is
perpendicular to the ribbon-shaped 1T° MoTe, flake. According to
HRTEM and ARPR test results, the maximum photocurrent in 1T
MoTe,/MoS, heterojunction appears when the excitation light is
polarized vertically to the b-axis. The photoresponse can be fitted by
a cosine function as [7, 11, 12]

Ly = L,cos” (0 + @) + L;,sin’ (0 + ¢) (1)

where 0, ¢, I, and I, are the rotation angle of the laser
polarization direction, the offset phase angle between the initial
laser polarization direction and the g-axis of 1T” MoTe, flakes, the
maximum value of photocurrent, and the minimum value of the
photocurrent, respectively.

Further, we illustrate the energy band diagram of the tri-layer
heterojunction with bias applied in Figs. 2(a) and 2(b). By applying
a positive voltage (top to bottom), the Fermi level of the top 1T°-
MoTe, shifted downward, the top junction was under forward bias,
while the bottom junction was under reverse bias. When the
heterojunction is under illumination, both the top junction and the
bottom junction can generate photogenerated carriers. In the
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bottom junction, the photogenerated electron-hole pairs can be
separated and drifted to the electrodes. However, the energy band
bending in the top junction forms a blocking layer for holes, which
can result in the accumulation of holes and the recombination of
photogenerated electron-hole pairs [11]. In the dual-Schottky
junction system, the reverse-biased junction dominates the device’s
photocurrent contribution. Figure 2(c) shows the I-V curves under
915 nm illumination with the incident polarization direction along
the a-axis of bottom 1T° MoTe, and the top 1T MoTe,,
respectively, where the incident power is swept from 0 to
124.23 uW. It is evident that the photocurrent can be modulated by
both the intensity and the polarization direction of the incident
light. Combining the energy band diagram and I-V curves, we can
divide the photoresponse into three parts: part I (Vy > 0.045 V),
part II (Vy < —0.015 V), and part I (—-0.015 V < Vy < 0.045 V). In
part I, the bottom junction is under reverse bias, which dominates
the photoresponse. Although the polarization direction of light is
along the a-axis of top 1T° MoTe,, almost no photocurrent is
generated (blue lines in Fig. 2(c)). Once the polarization direction is
adjusted along the g-axis of bottom 1T MoTe, (red lines in
Fig. 2(c)), the photocurrent continuously increases with increasing
incident power. In contrast, the photocurrent behaves inversely in
part IL In part III, neither the bottom junction nor the top junction
holds an absolute advantage, and both contribute to the
photocurrent. This means that the polarization direction will affect
the flow direction of the photocurrent, enabling a transition of
photocurrent from positive to negative, which is inexistent in
ordinary polarization-sensitive devices [35-37].

The time-resolved photoresponse at —0.015 and 0.045 V bias is
displayed in Figs. 2(d) and 2(e), respectively, in which the device is
illuminated under switching light with intensity corresponding to
Fig. 2(c). The photoresponse is stable and repeatable under various
light intensities. We extracted the photocurrent as a function of
laser power on a logarithmic scale in Fig. 2(f). The photocurrent at
both biases can both be fitted by I o= P* [38—40], and the fitting
parameter « is calculated to be 092 and 0.96, respectively,
indicating the excellent linearity of the photoresponse.

Figure 2(g) shows the I-V curves at various laser polarization
angles. When the Vj are between —0.015 and 0.045 V, the Iy
appear bipolarity as the rotation of the polarization angle. The 1T’
MoTe, exhibits strong inherent in-plane optical anisotropy. The
difference in the direction of the g-axis of top and bottom 1T
MoTe, results in different optical absorption; thus, the
photocarriers in the top and bottom 1T° MoTe, compete to form
the photocurrent [41]. In brief, the I4 in the dual Schottky junction
is the result of competition between the bottom junction
photocarriers and top junction photocarriers. When the laser
polarized approach to the a-axis of the bottom MoTe,, even under
negative voltage, the photocurrent is still positive. In contrast, when
the laser polarized approach to the a-axis of the top MoTe,, even
under positive voltage, the photocurrent is still negative.

Figure S7 in the ESM depicts the transient response of the dual-
Schottky device to switching laser with frequencies of 50 Hz, 1 kHz,
5 kHz, and 12.5 kHz, respectively. It can be observed that the
response is fast and stable at low frequency but degrades at high
frequency. A switching period response curve at 1 kHz with steep
rise and decay edges is presented in Fig. 2(h) to evaluate the
response speed, which is the time intervals of photocurrent rise
from 10% to 90% () and decay from 90% to 10% (Tgeey) Of
maximum [42—44]. It is noted that the rise/decay time is as fast as
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Figure2 Optoelectronic performance of 1T-MoTe,/MoS,/1T’-MoTe, dual-Schottky junction device under 915 nm light illumination. (a) and (b) Energy band
alignments of the device in the case of Vy > 0 and Vi < 0, respectively. (c) I-V characteristics of the device under various light illumination powers. The red curves
represent light incident polarizes along the a-axis of bottom 1T° MoTe, and the blue curves represent light incident polarizes along the a-axis of top1T” MoTe,. (d) and (e)
Time-resolved photoresponse of the device under various light illumination powers at —0.015 V bias and 0.045 V bias, respectively. (f) Photocurrent as a function of
incident power at —0.015 V bias with an incident polarization angle of 0° and 0.045 V bias with an incident polarization angle of 90°. (g) I-V characteristics of the device at
various laser polarization angles. (h) Rise and decay time of a temporal response cycle at the frequency of 1 kHz. (i) 3 dB band test of the device.

40/36 ps, superior to other 2D materials photodetectors [14, 23, 41].
Figure 2(i) shows the normalized photocurrent of the device as a
function of frequency (from 50 Hz to 15 kHz). The 3 dB frequency
was estimated to be 12.5 kHz, suggesting that the dual-Schottky
junction device is capable of detecting ultrafast optical signals.

Based on the excellent and stable optical performance of the
device, the polarization-sensitive detection of the device was
investigated. The light passes through a Glan-Taylor prism, a half-
wave plate, and then strikes the tri-overlapping region of the device
in the measurement setup (Fig. S8 in the ESM). Figures 3(a) and
3(d) give the time-resolved photoresponse curves with varying
polarization angles of the dual Schottky junction device at —0.015
and 0.045 V bias, respectively. The amplitude of the photocurrent
changes periodically with polarized angles. The photocurrent
polarization ratios, defined as the peak-to-valley ratio (I —
Tiai)! Uinin — Lgand) [45—47], are as high as 32 and 47 for 0.045 V bias
and —0.015 V bias, respectively, which is significantly improved
compared with 1T” MoTe,/MoS, heterojunction [35]. To further
confirm the photocurrent generation mechanism of the tri-layer
region, spatial polarization photocurrent mapping of the dual-
Schottky junction device at different voltage and laser polarization
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directions are investigated. During the scanning, the 915 nm laser
was focused by a 50 x objective (NA = 0.5) to be a 3 um spot and
scanned at a 0.5 pm step. The photocurrent mapping of the device
at Vg = —0.015 V bias with laser polarize along photocurrent
maximum angle and minimum angle is shown in Figs. 3(b) and
3(c), respectively. The photocurrent generation region can be
divided into three sections, including a tri-overlapping region
formed by 1T" MoTe,/MoS,/1T" MoTe, heterojunction (region I)
and two bi-overlapping regions formed by the middle MoS, with
the top and bottom 1T" MoTe,, respectively (regions II and III).
The photocurrent mapping of region I is consistent with the I-V
characteristic of the dual Schottky junction device. Under negative
voltage, region II is at reverse bias while region III is at forward bias,
resulting in a superior photoresponse in region II compared to
region III. The photocurrent in region III is positive and exhibits a
larger value at the polarization angle of —35° whereas the
photocurrent in region II is negative and shows a larger value at the
polarization angle of 55°. The photocurrent in region I behaves
similarly to that in region II, indicating the reverse-biased top
Schottky junction dominates the photoresponse of region 1. At
0.045 V bias, the photocurrent in the tri-overlapping region
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Figure3 (a) Time-dependent photoresponse by varying polarization angles at Vy of —0.015 V under 915 nm light illumination. (b) and (c) Photocurrent mapping with
—35° and 55° polarization angle of 915 nm scanning laser at Vy, of —-0.015 V. (d) Time-dependent photoresponse by varying polarization angles at Vy of 0.045 V under
915 nm light illumination. (e) and (f) photocurrent mapping with —20° and 70° polarization angle of 915 nm scanning laser at V4 0f 0.045 V.

experiences a remarkable tens-of-fold increase when the
polarization direction of the scanning laser is rotated to be closer to
the a-axis of the bottom 1T MoTe, (Figs. 3(e) and 3(f)),
demonstrating the bottom Schottky junction dominates the
photocurrent generation. It is noteworthy that, regardless of
whether a positive or negative voltage is applied, there will always
be one junction in reverse bias and another in forward bias in the
tri-overlapping dual-Schottky junction region. Due to its stronger
built-in electric field, the reverse-biased Schottky junction
dominates the photoresponse. However, the forward-biased
junction still generates a small amount of photogenerated carriers.
Thus, the photocurrent in the dual-Schottky junction region results
from competition between photogenerated carriers from the
reverse-biased and forward-biased regions under polarization light.

The contour plot of the polarization angle-dependent
photocurrent at Vy, from —0.1 to 0.1 V is depicted in Fig. 4(a). It is
obvious that the photocurrent changes periodically with the change
of polarization angle under various bias voltages. In Fig. 4(b), the
polarization ratio is calculated as a function of Vy,. The results show
that the polarization ratio around —-0.015 and 0.045 V has a sharp
increase, approaching positive or negative infinity. Since the
photogenerated carriers from the bottom Schottky junction and the
top Schottky junction compete to form the photocurrent, the
increase of photogenerated carriers on the non-dominant side will
inhibit the photocurrent, resulting in a decrease of I, and a
dramatic increase of polarization ratio. Figure 4(c) presents the
performance comparison of our device with the latest reported
anisotropic 2D material-based polarization sensitive photodetectors
in terms of polarization ratio and response speed. Our device
demonstrates superior polarization ratio and response speed, which
holds great promise for application in highly integrated and ultra-
compact polarimetric imaging system.

To demonstrate the capacity for linear polarized angle
recognition, the polar plots of angle-resolved photocurrent under
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915 nm illumination with switching bias corresponding to Figs. 3(a)
and 3(d) are shown in Fig. 4(d). The relationship between
photocurrent and linear polarized angle can be fitted by Eq. (1) as
well. Compared with Fig. 1(f), it can be found that in the tri-
overlapping region the maximum photocurrent direction is offset
by 25° from the a-axis of bottom/top 1T° MoTe, at 0.045 V/
-0.015 V bias and the phase difference Ag of the fitting equation
for 0.045 V and —0.015 V is about 84° which is consistent with the
offset angle between a-axis of bottom and top 1T” MoTe,. Here, we
define the photocurrent at —-0.015 V bias as I,; and the
photocurrent at 0.045 V bias as I;,,. Both I, and I, exhibit a 180°
periodic cosine relationship with polarization angle. For I, any
current value situated between maximum and minimum
corresponds to two distinct angles within one period, which makes
it difficult to distinguish the exact linear polarized angle. However,
on account of the phase offset of Ly, and I, the two distinct
polarized angles correspond to two different photocurrent values of
L. Therefore, we can calculate the possible polarized direction
using Iy, and then measure the I, to determine the specific
polarized angle. We plot the path of point (I, Ly,) in Fig. 4(e)
where every point represents a polarized angle. Considering that
ILn and I, are in the form of cosine, the fitting functions of I,
and I, can be regarded as parametric equations for an ellipse.
Thus, the track of (L, L) is an ellipse, which we call the
polarimetry ellipse. The ellipse is inscribed within a rectangle
formed by extreme values of I, and I, The rotation angle 8 of
the polarimetry ellipse can be calculated by

24,4, cos (2A¢)

tan2f} = A
2 1

(2)
where A; and A, are the amplitudes of L, and Iy, fitted curves,

respectively, and Ag is the phase offset of I;,; and I, (Fig. S9 in the
ESM for details). Regardless of the values of A, and A,, when A¢g
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Figure4 (a) 2D contour plot of photocurrent distribution as a function of polarized angles and V. (b) Calculated polarization ratio as a function of V. (c) Comparison
of the response speed and polarization ratio of the 1T°-MoTe,/MoS,/1T"-MoTe, device with other polarization-sensitive all-2D photodetectors (ReS, [12], PdSe, [41],
Violet phosphorus [29], MoS,/PdSe, [1], Te/Pde, [4], ReS,/SnSe, [7], ReS,/ReSe, [13], BP/MoS, [14], TiS;/MoS, [20], GeAs/WS, [21], 1T’-MoTe,/MoS, [35], 2H-
MoTe,/1T-MoTe,/SnSe, [15], WSe,/TalrTe,/MoS, [22], MoTe,/GeSe/MoS, [23], WS,/h-BN/PdSe, [47]). (d) Polar plot of the polarization angle dependent photocurrent
of the device at positive and negative bias. (e) The polarimetry ellipse obtained by plotting the photocurrent point (I, I, in a coordinate system, in which every point
replaces a polarization angle of incident light in the range of 0 to 180°. (f) Measurement error as a function of polarization angles when the current fluctuation is +0.5 nA.

= 45° 8 = 0°, thus the polarimetry ellipse is a standard ellipse that
has not been rotated. In particular, the polarimetry ellipse
degenerates into the diagonal of the rectangle when A¢ = 0° or 90°.

Subsequently, we investigate the angle measurement error by the
polarimetry ellipse. When calculating the polarized angle 6 using
the photocurrent according to Eq. (1), a significant drawback
emerges around the extreme values of the photocurrent, where
even minor fluctuations in the current can lead to large changes in
the computed 6. Assuming that the current fluctuation is 0.5 nA,
the measurement errors of Devicel are plotted in Fig. 4(f), in which
the measurement error is defined as the difference of theta
calculated by the fluctuated current. We define the range of source
angle with measurement errors within 5° as the confidence interval.
The centers of the confidence interval under positive and negative
bias will shift according to the phase offset of the photocurrent.

We designed the dual Schottky device with different
configurations, including the a-axis of bottom and top 1T” MoTe,
with 67° (defined as Device2) and 90° (defined as Device3) offset
angles, and the corresponding optical microscopy images are
shown in Fig. S10 in the ESM. The time-resolved I at positive bias
and negative bias of Device2 and Device3 are shown in Fig. S11 in
the ESM. The photoresponse is steep and stable with a period of
180°. The photocurrent mapping results of Device2 and Device3 are
consistent with those of Devicel (Figs. S12 and S13 in the ESM).
This has further proved that the top Schottky junction dominates
the photoresponse of the device under negative bias, while the
bottom heterojunction dominates when a positive bias is applied.
The corresponding polar photocurrents are plotted in Fig. S14 in
the ESM, where the phase offsets all correspond to the angles
between the g-axes. The bias-switched polarization angle
recognition by polarimetry ellipse is also verified in Fig. S15 in the
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ESM. The polarimetry ellipse shape and rotation angle of Device2
are significantly different from Devicel due to the differences in
photocurrent extrema and the angle between the g-axis of the top
and bottom 1T MoTe,. But for Device3, the phase offset is 90°, and
the path of the experimentally measured (L, L) is well fitted
by a line with a slope of A;/A,, which accords with the calculation
of Eq. (2).

Based on the excellent photodetection performance and bias-
switched polarization direction recognition of the dual Schottky
junction device, the polarization imaging capability is demonstrated
by a single-point sensing pixel imaging experiment. Figure 5(a)
illustrates the schematic diagram of the setup, where the linearly
polarized light sequentially passes through a hollow mask and a
halfwave plate and then is focused on the device by a 50x objective.
In the polarization imaging system, the mask acts as an imaging
object and target objects with different polarization angles can be
simulated by adjusting the angle of the halfwave plate. Compared
with visible light, infrared polarized light has stronger penetration
capability. Therefore, infrared polarization imaging is more
advantageous in some complex environments. We put a shading
film between the mask and the half-wave plate to simulate the
blocking from the environment. Figure 5(b) shows the
photocurrent mapping results under 0°, 45°, 90°, and 135°
polarization angle illumination at 0.045 V positive and —0.015 V
negative biases. Although the mask is blocked, both mapping
images show clear borders.

Subsequently, the AoLP mapping was calculated in Fig. 5(c), in
which the polarized angles of letters in the hollow mask can be
recognized directly and accurately. This all-in-one design allows the
device to obtain the AoLP of light by switching the bias voltage only
once, revealing its great potential in filter-less infrared polarization
imaging.
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Figure5 (a) Schematic of the test setup for photocurrent imaging and AoLP imaging. (b)The photocurrent imaging of the mask of H, U, S, and T letters with
polarization angles of 0° 45°, 90°, and 135°, respectively. (c) The calculated AoLP image of the mask, from which the polarized angle of the target object can be identified

directly.

3 Conclusions

In summary, we have demonstrated a dual vdWs Schottky junction
device composed of vertically stacked 1T° MoTe,/MoS,/1T” MoTe,
heterojunction, in which the middle MoS, forms two back-to-back
Schottky barriers with the bottom and top 1T" MoTe,. The device
exhibits fast photoresponse and high polarization sensitivity under
915 nm laser illumination, including a fast rise/decay time of
40/36 ps, -3 dB cutoff frequency of 12.5 kHz, and ultrahigh
polarization ratio of 32 and 47. Through meticulous asymmetrical
design, the g-axis of the bottom and top 1T" MoTe, is offset by a
certain angle, allowing the device to identify the polarization angle
of incident linear polarization light by simply switching the voltage
direction once, without any assistance from polarizers or half-wave
plates. More importantly, the AoLP imaging is successfully realized
by simulating targets with different polarization angles. The novel
1T” MoTe,/MoS,/1T” MoTe, dual Schottky junction will provide a
promising scheme for the design and fabrication of the next-
generation on-chip polarimetric system.

4 Experimental section

4.1 Device fabrication

The semimetal 1T-MoTe, and 2H-MoS, flakes were all
mechanically exfoliated onto 300 nm thick SiO,/Si substrates using
polydimethylsiloxane (PDMS) from single crystal bulks, purchased
from Shenzhen six Carbon Technology Co., Ltd. Then ribbon-
shaped 1T-MoTe, flakes were carefully selected to construct the tri-
layer heterojunction with MoS, by the polyvinyl alcohol (PVA)
wetting transfer method. PVA aqueous solution with a 5% mass
fraction was spin-coated on glass, forming a transparent film, and
then the film was cut and placed on PDMS. The PVA/PDMS
composite film was loaded on a 2D materials transfer stage to
transfer the bottom 1T° MoTe,, middle MoS,, and top 1T” MoTe,
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to the target area sequentially. Finally, the electrodes of the bottom
and top 1T MoTe, were fabricated by a standard lift-off process, in
which maskless direct writing photolithography system (MicroLab
III, SVG TECH GROUP) and electron beam evaporation were
implemented to deposit Cr/Au (8/40 nm) electrodes.

4.2 Characterization and measurement

Ultra-depth three-dimensional microscope (Keyence VHX-1000)
was used to record the optical image of 1T° MoTe, flakes and dual
Schottky heterojunction devices. Angle-resolved polarized Raman
spectral was measured by a confocal Raman microscope (LabRAM
HR Evolution HORIBA Jobin Yvon, laser excitation of 532 nm).
Lattice structure and selected area electron diffraction of 1T” MoTe,
flakes were obtained by field emission transmission electron
microscopy (FETEM, Tecnai G2 F30, FEI). The thickness and
potential of the sample were extracted by a KPFM (Dimension
FastScan from Bruker Co., Ltd) with a conductive tip. The spatial
mapping of the photocurrent was obtained by photocurrent
measuring instruments (Xper-PC, Nanobase, Inc). The light
sources were all single-mode lasers (915nm) driven by laser diode
controller (ITC 4001, Thorlabs), and the light intensity was
monitored by optical power meter kits (PM100D, Thorlabs). The
photoelectric properties of the device were collected by Keithley
2636B digital source meter on a four-probe station (SCG-O-2,
Semishare Co., Ltd) on a damped vibration isolation optical
platform (HGZZ0906Z Wuhan Red Star Yang Science and
Technology Co., Ltd) under 915 nm laser illumination. A digital
oscilloscope (Tektronix, TDS2012B) was employed to record the
transient photoresponse of the device under different switching
frequencies. All the tests were conducted in ambient conditions.

Electronic Supplementary Material: Supplementary material

(crystal structures, optical microscope image, TEM images, and
Raman data of 1T MoTey; AFM images and energy band
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alignment of the 1T-MoTe,/MoS,/1T-MoTe, heterojunction;
rectify characteristic of 1T MoTe,/MoS, heterojunction;
photoresponse properties and measurement setup of the 1T-
MoTe,/MoS,/1T-MoTe, heterojunction; photocurrent and
polarimetry ellipse evolution at different Ag; optical microscope
images, time-dependent photoresponse, photocurrent mapping,
polar plot of the polarization angle dependent photocurrent, and
polarimetry ellipse of Device2 and Device3) is available in the
online version of this article at https://doi.org/10.26599/NR.2025.
94907392.
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presented in the manuscript and the Electronic Supplementary
Material. Additional data related to this paper may be requested
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