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ABSTRACT: The development of polarization photodetectors utilizing two-dimensional materials holds significant promise due to
their distinctive properties and potential for high integration. However, a major limitation of most current polarization
photodetectors is their lack of polarization tuning capability, which restricts the versatility of individual devices. In this study, a
nonvolatile ferroelectric tunable polarization photodetector is explored based on 2H a-In,Se;. The ferroelectric semiconductor field-
effect transistor (FeS-FET) based on 2H a-In,Se; were fabricated, demonstrating an on/off ratio of 10° Ferroelectric modulation
photoelectric response was explored under 650 nm illumination, the device achieves a maximum optical responsivity of 75 A/W,
with a detectivity of 1.46 X 10'° jones. Notably, in the context of polarized light detection, the device’s polarization sensitivity
experiences significant modulation due to ferroelectric polarization switching. The dichroic ratios can be tuned to 1.74 and 3 for
polarization down and up states, respectively. Moreover, by adjusting the degree of ferroelectric polarization switching, the dichroic
ratio can be linearly tuned. The polarization up state can continuously enhance the dichroic ratio in the range of 2.71—3.11, while
the polarization down state can continuously weaken the dichroic ratio in the range of 2.54—2.06. This research not only advances
the understanding of 2H a-In,Se; in polarization detection but also introduces a nonvolatile ferroelectric modulation approach for
tunable polarization detection.

KEYWORDS: ferroelectricity, polarization detection, tunable, 2D materials, indium selenides

1. INTRODUCTION

However, the 2D material-based polarization photodetectors

Polarization-sensitive photodetectors have garnered significant are se‘verely hm_lted n dlYerse applications due to.the lgck ?;f
attention due to their crucial roles in various fields such as effective strategies for tuning the response to polarized l_lgh,t'

. o . . . . 1-5 Although there has been research on tunable polarization
remote sensing, navigation, and biomedical diagnostics.

iy o . . . hotodetect l i till impede their furth
Traditional polarization photodetectors require the integration photodetec Ors; several Issues SUL mpede their further
. . o o . development.”” For instance, Zuo et al. fabricated an
of polarizers to achieve polarization-sensitive light detection,

S . .6 .
which increases the size, cost, and complexity.” Therefore, it is
crucial to develop all-in-one micro- and nanoscale polarization

In,SnS,-based polarization photodetector, achieving modula-

photodetectors.” In recent years, two-dimensional (2D) Received: December 14, 2024 ——
semiconductor materials with in-plane anisotropic low- Revised:  February 25, 2025
symmetry lattice structures gained wide attention in polar- Accepted:  March 4, 2025
ization-sensitive optoelectronics due to their unique physical Published: March 6, 2025
properties, atomically smooth surfaces without dangling bonds,
and their potential compatibility with CMOS processes.” "'
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Figure 1. PFM and Raman spectroscopy characteristics of 2H a-In,Se;. (a) Side view of the monolayer 2H a-In,Se;. Red and blue arrows represent
IP and OOP ferroelectric polarization directions, respectively. The red dashed circles indicate the corresponding displacement of Se atoms in the
central layer during polarization switching under an external electric field. (b) Raman spectrum of 2H a-In,Se;. (c) Polar plot of the Raman peak
intensity of the Alg1 mode as a function of rotation angle of incident polarized light, with blue dots representing experimental data points and the
red curve representing the fitted curve. (d) PFM amplitude and (e) phase hysteresis loop of a 2H a-In,Se; flake with a thickness of 52.4 nm. (f)
Domain pattern writing. The top half shows the topography of 2H a-In,Se; with a thickness of 20.4 nm. The bottom half is a box-in-box phase
image. The inner and outer square areas respectively apply —8 and +8 V voltage to write the downward and upward ferroelectric domains.

tion of the dichroic ratio in the range of 1.13 to 1.70 by
applying a back-gate voltage to adjust the metal—semi-
conductor contact barrier.'” However, this approach requires
sustained external gate voltage, which is unfavorable for low-
power applications. In addition, Shen et al. constructed a Gr/
2H-MoTe,/BP vertical heterojunction that demonstrated 2
orders of magnitude anisotropic modulation in the tele-
communication band by adjusting the gate voltage to work
within different spectral response ranges.'* Although con-
structing a heterojunction effectively improves anisotropy and
tunability,">"*'® it adds complexity to the device structure and
fabrication difficulty.”'”'® Ferroelectric tuning polarization
detection is a highly promising strategy due to its nonvolatility,
which reduces the power consumption of device. Wu et al.
induced rotational symmetry breaking in MoTe, by defining
noncentrosymmetric T-shaped ferroelectric domain patterns
on P(VDE-TrFE) to achieve polarization light detection.'’
And the optimal polarized light detection under the bulk
photovoltaic effect can be achieved by carefully designing the
ferroelectric domain pattern. Although ferroelectric domain
engineering has achieved excellent ferroelectric tunability and
polarization detection performance, the definition of specific
ferroelectric domain patterns remains challenging. Addition-
ally, the low domain writing efficiency hinders the config-
uration of device. Furthermore, current ferroelectric tuning
strategies primarily involve external influences, and the
relationship between the ferroelectricity of the material itself
and the polarization response remains underexplored.
Therefore, there is an urgent need to develop a ferroelectric
tunable polarization photodetector that is simple, easily
fabricated, and more feasible for practical implementation.
The 2H a-In,Se; from the ferroelectric material family is a
promising candidate for exploration. It is a stable 2D layered
ferroelectric semiconductor with out-of-plane (OOP) and in-
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plane (IP) polarization dipole locking and excellent optoelec-
tronic performance, has garnered significant research inter-
est.”07 Moreover, the noncentrosymmetric lattice structure
of 2H a-In,Se; gives it in-plane anisotropy, making it suitable
for polarization light detection.”” Therefore, leveraging the
ferroelectricity in 2H a-In,Se; to modulate its polarization
sensitivity represents a novel approach for ferroelectric tunable
polarization photodetectors.

In this work, we effectively tuned the dichroic ratio of a 2H
a-In,Se;-based device by switching its ferroelectric polar-
ization. First, the anisotropic crystal structure and ferroelec-
tricity of the material were confirmed through polarization
Raman spectroscopy and piezoresponse force microscopy
(PFM) measurements. Subsequently, the electrical perform-
ance of a 2H a-In,Se;-based semiconductor field-effect
transistor was tested. The device exhibited excellent memory
performance, with an on/off ratio greater than 10° and
nonvolatile ferroelectric tunable conductivity. The responsivity
of the device also showed ferroelectric tunability. Under 650
nm laser illumination, the maximum responsivity reached 75
A/W, and the maximum specific detectivity reached 1.46 X
10" jones. The mechanism by which the ferroelectric
polarization modulates the photocurrent under illumination
was also discussed in detail. Finally, a large, continuously linear
tunable dichroic ratio was achieved by gradually switching
ferroelectric polarization. In the upward polarization state, the
dichroic ratio could be tuned from 2.71 to 3.11, while in the
downward polarization state, it ranged from 2.54 to 2.06. The
device demonstrated outstanding polarization sensitivity and
nonvolatile tunability. These findings not only advance the
research on a-In,Se; in polarization photodetection, but also
provide a more efficient and flexible ferroelectric tuning
method for polarization photodetectors.

https://doi.org/10.1021/acsami.4c21713
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Figure 2. Schematic and electrical characteristics of the 2H a-In,Se; FeS-FET. (a) 3D schematic of the FeS-FET. (b) Optical microscope image of
the device. (c) AFM topography of the device and the thickness of the nanosheet along the white dashed line are approximately 17.6 nm. (d)
Transfer characteristic curve of the device at Vg, = —1 V. (e) Output characteristic curves of the device in the P, p State (+40 V gate voltage pulse)

and Py, state (—40 V gate voltage pulse). (f) Cycling test for the Py,

and Py, states.

2. RESULTS AND DISCUSSION

2.1. Material Properties. The ferroelectricity and
anisotropy of 2H a-In,Se; are closely linked to its crystal
structure. Figure la shows the side view of the 2H a-In,Se;
crystal. It is composed of quintuple layers of Se—In—Se—In—
Se, stacked in a layered structure.”* Within each quintuple
layer, two In atoms bond with adjacent Se atoms in octahedral
and tetrahedral configurations, respectively. The Se atom in the
central of the quintuple layer forms a kink with two differently
coordinated In atoms, resulting in a noncentrosymmetric
crystal structure.”> This structural asgrmmetry leads to the
strong ferroelectricity and anisotropy. The ferroelectricity
can be switched under an external electric field, which is
caused by the slanted migration of the central layer Se atoms,””
as indicated by the red dashed circle in Figure 1a, accompamed
by coupled polarization switching both IP and OOP.**

Raman spectroscopy of the material is shown in Figure 1b,
four characteristic peaks are observed at 90, 106, 183, and 196
cm™!, corresponding to E, Alg1 (LO + TO), Azg (LO), and
Azg (TO) phonon modes, respectlvely The peak at 90 cm™
verifies the 2H polytype,®® while the peak at 106 cm™
indicates that the material is the @ phase.”> Angle-resolved
polarized Raman spectroscopy was collected at different
incident light polarization angles, as shown in Figure SI.
According to the classical Raman selection rule, the Raman
scattering intensity I of 2H a-In,Se; can be expressed as™*”'

I  (acos® O + bsin® 0) (1)

where 0 is the rotation angle of the incident polarized light. As
shown in Figure Ic, the experimental data are well fitted by this
expression. The intensity of the Alg1 peak exhibits a 180°
periodic variation with respect to the polarization angle of the
incident light, with an anisotropy ratio of 2.03, indicating
strong anisotropic phonon vibrations in the crystal.

Figure 1d,e are the out-of-plane PFM amplitude and phase
hysteresis loops of a 2H a-In,Se; flake with a thickness of 52.4
nm, respectively. The butterfly shaped amplitude hysteresis
loop and the 180° phase reversal confirm the ferroelectricity of
2H a-In,Se;,”” with a coercive electric field for the out-of-plane
ferroelectric polarization switching of approximately 600 kV
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cm™. To verify the nonvolatility of the ferroelectric polar-
ization, a conductive atomic force microscopy (AFM) probe
was used to write ferroelectric domains with opposite
polarization directions in different size areas on a 20.4 nm
thick 2H a-In,Se; flake. The probe was first biased at +8 V to
scan an area of 1.5 X 1.5 um? and then scanned a smaller area
of 1 X 1 ym?* at —8 V. Consequently, the local ferroelectric
polarization within the defined areas exhibited an upward state
within the frame and a downward state outside the frame
under the influence of the external electric field, forming the
box-in-box PFM phase image as shown in Figure 1f. Moreover,
there was no significant damage to the morphology of the
corresponding areas.

2.2. Device Structure and Electrical Characteristics.
By using mechanical exfoliation, 2H a-In,Se; nanosheets were
successfully obtained from bulk materials and transferred onto
SiO, (285 nm)/Si substrate. Source—drain electrodes,
consisting of 30 nm Ti/40 nm Au, were patterned via electron
beam lithography and deposited via electron beam evapo-
ration, resulting in the fabrication of 2H a-In,Se;-based FeS-
FET. Figure 2a,b show the 3D schematic and optical
microscope image of the device, respectively. The AFM
topography of the device is shown in Figure 2c, where the
thickness of the a-In,Se; nanosheet is measured to be
approximately 17.6 nm, as measured along the white dashed
line. The optical microscope image and AFM morphology
showed that the nanosheet in the channel region had no
wrinkles and bubbles, exhibiting good uniformity.

The transfer characteristics of the device at Vg = —1 V are
depicted in Figure 2d, showing typical n-type doping behavior.
The cyclic scanning reveals a pronounced clockwise hysteresis
phenomenon, with an on/off ratio greater than 10° (Vgg = 0
V) and a memory window of about 60 V (Igp = 8.5 X 107 A),
occupying 75% of the entire scan range. The large on/off ratio
and memory window indicate excellent memory performance
of our device. Moreover, this excellent performance can be
reproduced in five similar devices, as shown in Figure S2. To
investigate the main causes of the large hysteresis observed in
the transfer curve, a detailed discussion is provided in Figure
S3. Several factors may contribute to the hysteresis
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Figure 3. Photoresponse characteristics and working mechanism of the 2H a-In,Se; FeS-FET. (a) Output characteristic curves of the device in the
P, and Py, states under dark conditions and 650 nm light illumination at 0.32 mW/ cm? (b) Power-dependent photocurrent at Vi, = —1 V. (c)
Time-resolved photoresponse in the P,,/Py,,, states at Vgp = —0.5 V. (d) Responsivity and specific detectivity of the two polarization states at Vg
= —1 V. Energy band diagrams for the (e) P, and (f) P, states under illuminated. The orange arrow signifies the excitation process of

photogenerated charge carriers under illumination.

phenomenon, including the ferroelectric polarization, interface
and bulk trap states, water and oxygen molecules in the air, etc.
Under the same structure and test conditions, the comparative
MoS,-FET exhibits a negligible hysteresis, suggesting that the
contributions of interface defects, water molecules, and oxygen
molecules in the air to the hysteresis can be ignored. Moreover,
the a-In,Se; FeS-FET still shows large hysteresis under high
vacuum conditions, ruling out the effect of water and oxygen
molecules. The above suggest that the significant cyclic
hysteresis observed in Figure 1d is primarily caused by the
nonvolatile ferroelectric polarization switching in a-In,Se;,
which has also been confirmed in many related studies.”™>
The clockwise hysteresis indicates that the switching occurs
only partially near the oxide—semiconductor interface, leading
to variations in carrier concentration in the channel and
consequently low and high resistance states during forward and
reverse scans, respectively.””*® Figure le illustrates the output
characteristic curves of the device at different ferroelectric
polarization states at Vgg = 0 V. By applying positive gate
pulses of 40 V and negative gate pulses of —40 V, the device is
respectively set into the polarization-up (P,,) and polarization-
down (Pg,,.,) states. The results reveal a significant modulation
effect of nonvolatile ferroelectric polarization on the device’s
conductivity, with an on/off ratio exceeding an order of
magnitude. To demonstrate the cyclic stability of the device
under sufficient ferroelectric polarization switching, the
endurance of the device was tested under pulse cycles of
+40 V 1 s. As shown in Figure 2f, the device exhibits stable
ferroelectric polarization switching, maintaining performance
for over 10* cycles.

2.3. Photoresponse Characteristics and Working
Mechanism. With a suitable bandgap of approximately 1.41
eV (as shown in Figure S4), a-In,Se; is well-suited for
photodetection in the visible to near-infrared range. The
optical response characteristics of the device were tested under
650 nm laser illumination. Figure 3a presents the output
characteristic curves of the device in both darkness and under
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illumination. The results clearly show that both dark current
and photocurrent can be significantly modulated by switching
the ferroelectric polarization. At a power density of 0.32 mW/
cm?, the photocurrent in the Py, state is nearly four times
greater than that in the P, state. As shown in Figure 3b, the
photocurrent exhibits a nearly linear relationship with optical
power at Vgp = —1 V. The power-law relationship between
photocurrent and optical power is given by I, = B-P%, where
I, is the photocurrent given by I — Ijuro B is a constant, P is
the optical power, and «a is the fitting parameter representing
the linearity of the photodetector.”” In the P, and Py, states,
a is 0.52 and 0.45, respectively. The value of & being far below
1 indicates the presence of numerous trap states in the device,
leading to frequent recombination. These trap states may be
due to water molecules absorption in the air and Se vacancies
within the material.***”

To assess the stability and reproducibility of the device
across different ferroelectric polarization states, the time-
resolved optical response switching behavior was tested at
various power levels, as illustrated in Figure 3c. Under a Vyp =
—0.5 V bias, the device demonstrated stable switching behavior
over ten consecutive light-on and light-off cycles, with good
recognition to different optical power levels. A slight
degradation observed in the Pg,,, state is attributed to a
minor depolarization effect; however, the device demonstrated
relatively good stability and repeatability within the test
duration. Although photoinduced ferroelectric polarization
switching exists in many ferroelectric materials, its occurrence
requires certain conditions, including wavelength, power,
irradiation time, and the environment.**™** Under our test
condition, it is not able to meet the requirements to trigger the
possible polarization switching.

The responsivity (R) and specific detectivity (D*) are key
metrics for evaluating photodetectors and can be calculated
using the following expressions
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Figure 4. Ferroelectric-tunable polarization photoresponse characteristics. (a) Schematic of the linearly polarized light detection using the 2H a-
In,Se;-based photodetector. @ represents the angle between the polarization direction of the incident light and the zigzag (ZZ) orientation of the
crystal. When 6 = 90°, the polarization direction of the incident light aligns with the armchair (AC) direction of the crystal. (b) Output
characteristic curves in the P,/Py,,, states under dark conditions and under 650 nm polarized light illumination at 1.91 mW/ cm?* with 6 = 0° and

90°. (c) Dichroic ratio as a function of different degrees of ferroelectric polarization switching (at Vsp = —1 V). (d) Polar plot of the angle-resolved
photocurrent as a function of polarization angle at Vg, = —0.5 V. (e) Dichroic ratio under illumination of different wavelengths (at Vg = —0.5 V).
(f) Comparison of the dichroic ratio and responsivity performance of 2D material-based polarized photodetectors with similar structures.
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where S is the effective channel excitation area, A is the
effective area of the device, e is the electron charge, and I, is
the dark current. Figure 3d shows the calculated R and D* for
the device at Vgp = —1 V under both polarization states. There
is a clear modulation of responsivity and specific detectivity
due to the ferroelectric polarization switching. The responsivity
in the Py, state is higher than that in the P, state, while the
specific detectivity shows the opposite trend. This phenomen-
on is due to the higher noise current in the Py, state, whereas
in the P, state, the depletion of majority carrier electrons
effectively reduces the noise current.””** Therefore, the
increase in responsivity in the Py, state is offset by the
larger noise current, leading to a decrease in specific
detectivity. The enhanced responsivity in the Py, state is
associated with ferroelectric polarization and trap states, which
will be discussed in detail later. At a power density of 0.32
mW/cm?, the device achieves a maximum responsivity of 75
A/W in the Py, state, and a maximum specific detectivity of
1.46 X 10" jones in the P, state. Additionally, we calculated
the device’s external quantum efficiency (EQE). As shown in
Figure S5, where the maximum values in the P, and Py,
states are 4171% and 14,357%, respectively. For another 2H a-
In,Se; device, excellent performance and similar ferroelectric
modulation effect has also been achieved, as shown in Figure
S6. These parameters highlight the excellent optoelectronic
properties of 2H a-In,Se;. Notably, both the responsivity and
EQE exceed that of most 2D material-based photodetectors.
Furthermore, the introduction of ferroelectric tunability
enhances the flexibility of the device.

18596

Moreover, the underlying mechanism of the modulation
effect has been further discussed. As can be seen from the
above results, a significant difference in photocurrent is
observed between the P, and Py, states. Specifically, the
photocurrent is higher in the Py, state compared to the P,
state. To elucidate this phenomenon, it is necessary to consider
both ferroelectric polarization and trap states comprehensively.
As shown in Figure 3e, the negative gate voltage pulse switches
the ferroelectric polarization to the Py, state, and photo-
generated carriers are separated under the applied electric field,
resulting in photocurrent. Ferroelectric polarization further
enhances the accumulation of photogenerated electrons in the
channel, while the repulsion of electrons during negative pulses
leaves the trap states unoccupied. Hence, the photocurrent is
elevated in this state. Conversely, as shown in Figure 3f, in the
P, state, the photogenerated electrons are driven away from
the channel by the ferroelectric polarization, and the electrons
trapped by positive pulses recombine with photogenerated
holes.”** This further reduces the concentration of accumu-
lated photogenerated holes in the channel, leading to a lower
photocurrent. Therefore, under illumination, the primary role
of ferroelectric polarization is to regulate the dominant type of
photogenerated carriers in the channel, while the presence of
trap states plays a dominant role in controlling the overall level
of photocurrent.

2.4. Ferroelectric-Tunable Polarization Photores-
ponse. The inherent anisotropy of 2H a-In,Se; makes it a
promising candidate for polarization-sensitive photodetection.
To explore this potential, the polarization photodetection
capabilities of the device were examined. As depicted in the
schematic of Figure 4a, a polarizer and a half-wave (1/2) plate
were inserted before the incident light reached the sample. The
laser was converted into linearly polarized light using the
polarizer, and the 1/2 plate was used to adjust the polarization
angle of the incident light without affecting the laser’s power.
We define 6 as the angle between the polarization direction of
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the incident light and the zigzag direction of the crystal. Figure
4b shows the output characteristics of the device under
polarized light at different 6 and ferroelectric polarization
states. Positive and negative gate voltage pulses of 50 V were
applied to set the device into the P,, and Py, states,
respectively. At @ = 0°, the photocurrent is minimal, while at €
= 90°, the photocurrent is maximal. The dichroic ratios (DR =
Iphmax/lphmin) under P, and Py, states are 3 and 1.74 at Vgp =
—1 V, respectively, clearly demonstrating the modulation of
the DR by ferroelectric polarization switching. Three possible
reasons for this pronounced modulation effect have been
proposed. First, the lattice anisotropy would be modulated by
ferroelectric polarization, which is verified by the polarization-
resolved Raman spectroscopy under different ferroelectric
polarization states, as shown in Figure S7. Second, the
anisotropic carrier transport can be modulated by the
ferroelectric polarization and the increased carrier concen-
tration in the Pg,,, state may suppress the contribution from
anisotropic transport.”” Third, the anisotropic light absorption
would be modulated by the ferroelectric polarization.*
However, the latter two possibilities require further theoretical
and experimental investigation for validation.

To further explore the modulation effect of ferroelectricity
on polarization sensitivity, the DR at different degree of
ferroelectric polarization was studied. As shown in Figure 4c,
by applying gate voltage pulses with a gradually increasing
amplitude, the ferroelectric polarization of the device was
gradually switched. The photocurrents at @ = 0° and 6 = 90°
were then measured, as shown in Figure S8. The extracted DR
exhibited a linear dependence on the voltage amplitude. As the
amplitude increased, the DR in P, state rises from 2.71 to
3.11, while the DR in Py, state decreases from 2.54 to 2.06,
demonstrating a continuous potentiation and depression
behaviors of DR. Furthermore, similar ferroelectric modulation
effects have also been observed in another similar device, as
shown in Figure S9. The linear modulation behavior of DR is
analogous to the application of @-In,Se; in neuromorphic
simulations, where ferroelectric polarization can be gradually
switched by applying an appropriate pulse sequence, leading to
a linear modulation of the device’s conductivity state and
enabling in-memory computing.***” The linear modulation of
DR provides a new degree of freedom for neuromorphic
simulation, which could potentially be used to construct
polarization-sensitive neuromorphic systems.

The angle-resolved photocurrents in two different polar-
ization states are plotted as functions of the polarization angle
0 in the polar coordinate system shown in Figure 4d, and the
corresponding optical switching curves are shown in Figure
S10b,e. The relationship between the photocurrent and the
polarization angle can be fitted using the following equation™®

10) =1

thjnsin2(9) +1

phmaxcosz(g) (4)
It is evident that the photocurrent exhibits a periodic variation
of 180° with the changes of polarization angle, demonstrating
the nonvolatility and stability of our device. In addition, at a
laser power density of 0.95 and 3.2 mW/cm? (1.91 mW/cm? in
Figure 4d), the device also has good polarization sensitivity,
see Figures S10 and S11. Additionally, the device’s DR was also
tested at various wavelengths. As shown in Figures 4e and S12,
the device exhibits the strongest polarization response under
650 nm laser. Figure 4f provides a comparison of the
responsivity and dichroic ratio of several 2D material-based

polarization photodetectors with similar structures reported in
recent years. »**7>° The 2H a-In,Se;-based phototransistor in
this work demonstrates a higher dichroic ratio, along with
considerable responsivity, positioning it as a highly competitive
among 2D material-based polarization photodetectors.

3. CONCLUSION

In summary, we have developed a polarization photodetector
based on 2H a-In,Se; achieving nonvolatile ferroelectric
tunability for polarization detection. By modulating the
ferroelectric polarization states, we successfully tuned the
conductivity, responsivity, and dichroic ratio. For the first time,
the modulation of polarization detection by the ferroelectricity
of the ferroelectric material itself was investigated in our
device. The device reached a maximum dichroic ratio of 3.11,
demonstrating excellent polarization detection capabilities.
Furthermore, the continuous and linear tunability of the
dichroic ratio introduces a new degree of freedom in the field
of tunable devices, opening up possibilities for a wide range of
potential applications, such as polarization-sensitive neuro-
morphic systems, polarization sensing—computing devices, and
polarization encryption, etc. This work extends the research of
2H a-In,Se; in the field of polarization detection and proposes
a more efficient and flexible ferroelectric tuning method for
tunable polarization detection.

4. EXPERIMENTAL SECTION

4.1. Device Fabrication. Multilayer @-In,Se; nanosheets were
mechanically exfoliated from bulk material (purchased from HQ
Graphene) using transparent tape, and then transferred to a 285 nm
Si0,/Si substrate with polydimethylsiloxane (PDMS). 495AS PMMA
photoresist was applied to define the electrode pattern via electron
beam lithography (Raith 150). Thirty nm Ti/40 nm Au electrode was
deposited using electron beam evaporation (Peva-600E) in a high
vacuum (<S5 X 1077 Torr) and subsequently subjected to a standard
lift-off process in acetone. The devices were annealed at 180 °C for 1
h under high vacuum (<3 X 107 Torr) to eliminate surface bubbles
and improve contact quality.

4.2. Device Characterization. The device morphology was
characterized using optical microscopy (MXS0), while the thickness
of the nanosheets was determined with atomic force microscopy
(Bruker Dimension Icon). The ferroelectricity was verified by
piezoresponse force microscopy (Asylum Research MFP-3D AFM).
Raman spectra and angle-resolved polarized Raman spectra (ARPRS)
were collected by Raman spectrometer (LabRAM HR Evolution
NANO) under 633 nm laser excitation. For the ARPRS tests, the
configuration involved fixing the sample and varying the polarization
direction of the incident light.

4.3. Photoelectric Measurements. The electrical and photo-
electric characteristics of the devices were measured using a probe
station and a semiconductor analyzer (4200SCS, Keithley). The
photoelectric measurements were conducted on a self-built optical
platform. The angle-resolved photocurrent was measured using a half-
wave plate and a polarizer, with the laser polarization direction
determined by the polarizer and modulated to achieve linearly
polarized light. The polarization angle of the incident light was
adjusted by rotating the half-wave plate without affecting the laser
power.
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