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Photodetectors have been applied to pivotal optoelectronic components of modern optical
communication, sensing, and imaging systems. As a room-temperature ferroelectric van der Waals semiconductor,
2D a-In,Se; is a promising candidate for a next-generation optoelectronic material because of its thickness-
dependent direct bandgap and excellent optoelectronic performance. Previous studies of photodetectors based on a-
In,Se; have been rarely focused on the modulated relationship between the -In,Se; intrinsic ferroelectricity and
photoresponsivity. Herein, a simple integrated process and high-performance photodetector based on an @-In,Se;/Si
vertical hybrid-dimensional heterojunction was constructed. Our photodetector in the ferroelectric polarization up
state accomplishes a self-powered, highly sensitive photoresponse with an on/off ratio of 4.5 X 10° and detectivity of
1.6 X 10" Jones, and it also shows a fast response time with 43 ps. The depolarization field generated by the
remanent polarization of ferroelectrics in @-In,Se; provides a strategy for enhancement and modulation of
photodetection. The negative correlation was discovered because the enhancement photoresponsivity factor of
ferroelectric modulation competes with the photovoltaic behavior within the a-In,Se;/Si heterojunction. Our
research highlights the great potential of the high-efficiency heterojunction photodetector for future object
recognition and photoelectric imaging.

Photodetector, 2D Ferroelectric Materials, a-In,Ses, Heterojunction, NIR Imaging

(vdW) interactions, 2D materials can be used to design a variety
of vdW heterostructures and are compatible with silicon-based
optoelectronic technologies."”"*

To improve the performance of 2D photodetectors, various
modulated methods have emerged, such as the construction of

Photodetectors are critical components in optoelectronic
integrated circuits such as optoelectronic sensors, space
research, imaging systems, and optical switching logic
devices.' " The constituent materials of the targeted devices
determine the working mechanism and performances of

photodetectors.”'” In view of two-dimensional (2D) materials’ November 30, 2022
superior performance and fascinating physics, emerging devices February 8, 2023
based on 2D materials and their hybrid systems have been March 23, 2023

developed recently in contrast to conventional semiconductor-
based photodetectors.'' ~'* Without surface dangling bonds and
intralayer covalent bonding as well as interlayer van der Waals
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Figure 1. Characterizations of a-In,Se; film. (a) Crystal structure side view of 2D (P“p /down States) layered @-In,Se;. (b) Raman spectra of the -
In,Se;. (c) XRD patterns of the transferred a-In,Se, film on Si substrate. (d) XPS spectra of the In 3d and Se 3d. (e) Absorption spectrum of the
a-In,Se; film. (f) High-resolution cross-section HAADF-STEM image of the 2H @-In,Se;. (g) SEM image of the transferred a-In,Se; film. (h)
AFM image of the ar-In,Se;thin layers and corresponding height profile of 15 nm. (i) OOP phase and amplitude hysteresis loop of @-In,Se; on n-

Si substrate via PFM.

hybrid dimensional heterojunctions, strain engineering, gate
voltage, and other local field enhancement methods.’ In recent
years, the method of ferroelectric local field modulation has been
applied in a variety of scientific fields, including super-
conductivity, excitons, photocatalysis, energy storage, and
specially electronic devices.'™>°
provides benefits over other techniques for multipurpose

Ferroelectric modulation

photoelectric devices, namely low power consumption and
selective modulation of the background carrier concentration via
ferroelectric local field effects.”' > However, familiar ferro-
electric materials (for example, PZT and PVDF) are either
insulators or wide bandgap semiconductors with weak
conductivity. 2D hybrid perovskites ferroelectric materials
have superior photoelectric capabilities but are unstable and
poisonous to heavy metals, which further limits their practical
applications.”*
can demonstrate considerable modulation capabilities in

channel conductance, which presents significant promise for
11,25

Fortunately, functional 2D ferroelectric materials

next-generation integrated optoelectronic systems.
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In recent years, @-In,Se; with a noncentrosymmetric crystal
structure has been discovered as a stable 2D vdW ferroelectric
semiconductor.”*~** The ferroelectric polarization of a-In,Se,
can also be switched by the sweeping voltage because of its out-
of-plane (OOP) and in-plane (IP) polarization dipole lock-
ing.”®” On the other hand, a-In,Se; exhibits a suitable
thickness-dependent direct bandgap and excellent photoelectric
performances with a strong optical absorption in visible to near-
infrared wavelengths, making a-In,Se; a potential candidate for
photodetection.'’ Some a-In,Se;-based photodetectors® ™"
have been reported, but most of these devices require a voltage
to operate, and there is no synergy to enhance the optimal
parameters (such as light/dark current ratio or detectivity) and
the response speed. Considering the ferroelectric local field
regulates and enhances heterojunction built-in electric fields, it is
possible to design a photodetector that simultaneously achieves
a fast response, high sensitivity, and low power consump-
tion.”>”” Moreover, it is worth noting that few researchers pay
attention to the detailed relation between the a-In,Ses
ferroelectricity and the photoresponse of the device.
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Figure 2. Electrical and photovoltaic characterizations of the a-In,Se;/n-Si ferroelectric heterojunction. (a) Schematic of the hybrid
dimensional heterojunction. (b) I-V curves of the heterojunction with three states. (c) Comparison of the noise current spectral density. (d) I—

V characteristics of photovoltaic behaviors with Py, qoun

states under 808 nm illumination with S0 mW. (e) and (f) Photocurrent mapping as a

function of bias and light power at P, 4., states, respectively. Open-circuit voltage and short-circuit current are indicated by dotted lines.

In this work, we report an efficient optoelectronic device
based on an a-In,Se;/Si junction with an easy-to-prepare vdW
vertical heterostructure. The device exhibits robust multilevel
conduction switching modulated by ferroelectric polarization
and photoexcitation. In view of the simultaneous effects of the
ferroelectric polarization field and the electric field built into the
heterojunction, the photodetector in the ferroelectric polar-
ization up state attains a self-powered, highly sensitive
photoresponse as well as shows a rapid frequency response.
Surprisingly, the photoresponse determined by incident light
power and wavelength can be modulated by tuning different
ferroelectric remanent polarization states. A competitive
relationship was found between the enhancement photo-
responsivity ratio via ferroelectric modulation and the photo-
voltaic effect of the photodiode. In addition, high-resolution
NIR imaging was demonstrated in the photodetector with
different polarization states, indicating the reliability and
tunability of our device. This work highlights the potential of
the great modulation capabilities and the enhancement of
optoelectronic performance based on ferroelectric semiconduc-
tor vdW heterojunction photodetectors.

2. RESULTS AND DISCUSSION

Figure 1la shows the schematic atomic structure of layered a-
In,Se; which contains five covalently bonded atomic layers in
the order of Se—In—Se—In—Se. The spatial symmetry breaks of
the asymmetry lead to electric dipoles at different directions,
resulting in ferroelectric properties in a-In,Se; in out-of-plane
(OOP) and in-plane (IP) directions.”*** The synthesized 2D
layered In,Se; by the atmospheric pressure chemical vapor
deposition (APCVD) method is introduced in Experimental
Methods. A schematic of the growth and growth-time-
dependent optical images of a-In,Se; films is shown in Figure
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S8. Raman spectroscopy is performed in the as-grown a-In,Se;
on fluorophlogopite mica (F-mica) with the corresponding
Raman spectra with 532 nm laser excitation shown in Figure 1b.
Quadruple prominent characteristic peaks (E, mode at 89 cm™
and A(LO+TO), A(TO), A(LO) phonon mode at 104, 181,
203 cm™!) can be observed, which are similar to reported 2H a-
In,Se; results.””*”*"** XRD patterns of the transferred a-In,Se,
film on the Si substrate have been synthesized using X-ray
diffraction. All clear diffraction peaks in Figurelc, where the
strongest diffraction peak (004) is located at 18.6° are
consistent with the data of the In,Se; (JCPDS 34-1279). The
XRD pattern of the synthesized a-In,Se; film along the same F-
mica crystal plane (001) ordination by a van der Waals epitaxial
mode is shown in Figure S2. The crystal structure of the
ferroelectric a-In,Se; films belongs to the hexagonal structure
and P63/mmc symmetry, according to the reconfirmed Raman
and XRD characteristics. Furthermore, the high quality
synthesized 2H a-In,Se; is unambiguously confirmed by
aberration-corrected scanning transmission electron microscopy
(STEM).* The cross-sectional atomic-scale high angle annular
dark field (HAADF) image (Figure 1c) clearly shows the 2H a-
In,Se; stacking structure.””** The chemical states of In 3d;),
and 3d;,, can be proven from the peaks in the binding energy of
452.2 and 444.5 eV (Figure 1d, left); meanwhile the peaks at
54.45 and 53.58 eV (Figure 1d, right) are related to the 3d,,, and
3d;,, states of Se, respectively.”” From X-ray photoelectron
spectroscopy (XPS) results, the film consists of In and Se atoms
showing an In:Se stoichiometry atomic ratio of 2:3 in Figure S3.
Ultraviolet—visible-near-infrared absorption spectroscopy was
investigated (Figure le) about the a-In,Se; film on a transparent
F-mica substrate (see Figure S9 of the optical image of the films
sample). By using the Tauc Plot method, the a-In,Se; film has an
optical bandgap of 1.46 eV as a direct bandgap material. The

https://doi.org/10.1021/acsnano.2c11925
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Figure 3. High performance of the self-powered ferroelectric photodetector. (a) and (b) Time-resolved photoresponse at the P p/down State (808
nm, Vi, = 0 V), respectively. (c) Photocurrent and current on/off ratio. (d) Responsivity and fitting curves. (e) The responsivity ratio between
the two polarization states. (f) EQE and detectivity as a function of light power.

aforementioned findings indicate that a 2D 2H a-In,Se; film of
excellent quality has been achieved.

A a-In,Se;/n-Si heterojunction is prepared by the solution
transfer method (see Experimental Methods). Figure le shows
an SEM image of the continuous and uniform a-In,Se; film on n-
Si substrate. And the Raman spectrum (Figure SS) after the
transferred a-In,Se; to n-Si substrate is without an obvious peak
shift compared in Figure 1b, indicating the success of
transferring the a-In,Se; film. As presented in Figure 1h, the
thickness of the In,Se; characterized atomic force microscopy
(AFM) is confirmed to be 15 nm with nearly 1S layers, and the
height of the monolayer is 1 nm from Figure S4. PEM
measurements were performed to study the out-of-plane
ferroelectric hysteresis behavior of a-In,Se;/n-Si. The local
electric polarization switching measurements were carried out
by varying the bias to the a-In,Se; film on the heavily doped Si
substrate with the conductive Pt/Ir tip. A typical localized OOP
phase hysteretic loop and butterfly amplitude loop are shown in
Figure 1i, and the 180° rotating phase switches depict the
ferroelectricity of the produced a-In,Se; film. The obtained
coercive voltages are around +1.8 and —1.2 V from Figure 1i.
The OOP PFM phase image of different ferroelectric domains
(Figure S7a) shows distinct ferroelectric domains, where a phase
contrast of 180° is observed between the neighboring domains
at the red line (Figure S7b). The OOP phase and amplitude
images (Figure S7c,d) of domain engineering acquired after
writing two square patterns with opposite tip voltages (—10 and
+10 V) demonstrate that the polarization direction can be
controlled by the external voltage.*’

In order to systematically study the modulation of electronic
and photoelectric properties by this ferroelectric polarization
field, a device based on the hybrid-dimension a-In,Se;/Si
vertical heterojunction was designed. A schematic of the device
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is depicted in Figure 2a, and the optical image of the device is
shown in Figure S9. First, the reconfigurable electronic
properties of the device are characterized. Figure 2b shows the
logarithmic I—V curves of the device under darkness at room
temperature with the a-In,Se; different states of fresh, polarized
up and down, where polarization states are generated by a
voltage pulse mode to highlight the role of nonvolatile
ferroelectric polarization. Obviously, the ferroelectric polar-
ization states have considerable impacts on conductivity of the
junction. For a ferroelectric memory device, it is usable for a high
current ratio of at least 200 from the low resistance state (LRS)
of P,, to the high resistance state (HRS) of P s Moreover,
there clearly is a rectification effect in the heterojunction I-V
characteristics (see Figure 2b and Figure S10c), while the
individual a-In,Se; and n-Si are not observed in Figure S10a,b
and Figure S11 within +0.5 V. The spectra of current noise
power density in the dark were measured in Figure 2c, where a
1/f noise behavior dominates in the low-frequency region. Weak
generation-recombination noise produced in the heterojunction
may be the cause of the low noise current (10'® A%/Hz for Py,
state and 2 X 107>* A%>/Hz for P, state) and dark current (0.3
nA at P, state and 4 pA at Py, state), which are advantageous
for enhancing the ability to detect weak light signals.*” The
modulation of the noise current by the ferroelectric polarization
state is agreement with the I—V characteristics.

The photoresponse properties of the a-In,Se;/n-Si hetero-
junction under P, and Py, states were mainly investigated.
Figure 2d shows the I=V curves of the photodetector under dark
and 808 nm illuminated conditions, which exhibit obvious
photovoltaic characteristics. The device obviously shows stable
multistage conductivity under the regulation of illumination and
ferroelectric polarization, indicating potential applications in
optoelectronic memory devices and logic circuits.”*” As a

https://doi.org/10.1021/acsnano.2c11925
ACS Nano 2023, 17, 6534—-6544
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Figure 4. Ferroelectric enhancement and modulation of broadband photodetection. (a) and (b) Time-resolved photoresponse of the
photodetector at the P, and Py,,, state under the different incident wavelengths, respectively (uniform light power ~50 mW, V... =0 V). (¢c)
The responsivity ratio of the two polarization states as a function of incident light wavelength. The inset shows the responsivity under these
illuminations at two polarized states. (d) The huge modulated photoresponsivity ratio simulated distribution as a function of incident

wavelength and power.

critical characteristic, the illumination intensity-dependent
photoresponse properties of the a-In,Se;/n-Si heterojunction
was investigated for evaluating photodetectors. As shown in
Figure 2e,f, the logarithmic current mapping characteristics
under two polarized states as a function of bias voltage with 808
nm illumination power. The I-V curves in a broader light power
range are exhibited in Figure S12a,b. Because of the increased
number of photocarriers produced by the photovoltaic effect
mode, both the short-circuit current (Isc) and open-circuit
voltage (Vo) increase collaboratively with the light power. The
maximum Vo is approximately ~240 mV with the P, state and
~400 mV with the Pg,,, state, respectively.

The time-resolved photoresponse switching behaviors with
the increasing incident power in the corresponding polarization
state are depicted in Figure 3a,d at zero bias. The self-powered
photodetector is highly sensitive to the incident light and can be
reversibly and stably switched between high- and low-
conductance states, showing a maximal I /I g ratio of ~4.5 X

where I, denotes the photocurrent, B is a constant, P is the
optical power, and @ is a fitting parameter representing the
degree of linearity of the photodetector. Here, 8 is evaluated as
0.81 and 0.91 (better linearity performance) under the P,, and
Pgown State, respectively (see Figure 3c). A nearly ideal power
exponent (ideal = 1) of 0.91 describes a lower recombination
of photogenerated carriers in the a-In,Se;/n-Si heterojunc-
tion.””>" Responsivity (R), the external quantum efficiency
(EQE), and specific detectivity (D*) are vital parameters of
quantitatively evaluating the performance of photodetectors. R
is defined as the photocurrent generated per unit power of light
incident on the active area (eq 2), EQE is the ratio between the
number of photoexcited electron—hole pairs contributing to the
photocurrent and the number of incident photons (eq 3), while
D* reflects the ability of a photodetector to detect weak light
signals (eq 4). These three parameters can be calculated from
the formula

I
10° of P, state and 3 X 10° of the Py, state under illumination R=_
of 808 nm laser of SO mW. The power-law relationship (eq 1) PXxS @)
between the photocurrent and the laser power is expressed as
he
— gp? EQE =R X —
Lpn = BP (1) < el 3)
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Figure S. Response time of the a-In,Se;/n-Si heterojunction photodetector. (a) Time-resolved photoresponse at zero bias under an 808 nm

laser of 1 and 10 kHz pulse illumination at the P,/ 4oun

state. (b) and (c) Photoresponse time of the photodetector at the P,, and Py, state,

respectively. (d) Normalized photoresponse as a function of frequency. (e) and (f) Comparison of the current on/off ratio and detectivity of the
reported In,Se;-based photodetectors. References of information support above the two charts can be found in Table 1.

o — R x A2

(2’eldark)l/2 (4)
where P represents input light power, S represents the effective
channel excitation area, and A is the effective area of the device.
Figure 3d shows the power-dependent responsivity of the
photodetector of two polarized states at zero bias. The
photodetector of the P, state achieves maximum level
photoresponsivity up to 560 mA/W under illumination of 808
nm laser with 55 nW. It is obvious that the responsivity of the
photodetector in different ferroelectric polarization states have
excellent differences. We define the enhancement photo-
responsivity factor to be equal to the ratio of the responsivity
of the P, to Py, state (namely the Ryp/Rioun ratio). The light
power-dependent enhancement photoresponsivity ratio is
plotted in Figure 3e, and the ratio increases as the light power
decreases. Figure 3f shows the EQE and D* as a function of the
laser power at 808 nm wavelength and 0 V. The photodetector of
the P, state achieves maximum EQE and D* values of 83% and
1.6 X 10" Jones, respectively. The value of assessment of R,
EQE, and D* will reduce when increasing the light power, due to
the enhanced recombination activity of photoexcited electrons
and holes at a higher light power.

The time-resolved photoresponse of the photodetector under
different wavelength continuous-laser illuminations at zero bias
is shown in Figure 4a,b with the P, and P, state, respectively.
NIR (980, 940, 808, and 780 nm) and visible (650, 520, and 405
nm) lasers are used for light sources, which their illumination
power densities are set to SO mW/cm?” for uniform accurate
comparison. Obviously, the a-In,Se;/Si heterojunction exhibits
an excellent photoresponse and impressive I,/ ¢ ratio (over
10°) in the broad spectral region of 405—980 nm. It is observed
in Figure 4b that there is the obvious pyroelectric photocurrent
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contributed by the pyroelectric effect. The discussion and
conjecture about this point is detailed in Figure S13.
Nevertheless, there apparently is the difference of photo-
response to different wavelengths between the P, and Py,
state. The responsivity and enhancement photoresponsivity
ratio (R,p/Ryoyn) With wavelength-dependence were calculated
in the inset and Figure 4c, respectively. Fitting a curve to the
enhancement photoresponsivity factor with distinct inflection
points, it can be concluded that the minimum ratio is almost
located in the wavelength (800—900 nm) of the @-In,Se; optical
bandgap. When the incident light wavelength is farther from the
special band, the R,,/Ryo., ratio modulated by a-In,Se;
terroelectric polarization is going to increase. The modulation
based on ferroelectric polarization of a@-In,Se; competes
probably with the photoresponse properties. In other words, if
the incident photons energy of the heterojunction is closer to the
bandgap of a-In,Se;, the photovoltaic behavior of the photo-
diode should dominate.

In view of two freedom degrees of the incident light about the
wavelength and the light power, the distribution trend of the
enhancement photoresponsivity ratio is plotted in Figure 4d. At
the incident wavelength of 405—980 nm and light power of
0.01—50 mW, the calculated enhancement photoresponsivity
ratio of ferroelectric modulation is from 10* to 10°. On the one
hand, as the incident light power decreases, the responsivity ratio
increases; on the other hand, when the incident light wavelength
keeps away from the a-In,Se; optical bandgap, this modulation
phenomenon will be enhanced. While the wavelength of the
incident light is closer to the bandgap and the incident light
power is larger, the photovoltaic behavior of the photodetector
must be dominantly stronger. Thus, the negative correlation
relation can be revealed between the enhancement photo-
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responsivity ratio by ferroelectric modulation and the photo-
voltaic effect of the photodiode.

The a-In,Se;/Si heterojunction shows not only self-powered
broadband and high-sensitivity photodetection capabilities, but
also a fast response to rapidly switching optical signals. The
dynamic time-resolved photoresponse (Figure Sa) was inves-
tigated at the P, and Py, states to examine the impact of
ferroelectric modulation on the photoresponse time. The time
intervals when the photocurrent transforms from 10% to 90% of
the peak value are defined by the rise/fall times. The rise (z,) and
fall (7;) times from these fast dynamic responses are
approximately calculated as 43—310 ps at the P, state and
12—18 us at the Py, state, respectively, as shown in Figure 5b,c.
Furthermore, the normalized photoresponse of our photo-
detector as a function of the modulated frequency is shown in
the Figure Sd. The cutoff frequencies (f;g4s) with the
photoelectrical bandwidth at two polarization states are
estimated to be 1 kHz and 10 kHz, respectively. These sensitive
dynamic photoresponse are superior to the reported In,Se;-
based photodetectors. Figure Se,f depicts the comparison of the
I,,/L¢ ratio and detectivity comparison with responses times
about other 2D In,Se;-based photodetectors at room temper-
ature.’* ™" The a-In,Se;/n-Si heterojunction photodetector (in
red) exhibits an ultrahigh light I, /I g ratio and detectivity under
maintaining rapid response. Moreover, the photodetector can
maintain an initial photoresponse within 5000 photoresponse
cycles (Figure S14a) and keep the photocurrent at least 93%
after 6 months (Figure S14b), displaying the robust reprodu-
cibility and stability of our device.

To clarify the physical mechanism of the ferroelectric
modulated a-In,Se;/Si heterojunction, all interface contact
barriers were investigated. First, the band gap (~1.5 eV) of 15
layers of a-In,Se; film was calculated. The result is shown in
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Figure S1, which is comparable to the value obtained by the
absorption spectrum (Figure le). Further, the top surface
potential of a-In,Se; regions with three polarization states was
characterized by using Au substrate to calibrate the work
function of AFM tip used in the Kelvin probe force microscopy
(KPFM) test. The surface potential difference of antiparallel
OOP polarized domains with Au (Au work function = 5.1 eV) is
shown in Figure 6a,b, which indicates the Fermi level (Eg) of the
a-In,Se; modulated by the ferroelectric local electric field. The
phenomenon is similar to that reported by Tang et al.’’
Meantime, the surface potential between Au and n-Si was
measured as shown in Figure 6c. Next, the working function of
the In,Se; flake and n-Si were calculated according to the surface
potential difference of Figure 6b,c. Figure 6d illustrates the
positions of the Eg relative to the energy bands of @-In,Se; and n-
Si before contacts, which indicates favorable Ohmic contact.>*>*
Thus, the Eg, of the a-In,Se; P, state is higher than that of the
Pgown State in the heterojunction interface. When the a-In,Se;
constructs a heterojunction with n-Si, the charge distribution
will be reconstructed to ensure the dynamic balance of diffusion
carriers at the interface of this junction until the Fermi levels are
aligned. The electric field of the junction interface can be
enhanced or inhibited by the a-In,Se; ferroelectric field, leading
to the accumulation or depletion of carriers.>” It also means that
the barrier height (®) across the junction and electromotive
force (EMF) with illumination can be modulated by the
ferroelectric remanent polarization field after reconstruction as
illustrated in Figure 6e.'" Consequently, the energy levels near
the Si surface bent upward, and the energy levels near the a-
In,Se; surface are bent downward, leading to the formation of a
built-in electric field at the a-In,Se;/n-Si interface. The electrons
and holes are then rapidly separated by the built-in electric field
and collected by the respective electrodes, ultimately generating
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Table 1. Comparison of Device Performance Parameters of In,Se;-Based Photodetectors

device self-powered A (nm) I./Ig R (mA/W) D* (Jones) response time (us) ref

In,Se; film 30V 405-730 200 1 _ 41 31
B-In,Se;/Si -2V 265—1300 100 6400 4.3 x 10" 22 36
7-In,Se;/Si -1V 380—880 1570 5670 5.6 x 10" 175 38

Pt nanodots/a-In,Se; 3V visible 2% 107 _ _ 118 ms 30
WSe,/In,Se; -1V 405-905 256 1840 1.3 x 10" 110 34
BP/a-In,Se; 20V 473-1550 5000 1000 2 x 10" 400 3s
a-In,Se;/PVK/MoTe, yes 473-639 24 % 10° 287.6 1.2 X 10* 730 32
WSe,/a-In,Se, -3V 520-980 2000 2210 9.5 x 10" 4.3 ms 33
ITO/a-In,Se;/Au yes 520-780 100 1000 10" 20 ms 37
a-In,Se,/Si (P,,) yes 405—980 4.5 X 10° 560 1.6 X 10" 43 this work
a-In,Se;/Si (Pygn) yes 405—980 3 x 10° 26.6 6.3 x 10" 12

() Chopper Llens Object Lens  Photodetector

Modulation

Step
controller

(b)

Step pixel

10

0
Step pixel

Computer

Figure 7. NIR imaging application. (a) Schematic of the instrumentation system for imaging application. (b) The imaging results of the “U”
pattern under 808 nm illumination with P, and Py, states, respectively.

the photocurrent (Figure 6f). Deservedly, the built-in field at the
junction interface can realize self-powered fast optical detection
through the photovoltaic effect. As a matter of course, the
internal potential barrier height (‘I’uP =270 mV< @4 . = 510
mV) impacts electrical and photoelectrical transportation
properties of the heterojunction. Therefore, the ferroelectric
remanent electric field in the same direction as the built-in field
can significantly enhance the current in the P, state; on the
contrary, the conduction will be inhibited in the Py, state.
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On the basis of the excellent optoelectronic performance of
the device under light irradiation, we conducted a single-pixel
imaging experiment.*® Figure 7a displays the setup of the single-
pixel imaging technique. A metal mask with a hollow English
letter “U” controlled by a 2D motorized stage was put between
the 808 nm laser and the device. With the movement of the
mask, the position-dependent current of the device could be
recorded in real time by a lock-in amplifier, which was further
transformed into a current mapping image. Figure 7b shows the
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infrared clear and high-resolution images measured in the two
polarization states, demonstrating the repeatability and stability
of our device. The imaging in two polarization states shows that
the strong contrast of photocurrent can represent the 1 and 0
states. Importantly, owing to the outstanding photosensing
(incident light wavelength and power) and the robust
ferroelectric switch of our photodetector, the signal readout of
image response can be individually tunable. The “on” and “off”
state of the device can be ensured only by modulating the
ferroelectric polarization state with a bias pulse while
maintaining the illumination, which implies potential applica-
tions in optoelectronic logic devices and photonic chips.

3. CONCLUSION

In summary, a self-powered broadband high-sensitivity a-
In,Se;/n-Si heterojunction photodetector has been successfully
prepared. The photodetector displays outstanding photo-
detection with low noise and dark current (0.3 nA/4 pA), a
significant Ige/Ig, ratio (4.5 X 10°/3 x 10°) and quick
photoswitching response (12/43 us) at the P /Py, states,
respectively. Moreover, the device exhibits a strong self-
regulating ability of electrical properties and photoresponse via
ferroelectrically polarized modulation. The ferroelectric polar-
ization in a-In,Se; provides a strategy for enhancement and
modulation of photodetection. Under ferroelectric modulation,
the responsivity could be enhanced 10° in the incident light
range of 405—980 nm with a power of 1 X 107°—50 mW. This
investigation of the ferroelectrically modulated photodetector
illustrated the competitive relation between the photovoltaic
behavior of the heterojunction and the enhancement photo-
responsivity ratio of a-In,Se; ferroelectric modulation. A high-
resolution NIR on/off-states imaging demonstration has further
confirmed the dependability and adjustability of our technology.
The results will have a certain referential significance and also
greatly enrich the functionalities of the ferroelectric modulated
photodetector.

4. EXPERIMENTAL METHODS

Preparation Method of a-In,Se; Film. The 2D a-In,Se; nano
films were grown on fluorphlogopite mica ([KMg;(AlSi;O,0)F,])
substrates (F-mica) via the APCVD method. The precursors were
placed on separate quartz boats, and the superfluous Se source was
placed upstream. The F-mica substrate was placed 2—5 mm above
In,0; powders (100 mg). The Se source and In,O; powders were used
as the precursors with 10/50 sccm H,/Ar mixed gas as the carrier gas.
After fully vacuuming and air-washing, the Se source and In,O,
powders were heated to 300 and 660 °C in 15 min, respectively, and
the temperature was held for 30 min at atmospheric pressure. The large
sized films were synthesized in a confined space growth CVD method
and by controlling the gas flow rate and growth time. Subsequently, the
hydrogen is turned off and the argon gas still is maintained at 50 sccm,
and the CVD tube furnace was cooled naturally down to room
temperature.

Transfer of a-In,Se; Film. The prepared polystyrene (PS)
solutions (~1.5 g of PS tiny particles was fully dissolved in 10 mL of
toluene) were spin coated onto @-In,Se;/F-mica. The PS/a-In,Se;/F-
mica was heated at 90 °C for 10 min to solidify the PS films. The edges
of PS/a-In,Se;/F-mica were scraped and then floated on the surface of
deionized water. When the separated PS/a-In,Se; film was transferred
onto target substrates (like SiO, or n-Si substrate), a baking step (at 100
°C for S min) was carried out to remove the water residues. Finally, the
transfer process was accomplished by dissolving the polystyrene on the
surface with toluene and then blowing it dry with nitrogen gas.

Characterizations of a-In,Se;. The as-synthesized @-In,Se; films
were characterized by using Raman spectrometry (LabRAM HR
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Evolution), XRD (Rigaku SmartLab), XPS (Kratos Axis supra+), UV—
vis-NIR spectrometry (Shimadzu 3700), STEM (JEM ARM-200F),
SEM (Hitachi SU8220), AFM & PFM & KPFM (Bruker Dimension
Icon). PFM measurements were performed with Ir/Pt conducting tips
(3 N/m) with 300 kHz excitation frequency and 0.5 V drive amplitude
under Dual AC Resonance-Tracking (DART) mode. Supplying the
appropriate dc bias to the tip while scanning the surface with the sample
surface enabled domain switching. KPFM measurements were
performed with the same tips and the n-Si substrate evaporated 5 nm
Ti and 100 nm Au.

Device Fabrications. The CVD-synthesized a-In,Se; films were
transferred onto the n-Si substrate treated with 5% hydrofluoric acid
solution for the @-In,Se;/n-Si heterojunction device. The Ti/Au
electrodes with a thickness of ~50/20 nm were deposited through a
mask on the a-In,Se; film via the electron beam evaporation in a
vacuum (<107° Pa). And an In/Ga alloy was applied evenly to the
silicon substrate backside as an ohmic contact.

Electric Measurements. A Keithley 2611B and ADCMT 6242
SourceMeter were used to measure the -V and I—t characteristics of
the devices. The polarizing pulse voltage (+10 V) was applied through
the same source/measure for the device to tune the ferroelectric
polarization of a-In,Se;. Because OOP and IP polarization of a-In,Se;
are dipole-locking, the ferroelectric polarization of @-In,Se; can also be
switched by sweeping voltage in any direction so that pulse mode was
adopted to better evaluate the above reconfigurable electronic
properties. After removal of the polarization voltage, the I-V and I—t
curves of the photoresponse were measured under different a-In,Se;
remanent polarization states. A function generator (Agilent 33220A)
and oscilloscope (Agilent DSO-X2012A) were used to measure the
response time under high photoswitching frequency. A lock-in amplifier
(SR830) was used to acquire the electrical signals of the noise-current
and the imaging system.
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