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Anomalous negative phototransistors have emerged as a distinct
research area, characterized by a decrease in channel current under
light illumination. Recently, their potential applications have
been expanded beyond photodetection. Despite the considerable
attention given to negative phototransistors, negative photo-
conductance (NPC) in particular remains relatively unexplored, with
limited research advancements as compared to well-established
positive phototransistors. In this study, we designed ferroelectric
field-effect transistors (FeFETs) based on the WSe,/CIPS van der
Waals (vdW) vertical heterostructures with a buried-gated architec-
ture. The transistor exhibits NPC and positive photoconductance
(PPC), demonstrating the significant role of ferroelectric polariza-
tion in the distinctive photoresponse. The observed inverse photo-
conductance can be attributed to the dynamic switching of
ferroelectric polarization and interfacial charge transfer processes,
which have been investigated experimentally and theoretically
using Density Functional Theory (DFT). The unique phenomena
enable the coexistence of controllable and polarity-switchable
PPC and NPC. The novel feature holds tremendous potential for
applications in optical encryption, where the specific gate vol-
tages and light can serve as universal keys to achieve modulation
of conductivity. The ability to manipulate conductivity in response
to optical stimuli opens up new avenues for developing secure
communication systems and data storage technologies. Harnes-
sing this feature enables the design of advanced encryption
schemes that rely on the unique properties of our material system.
The study not only advances the development of NPC but also
paves the way for more robust and efficient methods of optical
encryption, ensuring the confidentiality and integrity of critical
information in various domains, including data transmission, and
information security.
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New concepts

The work proposes a novel information security approach through the
design of a nonvolatile transistor using a two-dimensional (2D)
WSe,/CIPS heterostructure. Our method exploits the coupling of built-
in electric field and ferroelectric polarization in the WSe,/CIPS
heterojunction to efficiently manipulate photogenerated carriers, enabling
coexistence of controlled and switchable positive and negative photo-
conductivity in a single device. The unique switchable photoelectronic
effect of WSe,/CIPS heterostructure has been visualized in situ using the
conductive atomic force microscope (C-AFM) system. Moreover, signal
recovery and decryption can be achievable by controlling the light switch,
establishing a switchable and controllable optical encryption function. These
groundbreaking findings elucidate the negative photoconductance of 2D
ferroelectric materials and facilitate the development of an optical encryption
device, enhancing our understanding of negative photoconductance effects
on 2D optoelectronics.

Conceptual insights

Traditional encryption methods involving hardware integration
into chip designs lead to increased complexity. The study
proposes a novel information security approach through the
design of a nonvolatile transistor using a two-dimensional (2D)
WSe,/CIPS heterostructure. Our method exploits the coupling
of built-in electric field and ferroelectric polarization in the
WSe,/CIPS heterojunction to efficiently manipulate photogen-
erated carriers, enabling coexistence of controlled and switch-
able PPC and NPC in a single device. The unique switchable
photoelectronic effect of WSe,/CIPS heterostructure has been
visualized in situ using the conductive atomic force microscope
(C-AFM) system. Utilizing a specific gate voltage and laser as the
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encryption key, a novel optical encryption device has been
realized. Moreover, signal recovery and decryption can be achiev-
able by controlling the light switch, establishing a switchable and
controllable optical encryption function. These groundbreaking
findings elucidate the negative photoconductance of 2D ferro-
electric materials and facilitate the development of an optical
encryption device, enhancing our understanding of negative
photoconductance effects on 2D optoelectronics.

1 Introduction

Ultrathin films of layered materials have captured considerable
attention because of their fascinating physical properties that
vary with reduced thickness, which in recent years have been
shown to be promising for a bewildering variety of applications
to photonic and optoelectronic devices. Typically, electronic
state regulation can be achieved through chemical doping
or traditional dielectrics, but these methods can introduce
defects, disorder, reducing carrier mobility and FET structures
require external gate voltage to maintain doping, which is not
suitable for low-power devices. A non-defect-free and non-
volatile strategy is needed, and ferroelectric grid field regulation
can provide this solution. The FeFET is recognized as an attractive
architecture for photodetectors devices due to its nondestructive
operation and nonvolatility. The development of 2D van der Waals
ferroelectrics could lead to the next technological breakthrough in
the post-Moore era. Up to now, a few materials have been reported
to maintain the ferroelectricity in ultrathin films at room tem-
perature, such as CulnP,S, (CIPS), In,Se;, WTe,, and MoTe,."”
Among these 2D ferroelectric materials, the representative CIPS
with non-volatile and room-temperature ferroelectric properties
make it an ideal candidate for constructing vertical hetero-
junction phototransistors. This innovative approach promises
to yield phototransistors with superior optoelectronic proper-
ties.®® Additionally, the non-volatile storage capabilities of
CIPS offer the advantage of tunability, further enhancing its
potential applications in this field.

Recently, various inorganic (black phosphorus, MoS,, InAs
NWs),'** organic (C8-BTBT, TFT-CN, GQDs),"*"* and perovskite
materials'®'” have been reported to present an unusual NPC. The
remarkable characteristic of NPC is characterized by a significant
drop in the conductivity of semiconductors once it is illuminated.
The development of NPC is highly desirable for the advancement
of innovative optoelectronic applications. The NPC phenomena
have the potential to provide optoelectronic devices with high-
speed frequency response and low power consumption. Further-
more, when combined with PPC, NPC acts as a complementary
component, expanding the functionality of conventional opto-
electronic devices and enabling the construction of multi-
functional optoelectronic devices.'®>* However, it should be
noted that the reported origin of NPC phenomena is influenced
by various external factors, such as temperature, humidity, defect
concentration.>* All these factors exhibit instability and a lack
of controllability, posing challenges in achieving precise and
controllable NPC and PPC performance within a single sample.
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Herein, we design a nonvolatile transistor based on a 2D
WSe,/CIPS heterostructure and systematically study the tunable
photoresponse under illumination, where the negative preset
polarization gives rise to PPC, whereas the positive preset
polarization leads to NPC. The analysis assisted with the
various experiments and DFT indicates that the fascinating
phenomenon can be attributed to the coupling of built-in
electric field with ferroelectric polarization, which enables the
photogenerated carriers in WSe, to efficiently migrate and
recombine at the heterojunction interface. Since 2D ferro-
electric materials have non-volatile polarization, the presence
of non-volatile polarization in 2D ferroelectric materials allows
direct manipulation of the built-in electric field without the
continuous application of additional gate voltage. This not only
simplifies device complexity but also reduces power consump-
tion while improving device performance. By controlling the
nonvolatile polarization of 2D ferroelectric materials, we
achieve modulation of the optoelectronic properties of the
device. Furthermore, we explore the potential application of
the 2D WSe,/CIPS heterostructure in multilevel information
encryption based on the tunable photoresponse properties.
This strategy opens avenues for the development of secure
protection of confidential information.

2 Results and discussion
2.1 Characterization of WSe,/CIPS Heterostructure

Fig. 1a presents a schematic diagram of the WSe,/CIPS 2D
heterostructure FeFET, where the layered CIPS is used as the
ferroelectric gate dielectric layer and WSe, is used as light-
sensitive layer. The patterned Cr/Au (2 nm/50 nm) layers are
deposited as the source, drain and gate electrodes by thermal
evaporation. The bottom-gate are labeled as “buried-gate elec-
trode”. The optical and topographic images of a typical device
are displayed in Fig. 1b and c, respectively. The thickness of the
CIPS nanoflakes is about 75 nm, and the thickness of the WSe,
film is about 1.7 nm, corresponding to two molecular layers.
It is worth mentioning that CIPS is a two-dimensional ferro-
electric material, which imparts excellent insulating properties®
and allows for the modulation of the channel conductivity
through its ferroelectric polarization. This material effectively
separates the gate electrode from the semiconductor channel
and enables the control of the transistor’s operation. Meanwhile,
the polarization introduces an electric field that penetrates the
entire CIPS layer, influencing the adjacent WSe, semiconductor
layer. Even though the ferroelectric interface is distant from the
gate electrode, this electric field manages to permeate into the
WSe, layer. Within the path of the source-drain current,
the carrier density of WSe, is modulated by this electric field,
thus influencing the magnitude of the source-drain current.
By precisely controlling the ferroelectric nonvolatile polarization,
the optoelectronic properties of the transistor can be modulated.
Additional details on the interlayer coupling of the vdW hetero-
structure could be found from Raman spectra. Fig. 1d illustrates
the Raman spectrum of an exfoliated CIPS, WSe, nanoflakes and

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) Schematic view of a FeFET based on a WSe,/CIPS heterostructure. (b) An optical image of a WSe,/CIPS heterostructure device fabricated on a

SiO,/Si substrate, where the scale bar is 50 um. (c) AFM topography of the 75 nm thick CIPS nanoflakes and 1.7 nm thick WSe, upon the substrate. The
inset is height profile along the orange and blue dashed dashed line in (b). (d) Corresponding Raman spectra of the CIPS, WSe, nanoflakes and CIPS/WSe,
heterostructure, respectively. (e) Out-of-plane amplitude and phase measurements of CIPS nanoflakes versus voltage obtained by PFM on Pt/SiO,/Si
substrate. (f) Cross-sectional TEM image and corresponding EDS element mapping of WSe,/CIPS heterostructure. (g) High-resolution TEM images and
EDS spectrum (inset) of CIPS nanoflakes. (h) The band gap characterization of WSe,, CIPS, and WSe,/CIPS heterostructure achieved through
photoluminescence spectrum (PL) (up), and absorption spectra (middle, down), and curve of (xh1)? vs. photon energy obtained from the absorption

spectra data.

WSe,/CIPS heterostructure at room temperature, respectively.
Raman spectra recorded match well with the previous reports
on WSe,.” The as-exfoliated WSe, film shows three distinct peaks
observed at ~249.1, ~257.5, and ~308.5 cm ™', which corre-
spond to the A, E, and B, Raman-active modes of the bilayers
WSe,, respectively.

The locations of the Raman peaks from the exfoliated CIPS
flakes also showed the same characteristics as previous
reported vibration modes in bulk CIPS crystals at ferroelectric
phase.”® Three dominant peaks are observed in the ~71.3,
90-140, and ~316.6 cm™ ' ranges, which are responsible for the
vibrational modes of cation (Cu', In™) and anion (P,S¢""),
respectively. After the formation of WSe,/CIPS heterostructure,
the vibrational peaks of WSe, were mingled with those of CIPS.
It was found that the vibrational mode of in-plane Eég mode

This journal is © The Royal Society of Chemistry 2023

remained almost unchanged, while the out-of-plane A;, mode
exhibited a shift in the wavenumber of 3-4 cm ™. This observa-
tion results indicate that the oscillator spring can be affected by
an extra interlayer interaction term, leading to a stiffening of
the A, vibrational mode.?” In order to analyze the ferroelectric
properties of the CIPS flakes on a Au/SiO,/Si substrate,
we conducted phase and amplitude hysteresis loops using Dual
AC Resonance-Tracking Piezoresponse Force Microscope
(DART-PFM) at a single point in tapping mode.>***>° Fig. 1e
displays the butterfly-like amplitude hysteresis loop and the
distinct 180° phase switching under a changing electric field,
indicating the existence of ferroelectricity. To gain more insight
into the structure of the WSe,/CIPS heterostructure, cross-
sectional transmission electron microscopy (TEM) investiga-
tion was performed, as shown in Fig. 1f. Energy Dispersive
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Spectroscopy (EDS) elemental mappings on W, Se, Cu, In, P,
and S at the yellow square area in Fig. 1f prove the formation of
WSe,/CIPS heterostructure. The corresponding high-resolution
TEM (HRTEM) images exhibit a specific lattice spacing of the
(100) facet for CIPS measured to be 0.56 nm, as shown in
Fig. 1g. The EDS analysis match well with CIPS stoichiometry,
as shown in the inset of Fig. 1g (inset).>’ The atomic percent
(atom %) of S, P, Cu, and In is 56.5, 21.7, 12.9, and 8.9,
respectively. To investigate the band gap and the optical
absorption properties of heterojunctions, PL and the UV-Vis
absorption spectra of WSe,, CIPS, and WSe,/CIPS heterojunc-
tion were depicted in Fig. 1h. From the PL peaks in Fig. 1h (up),
we can deduce that the band gap of bilayer WSe, is about
1.61 eV, which present typical material properties of WSe,. For
CIPS and WSe,/CIPS heterostructure, the UV-Vis-NIR absorp-
tion spectrum demonstrates prominent absorption in the ultra-
violet region and a relatively weaker absorption in the visible
range. The distinct absorption features in both UV and visible
regions collectively contribute to WSe,/CIPS heterostructure
light absorption characteristics. The band gap of CIPS and
WSe,/CIPS heterostructure could be obtained according to the
Tauc formula: (xhv)* = C(hv - E,), where o, hv, C and E are the
absorption coefficient, photo energy, a constant and the band
gap, respectively. Based on the extrapolation of the linear part
of the plot of (¢hv)* vs. hv indicated in Fig. 1h (middle and
down), the band gap E, of CIPS and WSe,/CIPS heterostructure
can be deduced to be 2.87 eV and 2.71 eV.

2.2 Negative photoresponse properties of WSe,/CIPS
heterostructure

CIPS is a ferroelectric semiconductor material with room
temperature ferroelectric effect.’> WSe, is a semiconductor
with a bandgap ranging from 1.30 eV to 1.63 eV depending
on its thickness and ultrahigh photoresponsivity.**** When
these two materials form a heterojunction, the difference in
their energy bands results in the formation of an internal
electric field and charge distribution. To investigate the intrin-
sic transport properties of WSe,/CIPS heterostructure, bilayer
WSe, and CIPS nanoflakes are fabricated into bottom-gate
FeFET devices as shown in Fig. 1a.

The representative transfer curve for the devices with vertical
alignment is shown in Fig. 2a, which exhibits a typical shift of
ambipolar transfer curve under dark."® As can be seen from
Fig. 2a of red dotted line, the leakage current I s through the
insulator is negligible as compared to the drain current Iy,
further confirming the good insulating properties of the CIPS
nanoflakes. Moreover, Fig. 2b shows the ability of UV laser to
completely suppress gate-induced carriers achieved by turning
on the light at the start of the measurement and then promptly
turning it off. This presents a promising capability to precisely
control the AVy, of transistors through manipulation of light
signals.’® Fig. 2c-e depict the typical output characteristic
curves of the devices under varying laser power densities
at Vos = 0V, Vg = 2 V, and Vi = —2 V, respectively.
The experimental results demonstrate a linear relationship
between Iy and Vg, indicating that the vertical WSe,/CIPS
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heterostructure have an ohmic contact with the Au electrodes.>*
Interestingly, when a positive preset gate voltage (Vg5 = 2 V) is
applied (as indicated by the dashed arrow), a noticeable decrease
in I4s caused by the illumination is observed. At a Vg4, of 1.5 V and
an intensity of 7.0 mW cm ™, a negative photocurrent of approxi-
mately 0.019 nA is achieved, as shown in Fig. 2f. These results
suggest that the device has the potential for laser-tuned negative
photoresponse properties. The device responsivity (R) as a func-
tion of the incident light power density (P) by fitting it with
equation as:
Iy

Ry = 1
ph PinS ( )

where Iy, = Light — Idark, Pin is the laser power density, and S is the
active area of the phototransistor.*>?® Fig. 2f and g show that the
responsivity decreases and then gradually saturates as the power
density increases. It has a maximum value of about 27.9 AW ™" at
P, = 7.0 mW cm 2 The vertical WSe,/CIPS heterostructure
devices have the capability to convert light into electric signals
and exhibit both positive photoresponse (positive Alys) and
negative photoresponses (negative Alyg), which are dependent
on the gate voltage of preset-polarization. From Fig. 2h and i,
we can observe that I exhibits subtle fluctuations with variations
in Vys, indicative of its weak dependence on V4. However, with
increasing laser intensity, I, demonstrates an upward trend. It is
noteworthy that despite these variations, I, remains extremely
smaller in magnitude compared to I, highlighting the favorable
characteristics of CIPS as a gate dielectric layer. Notably, Fig. 3a
shows that by applying a positive gate voltage (Vo5 = 2 V), the
source/drain current experienced a significant decrease after
exposure to light and gradually returned to its initial state once
the illumination ceased, indicating the presence of the NPC effect.
In contrast, PPC occurs for the applied a negative gate voltage
(Vgs = —2 V) and without adding gate voltage (V4 = 0 V), as shown
in Fig. 3b and ¢.***” The gray line in Fig. 3a and b reveals that I,
remains relatively constant over time, and when juxtaposed with
I4s, its impact is almost negligible. These results are consistent
with the trend of the output characteristic curve. In Fig. 3d-e, we
analyze the response times of the WSe,/CIPS heterostructure
device with light. Notability, the mechanism of NPC is expected
to cause a decay in photocurrent in a biexponential manner.
Therefore, the photocurrent rise/decay characteristics at a time ¢
under illumination could be fitted as:

I=1, +Ale—tm +A267t/rz (2)

where I, represents the device current prior to the illumination
with the fitting constants 4, and A,, and 7, and 1, represent the
the fast and slow response components of the rise/decay edges,
respectively.*®*° The experimental results of the NPC pheno-
menon shows that two independent phenomena are responsi-
ble for the overall decrease in current under illumination. It is
presumed that the smaller time constant (t,) is associated with
rapid generation of trapped states, and then large time con-
stants (t,) slow down the trapping process.’ Fig. 3d suggests
that the transient photoresponse of WSe,/CIPS FeFET shows
fast response with the rise time (z,; ~ 5.77s) and the decay time

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 WSe,/CIPS heterostructure transistor characterization. (a) Transfer characteristic and gate leakage currents curve of WSe,/CIPS heterostructure
device were measured at V4s = —0.5 V under dark condition. (b) Precise control of the Vi, by timely controlling the turnoff of the light with the intensity of
7.0 mW cm~2 at Vg = —0.5 V. Output characteristic curves of the device under the 405 nm laser with various laser power intensities at (c) Vgs =0V,
(d) Vgs =2V, and (e) Vgs = =2V, respectively. (f), (g) Responsivity and /p» of the WSe,/CIPS heterostructure device as a function of laser power density at
Vgs =2V, and Vg = =2 V. (h), (i) The correlation between Vg and /g5 under the 405 nm laser with various laser power intensities at Vg = 2 V and

Vgs = =2V, respectively.

(ts1 =~ 0.28 s), respectively, indicating the possibility of the
device for high-speed photoelectronic response application.
Moreover, for the case of Vg4 = —2 V, the temporal response
of the WSe,/CIPS heterostructure device is given in Fig. 3e. In
Fig. 3f, we can see the changes in light-induced current under
different intensities. It is evident that the NPC phenomenon is
closely related to the density of photo-generated electrons.

2.3. Working mechanism of WSe,/CIPS heterostructure-based
NPC

The characterization of the NPC effect is achieved insitu using
the conductive atomic force microscope (C-AFM). The topo-
graphic image of the WSe,/CIPS heterostructure is plotted in
Fig. 4a. Fig. 4b shows the schematic diagram of the experi-
mental configuration. The variable bias voltage was applied
between the bottom Au layer electrode and the top electrode
consisting of an AFM tip. At the nanoscale region, the voltage
was directly applied to the WSe,/CIPS heterostructure by the
conductive tip to achieve electrical stimulation. An obvious
sensing current is observed in certain regions when a bias

This journal is © The Royal Society of Chemistry 2023

voltage of 2 V is applied under dark. Fig. 4c-g show the C-AFM
images of the CIPS/WSe, heterojunction at a gate voltage of 2 V
under illumination with 405 nm laser. As the laser intensity
increases, the photocurrent signal weakens, indicating the
presence of photoinhibition insitu by the C-AFM. As shown in
Fig. 4h, the average current of the WSe,/CIPS heterostructure
decreases with the light intensity increases. Specifically, when
a laser with an intensity of 58 mW c¢m™? is introduced, the
photocurrent is nearly completely suppressed. In situ testing
using C-AFM provides high-resolution current imaging, con-
firming the presence of the negative photoconductance effect
in the WSe,/CIPS heterostructure samples and investigating its
relationship with light intensity. This reveals the charge migra-
tion and recombination processes on the sample surface under
specific gate voltages under illumination.

To clarify the physical mechanism of the carrier transfer
process with illumination modulated by the ferroelectric polar-
ization of CIPS, the interface contact barriers were investigated.
First, the band gap (~1.6 eV and ~2.87 eV) of bilayer WSe,
and CIPS nanoflakes were calculated. Further, the top surface

Mater. Horiz., 2023, 10, 5099-5109 | 5103
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Fig. 3 Controllable and polarity-switchable photoresponse of WSe,/CIPS heterostructure device. (a)-(c) Photoresponse of the WSe,/CIPS hetero-
structure device at different preset gate voltages under UV light (405 nm) with incident light power of 7.0 mW cm™2. (d)—(e) Response time characteristics
of negative and positive photocurrent behavior of a single modulation cycle of the WSe,/CIPS heterostructure. (f) Time-dependent current curves under
different intensities of 405 nm wavelength.
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Fig. 4 (a) The AFM image of WSe,/CIPS heterostructure. (b) Schematic diagram of the C-AFM measurement of the CIPS/WSe, hetrojunction. C-AFM
image of the CIPS/WSe, hetrojunction at a gate voltage of 2 V of (c) under dark, (d) 7 mW cm™2, (e) 13.2 mW cm ™2, (f) 27.8 mW cm~2, and (g) 58 mW cm 2
illumination with 405 nm laser, respectively. (h) The average current over the tip-induced area on WSe,/CIPS heterostructure.
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potential of WSe,/CIPS heterostructure 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 differ-
ence of antiparallel OOP polarized domains with Au (the work
function is 5.1 eV) is shown in Fig. 5a and b, which represents
the Fermi level (EF) of the WSe,/CIPS heterostructure modu-
lated by the ferroelectric local electric field. Fig. 5b depicts the
EF of the WSe,/CIPS heterostructure Pyqywn, state is higher than
that of the P, state in the heterojunction interface before
contacts. The electric field at the junction interface can be
enhanced or inhibited by the ferroelectric field of CIPS, result-
ing in the accumulation or depletion of carriers. Additionally,
the ferroelectric remanent polarization field, after reconstruc-
tion as shown in Fig. 5c, can modulate the barrier height (¢)
across the junction and the electromotive force (EMF) as
illuminated. The origin of the NPC phenomenon observed in
the WSe,/CIPS heterostructure can be elucidated by the cou-
pling of built-in electric field with ferroelectric polarization and
the charge transfer between the gate dielectric layer and the
conduction channel.”® Meantime, the schematic energy band
diagram of conduction process are shown in Fig. 5d-f. When
the WSe, and CIPS construct a heterojunction, the charge
distribution is reconstructed, ensuring the dynamic balance
of charge carriers at the heterojunction interface until the
Fermi levels are aligned. Due to the relatively small energy
gap of CIPS and WSe,, the absorbed photons will generate
electron-hole pairs under external light, which will be sepa-
rated under the action of the built-in electric field and generate
a current signal.*’ Fig. 5b shows that as a positive pre-
polarization gate bias is applied, the total electric field in the
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junction area decreases, causing a decrease in I4qr and a
current direction consistent with Igiusion- This means that
photo-generated holes on the CIPS side move to the junction
area, and photo-generated electrons on the WSe, side move to
the junction area. The photogenerated electrons and holes then
meet and recombine with accumulated multi-holes and elec-
trons spatially, resulting in a decrease in number of multi-
carrier concentration in CIPS and WSe, layer, which eventually
leads to the appearance of a negative photoelectric response.
Conversely, when applying a negative pre polarization gate
voltage, the junction current direction is the same as Iqyif,
meaning that photo-generated electrons on the CIPS side move
to the junction region, and photo-generated holes on the WSe,
side move to the junction region shown in Fig. 5f. It can result
in an increase of multi-carrier concentration and conductivity
for CIPS and WSe,, generating a positive photoconductance
signal.

2.4. DFT calculations of WSe,/CIPS heterostructure

To confirm the physical mechanism of NPC phenomenon, the
first-principle DFT calculations are provided to quantify the
charge transfer to/from the WSe,/CIPS heterostructure. We first
performed band structure calculations for monolayer WSe, and
CIPS. In Fig. 6a, WSe, exhibits a narrow direct band gap of
1.66 eV, with its the valence band maximum (VBM) and the
conduction band minimum (CBM) located at the K point.
Similarly, the CIPS has a wide direct band gap of 2.87 eV with
its the VBM and the CBM located at point K, as shown in
Fig. 6b, the band gap values of these two monolayers are in
agreement with previously reported values. To check whether
charge transfer occurs at the interface when the polarized states
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Fig. 5 Working mechanism of the WSe,/CIPS heterostructure. (a) KPFM image of Au and WSe,/CIPS heterostructure. (b) Surface potential between Au
and WSe,/CIPS heterostructure in three polarized states after poling via AFM conductive tip bias (+2 and 0 V). Surface potential profiles along with the
corresponding cuts lines in (a). (c) Schematic of the band diagram of the WSe,/CIPS heterojunction before contact. (d)—-(f) Schematic energy band
diagram of the mechanism of the polarity-switchable photoresponse under diverse polarization states (Pyp, Fresh, and Pygwn).
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Fig. 6 DFT calculations using the HSE method based on first-principles
calculations. (a) and (b) Energy band diagram of WSe,. (b) Energy band
diagram of CIPS. 3D isosurface of the charge density difference across the
WSe,/CIPS under different polarized states (c) Vgs = 2V and (d) Vg = =2V,
respectively. Red-colored isosurfaces show gain of charge, and blue-
colored isosurfaces show loss of charge.

of WSe,/CIPS heterostructure were modulated by the preset
pulse, it is necessary to further investigate the charge redis-
tribution with different polarized states. We constructed a
WSe,/CIPS heterostructure with monolayer of WSe, and mono-
layer of CIPS, Fig. 6¢c and d show the atomic models of
WSe,/CIPS heterostructure with two polarized states, along
with the three-dimensional charge density difference diagrams
at the side views, the red and blue indicate electron accumula-
tion and depletion, respectively. The charge density is signifi-
cantly rearranged at the interface and the electrons are
transferred from WSe, to CIPS, indicating that the WSe,/CIPS
heterojunction trigger spontaneous electron diffusion.
It should be noted that when Vys = 2 V and Vs = —2 V, the
polarization direction is backwards and points to WSe,, as
demonstrated in Fig. 5c. In the case where the polarization
direction points towards WSe,, there is an evident increase in
interfacial charge density, implying that the built-in electric
field owing to polarization aligns with the direction of charge
diffusion (Fig. 6¢). The polarization field in CIPS facilitates the
capture and recombination of photogenerated carrier at the
heterostructure interface, which further confirms the possibi-
lity of NPC phenomenon. However, when the polarization in
CIPS changes direction, as shown in Fig. 6d, the localized
charge density becomes deconcentrated, and the junction
current direction is opposite to the direction of charge diffu-
sion. In this case, photo-generated electrons on the CIPS side
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move towards the junction region, promoting the separation
of electron-hole pairs and the generation of PPC.

2.5 Potential application of WSe,/CIPS heterostructure-based
NPC

Experimental and theoretical investigations have revealed that
phototransistors composed of WSe, and CIPS thin flakes
exhibit distinct non-volatile conductivity adjustability, char-
acterized by both PPC and NPC, under the synergistic effects
of different pre-polarized gate voltages and optical stimulation
within a single device. This intriguing feature positions the
phototransistor as a fundamental building block in the design
of secure optoelectronic encoders. While performing the
encoding function, specific gate voltages and laser applica-
tions to individual phototransistors can serve as universal
keys, enabling rapid optical encryption of any stored informa-
tion corresponding to input encoding signals. Fig. 7a presents
a schematic diagram of optical encryption and decryption
process of a UV-light encoder. The initial electric signal
generated from the signal generator is encrypted into a coded
signal using a NPC encoder, and then the UV light is removed
to decode the coded signal back into the original signal.
As demonstrated in Fig. 7b, the eight cycles signals were
respectively programmed to have the logic states of
01000101, “01000011”, ‘010011107, and ‘01010101
reflecting the uppercase letters “E”, “C”, “N”, and “U”
according to the American Standard Code for Information
Interchange (ASCII), respectively. From the transfer of the NPC
under dark in Fig. 2a, it can be seen a clear difference in I at
Vgs = 0 V and Vg = 3 V, which are utilized to represent these
logic states based on the transistor’s threshold voltage and
characteristic behavior. At Vs = 0 V, the transistor operates in
a state where the channel is not effectively formed, resulting in
a minimal I4s. This low I44 level is analogous to a logic state
“0” in binary representation. Conversely, at Vgs = 3 V, the
transistor enters a state where the channel is fully formed,
leading to a higher I4,. This increased Iy, level correlates with
a logic state “1” in binary notation. Fig. 7c simulates the
optical encryption process with current-time (/-t) dynamic
response. The Iy at Vg = 0 V and Vg = 3 V is utilized to
represent the signal of “0” and “1” in dark conditions,
respectively. After the introduction of ultraviolet light in the
second cycle, all input signals become 00000000’ attributed
to the presence of negative photoelectric phenomenon at Vg, =
3V, realizing the optical encryption of the original signal.
Decoding is done by removing UV radiation. It decodes
the scrambled signal back to the initial signal. Multilevel
information encryption is essential for the development of
secure information storage and anti-counterfeiting. Optical
encryption with easy operation, multichannel and ultrahigh
security provides a new way to the development of secure
information storage and the security of signal transmission.*®
The potential implications of this finding are significant,
as it offers exciting possibilities for secure data encryption
and opens up avenues for exploring novel optoelectronic
applications.
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of the “"E", "C", "N", and "U" according to the binary alphabet. (c) Light encryption and decryption process of electrical signals of binary “E", "C", "N",
and “U".

3 Conclusion

In summary, the study presents a novel approach in which
we design a nonvolatile transistor based on a 2D WSe,/CIPS
heterostructure. By utilizing a specific gate voltage and laser as
the encryption key, we successfully achieve the coexistence of
controllable PPC and NPC in a single device. The unique
switchable photoelectronic effect of WSe,/CIPS heterostructure
has been visualized in situ using the C-AFM system. Impor-
tantly, the process operates without a constant external voltage,
indicating its potential for low power consumption. Based on
the special photoconductive properties of the device structure,
we realize the remarkable capability of light encryption within a
single device. Furthermore, by controlling the light switch, we
enable signal recovery and decryption, thereby establishing a
controllable optical encryption function. This advancement
holds significant implications for achieving high-security data
storage and information encryption. Moreover, our findings
provide an efficient strategy for designing NPC devices based
on vdW low-dimensional materials. This breakthrough paves
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the way for the development of advanced and multifunctional

optoelectronic applications.

4 Experimental section

4.1 Fabrication

The back gate,

source, and drain electrodes (Cr/Au) were

fabricated on heavily n-doped silicon wafers with 300 nm SiO,
by electron beam lithography (EBL, Pioneer Two, Raith), metal-
lization (thermal evaporation, Type-300, KONGMAILAI Co.,

Ltd), and the lift-off process. Low-dimensional CIPS and WSe,
were mechanically exfoliated from the single crystals of bulk
CIPS and WSe,, were transferred onto the electrodes and
formed the vertically stacked structure with the help of scotch
tape and polydimethylsiloxane (PDMS).

4.2 Characterization

The surface morphology and thickness of CIPS and WSe,
flakes were measured using a commercial atomic force
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microscope (AFM) system (Dimension Icon, Bruker). Confocal
micro-Raman spectrometer (Jobin-Yvon LabRAM HR Evolution,
Horiba Jobin-Yvon) with the argon ion laser line of 532 nm was
used to carry out the Raman and photoluminescence (PL)
spectra. The crosssections of the WSe,/CIPS heterostructures
are prepared by a focused ion beam (FIB, GAIA3 GMU model
2016) for transmission electron microscopy (TEM, JEOL 2100F)
observation. Beside, the absorption of the nanoflakes was
recorded using a doube-beam UV-vis-NIR spectrophotometer
(PerkinElmer Lambda 950). All electrical and photoresponse
were measured at room temperature by a semiconductor para-
meter analyzer (4200-SCS, Keithley) under dark conditions,
exposuring to the target light sources only. For the optoelec-
tronic measurements, commercial light-emitting diodes with
wavelengths of 405 nm (Thorlabs, Inc.) were employed. For the
characterization of negative photoconductivity, the same
405 nm laser adopted in the lighting-TUNA measurements
was used as the light source. A high vacuum with a pressure
of 10™° torr in the measurement chamber ensured the stability
during the whole test process.

4.3 Density functional theory calculation

The optimization and electronic properties of heterostructures
have been calculated based on the first-principles method of
density functional theory (DFT), the calculations in this research
were using the Atomistix ToolKit (ATK) software package.*> The
Kohn-Sham equations were solved using the state-of-the-art
hybrid Heyd-Scuseria-Ernzerhof (HSE06) is used as the exchange
correlation function, which is believed to provide a better descrip-
tion of the band structure.” The valence electronic state was
expanded using a linear combination of atomic orbitals, and the
basis function group was double { + polarization (DZP). The SG15
pseudopotential was used to calculate all atoms, and the Grimme
DFT-D3 method was used to correct the van der Waals interaction
between monlayers.***®> To optimize the structure, we used
9 x 9 x 1 k-point sampling in the x, y, and z directions of the
first Brillouin zone, while 11 x 11 x 1 k-point sampling was used
to calculate the electronic properties. The periodic directions of
the heterostructure are x and y, while z is the vertical direction. To
eliminate the interaction between the model and its “image”, we
set a vacuum layer greater than 25 in the aperiodic z orientation.
The energy cut-off (Mesh cut-off) is uniformly set to 150 Ry.
All calculations are based on the fact that the geometric model
is optimized so that the force acting on each atom is less than
0.01 eV A%, the stress between lattices is less than 0.01 GPa, and
the total energy convergence standard is less than 107> eV per
atom ongoing. At the same time, for the sake of simplicity, the
Fermi level of the calculation results is set to zero.
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