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Ferroelectri d multidi i I progr: ic energy re uction

ABSTRACT: In the era of rapid development of digital

communication, the secure transmission of data is becoming Eneray (V)
increasingly important. This study proposes a novel optical 15 -
encryption method utilizing multidimensional field control in a Laser 1575
MoS,/WSe, heterojunction integrated with a ferroelectric s ° il
Pb(Zr,Ti)O, (PZT) layer. Benefiting from the spontaneous . '
polarization of the PZT layer, free charges in the heterojunction
are redistributed, making excitonic states in the WSe, highly

adjustable. By dynamically controlling excitonic states through a ;13 ‘3“ 154
multidimensional field involving laser power, lateral bias, and iy o™
vertical bias, we achieve precise modulation of the energy levels and intensity ratio of neutral exciton and trion in WSe, via
photoluminescence measurements. This multidimensional field-programmable method provides a new route for optical
encoding and encrypted information transmission, overcoming the limitations of conventional single or dual field modulation
systems. Our work highlights the potential of multidimensional field exciton modulation in energy-efficient and
reconfigurable optical encryption systems, with broad applications in secure communication.
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1 Introduction

In today’s digital age, secure communication is the foundation for
protecting privacy and ensuring the integrity of sensitive data. With
the rapid growth of network data volume, the risk of network
attacks also increases, and thus the demand for advanced
encryption systems is becoming increasingly urgent. Optical
encryption, which utilizes the unique properties of light, has been
proven to be a promising method for secure data transmission
[1, 2]. The adjustable character of excitonic states in two-
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dimensional (2D) transition metal dichalcogenides (TMDs) with
high exciton binding energy provides a new paradigm for optical
encryption [3-5]. Secure and efficient information encoding can be
achieved by precisely modulating different excitonic states of TMDs
[6], which provides strong security and high-speed data
transmission and further makes this material system one of the
most attractive solutions in future encryption systems.

Conventional optical encryption methods, such as phase
modulation [6, 7] and amplitude modulation [8], rely on static
optical properties [9], which limit their capability to adapt to the
increasingly evolving encryption requirements [10]. Similarly,
optical encryption methods based on TMDs typically employ single-
dimensional control as well, such as a vertical gate electric field
[3, 11-13], resulting in unidirectional or transient responses. When
neutral exciton (X°) and trion (XY coexist in TMDs, energy and
composition cannot be independently modulated simultaneously,
and this bottleneck problem severely restricts the development of
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multidimensional controls [14-16]. Furthermore, these systems
usually lack flexibility and real-time performance, making them
more vulnerable to attacks [17]. Therefore, developing new
methods to modulate excitonic states in multiple dimensions
independently is highly desired for advanced optical encryption
technology.

In this study, we introduce a multidimensional field control
method for optical encryption, using a van der Waals (vdW)
MoS,/WSe, heterojunction integrated on a ferroelectric Pb(Zr,T1)O,
(PZT) layer. By combining three dimensions involving laser power
(Py), lateral bias (V,,), and vertical bias (V,,), we achieve dynamic
and reversible modulation of excitonic states in the WSe,, enabling
precise control of excitonic energy. This multidimensional control
overcomes the limitations of conventional methods, providing a
flexible and more energy-efficient solution for optical encryption
[18, 19]. The synergy between ferroelectric field modulation and
exciton dynamics provides a powerful new scheme for secure
optical communication and proposes a new concept for
reconfigurable and low-power encryption systems in real time.

2 Results and discussion

2.1 Device architecture and baseline excitonic emission
without external bias

We fabricate a MoS,/WSe, vdW heterojunction on a ferroelectric
PZT layer coated on a p*-silicon (Si) substrate. Two gold (Au)
electrodes are respectively applied to the WSe, and the MoS,,
defining an in-plane (lateral) channel for the application of V. The
out-of-plane (vertical) V., is applied through the p™-Si, with the
PZT acting as the ferroelectric dielectric (Fig. 1(a)). P, serves both
as an optical probe and a controllable input. “Baseline excitonic
emission without external bias” refers to the situation where V,, =
Ve = 0, with a fixed low P,. The external applied electrical biases

(a) (b)

“
Laser

(

(2]
~—

are set to zero and does not imply a strictly field-free condition: The
heterojunction may still exhibit a built-in electric field, and the
spontaneous polarization of the ferroelectric PZT substrate can
induce an effective local field within the device. The PZT layer
maintains a fixed polarization P before measurements. WSe, and
MoS, flakes are transferred sequentially using a
polydimethylsiloxane ~ (PDMS)-assisted ~ dry-transfer ~method.
Importantly, after annealing, the X’ in WSe, remains nearly
unchanged, while the X' exhibits a blueshift, indicating reduced
carrier doping and suppressed charge trapping in the
heterojunction (Fig. S1 in the Electronic Supplementary Material
(ESM)). The successful construction of the heterojunction was
verified by optical microscopy and Raman spectroscopy (Figs. 1(b)
and 1(c)). The thicknesses of the WSe, and the MoS, are both
~ 4 nm, confirmed by an atomic force microscope (AFM),
indicating that both materials consist of fewer than 10 atomic layers
(Fig. S2 in the ESM).

Photoluminescence (PL) measurements under zero electrical
fields establish the baseline excitonic emission without external bias
(Figs. 1(d) and 1(e)). The WSe, region exhibits both X’ and X.
Gaussian fits show energy splitting (AE) of 92 meV for WSe, and
91 meV for the heterojunction. In monolayer WSe,, AE is typically
stable and small [20], which is generally attributed to the intrinsic
trion binding energy. However, in our study, the ferroelectric PZT
substrate amplified the AE and induced spectral broadening. The
strong spontaneous polarization field and local electric field of PZT
significantly altered the carrier concentration, local dielectric
environment, and band bending in WSe,, thereby modulating the
excitonic states. The intensity ratio (Iy /Ix ) increases from 1.99 for
WSe, to 3.33 for the junction. To ensure reproducibility, PL
mapping from another sample configuration (Fig. S3 in the ESM)
confirms distinct PL contrast between the WSe, and MoS, regions.
The similar AE but enhanced Iy /Iwat the junction indicates
stronger carrier doping and charge transfer, even without external
bias.
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Figure1 (a) Schematic of the MoS,/WSe, heterojunction on a PZT layer with Au contacts. (b) Optical micrograph of a representative device. Dashed outlines highlight
the WSe, (green) and MoS, (purple) regions. Scale bar: 20 um. (c) Raman spectra of WSe,, MoS,, and the junction region. Peak positions remain almost unchanged in the
junction, indicating negligible strain or structural perturbation. (d) PL spectra without external bias, showing the contributions from X’ and X" The energy splitting (AE) is
highlighted. (e) Comparison of the intensity ratio I /I, and AE without external bias (from Gaussian fits).
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We focus on the PL spectra of the WSe, region within the
MoS,/WSe, heterojunction, which allows for independent control
of the carrier density and exciton fraction in WSe, using three input
dimensions: P, V,,, and V... We chose MoS, as the material for the
following reasons. Firstly, the PL spectrum of MoS, has a significant
energy gap compared to that of WSe, [21]. Secondly, both MoS,
and WSe, are TMDs, and they have excellent interface quality [22].
Lastly, MoS, is an n-type semiconductor, while WSe, is a p-type
semiconductor. The p-n junction formed between them has good
electrical modulation properties, making it easier to perform
electrical modulation through external electric fields. The PZT-
MoS,/WSe, heterojunction offers selective, wide-range, and
reversible control of WSe, excitonic states.

2.2 Ferroelectric-assisted P,, modulation of WSe, excitonic
states

In this section, we explore how P, modulates the excitonic states in
WSe, with the assistance of the ferroelectric PZT layer. The

modulation of the X°-X" states is studied without external electrical
fields (i.e., Vi, Vi = 0) while varying P, from 0.5 to 10 mW.

PL spectra of WSe, (Figs. 2(a) and 2(b)) show a redshift in both
the X° and the X' peaks, accompanied by a redshift in the PL center-
of-mass (COM) (i.e., obtained by unimodal Gaussian fitting of the
overall emission) as P, increases. The magnitude of this COM
redshift is more pronounced in the PZT configuration (Fig. 2(b))
compared with the non-ferroelectric SiO, configuration (Fig. 2(a)),
where the small redshift is likely due to thermal effects on the
electrical structure of the WSe,. The extracted peak energies of X",
COM and X' (Figs. 2(c) and 2(d)) show that all slopes in the PZT
configuration are 3-6 times larger than those in the SiO,
configuration. Besides, the behaviors of Iy /Ix and AE as P,, varies
(Figs. 2(e) and 2(f)) further confirm that the PZT layer can increase
the modulation depth effectively. In the SiO, configuration, Iy /I
and AE remain nearly constant when P,, increases, indicating
minimal changes in excitonic state densities and transition
processes. On the contrary, in the PZT configuration, both Iy /I
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Figure2 (a) and (b) PL spectra of WSe, on SiO, and PZT without external bias, as P,, increases from 0.5 to 10 mW. On SiO,, the X° and X' peaks show minimal shift; on
PZT, both peaks redshift, with spectral weight shifting towards X". (c) and (d) Extracted peak energies of X° (orange), COM (green), and X' (purple) as a function of P,.
The slopes in the PZT configuration are significantly larger, indicating enhanced modulation due to the ferroelectric PZT layer. (e) and (f) I /Ixo (left) and AE (right) as a
function of P,,. On SiO,, both quantities remain nearly constant; on PZT, they increase with P,,, showing enhanced modulation. (g) Schematic illustrating the ferroelectric-
assisted enhancement mechanism: With a fixed PZT polarization P, increasing P,, generates more photo-carriers in WSe,, strengthening interfacial screening and
photodoping. (i) No laser, (ii) Low laser power, (iii) High laser power.
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and AE increase significantly with P,, showing that the X'
proportion rises and the screening effect strengthens to modify the
excitonic states. The above comparisons demonstrate the capability
of the PZT layer to enhance the modulation depth of the excitonic
states by varying P,,.

The mechanism of modulation enhancement is provided below.
At room temperature, the spontaneous polarization of the PZT
layer is directed downward (Fig. S4 in the ESM), therewith the top
surface is negatively charged, and the bottom surface is positively
charged (Fig. 2(g)). As P, increases, more photo-generated carriers
are produced in the photosensitive WSe,. Subsequently, these holes
are attracted by the negatively charged top surface of the PZT layer,
increasing the free electron concentration in the WSe, region. This
leads to bandgap renormalization (BGR) and a redshift in both the
X" and X' peaks (Fig. S5 in the ESM) [23-25]. Density functional
theory (DFT) calculations under an out-of-plane electric field of
0-0.005 V/A reveal a monotonic bandgap (E,) narrowing in WSe,,
corroborating the BGR-driven redshift observed under ferroelectric-
assisted laser excitation (Fig. S6 in the ESM). The redshift of X' is
more significant than that of X° due to its stronger coupling with
the Fermi sea [26]. As the X' proportion increases, both Iy /I and
AE also increase. These results demonstrate the powerful role of
ferroelectric enhancement in controlling the excitonic states in
WSe, through P,, modulation, providing a route for precise and
reversible control of excitonic properties in 2D materials.

23 Co-modulation by P, and Vg
reconfiguration of WSe, excitonic states

Synergistic

In this section, we explore how the combined effects of P, and V,
modulate the excitonic states in WSe,, focusing on their synergistic
modulation. PL spectra were measured across a P, range from
0.5to 10 mW and a V,, range from -3 to +3 V, with V.= 0.

At low power (0.5 mW, Fig. 3(a)) and high power (10 mW,
Fig. 3(b)), the individual X" and X' peak positions remain nearly

unchanged as V,, varies. However, the COM systematically shifts to
lower energy, indicating spectral-weight reweighting rather than a
direct shift of each peak. Linear fits (Figs. 3(c) and 3(d)) quantify
this trend and confirm that higher P, augments the COM redshift
primarily through composition changes. The 2D map of COM
energy (Fig. 3(e)) reveals a monotonic redshift with increasing P,
or more positive V,,, while I /I (Fig. 3(f)) increases with more
positive V,, across the entire power range, suggesting enhanced
modulation of excitonic states due to the combined effects of P,
and V,,. The X° X' energy maps, along with AE, are shown in Fig.
S7 in the ESM for details.

The mechanism of this modulation is as follows. When V,, is
applied, it causes a spatial redistribution of net charges to alter the
effective depletion region in the heterojunction [27, 28]. A positive
Vie shrinks the effective depletion region, yielding local
accumulation of mobile carriers within the laser spot, while a
negative V,, tends to enlarge the effective depletion region, reducing
the mobile carrier concentration here. The X' proportion increases
with the local free-electron density and raising Iy /I . Since X' have
lower energy, this results in a shifting of the COM to lower energy.
P,, acts synergistically by raising the carrier density, further
amplifying the reweighting induced by V.

24 Antagonistic
Competing shifts of WSe, excitonic states

co-modulation by P, and V.

In this section, we explore the competing effects of P, and V., on
the excitonic states in WSe,, focusing on the antagonistic co-
modulation of exciton energies. PL spectra were measured across a
P, range from 0.5 to 10 mW and a V,, range from -15 to +
15V, with V,, = 0.

At low power (0.5 mW, Fig. 4(a)), increasing V., causes both X°
and X' peaks to blueshift. At high power (10 mW, Fig. 4(b)), the
exciton energy redshifts, but the X' peak still blueshifts, while the X’
peak redshifts. The different peak shifts indicate that the interplay
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Figure3 (a) and (b) PL spectra at 0.5 and 10 mW for V,, in the range from -3 to +3 V. At 0.5 mW, the X" and X' peaks remain nearly unchanged; at 10 mW, both peaks
show redshift. (c) and (d) Extracted peak energies of X’ (orange), COM (green), and X' (purple) as a function of V,,. The slopes are more pronounced, especially for X. (e)
2D map of COM energy as a function of V;, and P,,. (f) I /I across the [Py, V,,] space, showing spectral-weight transfer toward X.
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between P, and V., creates competing shifts in the exciton peaks.
Notably, at V.., = =5V, the intensity of both exciton peaks reaches
its maximum, showing the most significant signal. For consistency,
—-15 and +15 V are chosen as the initial and final states to
investigate the extreme polarization effects at both negative and
positive V...

Linear fits (Figs. 4(c) and 4(d)) quantify the trends. The negative
slope for X° in Fig. 4(d) indicates that the blueshift of X° weakens at
higher P, suggesting that carrier density and redistribution effects
become more significant at 10 mW. The 2D COM map (Fig. 4(e))
highlights this competition: Energy increases with V., but decreases
with P, producing a diagonal contour separating blue-shifted and
red-shifted regimes. In parallel, Iy /Ix (Fig. 4(f)) decreases with
more positive V.., and increases with P,,. Detailed energy maps of
X’ X!, and AE are shown in Fig. S8 in the ESM.

V. modulates the direction of the electric field in WSe, by
altering the polarization direction of the PZT, which influences the
distribution of carriers and thereby controls the charge state of the
X. When V., <0, the polarization of the PZT layer is directed
downward (Figs. S4 and S9 in the ESM), attracting holes to the
WSe, region, enhancing the formation of X~ (negative trion). This
leads to a redshift of the exciton peaks due to the stronger binding
energy of X (Fig. S10 in the ESM) [29, 30]. The blueshift of X" is
due to a similar carrier redistribution effect, with the applied V..,
influencing the electron-hole interaction and making X° more
spatially confined at lower carrier densities [14, 31]. In contrast,
when V., >0, the polarization is reversed, making the PZT surface
positively charged, repelling electrons and attracting holes, favoring
the formation of X* (positive trion). Since X has weaker binding
energy, it causes a blueshift in the PL spectrum.

2.5 Multidimensional

encryption and communication

field-programmable optical

We use three controls (P, Vi, Vi) to map the WSe, excitonic

(c)

(a)

energy into programmable multidimensional domains. Figure 5(a)
displays the resulting energy landscape reconstructed from discrete
PL COM measurements at sampled [P, Vi, V..] nodes, rendered
on a regular grid using linear scattered-data interpolation (Table S1
in the ESM). These sampled conditions are used only for calibration
of the multidimensional excitonic energy landscape and logic
windows, rather than being required for every practical
encoding/decoding operation. By adjusting the multidimensional
control parameters of P, V,,, and V.., we can modulate the energy
levels and proportions of X' and X° in multidimensional space,
further controlling the energy distribution of the COM. This
multidimensional field modulation technique not only allows for
effective tuning of the excitonic energy distribution but also
provides additional degrees of freedom for encoding, thereby
enhancing the potential applications of optical encryption
technology. By steering along redshift-dominant or blueshift-
dominant directions (Fig. 5(b)), the exciton energy is quantized into
preset windows using two thresholds E,;, and E,, (Fig. 5(c)),
forming a ternary alphabet: Logicl (E<E,,), Logic-1
(Em < E<E,) and LogicO (E > E,,). The setting of the two
thresholds can be adjusted according to the user demand, thereby
expanding the flexibility of the system and its potential applications.
Using this multidimensional field control, we generate the Info
source (Fig. 5(d)). For each pixel, the triplet [P,y Vi Vil is tuned
so that the COM energy falls into a designated energy bin
(Logicl/Logic-1/Logic0). During encryption, a user-defined Key (a
pixel-wise matrix) determines how the target bins are permuted
and masked across the array; the device applies the corresponding
fields and outputs the encoded signal. At the receiver, decryption
uses a password (PW) that implements the same permutation and
mask as the Key. Only when PW = Key is the original pattern
recovered, while any mismatch produces a scrambled output
(Fig. S11 in the ESM). Users can periodically change the PW
according to their needs, thereby enhancing the reliability of the
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Figure4 (a) and (b) PL spectra at 0.5 and 10 mW for V., in the range from —15 to +15 V. At 0.5 mW, both X’ and X' show a blueshift with increasing V,,; at 10 mW, X'
shows a blueshift while X’ undergoes a redshift. (c) and (d) Extracted peak energies of X° (orange), COM (green), and X' (purple) as a function of V.. (¢) 2D map of COM
energy as a function of V,..and P,.. (f) I /Ix»across the [Py, V.. space, showing a weak variation and a decreasing trend for more positive V..
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Figure5 (a) Multidimensional landscape of the WSe, COM energy as a function of P,, V,;, V... on PZT, defining a three-input control space. (b) State maps showing
how redshift-dominant (P,/V,,) and V,,-induced blueshift regimes populate distinct regions in the energy plane. (c) Ternary quantization scheme for coding: two
thresholds E,;;, Ey, map the measured energy to LogicO (E > E,, ), Logic-1 (E,, < E < E,, ), and Logicl (E < E,,). (d) Proof-of-concept programmable excitonic ternary
logic array. A message (“Info”) is encoded pixel-wise by applying a vector [P, Vi, V.. together with a user-defined Key; at the receiver (RX), successtul decode requires a
matching password (i.e., PW = Key). The array yields parallel photonic logic outputs, demonstrated by reconstructing the pattern “HIAS”.

system (Fig. S12 in the ESM). This multidimensional field
programmability transforms the WSe, region into a reconfigurable
optical encryption and communication platform: Keys are set and
updated electronically or optically, pixel-parallel logic is achieved
without hardware changes, and readout is performed by PL
mapping and computer decoding for real-time operation. At the
current stage, this work should be regarded as a proof-of-concept
demonstration of multidimensional excitonic energy encoding,
rather than a fully integrated or engineering-optimized platform.
To compare the control dimensions and methods applied to
excitonic states across different material systems, we summarize the
relevant approaches in Table S2 in the ESM. From the comparison
we can learn that only our method can achieve multidimensional
controlling, which may boost the development of advanced optical
encryption, computing, and communication technologies.

3 Experimental methods

3.1 Device fabrication

WSe, and MoS, flakes were mechanically exfoliated from bulk
crystals using adhesive tape and transferred onto a PDMS film.
Thin flakes with suitable thickness and size were confirmed under
an optical microscope and then sequentially stacked onto a p*-Si
substrate coated with a PZT ferroelectric layer by a dry-transfer
method. After each transfer, the samples were cleaned in acetone,
ethanol, and deionized water to remove polymer residues, followed
by annealing at 150 °C for 2 h under nitrogen atmosphere to
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improve interlayer coupling and reduce interfacial contamination.
After completing the stacking of the MoS,/WSe, heterojunction,
electrode regions were defined by laser lithography, and Au
electrodes (~ 50 nm) were deposited by thermal evaporation to
form electrical contacts.

3.2 Material characterizations

Raman and PL spectra were acquired using a confocal Raman/PL
spectrometer (alpha300, WITec) with a 532 nm excitation laser.
The laser beam was focused onto the sample surface through a 50x
objective lens, resulting in a spot size of approximately 1 pm. The
excitation power was controlled between 0.5 and 10 mW to prevent
sample damage. The thickness of the two-dimensional materials
and the polarization direction of PZT were characterized by atomic
force microscopy and piezoresponse force microscopy (Dimension
ICON, Bruker). For V,, modulation, a source meter was employed
to apply V,, between the Au contacts on WSe, and MoS,, from -3
to +3 V with 1 V steps. For V., modulation, the p™*-Si served as the
back-gate electrode, and V., was stepped from —15 to +15 V with
5V steps. “Without external bias” corresponded to V,, = V.., = 0.
P, served both as an optical probe and as one of the three control
inputs. All optical and electrical measurements were performed at
room temperature.

3.3 Spectral data analysis

The PL spectra were analyzed using multi-peak Gaussian fitting to
separate the contributions of X° and X' Reasonable constraints on
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peak positions and full width at half maximum (FWHM) were
applied during the fitting process to ensure reliable separation of
overlapping components. To verify the robustness of the peak
separation, PL spectra collected from three different positions were
analyzed using the same fitting window, baseline treatment, initial
parameter range, and peak-shape constraints. The extracted peak
positions showed good statistical stability under these unified fitting
conditions, supporting the reliability of the X/X° deconvolution.
The COM was obtained by unimodal Gaussian fitting of the overall
emission. The AE was extracted from the fitted peak positions,
while the I /Ix was calculated by integrating the corresponding
Gaussian peak areas. All spectral fittings and numerical analyses
were performed using OriginPro and Python scripts.

4 Conclusions

In this study, we present a novel multidimensional field-
programmable scheme for reconfiguring WSe, excitonic states on a
ferroelectric PZT layer at room temperature. The system employs
three orthogonal fields (P, Vi, and V,.) to provide precise and
reversible control of excitonic states. We observe that increasing P,
induces a ferroelectric-assisted redshift of both X° and X, and an
increase in the intensity ratio of X' to X° V,, redistributes the
exciton intensity ratio, resulting in a significant redshift of the
COM. In contrast, V., antagonizes P, effects by inducing a
blueshift for both X° and X' at low P,, while at higher P,, X'
blueshifts and X° redshifts. Furthermore, we demonstrate how the
interactions among these fields enable programmable excitonic
ternary logic, which can be used for optical encryption and
communication. The system’s reconfigurability and energy-efficient
operation make it a promising platform for excitonic optoelectronic
applications. This work highlights the potential of ferroelectric field
modulation, combined with multidimensional control of excitonic
states, as a path toward flexible and energy-efficient optical
computing architectures.

Electronic Supplementary Material: Supplementary material (Figs.
S1-S12 and Tables S1 and S2) is available in the online version of
this article at https://doi.org/10.26599/NR.2026.94908718.
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presented in the manuscript and the Electronic Supplementary
Material. Additional data related to this paper may be requested
from the corresponding author upon request.
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