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Abstract.  Leveraging the spontaneous bending behavior of two-dimensional HfS2, we
present a flexible device capable of optoelectronic synergistic perception for emulating
biological synapses and nociceptors. Structural and electronic characterizations via Raman
spectroscopy, atomic force microscopy, and Kelvin probe force microscopy reveal that
bending induces strain-driven type-II intramolecular heterojunctions in HfS2, enhancing
carrier separation. Optical stimulation experiments demonstrate that the device reproduces
key synaptic plasticity behaviors, including postsynaptic current (PSC) and paired-pulse
facilitation (PPF), with PSC amplitudes tunable by light intensity, pulse width, and
frequency. Electrical stimulation tests further show that the device mimics nociceptive
threshold responses, cumulative effects, and injury–recovery dynamics, enabling precise
recognition of harmful stimuli. This study, for the first time, integrates light-controlled
synaptic and electrically controlled nociceptive functionalities within a single HfS2 device,
offering a promising strategy for multimodal neuromorphic sensing systems.
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1. Introduction

In modern neuromorphic electronics, wearable healthcare devices, and artificial skin (e-skin),
achieving high-sensitivity, low-power monitoring of nociceptors-particularly under synergistic
photoelectronic stimulation-is of critical importance for brain-inspired systems [1, 2]. However,
existing optical and electrical sensors are mostly discrete devices lacking a cooperative response
mechanism, often requiring multiple components to realize multimodal perception. This not only
increases system complexity, volume, and interface loss but also limits adaptability to flexible or
curved substrates, thereby constraining their application in soft, contoured, or dynamic
environments [3, 4]. Previous studies have explored the construction and challenges of flexible
sensors from the perspectives of soft electronics, e-skin, and neural interfaces [5, 6]. Many flexible
devices utilize metal microelectrodes embedded in polymers to achieve strain sensing and tactile
detection [7, 8]. Concurrently, neuromorphic flexible sensing systems have emerged, integrating
artificial synapses with sensing units to enable combined perception and processing; yet, these
systems are often restricted to single-modality operations.

Hafnium disulfide (HfS2), a group IVB two-dimensional transition metal dichalcogenide [9],
Hafnium disulfide (HfS2), a group IVB two-dimensional transition metal dichalcogenide [10-12].
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Kanazawa et al. [13] experimentally characterized few-layer HfS2 field-effect transistors (FETs),
reporting a carrier mobility of ~1800 cm2·V-1·s-1 and a bandgap of ~1.2 eV, highlighting its potential
for low-power electronic applications. Subsequently, layered HfS2 has been employed in
optoelectronic synaptic devices. Xiong et al. [14] designed HfS2-based optoelectronic synaptic
devices capable of mimicking short-term and long-term memory, achieving ~88.5% accuracy in
handwritten digit recognition. More recently, Wang et al. [15] constructed HfS2/VO2 heterojunctions
demonstrating high responsivity (8.6×103 A/W) and detectivity (1.26×1014 Jones) under 405 nm
laser illumination, successfully emulating the transition from short-term plasticity (STP) to long-
term plasticity (LTP) and even Pavlovian associative memory, illustrating thermally tunable synaptic
behaviors. Moreover, strain engineering has been shown to significantly modulate carrier mobility in
monolayer HfS2, with electronic mobility increasing by ~90% under tensile strain or decreasing by
~40% depending on the stress applied [16]. Kwon et al. [17] investigated synaptic plasticity in HfS2-
based FETs, demonstrating paired-pulse facilitation under continuous light pulses at negative gate
bias. Collectively, these studies highlight HfS2 as a material with high mobility, strain-tunable
electronic properties, excellent optoelectronic response, and potential for phonon-thermal
engineering. However, existing research mainly focuses on light-controlled synaptic behavior in
single-material devices, and efforts to exploit HfS2's intrinsic structural features for "photo–
electronic synergistic modulation" in a single-material system remain unexplored.

In this work, leveraging the superior optoelectronic performance and mechanical flexibility of
HfS2, we exploit its spontaneous bending behavior to design and fabricate a flexible artificial
synapse/nociceptor capable of synergistic photo-electronic perception within a single device. The
device not only exhibits synaptic plasticity behaviors under optical and electrical stimulation-
including short-term memory, long-term memory, and tunable synaptic weight modulation, but also
enables multimodal perception and response through dual-stimulus synergy, thereby emulating
complex neural signal transmission and nociceptive mechanisms. This strategy of integrating
multiple perceptual functions within a single-material platform offers a new design paradigm for
highly integrated, multifunctional intelligent sensing systems and lays a solid foundation for flexible
e-skin, smart prosthetics, and next-generation human-machine interfaces.

2. Result and discussion

2.1. Materials synthesis and characterization

As shown in Figure 1(a), the Raman spectra of the exfoliated HfS2 flakes were recorded in the range
of 100-800 cm⁻¹. Two prominent vibrational modes were observed at approximately 260 cm⁻¹ and
338 cm⁻¹, corresponding to the in-plane Eg mode and the out-of-plane A1g mode of HfS2,
respectively. In addition, a sharp peak near 520 cm-1 is attributed to the Si substrate, indicating that
the flakes are sufficiently thin and well-adhered to the substrate. The Raman peak positions and
relative intensities are consistent with previous reports, confirming the high crystallinity and phase
purity of the HfS2 flakes [18, 19]. As shown in Figure 1(b), the optical bandgap of the HfS2 films
was further evaluated using room-temperature photoluminescence (PL) spectroscopy. Gaussian
fitting of the PL spectra reveals a strong emission peak at approximately 1.13 eV, consistent with
prior studies on few-layer HfS2 [20]. This result confirms the semiconducting nature of the material
and highlights its potential for near-infrared optoelectronic applications. To investigate the device
structure, atomic force microscopy (AFM) was employed to characterize the depth and morphology
of the electrode channels (as shown in Figure 1(c)). The measured channel depth is approximately
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300 nm, and the surface is smooth and uniform, providing a suitable trench structure for suspending
HfS2 flakes and enabling mechanical bending.

Figure 1(d) presents the suspended HfS2 structures transferred onto pre-patterned electrode
trenches. The left panel shows an optical microscopy image of a typical HfS2 flake suspended across
the electrode channel, while the right panel displays the AFM morphology and 3D height profile of
the trench. It can be observed that the HfS2 flake naturally bends over the 1 μm-wide trench, forming
a suspended structure with a central deflection of approximately 83 nm. This confirms that the flake
remains suspended above the trench bottom without collapse, and the naturally curved geometry is
critical for inducing local strain and enhancing carrier transport properties. Figure 1(e) shows the
step height profile of the exfoliated HfS2 flakes, indicating a thickness of approximately 12.5 nm,
corresponding to 18-20 layers. This multilayer structure is suitable for simultaneously achieving
mechanical flexibility and stable optoelectronic performance.

Figure 1. Structural and morphological characterization of HfS2 thin films and self-bent devices

2.2. Schematic diagram and structure characterization

To investigate the influence of mechanical deformation on the surface electronic properties of the
suspended HfS2 film, an in-situ Kelvin probe force microscopy (KPFM) setup was designed and
implemented, as illustrated in Figure 2(a). The system integrates an externally controlled stimulus
laser, excitation voltage, and a commercial AFM platform, enabling simultaneous acquisition of
surface topography and local contact potential difference (CPD) distributions. This configuration is
especially suitable for probing spatial variations in surface potential within suspended
nanostructures. The KPFM technique allows visualization of the local work function variation by
mapping the CPD, defined as:
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(1)

where   and   are the work functions of the sample and the probe tip, respectively, and e
is the elementary charge. Since the tip's work function remains constant during scanning, a lower
surface potential indicates a higher local work function of the HfS2 flake.

As shown in Figure 2(b), the KPFM potential map of the suspended device reveals a distinct
contrast between the bent and flat regions of the HfS2 flake. The central suspended region exhibits a
significantly lower surface potential, implying a locally increased work function due to the strain-
induced band modulation. This observation is further quantified in Figure 2(c), where the extracted
CPD profile clearly shows a potential well corresponding to the bent region of the flake. To
elucidate the underlying mechanism, the band structure evolution under mechanical strain is
schematically illustrated. As shown in Figure 2(d), the flat HfS2 flake exhibits a uniform energy
band structure with evenly distributed carriers. In contrast, under non-uniform mechanical strain
introduced by the suspended configuration, the conduction band minimum (CBM) and valence band
maximum (VBM) of the HfS2 shift upwards in the region experiencing tensile strain (positive
curvature), as depicted in Figure 2(e). This band bending results in a type-II intramolecular
heterojunction centered at the midpoint of the suspended trench, where carrier redistribution and
local polarization effects can occur. The formation of this built-in electric field is expected to
enhance carrier separation and contribute to the device's optoelectronic functionality, particularly in
synaptic and nociceptive emulation.

Figure 2. In-situ KPFM characterization of suspended HfS2 flake

VCPD = (Φtip-Φsample)/e

Φsample Φtip
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2.3. Optical characterization

In biological neural systems, adjacent neurons are interconnected via synapses, where signals are
transmitted from the presynaptic neuron to the postsynaptic neuron through neurotransmitters,
generating postsynaptic currents (PSC). PSCs constitute the core mechanism for information
transmission, processing, and storage in neural networks and are fundamental to synaptic function.
Figure 3(a) schematically illustrates biological neurons and the synaptic transmission process. In this
work, optical pulses are regarded as presynaptic signals, while the device drain-source current (Ids)
serves as the postsynaptic response.

As shown in Figure 3(b), under 405 nm ultraviolet pulse illumination (power density 39.01
mW/cm2, pulse width 5 s), the heterojunction transistor exhibits a typical PSC response: the PSC
rapidly rises to approximately 0.35 μA during light exposure, and upon removal of the optical
stimulus, PSC gradually returns to its initial value due to charge trapping effects at defect states. To
further evaluate the optoelectronic performance, I-V measurements of the bent HfS2 device were
conducted, demonstrating clear rectifying behavior.

To extract the current rise dynamics, the I-t curve was fitted using a double-exponential model (as
shown in Figure 3(c)):

(2)

where I0 represents the steady-state photocurrent, A and B are fitting constants, and τ1 and τ2
correspond to the relaxation times of the fast and slow response components during the rising stage,
respectively. Fitting results yield τ1=7.26 ms and τ2=189 ms for the bent HfS2 device, indicating
rapid initial response followed by a slower relaxation process.

To investigate the pulse intensity-dependent synaptic plasticity, single optical pulses with varying
power densities (0.012~39.01 mW/cm2) were applied under fixed pulse width (500 ms) and Vds=3V,
and the temporal evolution of PSC was recorded (as shown in Figure 3(d)). The results show that
PSC amplitude increases with light intensity, demonstrating that the synaptic device effectively
mimics the enhancement of synaptic weight observed in biological learning processes. Analogous to
a learning process, the PSC rise corresponds to enhanced synaptic responsiveness upon stimulus,
while the current decay simulates the natural forgetting of memory over time, resembling the trend
described by the Ebbinghaus forgetting curve.

The relationship between optical pulse intensity and learning efficacy can be quantified using the
single-pulse index (ΔPSC/PSC):

(3)

where A and A0 represent the PSC amplitude after and before laser illumination, respectively. As
shown in Figure 3(d), the single-pulse index increases with power density and saturates above 8.40
mW/cm2, indicating that at a fixed pulse width of 500 ms, the device's "learning capability" reaches
saturation at a power density of 8.40 mW/cm2.

I=I0+Ae- t
τ1 +Be- t

τ2

ΔPSC
PSC = A-A0

A ×100%
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Figure 3. Optical synaptic responses of the bent HfS2 device

In the field of artificial synapses and synaptic plasticity, semiconductor materials and devices
capable of emulating biological synaptic behavior have attracted significant attention. Synaptic
plasticity is a core mechanism underlying learning and memory in neural networks, typically
regulated by the duration of stimulus signals in biological systems. Inspired by this, we employed
the bent HfS2 device system to investigate the effect of optical pulse width on artificial synaptic
performance.

To explore the evolution of postsynaptic current (PSC) under different pulse widths, single-pulse
optical stimulations with a fixed laser power density of 39.01 mW·cm⁻2 and pulse widths ranging
from 100 to 900 ms were applied. As shown in Figure 4(a), the PSC peak significantly increases
with pulse width, consistent with the plasticity characteristics associated with stimulus duration.
This indicates that extending the ultraviolet pulse duration generates more photocarriers, effectively
enhancing PSC amplitude and memory retention.

The PSC decay behavior was evaluated using the Kohlrausch stretched-exponential function [21]:

(4)PSC=A0+A1×exp(-( t
τ )

β
)
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where t is time, β is the stretching exponent, and τrepresents the carrier retention time in the
device. As shown in Figure 4(b), under a laser power density of 39.01 mW/cm2 and pulse width of
500 ms, the extracted stretching exponent is 0.122, and the retention time τ is approximately 225.2
ms, indicating a characteristic carrier migration timescale of 225.2 ms.

Short-term plasticity (STP) and long-term plasticity (LTP) are two key mechanisms for neural
information processing and memory formation [22, 23]. STP is mainly associated with transient
information recognition, whereas LTP corresponds to the formation of persistent memory. In
synaptic transistors, the transition from STP to LTP can be achieved by increasing optical power
density, pulse width, pulse number, or stimulation frequency. To further validate the device's
plasticity modulation capability, we examined responses under multiple pulse stimulations (Figure
4(c)). The results show that increasing optical power density or pulse number significantly enhances
PSC amplitude and prolongs decay time, as stronger illumination generates more photocarriers and
extends their recombination lifetime, thereby exhibiting pronounced LTP characteristics.

In addition to pulse duration and intensity, pulse frequency is another critical factor influencing
the STP-to-LTP transition. Figure 4(d) presents PSC responses under a fixed pulse width of 500 ms,
power density of 39.01 mW·cm⁻2, and frequency range of 0.2~1.25 Hz. With increasing frequency,
both PSC amplitude and retention time increase markedly. This effect is attributed to the shortened
intervals between pulses at high frequency, which suppresses carrier recombination and enhances
the cumulative photonic response. Under a fixed pulse number of 10, PSC rises from 0.3 µA (0.2
Hz) to 0.45 µA (1.25 Hz), exhibiting a clear frequency-dependent gain (Gain = A0/A1). Such
frequency-dependent behavior resembles a high-pass filter, effectively highlighting high-frequency
components of input signals, which is significant for neuromorphic computing and image processing
[24, 25].

Paired-pulse facilitation (PPF) is an important manifestation of STP, reflecting cumulative effects
in the presynaptic membrane under consecutive stimuli. PPF is defined as [26]:

(5)

where A1 and A2 are the PSC peak currents triggered by the first and second pulses, respectively,
as shown in Figure 4(e). Under 405 nm illumination, 500 ms pulse width, and 39.01 mW·cm⁻2

power density, PPF was measured at different inter-pulse intervals (Δt) (Figure 4(f)). With
increasing Δt, PPF decreases from a maximum of ~118% (Δt=0.8 s) to ~102%, consistent with
biological synaptic behavior [27, 28]:

(6)

where C1 and C2 represent the fast and slow relaxation amplitudes, and τ1 and τ2 correspond to
characteristic times for rapid carrier transport and slower ion diffusion (or defect-state interactions),
respectively. Fitting results yield τ1=82 ms and τ2=1.38 s, closely matching typical biological
synaptic measurements, further confirming the device's effectiveness in emulating short-term
synaptic plasticity [29].

PPF= A2

A1
×100%

PPF=1+C1×e
(-  Δt

τ1
)
+C2×e

(-  Δt
τ2

)
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Figure 4. Synaptic plasticity under varied pulse parameters and paired-pulse facilitation

2.4. Electrical characterization

Figure 5(a) schematically illustrates the working mechanism of the human nociceptor system.
Nociceptors are widely distributed throughout the body and can detect harmful external stimuli,
such as temperature, pressure, or chemical agents. Upon sensing a noxious stimulus, nociceptors
generate action potentials that propagate along nerve fibers to the central nervous system (spinal
cord and brain), where the signals are processed to elicit pain perception.

To investigate the basic behavior of the bent HfS2 device in artificial nociception, electrical pulses
of varying amplitude and duration were applied to simulate external stimuli. A 5-minute interval was
maintained between consecutive experiments to avoid interference and ensure full recovery of the
device to its high-resistance state (HRS). As shown in Figure 5(b), when the input pulse amplitude
reaches 7 V, the device output current attains 0.25 μA, defined as the noxious current (Inox),
corresponding to the device's nociceptive threshold. The results indicate that for pulse amplitudes
below 7 V, the device remains in the HRS, and the output current is below Inox. Once the amplitude
reaches or exceeds 7 V, the output current rapidly surpasses Inox, activating the nociceptive response.
Higher stimulus amplitudes produce larger output currents, reflecting the device's sensitivity to
stimulus intensity.

Figure 5(c) shows the device response under a fixed pulse amplitude of 7 V with varying pulse
durations (0.1-8 s). When the pulse duration is less than 1.5 s, the output current remains below Inox,
indicating an inactive state. When the pulse duration reaches or exceeds 1.5 s, the output current
exceeds Inox, demonstrating that longer pulses can induce cumulative effects and enhance nociceptive
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responses, consistent with biological nociceptors' ability to amplify perception under sustained
stimulation.

To further elucidate the relationship between stimulus intensity and device response, pulse
amplitudes were varied from 0 to 12 V in 1 V increments, with pulse durations ranging from 0.1 to 3
s. Figure 5(d) presents a contour map of the output current as a function of pulse amplitude and
duration, where the green-shaded region represents Inox (0.25 μA), and the dashed line indicates the
threshold boundary. The region with output current > Inox corresponds to device activation, whereas
output current < Inox indicates the HRS. The results show that at low voltages (< 6 V), extending the
pulse duration has limited effect on output current, while at higher voltages, even short pulses can
trigger activation.

Figure 5(g) depicts the output responses under multiple pulses of varying amplitudes (pulse width
0.1 s, interval 0.1 s). At 6 V, the output current remains below Inox despite repeated pulses, whereas at
7 V and 9 V, the current exceeds Inox at the 28th and 12th pulses, respectively, indicating that higher
pulse amplitudes reduce the required cumulative stimulation to trigger activation.

Figure 5. Nociceptive behaviors of the bent HfS2 device

In biological systems, damaged nociceptors often exhibit two distinct features: allodynia (pain
evoked by normally innocuous stimuli) and hyperalgesia (exaggerated pain response to noxious
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stimuli). Figure 5(e) simulates the damaged state: an initial 10 V pulse induces "injury," followed by
pulses of 6~9 V. The damaged device is activated at lower voltages (allodynia), and at higher
voltages, the response speed and intensity are significantly enhanced (hyperalgesia).

Furthermore, biological nociceptors possess self-repair capabilities to restore normal function. To
verify the repairability of the bent HfS2 device, a 10 V pulse was first applied to simulate damage,
and then 7 V pulses were applied after varying recovery intervals (3 s, 5 s, 10 s, 20 s) in Figure 5(f).
The results show that the output current gradually returns to normal as the recovery time increases,
and at 20 s, the device fully recovers to the HRS, indicating complete repair of the simulated
damage.

3. Conclusion and discussion

In this work, we successfully constructed a flexible device that integrates both optically controlled
synaptic functions and electrically controlled nociceptive responses by exploiting the spontaneous
bending characteristics of two-dimensional HfS2. The bent HfS2 forms a type-II intramolecular
heterojunction due to non-uniform strain, which enhances carrier separation via the built-in electric
field and provides a physical basis for light–electric cooperative responses. Characterization by
Raman spectroscopy, photoluminescence (PL), and atomic force microscopy (AFM) confirms the
high crystallinity and appropriate thickness (~12.5 nm) of the material, ensuring a balance between
mechanical flexibility and optoelectronic performance. Functionally, under optical stimulation, the
device reliably emulates post-synaptic currents (PSC), short-term and long-term plasticity
(STP/LTP), and paired-pulse facilitation (PPF), with response characteristics tunable by light
intensity, pulse width, and frequency, consistent with learning and memory behavior observed in
biological synapses. Under electrical stimulation, the device accurately reproduces nociceptive
threshold responses (7 V), cumulative effects (pulse duration ≥1.5 s), and injury–repair behaviors,
effectively mimicking biological features such as allodynia and hyperalgesia.

This work demonstrates that by leveraging the spontaneous bending of HfS2, light–electric
cooperative perception can be realized in a single device, overcoming the functional limitations of
traditional discrete devices. The integration of synaptic and nociceptive functionalities without the
need for additional heterojunctions simplifies the fabrication process and provides a novel paradigm
for high-integration neuromorphic systems.

4. Experimental process

High-quality HfS2 crystals (purchased from Six Carbon Technology, Shenzhen) were mechanically
exfoliated using adhesive tape to obtain thin flakes. These exfoliated flakes were first transferred
onto a PDMS (polydimethylsiloxane) film (Shanghai Angwei Technology Co., Ltd.) for temporary
handling and observation. Optically thin flakes with suitable thickness and uniform morphology
were then identified under an optical microscope and subsequently transferred onto a Si/SiO2
substrate (Metatest, model: E1-T) to fabricate the flexible HfS2-based devices. The thickness and
surface morphology of the transferred HfS2 flakes were characterized using atomic force microscopy
(AFM, Dimension Icon, Bruker) and optical microscopy. To further analyze the surface electrical
characteristics, Kelvin probe force microscopy (KPFM, also Dimension Icon, Bruker) measurements
were performed in a dark environment to eliminate photo-induced artifacts and ensure reliable
surface potential mapping. Raman spectroscopy was conducted to confirm the crystal quality and
vibrational characteristics of the HfS2 flakes. The measurements were carried out using a confocal
Raman microscope (LabRAM HR Evolution, HORIBA) with a 532 nm laser excitation source. All
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spectra were acquired at room temperature under ambient conditions unless otherwise specified.
Electrical and optoelectronic properties of the devices were investigated using a Keithley 4200-SCS
semiconductor parameter analyzer under high vacuum and at room temperature. For photoresponse
measurements, a 405 nm laser diode (Thorlabs, Inc.) was employed to ensure wavelength specificity
and reduce ambient light interference. During illumination, the light intensity, pulse duration, and
repetition frequency were precisely controlled through a laser diode driver and integrated
temperature controller, enabling accurate simulation of optical stimuli under various dynamic
conditions.
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