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A B S T R A C T

Engineering light-matter interactions in nanoscale systems is crucial for optoelectronics. In this context, we 
discovered a remarkable photoresponse effect in a few-layer arsenic trisulfide (As2S3), a naturally occurring van 
der Waals semiconductor. Our results evidence an exceptional photoresponse in As2S3, with surface potential 
changes of up to 80 mV under low-intensity white light illumination due to the formation of self-trapped excitons 
that generate localized dipoles. This mechanism enables the efficient modulation of 2D As2S3’s surface potential 
without inducing free charge carriers, highlighting its potential as a photoresponsive material. We exploited this 
distinctive photoresponse to enhance the photocatalytic conversion of 4-nitrobenzenethiol to 4,4′-dimercap
toazobenzene by silver nanowires (AgNWs) deposited on the 2D material. The localized light-induced dipoles at 
the 2D material interface enhanced the plasmonic photocatalytic efficiency of AgNWs by 71 %. The ability to 
photo-modulate collective electron oscillations and charge transfer in AgNWs indicates that As2S3 is a promising 
2D material for optoelectronic applications, including photoswitches, photoelectric devices, and photovoltaic 
systems.

1. Introduction

The demand for increasingly efficient and miniaturized technologies 
has intensified the search for nanoscale materials with performance 
surpassing the current state-of-the-art. These materials must not only 
exhibit superior performance but also be readily available, cost- 
effective, and easy to implement. Two-dimensional (2D) layered semi
conducting materials have become a focus of intense research due to 
their unique electrical and optical properties, high carrier mobilities, 
and tunable band gap [1]. These characteristics make them particularly 
interesting for optoelectronic applications, especially in photocurrent 
generation, photovoltaics, and light detection, where photon-induced 
charge carrier generation is a fundamental process.

Traditionally, photoresponse in 2D materials has been primarily 
explored through photocurrent generation, where light-induced charge 

carrier separation leads to measurable electrical current. For instance, in 
graphene field-effect transistors using a graphene/SiO2/lightly-doped-Si 
structure, photogenerated carriers are separated by an electric field at 
the silicon/silicon oxide interface, leading to electron accumulation and 
a shift in the graphene’s Fermi level, which enhances photocurrent [2]. 
Similarly, in monolayer MoS2, photogenerated holes trapped at the 
MoS2/SiO2 interface dominate the photoresponse, with defect distribu
tion playing a critical role in charge carrier dynamics [3].

The photovoltaic effect involves the direct conversion of light to 
electrical energy generating electron-hole pairs, and their splitting is 
facilitated by internal electric fields at p-n junctions or Schottky barriers, 
producing voltage and current without external bias [4–6]. Similarly, in 
photoconductive processes, incident photons with energy equal to or 
greater than the band gap generate free electron-hole pairs, increasing 
the electrical conductivity of a material [7]. Meanwhile, photogating, a 
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more complex case of the photoconductive effect, occurs when 
light-induced charge carriers become trapped in localized states, such as 
defects or interface states [4,8]. However, these conventional mecha
nisms represent only a subset of possible light-matter interactions in 2D 
materials, leaving room for new photoresponse phenomena that could 
enable new functionalities.

In this context, we introduce arsenic trisulfide (As2S3), a naturally 
occurring van der Waals (vdW) semiconductor, as a promising material 
for light-responsive applications. As2S3 exhibits remarkable optical 
properties, including giant in-plane optical anisotropy (Δn ~ 0.4) with 
zero optical losses, high refractive index (λ < 620 nm), and an optical 
band gap of ~ 2.7 eV (λg ~ 460 nm) within the visible range [9]. A 
unique mechanism of exciton-phonon interaction in As2S3 was recently 
reported, demonstrating that excitons and lattice dynamics are driven 
by ultrafast intrinsic excited state localization through interlayer bond 
formation [10]. This interaction leads to the formation of self-trapped 
excitons (STEs), which we hypothesized could act as localized dipoles 
under specific light conditions, enabling surface potential modulation 
without generating free charge carriers.

Our investigation provides new insights by demonstrating that As2S3 
surface potential modulation is driven by STEs without generating free 
charge carriers. To our knowledge, there is no other material that dis
plays this behavior demonstrating the diversity of photoresponse 
mechanisms possible in 2D materials.

We further demonstrate the practical implications by designing a 
plasmonic heterostructure with As2S3 and silver nanowires (AgNWs). 
We verified that the photocatalytic conversion of 4-nitrobenzenethiol 
(4-NBT) in the As2S3-AgNW system was enhanced due to the 
improved surface photoresponse of As2S3. This modulation boosted the 
plasmonic photocatalytic activity of AgNWs. This conversion serves as a 
model reaction to demonstrate photocatalytic efficiency enhancement 
by this photoresponse mechanism.

2. Methods

2.1. Materials

Bulk As2S3 mineral from a Siberian Russian quarry was used for 
mechanical exfoliation. Highly-oriented pyrolytic graphite (HOPG) (NT- 
MDT, Russia), Si/SiO2 with an oxide layer of 100 nm (Telekom-STV, 
Russia) and, glass coated with a 100 nm layer of Indium Tin Oxide (ITO) 
were used as transfer substrates. Silver nanowires (AgNWs) were syn
thesized according to the protocol described by Wang et al. [11]. A 10− 3 

M solution of 4-nitrobenzenethiol (4-NBT) was prepared by mixing 7.75 
mg 4-NBT in a 1:1 solution of distilled water and ethanol (25 mL each).

2.2. Sample preparation

Thin flakes were obtained by mechanical exfoliation (scotch tape 
method) of natural As2S3 crystals. These flakes were then transferred 
onto three different substrates: (1) HOPG for the optical, Raman, SEM, 
and AFM analysis, (2) Si/SiO2 for control analysis, and (3) ITO-glass for 
control analysis and experiments with 4-NBT. To facilitate electrical 
contact for electrical AFM modes, the HOPG and Si/SiO2 substrates were 
electrically connected to a copper substrate using silver paste, and a 
copper wire was attached to this substrate. The copper wire was directly 
connected to the ITO-glass substrate. The flakes used in all the experi
ments were from the same crystal.

For the photocatalysis experiment, <10 μL of AgNWs dispersion was 
drop-casted on the As2S3/ITO-glass, resulting in the AgNWs/As2S3/ITO- 
glass sample.

2.3. SEM characterization

SEM images were collected using an SU8000 scanning electron mi
croscope (Hitachi High-Tech, Japan) operating at 15 kV accelerating 

voltage.

2.4. XRD characterization

XRD spectra were obtained with a Rigaku SmartLab SE Discover 
high-resolution diffractometer equipped with a 9 KW rotating anode X- 
ray tube and a double-bounce Ge (220) monochromator. The spectra 
were acquired in the 2θ range from 10 to 60◦ on a glass substrate.

2.5. UV–Vis

Diffuse reflectance spectra (DRS) were recorded using a Thermo 
Scientific Evolution 600 UV–Vis spectrophotometer (England) in the 
wavelength range of 190–900 nm. The sample preparation involved 
grinding As2S3 into a fine powder to ensure uniformity and to minimize 
scattering effects. Bandgap energies were calculated by applying the 
modified Kubelka–Munk function (F(R∞)) to the DRS data. The direct 
band gap was estimated from (hνF(R∞))2 and the indirect from (hνF 
(R∞))1/2 versus hν. Spectra were collected with a spectral bandwidth of 
2 nm.

2.6. Optical microscopy and Raman spectroscopy

Raman spectroscopy was employed to analyze the vibrational 
properties of the As2S3 flakes. Spectra were acquired using a Raman 
microscope (NTEGRA Spectra, NT-MDT SI, Russia) equipped with 457, 
532, and 633 nm lasers. A 100 × objective lens (Mitutoyo, NA 0.70) was 
used to focus the laser on the sample surface. The scattered light was 
collected by an electron-multiplying charge-coupled detector (EMCCD) 
(Andor Newton, UK) cooled to − 65◦C. All spectra were calibrated using 
the 520.7 cm− 1 line of a silicon wafer as a reference. The optical setup of 
the Raman microscope was used to image the As2S3 flakes and locate the 
regions of interest.

Raman mapping was utilized to visualize the distribution of 4-NBT 
and its photocatalytic reaction product on the AgNWs/As2S3/ITO-glass 
sample. The acquisition time was set to 0.4 seconds, capturing an image 
size of 20 × 20 μm2 with a 20 × 20 points resolution. This setup provided 
a detailed spatial distribution of the molecular interactions using a 532 
nm laser. The maps were obtained with 100 × objective, with a laser 
power of 21.7 μW. For single Raman spectra, the same parameters were 
used, but the acquisition time was set to 30 seconds. All measurements 
were performed at room temperature (RT) (28–32◦C).

2.7. AFM and electrical AFM modes measurements

Atomic force microscopy (AFM) measurements were conducted 
using an NTEGRA AFM system (NT-MDT, Russia) at RT, with voltage 
applied to the sample and a grounded tip. For reproducibility, additional 
KPFM experiments used an NTEGRA Spectra II AFM-Raman microscope 
(NT-MDT SI, Russia) in the same configuration.

The morphology and thickness of the As2S3 flakes were characterized 
in a tapping mode AFM with Si cantilevers NSG10 (NT-MDT, Russia). 
Various electrical AFM modes were employed, including Kelvin Probe 
Force Microscopy (KPFM), Electrostatic Force Microscopy (EFM), and 
Scanning Capacitance Microscopy (SCM) conducted in tapping mode, as 
well as Current Sensing Atomic Force Microscopy (CS-AFM) in contact 
mode. All electrical measurements were performed using platinum (Pt)- 
coated Si cantilevers. For KPFM, EFM and SCM NSG10/Pt cantilevers 
(NT-MDT, Russia) with spring constant 3.1–37.6 N/m were used, while 
CSG30/Pt (NT-MDT, Russia) and home-made gold tips were used for CS- 
AFM.

These AFM electrical measurements were obtained under various 
illumination conditions: (1) dark; (2) white light illumination from the 
integrated video microscope of the AFM system (see lamp spectrum in 
Figure S1(a)); (3) blue light illumination at an incident angle of 20◦

using a 450 nm diode laser at varying powers; and (4) red light 
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illumination at an incident angle of 20◦ using a 638 nm diode laser, also 
at varying powers.

2.8. Photocatalysis experiment

To investigate the photocatalytic properties of As2S3, 4-NBT was 
used as a model compound. The AgNWs/As2S3/ITO-glass sample was 
immersed in a 4-NBT solution for 4 hours. After immersion, the sample 
was washed with distilled water to remove any excess 4-NBT. The 
treated sample was then analyzed using Raman spectroscopy to assess 
the photocatalytic activity of As2S3.

3. Results and discussion

3.1. General characteristics

Arsenic trisulfide (As2S3) occurs in both amorphous and crystalline 
forms [9]. The crystalline form, orpiment, occurring naturally, exhibits a 
low-symmetry (monoclinic) layer structure. The weak van der Waals 
(vdW) forces between these layers result in a low exfoliation energy 
(0.28 J/m2, lower than graphite), facilitating mechanical exfoliation 
down to the monolayer level [12]. To avoid issues associated with poor 
air stability in monolayers, in this study, we focus on few-layer As2S3 
flakes with thicknesses below 20 nm.

Figure 1(a) shows a picture of the As2S3 crystal used in this study, 
highlighting its distinctive bright golden-yellow color, which made it so 
attractive as a pigment in artworks. Figure 1(b) illustrates the simplified 
crystal structure, exhibiting AsS3 pyramids interconnected through 
shared sulfur atoms to form layers oriented parallel to the (010) plane. 
The structural integrity of the As2S3 layered structure is attributed to the 
weak vdW interactions between As-S, S-S, and As-As pairs [13]. As2S3 
possesses a Pmn21 symmetry, characterized by a mirror reflection to the 
xz-plane and a lack of symmetry with the yz-plane, facilitating sponta
neous electric polarization along the x-axis [14]. X-ray diffraction (XRD) 
analysis confirmed the crystalline structure of As2S3. The diffraction 
pattern exhibited characteristic peaks at 2θ = 18.4◦, 20.0◦, 22.2◦, 24.1◦, 
28.0◦, 29.0◦, 32.1◦, 33.0◦, 35.1◦, 36.7◦, 37.5◦, 38.4◦, 43.3◦, 44.7◦, 52.3◦, 
and 57.7◦, corresponding to the (020), (− 101), (021), (130), (040), 
(311), (330), (140), (041), (− 202), (051), and (060) crystallographic 
planes of the monoclinic structure [15,16] (Figure S2). The strong (020) 
peak intensity indicates the preferred orientation along the crystal’s 
natural cleavage plane, consistent with its layered structure.

The SEM image in Figure 1(c) shows the As2S3 layered structure. The 
topography and thicknesses of the As2S3 flakes were analyzed with AFM, 
as shown in Figure 1(d), for an exfoliated As2S3 flake on highly oriented 
pyrolytic graphite (HOPG) with a thickness of 325 nm. In our study, we 
investigated As2S3 with different thicknesses, ranging from a few layers 
(3–5 layers) to multilayers (6–19 layers) and thicker bulk samples (20+
layers). Figure S3 displays an AFM image of exfoliated As2S3 flakes with 
thicknesses ranging from monolayer to a few layers. The inset line 
profile shows thickness measurements for monolayer (0.8 ± 0.1 nm), 
bilayer (1.6 ± 0.1 nm), and trilayer (2.4 ± 0.1 nm) flakes, closely 
matching values reported by Šǐskins et al. [17]. These results show a 
mismatch between the experimental monolayer thickness and the 
theoretical value of 0.48 nm [17,18]. This mismatch between expected 
and AFM-measured layer thickness has been observed for other 2D 
materials and attributed to adsorbed water layers, intercalation, surface 
roughness, and differences in tip-sample interaction [19,20].

The Raman spectrum of a few-layer As2S3 in Figure 1(e) reveals 
characteristics of As–S bands at 355, 310, and 292 cm− 1, with the most 
intense band at 355 cm− 1, followed by a second intense band at 310 
cm− 1 [21]. Additionally, other lower-intensity bands were observed at 
380, 200, 155, and 135 cm− 1. These seven Raman vibrational modes 
match previous literature reports, confirming the chemical composition 
and structural integrity of the material [17,21].

Inspired by recent studies reporting giant optical anisotropy [9] and 

strong exciton-lattice interactions in As2S3 [10], we hypothesized that 
this material should display unique optoelectronic properties under 
illumination. In particular, the strong exciton localization reported by Li 
et al. implies that the electronic properties of this material could be 
modulated by light [10]. To test this hypothesis, we conducted 
photo-Kelvin probe force microscopy (KPFM) experiments. The results, 
shown in Fig. 1(f), reveal a significant increase in the contact potential 
difference (CPD) under light illumination, confirming a photoresponse 
in As2S3. Fig. 1(g) presents a CPD profile that clearly demonstrates these 
light-induced changes, inciting further investigation into the mecha
nisms behind this photoresponse.

3.2. Electronic characterization

We investigated the photoresponse of As2S3 through advanced AFM 
techniques, including KPFM, EFM, and SCM. These methods provide 
complementary insights into the surface potential variations, charge 
distribution, and capacitance changes in As2S3 under different condi
tions. Fig. 2(a) shows a basic schematic of the AFM measurement setup 
for topography and KPFM. In the first pass, the topography is recorded in 
semi-contact mode. In the second pass, the tip is lifted 10 nm, and a 
voltage is adjusted to nullify electrostatic forces, allowing the CPD to be 
determined (see Supplementary Note 1 for more details). Optical and 
AFM topography images in Fig. 2(b) and Fig. 2(c) reveal a well-defined 
triangular-shaped As2S3 flake with a thickness of ~17 nm. The under
lying topography of the HOPG substrate is visible through the As2S3 
flake due to strong interactions between the two materials, which is one 
of the reasons we chose HOPG as a substrate in addition to its electrical 
conductivity [22].

For KPFM measurement, using a Pt-coated tip as a reference and an 
As2S3 flake on HOPG as the target material, we calculated the work 
function through VCPD measurements (Equation 5 in Supplementary 
Note 1) [23]. To verify the stability of the tip’s work function, we ac
quired CPD maps on HOPG and SiO2/Si substrates switching under and 
dark and illuminated conditions (Figure S4). The stability of the CPD 
values confirms the Pt tip’s reliability as a reference regardless of light 
conditions.

Using HOPG’s work function as reference [24] and VCPD value under 
dark (Supplementary Note 1), we determined the Pt-coated tip work 
function at 4.82 eV in agreement with literature values [25]. A similar 
analysis using the tip as a reference yielded a work function of 4.53 eV 
for As2S3. This value is comparable to the 4.67 eV reported for bulk 
As2S3 [26], with the difference likely due to the nanoscale thickness of 
our layers [27].

Next, we investigated how As2S3’s CPD changes under illumination. 
Fig. 2(d-f) presents two CPD maps and profiles of the As2S3 flake, 
CPDlight, and CPDdark with and without illumination, respectively. This 
comparison enables us to evaluate the changes in CPD (ΔCPD) as 
follows: 

ΔCPD = CPDlight − CPDdark (1) 

The CPD profiles along the x-axis clearly visualize the photoinduced 
ΔCPD. Upon illumination, the HOPG substrate showed an increase of 
less than 40 mV (from 217 ± 5 mV to 255 ± 6 mV). Interestingly, the 
HOPG substrate’s CPD is modulated under illumination in the presence 
of As2S3. To verify this effect, we conducted KPFM measurements on 
both SiO2 and HOPG substrates under alternating illumination 
(Figure S5). This modulation was less pronounced on SiO2, likely due to 
its wide bandgap energy (EG= 9 eV) [28], which exceeds the energy of 
visible light photons or the differences in intrinsic charge carrier density 
polarized by As2S3 that persist when the tip extends beyond the flake.

In the case of As2S3 the CPD value changed by 80 ± 8 mV (from 291 
± 5 mV to 371 ± 6 mV). This CPD increment implies that the work 
function of As2S3 under illumination decreased from 4.53 ± 0.01 eV to 
4.45 ± 0.01 eV. This change corresponds to a Fermi level upshift (closer 
to the vacuum level) as more electrons are excited to higher energy 
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Fig. 1. Structural, spectroscopic, and photoelectric characteristics of As2S3 flakes. (a) Image of the natural orpiment mineral used in this study. (b) Schematic di
agram of As2S3 crystal structure, showing the projection of lattice along the z-axis and x-axis. The darker balls represent As atoms, and the lighter ones S atoms. As 
atoms in the crystal are three-fold coordinated and bonded to two-fold coordinated S atoms. The dotted line shows the unit cell. (c) SEM image of As2S3 on HOPG, 
reveals visible steps formed layer by layer and folds due to transfer process. (d) AFM image of an exfoliated As2S3 flake on HOPG with a height profile showing 
thickness from 65 nm to 325 nm. (e) Raman spectrum of As2S3, highlighting its distinctive vibrational modes. The data were acquired using a 532 nm laser. (f) KPFM 
image showing the CPD of As2S3 with and without illumination of (d). (g) CPD profile along the black line in (f), demonstrating the response to multiple sequences of 
light on/off cycles. The plot shows consistent light-induced changes in the sample’s surface potential.

Fig. 2. Photoinduced surface potential changes in As2S3 flakes on HOPG substrate. (a) Schematic representations of AFM-based technique. (b) Optical image and (c) 
AFM topography of As2S3 flake and its step height profile in the inset. (d-f) KPFM images and their respective CPD profiles in illuminated and dark states along the x- 
axis. Scale 1 μm.
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levels [29], demonstrating high photosensitivity in As2S3.
KPFM measurements under alternating illumination conditions, 

conducted using two AFM systems, showed higher photoresponse in 
As2S3 when using equipment N◦2 as shown in Figure S6, which we 
attribute to its higher-intensity halogen lamp (Figure S1(b)). Despite the 
variation in illumination intensity between systems, the CPD ratios of 
As2S3 relative to HOPG remained consistent: 1.3 in dark conditions and 
1.5 under illumination for both systems (Table S1), confirming device- 
to-device reproducibility. KPFM measurements conducted on As2S3 
flakes of varying thicknesses (Figure S7 and Figure S8(a-e)) revealed 
that the CPD response to illumination increases with sample thickness, 
with bulk As2S3 showing the strongest effect. This thickness-dependent 
photoresponse suggests a correlation between the number of layers 
and the CPD magnitude, possibly due to dipole moment superposition 
across layers.

To deepen our understanding of the As2S3 photoresponse, we 

characterized the CPD wavelength dependence under various light 
sources: white light (Fig. 3(a)), blue laser (Fig. 3(b)), and red laser (Fig. 3
(c)). For each light source, we first measured a CPD baseline in the dark 
for 46 seconds, followed by 46 seconds of illumination. Then, we turned 
off the light and continued the CPD measurements for 369 seconds to 
observe the relaxation dynamics.

The CPD maps show that these wavelengths interact differently with 
As2S3. This difference is mainly due to photon energy for each light 
source relative to the direct and indirect optical band gaps, which we 
measured to be ~2.50 eV and ~2.39 eV, respectively, using UV–Vis DRS 
(Figure S9). These values are consistent with previously reported values 
of ~ 2.6 and 2.4 eV, respectively [10]. Shorter wavelengths drive 
interband transitions, while longer-wavelength photons excite specific 
low-energy states within the band gap. According to Li et al., interband 
transitions in As2S3 lead to the formation of STEs due to strong 
exciton-phonon coupling and lattice distortions [10]. These distortions 

Fig. 3. Evolution of surface potential of As2S3 under various light sources. (a) white light, (b) blue laser (450 nm, 1.1 mW; maximum tested power of 4.35 mW 
produced similar results), and (c) red laser (638 nm, 3.57 mW). As2S3 flake thickness ~17 nm. Scale bar 1 μm. (d) Comparative temporal CPD dynamics under 
different illumination sources from (a,b,c). (e) Energy band diagrams of As2S3. The energy band diagrams correspond to the stages in (d) (1) before, (2) under and, (3) 
after illumination. The vertical axis illustrates the work function of the tip, As2S3 and HPOG, aligned to the vacuum level (Evac). The horizontal dotted lines denote the 
Fermi levels (EF). KPFM measurements align the Evac to determine work function differences. Ev and Ec represent the valence band and conduction band edges, 
respectively.
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lead to a reduction in the interlayer distance, forming partial bonds 
between sulfur atoms that trap excited electron-hole pairs, lifting the 
Fermi level and thereby increasing the CPD. Therefore, CPD modulation 
occurs only when STEs are formed, which requires the absorption of 
photons with energy large enough to excite interband transitions. This 
explains why CPD modulation occurs under white light and blue laser 
(450 nm) with photon energies above the band gap. In contrast, the red 
laser (638 nm) has an energy below the band gap, resulting in negligible 
STE formation and no CPD modulation (Fig. 3(c)).

To gain further insights into the photoresponse mechanism, we 
analyzed the temporal CPD dynamics under these illumination sources. 
Fig. 3(d) shows the three stages of the photoresponse: (i) before illu
mination (dark state), (ii) during illumination (photoexcited state), and 
(iii) after illumination (relaxation state). The corresponding band dia
grams are presented in Fig. 3(e-g).

3.2.1. Photoexcited state
Initially, in the dark, the CPD of the As2S3/HOPG system remains 

stable at 300 mV, as indicated by the flat sections of the plots in Fig. 3(d), 
labeled (i). This “dark state” represents the equilibrium condition of the 
system before any photoexcitation. The energy band diagram for this 
state is shown in Fig. 3(e).

We then illuminated the sample for 46 seconds with each of the three 
light sources (Figure 3(d)), obtaining the CPD vs. time curves labeled 
(ii). These results show that As2S3 has a wavelength-dependent photo
response, which can be explained by the different electron excitation 
and trapping processes, as illustrated in Fig. 3(f).

Upon photoexcitation, the photogenerated carriers can either 
recombine and return to the ground state or become trapped after 
transferring energy to the lattice. This energy transfer distorts the lattice, 
creating STEs with a lifetime of nanoseconds [10] that act as localized 
dipoles. These exciton dipoles result in an increase in CPD due to the 
upshift in the Fermi level, which also depends on the As2S3 response to 
different light sources as follows: 

- White light: As2S3 shows a gradual increase in CPD from its initial 
dark state value of 300 mV, reaching ~344 mV after about 10 sec
onds. This occurs despite the low power density and continuous 
emission spectra with a maximum at 600 nm (see Figure S1(a)), 
allowing for the slow filling of exciton states in the band gap.

- Blue laser illumination (450 nm): As2S3 displays a sharp and im
mediate response, with the CPD value quickly reaching ~ 365 mV in 
about 4 seconds and remaining stable. This rapid change occurs 
because the blue laser’s energy closely matches the optical band gap 
of As2S3 at ~ 2.7 eV (λg ~ 460 nm) [9], efficiently generating STEs. 
To confirm this behavior, we conducted experiments using a 450 nm 
laser at different optical powers (Figure S10) and calculated the rise 
time (τr). The τr values at 1.1 mW and 4.35 mW were found to be 
3.98 and 1.84 seconds, respectively, demonstrating a decrease in τr 
with increasing optical power. Moreover, the CPD plateau of As2S3 
increases with power since more STEs get excited, and so do more 
dipoles.

- Red laser illumination (633 nm): No detectable changes in CPD 
values were observed. This lack of photoresponse is due to the 
photon having energy below the As2S3 band gap being insufficient to 
generate STEs.

These distinct responses to different light wavelengths, particularly 
the sharp and immediate response to blue laser illumination and the lack 
of response to red laser illumination, imply that the CPD changes are 
directly linked to electronic interband transitions given rise to STEs, 
rather than other possible effects like photothermal heating and lattice 
expansion.

When the rate of photogeneration equals the rate of recombination of 
charge carriers, the CPD stabilizes, reaching a plateau under white light 
and blue laser illumination. This indicates a steady state between 

excitation, trapping, and relaxation processes. The trapped carriers, as 
shown in Fig. 3(f), prevent immediate recombination, contributing to 
the stability of the photoresponse and maintaining the CPD value until 
the light is turned off.

3.2.2. Relaxation state
When the illumination is switched off (Fig. 3(d), labeled (iii)), a two- 

phase relaxation process occurs (Fig. 3(g)). First, a rapid decrease in CPD 
is attributed to the recombination of exciton, the energy state of which is 
close to the conduction band minimum, followed by a slower relaxation 
due to the release of charges from trap states.

The relaxation dynamics vary depending on the illumination source. 
Relaxation after white light illumination is slower, with an exponential 
time constant of 37 seconds, compared to blue laser illumination, with a 
time constant of 19 seconds. This difference in time constants is likely 
due to the broader emission spectrum of white light populating a wider 
range of trap states.

The charge-carrier recombination and de-trapping mechanism in 
semiconductors are complex and influenced by various factors, 
including trap characteristics, temperature, and environmental condi
tions, with carrier release time from traps exceeding the duration of the 
initial trapping process [30]. Structural defects, such as vacancies, 
adatoms, substitutional impurities, and grain boundaries, can act as 
recombination centers [31,32], affecting the relaxation dynamics 
observed in As2S3.

The interplay between structural defects and relaxation processes 
was reported in other 2D materials like ReS2, where engineered trap 
states enhance photodetector performance [33]. In that study, three 
relaxation stages were observed after green laser (532 nm) illumination: 
rapid recombination of excess carriers, followed by the emptying of 
shallow traps, and finally, the emptying of deep traps. This multi-stage 
relaxation process and the 200-second relaxation time reported by 
Jiang et al. [33] align with our observations under white light illumi
nation, suggesting the impact of carrier traps in the relaxation dynamics 
of As2S3.

To further investigate the photoresponse mechanism of As2S3, we 
used other AFM techniques, including EFM, SCM, and CS-AFM, as shown 
in Figure S8(f-g) and Figure S11(a) (for further details, see Supple
mentary Note 2). Additionally, we conducted electrical measurements 
using an interdigitated electrodes (IDEs) configuration.

Interestingly, CS-AFM and IDE measurements showed no response to 
light (Figure S11). The absence of photocurrent in these measurements 
ruled out photoconductive and photovoltaic effects as the primary 
mechanisms behind the observed photoresponse in KPFM, pointing to
wards a photo-induced dipole effect as the photoresponsivity driver.

Li et al. demonstrated the presence of STEs in As2S3 due to ultrafast 
intrinsic excited state localization [10]. Self-trapping occurs when 
photoexcited electrons and holes spontaneously transfer energy to the 
lattice, creating distortions that localize and trap the carriers [34]. These 
STEs act as localized dipoles affecting the surface potential but not the 
long-range conductivity because of their limited mobility.

To investigate the charge carrier density or mobility, we employed 
oscillation amplitude versus V curves in SCM measurements 
(Figure S12). The findings revealed that the amplitude remained stable 
at approximately 26.15 nA during voltage sweeps without illumination, 
indicating consistent carrier density (Figure S12(a)). Upon illumination 
at 9 minutes, the amplitude increased to 26.4 nA, suggesting charge 
carrier generation. However, at 12 minutes, the amplitude returned to 
26.15 nA, indicating that all generated charge carriers were trapped 
within 3 minutes. During sweeps at 12 and 15 minutes, the amplitude 
gradually decreased due to trapping by photogenerated traps resulting 
from lattice distortion (Figure S12(b)). After turning off the light at 18 
minutes, the forward sweep exhibited a 0.4 nA difference (twice the 
value observed under illumination) reflecting the absence of new charge 
carrier generation and the long lifetime of unoccupied traps. In the 
backward curve at 18 minutes, there was little change in amplitude, 
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suggesting a balance between trapping and detrapping processes. Sub
sequent measurements at 21 and 24 minutes indicated an increase in 
amplitude due to a dominant de-trapping process and a decrease in 
unoccupied traps (Figure S12(c)).

Our investigation of As2S3 using advanced AFM techniques has 
revealed a unique photoresponse driven by STEs. This photoresponse 
exhibits strong wavelength dependence, with blue light (450 nm) 
inducing rapid and pronounced changes, while red light (638 nm) shows 
no detectable response. Despite significant CPD modulation with light, 
we observed no measurable photoconductivity in CS-AFM studies, 
indicating that the photoresponse results in STEs instead of free charge 
carriers. SCM further supports this hypothesis, revealing constant carrier 
concentration and evidencing the localized nature associated with STEs 
and unoccupied traps induced by lattice distortion. To provide further 
context and benchmark our findings, Table S2 in the Supporting Infor
mation compares photoresponse mechanisms, experimental methods, 
and key outcomes from recent studies of other 2D materials. This pho
toresponse mechanism in As2S3, where light-induced STEs generate 
local dipole moments that modulate the material’s surface potential, 
opens up possibilities in applications such as phototransistors, sensors, 
and photocatalysis. As an illustration of these opportunities, in the next 
section, we explore using As2S3 to modulate and enhance photocatalytic 
processes.

3.3. Boosting photocatalytic conversion

To explore the potential applications of the unique photoresponse of 
As2S3, we investigated the photocatalytic reduction of 4-NBT to 4,4′- 
dimercaptoazobenzene (DMAB) [35] in a hybrid system with AgNWs on 
an ITO substrate. We hypothesized that the As2S3 photoresponse would 
create a localized electric field, modulating and enhancing the photo
catalytic properties of AgNWs.

Fig. 4 shows the KPFM and Raman hyperspectral imaging results, 
revealing the light-induced surface potential modulation of AgNWs and 
photocatalytic activity of the AgNWs/As2S3/ITO system. Fig. 4(a) shows 
the AFM topography of an AgNW on the As2S3 surface. Fig. 4(b) shows 

the CPD image under periodic illumination, light ON and light OFF, as 
illustrated in the sketch (Fig. 4(c)). We strategically employed a green 
laser (532 nm), to demonstrate the CPD modulation capacity of photon 
energy below the As2S3 band gap (Figure S13).

When illuminated, photogenerated charge carriers trapped in As2S3 
create a local electric field that modulates the material’s surface po
tential, as evidenced by the changes in CPD. A key observation is that the 
light-induced modulation is not confined to As2S3’s CPD but also extends 
to the AgNWs on its surface. This modulation is a direct manifestation of 
the photo-dipole effect in As2S3, suggesting a strong electronic coupling 
with AgNWs, potentially enhancing their catalytic activity.

The CPD profile across the AgNW (inset in Fig. 4(c)) shows an in
crease in surface potential at the AgNW/As2S3 interface, suggesting that 
this junction plays a crucial role in surface polarization. The AFM 
topography image in Fig. 4(d) shows AgNWs dispersed throughout the 
sample, with the As2S3 flake exhibiting a 219.1 ± 8.5 nm thickness. The 
corresponding Raman map in Fig. 4(e) from the same location demon
strates the surface-enhanced Raman spectroscopy effect by AgNWs on 
top of As2S3. The Raman map shows the intensity of the Ag (353 cm-1) 
mode from As2S3 [36] and the DMAB mode (1434 cm-1) [37], which is 
confined at the ends of the AgNWs. This localized spatial correlation 
shows that the AgNWs tips act as preferential catalytic sites, likely due to 
a higher electric field enhancement at these locations that promotes 
charge transfer and catalytic conversion. Fig. 4(f) displays the Raman 
spectra corresponding to points of interest 1, 2, 3, and 4 marked in the 
AFM and Raman images (Figs. 4(d) and 4(e)). Spectra 3 and 4 show the 
characteristic Raman band νs(NO2) of 4-NBT (1335 cm-1) and the 
vibrational modes of the DMAB product (1138 cm-1 and 1388 cm-1) [37,
38]. These results show that DMAB peaks dominate spectrum 4 due to 
the high photocatalytic efficiency conversion of 4-NBT (Fig. 4f). In 
contrast, the conversion of AgNWs in ITO was not as efficient, as evi
denced by the persistence of the νs(NO2) of the 4-NBT peak in spectrum 
3.

These results confirm that the photo-dipole effect in As2S3 enhances 
the photocatalytic conversion of 4-NBT to DMAB on AgNWs, resulting in 
high catalytic efficiency, as evidenced by the increased DMAB formation 

Fig. 4. Light-induced surface potential modulation and photocatalytic characterization of the AgNWs/As2S3/ITO system. (a) AFM topography image of an AgNW on 
As2S3 and its corresponding height profile in the inset. (b) KPFM image showing CPD distribution under varying white light illumination conditions (illumination 
sequence shown on left); inset shows CPD profile across the AgNW. (c) Schematic representation of the photo-dipole effect in the AgNWs/As2S3/ITO system and its 
impact on the photocatalytic reduction of 4-NBT to DMAB. (d) AFM topography image of AgNWs/As2S3/ITO-glass sample. (e) Raman map of (d) showing spatial 
distribution of As2S3 (blue) and photocatalytically produced DMAB (red). Right: Raman spectra for points 1–4, highlighting peaks of As2S3, 4-NBT (reactant), and 
DMAB (product). 1 - ITO (green), 2 - As2S3 (black), 3 - AgNWs/ITO-glass (blue), 4 - AgNWs/As2S3/ITO-glass (red). Scale bar 5 μm (d,e).
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observed in our Raman spectroscopy experiments.

4. Conclusion

This study elucidated the unique photoresponse in two-dimensional 
arsenic trisulfide (As2S3), a naturally occurring van der Waals semi
conductor. Our findings revealed a wavelength-dependent light-induced 
surface potential driven by the formation of self-trapped excitons. These 
STEs generate up to 80 mV under white light illumination without 
inducing free charge carriers, making As2S3 a promising photo
responsive material. We leveraged this photo-dipole effect to enhance 
the photocatalytic activity of silver nanowires. The localized electric 
field generated by the STEs in As2S3 boosted the conversion of 4-nitro
benzenethiol to 4,4′-dimercaptoazobenzene by 71 % compared to the 
AgNWs alone, highlighting this natural 2D material’s potential for 
developing efficient photocatalytic systems. We anticipate future in
vestigations, including Schottky emission analysis and ultrafast ab
sorption spectroscopy, to elucidate details on the carrier dynamics in 
this exciting 2D system.

The photo-dipole effect, combined with As2S3’s natural abundance 
and facile exfoliation, makes it an attractive material for various light- 
sensitive applications. In particular, the ability to modulate surface 
potential without generating free charge carriers could be exploited in 
devices such as phototransistors, optical switches, and plasmonic sen
sors, where precise control of local electric fields with light is crucial.
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