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Abstract
It is crucial to develop an advanced artificially intelligent optoelectronic information system that
accurately simulates photonic nociceptors like the activation process of a human visual
nociceptive pathway. Visible light reaches the retina for human visual perception, but its
excessive exposure can damage nearby tissues. However, there are relatively few reports on
visible light–triggered nociceptors. Here, we introduce a two-dimensional natural defective
III–VI semiconductor β-In2S3 and utilize its broad spectral response, including visible light
brought by intrinsic defects, for visible light–triggered artificial photonic nociceptors. The
response mode of the device, under visible light excitation, is very similar to that of the human
eye. It perfectly reproduces the pain perception characteristics of the human visual system, such
as ‘threshold,’ ‘relaxation,’ ‘no adaptation’, and ‘sensitization’. Its working principle is
attributed to the mechanism of charge trapping associated with the intrinsic vacancies in In2S3
nanosheets. This work provides an attractive material system (intrinsic defective
semiconductors) for broadband artificial photonic nociceptors.

Supplementary material for this article is available online
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1. Introduction

Intelligent and human-like robots are essential trends in the
development of robots in the future. In particular, humanoid
robots with artificial intelligence algorithm functions could
be used not only for personal assistance and care in daily
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life but also for search and rescue in dangerous tasks [1–
5]. The robot’s perception system could collect data from
the outside world and generate different responses accord-
ing to changes in the external environment, which is vital for
improving the service quality and lifespan of the robot. The
nociceptor in the perception system, discovered by Julius and
Patapoutian, who were awarded the Nobel Prize in physiology
and medicine in 2021, is a key sensory receptor. It can identify
potential dangers from extreme conditions, such as external
temperature, pressure, strong light, and produce early warn-
ing signals to be transmitted to the central nervous system
for making protective responses avoid the potential physical
damage [6, 7]. When the values of electric pulses, generated
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by the noxious stimuli, exceed a certain threshold level, the
nociceptors demonstrate strong and rapid responses [4, 6–8].
They exhibit some unique characteristics, such as ‘relaxation’,
‘no adaptation,’ ‘allodynia,’ and ‘hyperalgesia,’ which are
related to the intensity, duration, and repetition rate of
external stimuli.

An artificial photonic nociceptor that can faithfully emu-
late the characteristics of a retina nociceptor, regarded as a
key bionic function to protect human vision, is highly desired
for the development of advanced intelligent optoelectronic
information systems. Recently, an artificial ultraviolet (UV)
nociceptor was constructed based on wide-bandgap metal
oxides; for instance, Kumar et al [6] demonstrated UV light–
triggered nociceptive behavior using a ZnO/ATO/FTO hetero-
structure based on charge trapping/detrapping andWei et al [9]
implemented UV nociceptor using SnO2 nanoparticles gener-
ating carriers under UV light irradiation. In addition to UV
light, other wavelengths of light, such as visible light, can still
cause damage to tissue upon overexposure [10–13]; therefore,
it is extremely important to simulate nociceptor characteristics
in a wide wavelength range. Gong et al [14] reproduced the
pain perception characteristics under visible light irradiation
in a simple ITO/CeO2−x/Pt sandwich structure. Xu et al [15]
reported that the Au/Ga2O3(N2):TiO2/ITO device responded
to a wide range of visible light spectra with high-level similar-
ities to the functionalities of optical nociceptors in the human
eye. The above artificial photonic (e.g., UV and visible light)
nociceptors are based on oxide materials. Thus, it is crucial
to explore new material systems for wide-spectrum artificial
visual nociceptors.

Here, a natural defective III–VI semiconductor In2S3 was
introduced to construct a phototransistor for simulating key
characteristics of artificial nociceptors using vacancy-inducing
broad spectrum response. First, we prepared high-quality 2D
In2S3 nanosheets via chemical vapor deposition (CVD) tech-
nology. As-grown nanosheets have significant vacancy defects
and broad spectral absorption, which are very useful for imit-
ating broadband wavelength light-excited nociceptors. In this
draft, we primarily demonstrate a visible light–triggered arti-
ficial photon nociceptor. The key characteristics of nocicept-
ors, including threshold, adaptation, relaxation and sensitivity,
were well imitated, which are attributed to the charge trapping
of the vacancies in the In2S3 nanosheets. This work demon-
strates that two-dimensional (2D) defective III–VI semicon-
ductor materials have immense potential for smart optical
sensor systems.

2. Methods

2.1. Synthesis of 2D In2S3 nanosheets

The growth process is described as follows. First, S (2 g)
and InI (0.5 g) powders were weighed and placed in the low-
and high-temperature zones, respectively, and mica with ultra-
smooth surface and absence of dangling bonds was used as
substrate and placed downstream about 10–15 cm away from
the high-temperature zone. The quartz tube was then cleaned
with high-purity argon. Next, the low- and high-temperature

zones were heated up to 300 ◦C at a rate of 10 ◦C min−1 and
660 ◦C at a rate of 22 ◦C min−1 with 60 sccm Ar, respect-
ively, and then maintained for 10 min for the growth of In2S3.
Finally, the furnace was cooled to room temperature.

2.2. Characterization

The In2S3 nanosheets are characterized by the follow-
ing means: an optical microscope (CeWei LW300LJT), an
atomic force microscope (Bruker Dimension Icon), a con-
focal Raman spectroscopy (Horiba LabRAM HR Evolution,
532 nm), an x-ray photoelectron spectroscopy (XPS, Thermo
K-Alpha+ with Al Kα radiation as x-ray source for radi-
ation), a transmission electron microscope (TEM) (JEM-
2100) equipped with an energy-dispersive x-ray device and
a micro-area UV–vis–NIR optical absorption spectroscopy
(Metatest, MStarterABS).

2.3. Device preparation and measurement

The devices were fabricated after transferring β-In2S3
nanosheets onto SiO2/Si (∼285 nm) substrate. Electrodes
patterns were defined by MicroWriter Baby Plus. Then, Cr
(∼10 nm)/Au (∼100 nm) electrodes films were deposited
using a thermal evaporation system. All photoelectric meas-
urements were characterized at room temperature using a
lakeshore probe station in a vacuum chamber (10−6 Torr)
with a Keithley 4200A-SCS semiconductor parameter ana-
lyzer combining commercially available LED lights as light
source. The optical power densities were detected by the
Fieldmate + PM150X photometer.

3. Results

The process of perception and transmission of light by the
optic nerve is as follows: light triggers the photoreceptor
cells in the retina to generate an electrical response to light.
The generated signals pass through the visual pathways and
eventually project onto the cerebral cortex to form visual
information [16, 17]. In the process of visual signal trans-
mission, there are several electrical and chemical transmis-
sions within or between retinal neurons to process the visual
information in the retina [18]. Figure 1(a) shows a typical
visual nociceptor nervous system under visible light stimula-
tion. A schematic diagram of the working principle of a visual
nociceptor is shown in figure 1(b). Once the optical signal
reaches the nociceptor, it will operate in two different ways
depending on the signal strength. When the input signal is
lower than the threshold value, the device will not generate
photoelectric signals, but when the input signal is higher than
the threshold value, the device will respond quickly [6, 14,
19]. Figures 1(c)–(e) depict In2S3 defective semiconductor-
based two terminal planar devices for mimicking a visual
nociceptor. The threshold value is determined by vacancy
defects in In2S3 as capture sites to capture photogenerated car-
riers, which is different from In2S3 polycrystalline thin film
[20]. The ‘threshold’ characteristics of the device are reason-
ably explained in figures 1(c)–(e). If the optical stimulus is
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Figure 1. The photonic nociceptive system in the human eyes and the principles of the artificial photonic nociceptor. (a) Neurotransmission
processes after the human eyes being injured. (b) Threshold-intensity-dependent photoresponse of the In2S3 phototransistor. The current
response mechanism diagrams of the designed intrinsic defective semiconductor In2S3-based artificial photonic nociceptor in the (c) initial,
(d) subthreshold, and (e) overthreshold states.

below the threshold, the photogenerated-free electrons will be
trapped by the empty trap sites, resulting in negligible photo-
currents in figure 1(d). In contrast, when the optical stimulus
is higher than the threshold, abundant photogenerated carriers
rapidly fill the trapping sites, and the remaining electrons can
be excited into the conduction band and then migrate to the
Au electrode by a constant electric field, thereby generating a
significant photocurrent in the external circuit (figure 1(e)).

High-quality In2S3 nanosheets were first synthesized on
the mica substrates by CVD technique (see more in the
‘Methods’). Figure 2(a) depicts an optical micrograph as
grown triangular In2S3 nanosheets indicating a uniform
growth. The typical Raman spectrum peaks at 246 cm−1,
266 cm−1, 306 cm−1, 328 cm−1, and 366 cm−1 were observed
in figure 2(b). These Raman characteristic peaks are very con-
sistent with cubic β-In2S3 [21–23]. Furthermore, XPS was
also applied to check the elemental composition and bonding
state of the nanosheet. The chemical states of S2p1/2 and S2p3/2
can be identified from the peaks at binding energies of 162.7
and 161.7 eV (figure S1(a)), and the other two fitted peaks at
444.9 and 452.5 eV correspond to the 3d1/2 and 3d3/2 states
of In, respectively (figure S1(b)) [23–25]. From the XPS full
spectrum, the S/In stoichiometric atomic ratio is ∼1.5 (figure
S1(c)). Furthermore, the energy dispersive x-ray spectroscopy

(EDS) of the sample shows clear peaks of In–Kα and S–Kα

(figure S2(b)), and element mapping analysis demonstrates the
uniform distribution of In and S (figures S3 (b) and (c)). The
above results further identify that the synthesized nanosheets
are In2S3. To further check the crystalline information of the
nanosheet, the TEM analysis was performed to visualize the
structure of the samples transferred to a copper grid by the
poly(methyl methacrylate)-mediated technology [26]. Low-
magnification TEM images of the In2S3 nanosheet show con-
sistent color contrast, indicating that the edge contour of the
nanosheet is regular and the thickness is relatively uniform
(figure S3(a)). Figure 2(c) shows high-resolution transmission
electron microscopy (HRTEM) image of the nanosheet with
clear lattice fringes of (220) crystal planes with a d-spacing
of ∼0.38 nm, confirming that the as-prepared samples have
a preferential orientation along cubic β-In2S3 [220] direction
on mica substrates [23, 25]. The selected area electron dif-
fraction pattern displays a hexagonal diffraction pattern with
equal interplanar distance (figure S2 (a)), further indicating the
single-crystalline cubic phase structure (β-In2S3). Moreover,
the evident vacancy defects marked by white circles were
observed (figures 2(c) and S4), which is consistent with the
reported contents [23]. In addition, the photoluminescence
(PL) and UV to near-infrared (UV-NIR) absorption spectra of
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Figure 2. The structure and spectrum characteristics of In2S3 nanosheets. (a) Optical image. (b) Typical Raman spectrum of In2S3
nanosheet. (c) HRTEM image of sample with a lattice spacing of ∼0.38 nm. Inset: an enlarged view of the red box. (d) The absorption and
PL spectra of In2S3 nanosheets. The samples have obvious vacancy defects.

β-In2S3 nanosheet were characterized to detect defects and
light absorption range. An obvious broad spectrum absorp-
tion in the range of 250–1000 nm was observed (figure 2(d),
brown curve), which is a prerequisite for a wide spectrum
visual sensor (e.g., visual nociceptor). A long extended tail
(up to 650 nm) in the absorption spectrum can be attributed
to the vacancy defect states [27]. Simultaneously, the presence
of defect states was also confirmed by PL measurements. The
PL spectrum exhibits a strong peak near 745 nm (figure 2(d),
green curve), which is attributed to the Ed transition caused
by the recombination of inherent sulfur and indium vacan-
cies (VS → V In) in the β-In2S3 bandgap, not the bandgap
emission [23, 28, 29]. However, we cannot track any bandgap
(Eg) signal at room temperature, which may be due to the
quenching effect of defect transitions (Ed) below the bandgap
[23, 30]. In addition, the broad peak observed in the range of
600–900 nm is attributed to the trap states in In2S3 [31–33].
These results reveal that In2S3 has intrinsic vacancy defects
at lattice sites, not an uncontrollable defect introduced dur-
ing crystal growth [34, 35]. These intrinsic vacancy defects
in the crystal structure will exert a stable and significant
impact on the electronic structure and optical performance,
thereby affecting the electrical performance and photoelectric
detection [36, 37].

Due to the presence of trapped states, it is expected that
the photoelectric characteristics of the device can be modu-
lated by the photogenerated carriers filling the trapped states,
which is very beneficial for mimicking the characteristics of
the visual nociceptor. As a result, a phototransistor was pre-
pared on ∼31.7 nm thick In2S3 nanosheet transferred onto
SiO2(285 nm)/Si substrate, and two parallel Cr (10 nm)/Au
(100 nm) electrodes were deposited as source and drain with
a channel distance of ∼8 µm (figure S5). First, the semicon-
ductor properties of In2S3 were measured, and the transfer
curves indicate that In2S3 is an n-type semiconductor mater-
ial in figure S6. The photocurrent amplitude of the device is
gradually increased by red light (671 nm) irradiation of the
same intensity and duration at a reading voltage of 0.5 V
(figures 3(a) and (b)). It is worth noting that both photocur-
rent and dark current gradually increase, indicating that the
photogenerated carriers gradually fill the trapped states. When
the number of light pulses continues to increase, the pho-
tocurrent reaches saturation. These features are very bene-
ficial and useful for simulating nociceptive behaviors. The
three key features, namely, ‘threshold,’ ‘no adaptation’ and
‘relaxation’ were first experimentally demonstrated through
light pulse measurements of the defective In2S3 phototran-
sistor. Figure 3(c) displays the pain-perceptual ‘threshold’
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Figure 3. Basic photocurrent characteristics and photonic nociceptive behaviors of the In2S3 phototransistor. (a) The photoresponse of the
device under nine optical pulses at wavelength of 671 nm. (b) The photocurrent increases with increasing light pulse numbers until it
reaches saturation. (c) Threshold characteristic of the device with gradually increasing the light intensity. (d) No adaptation characteristic of
devices under different light intensities illumination. (e) Typical photocurrent evolution process of the device under light-on and light-off
states. The applied light intensity is ∼0.23 mW cm−2 and the pulse width is ∼0.5 s. (f) The enlarged view of the current relaxation in
(e) with decay process of ∼25 s.

behavior under the red-light pulse irradiation. When the light
intensity was gradually increased from 0.05 to 0.92 mW cm−2

with a width of 0.5 s, the device was not turned on until the
light intensity reached 0.11 mW cm−2 (left side of the black
dotted line). The increase in intensity resulted in a larger out-
put of photocurrent, which is consistent with an increase in
response intensity corresponding to a higher intensity of nox-
ious stimulus in a biological nociceptor. The ‘threshold’ char-
acteristics of green and blue light excitation were also well
simulated, wherein the threshold value under green light is
∼0.08 mW cm−2 (figure S7(a)), and the threshold value under
blue light is ∼0.05 mW cm−2 (figure S7(b)). The above res-
ults indicate that In2S3 device can successfully simulate the
‘threshold’ characteristic of biological nociceptors in the vis-
ible light range. Next, take red light excitation as an example to
simulate the characteristics of the ‘no adaptation’ and ‘relaxa-
tion.’ The light pulses of different intensities (0.05, 0.23, 0.34
and 0.46 mW cm−2) are applied to the device, and the photo-
current gradually reaches saturation; then, it would not change
even when additional pulses are applied, indicating a simula-
tion of the characteristics of the ‘no adaptation’ (figure 3(d)).
The saturation of the photocurrent may be attributed to the bal-
ance between the trap filling rate of the photogenerated carri-
ers and the spontaneous trap emptying rate [4, 5]. A smooth
increase in conductance could arise from the photogenerated
carriers gradually filling the trap states [6]. A larger light
intensity would fill more trap states until balance is reached,
thus promoting conductivity and increasing the saturation cur-
rent (figure 3(d)). The ‘relaxation’ is another important char-
acteristic of nociceptors. It means that when the stimulus is
removed, the nociceptors begin to relax and eventually return

to their original state [6, 38]. It is easy for humans to under-
stand the stronger the response and the longer the relaxation
time based on the stronger the injury stimulus and the longer
the pain lasts. This relaxation behavior is emulated in the In2S3
device. Figure 3(e) shows that applying a continuous light
pulse with an intensity of 0.23 mW cm−2, the typical photo-
current evolution process was recorded at a reading voltage of
0.5 V. When the illumination is removed, an obvious current
decay process of ∼25 s occurred (figure 3(f)). This response
is similar to the ‘relaxation’ behavior of the nociceptor.

Furthermore, the main feature of nociceptor is to show
the sensitization including an ‘allodynia’ and ‘hyperalgesia’
behaviors for protecting an injured area from further dam-
age by enhancing the pain [39], as presented schematically
in figure 4(a). After injury, the nociceptor must show the
enhanced response at a reduced threshold [4, 9, 18]. These
features are called ‘hyperalgesia’ and ‘allodynia,’ as presen-
ted by horizontal and vertical arrows in figure 4(a), respect-
ively. Herein, higher intensity light (1.8 mW cm−2) induced
the injured condition. The photocurrent of the device under
injured and normal conditions is presented by red and blue
lines in figure 4(d), respectively. The ‘undamaged’ nociceptor
had a lower photocurrent response, but after strong light illu-
mination, the photocurrent of the ‘injured’ nociceptor changed
significantly, and even at the same light intensity, the injured
nociceptor could cause the damaged responses through the
amplified photocurrent values (figures 4(b), (c) and S8(a)–
(e)). This is attributed to the fact that photogenerated carri-
ers under strong light illumination would quickly fill up the
trap states and the remaining carriers could move under apply-
ing an external electric field. When the light is excited again,
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Figure 4. Photonic allodynia and hyperalgesia characteristics of the In2S3 device. (a) Schematic of the allodynia and hyperalgesia
characteristics with increasing stimuli intensity in normal (no injured) and injured conditions. (b)–(c) The changes in photocurrent after and
before strong light stimulation. (d) The photocurrent of the device before and after strong light (1.8 mW cm−2) stimulation showing
allodynia and hyperalgesia characteristics.

photogenerated carriers do not need to fill defect states and
move in a direct direction to form a current under the action of
an electric field, resulting in fast damage responses to reduce
the threshold value and to increase the photocurrent values
[6, 14]. The above simulation of key visual nociceptor char-
acteristics demonstrates that the intrinsic 2D defective semi-
conductor In2S3-based phototransistor can be well used as an
artificial photonic nociceptor.

4. Conclusion

In summary, we propose using the intrinsic 2D defective
semiconductor In2S3-based phototransistor to simulate broad-
band spectral-excited visual nociceptor characteristics by
the dynamic trapping/detrapping of charges in the vacancy
trap states of In2S3 nanosheets. Taking visible light (long
wavelength red light) as an example, all the key functions
of nociceptor have been emulated successfully in a single
device, including ‘threshold,’ ‘relaxation,’ ‘no adaptation,’ and
‘sensitization.’ This artificial photonic nociceptor is expected
to have good application prospects in a wide spectrum of intel-
ligent optoelectronic systems, such as visual medicine, artifi-
cial eyes, and environmental alarms.

5. Future perspectives

Visual sensing, as an important perception of human beings
interacting with their environments, is responsible for 80% of
the detection information of external stimuli. At present, there
is growing interest worldwide in developing artificial devices
with the abilities of biological vision. To develop intelligent
photoelectric systems that work like human vision systems,
it is crucial to develop highly sensitive photoelectric sensors
with diverse synaptic functions in a wide spectrum range. In
this regard, the development of new materials and working
mechanisms for constructing high-performance artificial pho-
toelectric devices are being pursued. The 2D intrinsic defect
semiconductor In2S3-based artificial photoelectric device has
great potential in the future intelligent photoelectric systems.
Herein, the device has demonstrated the key characteristics of
visual nociceptors under visible light stimulation. Combining
its non-volatile photocurrents, it is very promising to real-
ize an all-in-one neuristor in silicon based on 2D intrinsic
defect semiconductor materials. In addition, preparing large
area 2D intrinsic defect semiconductors, constructing large
array devices, and realizing hardware emulation are also very
necessary in the future.
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