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Abstract Neuromorphic computing is known for its effi-

cient computational speed, low latency, and reduced power

consumption, which is considered a pivotal technology to

overcome the von Neumann bottleneck. Artificial synapses

are an indispensable component of neuromorphic compu-

tational artificial neural networks. To guarantee effective

and precise processing of optical signals, it must have a

high responsivity, detectivity, and the ability to adapt to

various environments. Here, a synaptic transistor based on

the HfS2/VO2 heterojunction with a responsivity of

8.6 9 103 A�W-1 and a detectivity of 1.26 9 1014 Jones at

405 nm laser was reported. Meanwhile, the typical

synaptic behavior was successfully simulated, including

postsynaptic currents (PSCs), the transition from short-

term plasticity (STP) to long-term plasticity (LTP). When

VO2 converts from the semiconductor state to the metal

state, the HfS2/VO2 heterojunction transforms into a

Schottky heterojunction from a Type II heterojunction with

temperature. What’s important, the heterojunction still

exhibits excellent responsivity and detectivity, as well as

stability of synaptic properties. In addition, the classical

Pavlovian conditioning experiment is simulated under

different laser intensity to study the brain’s associative

learning behavior. The results demonstrate that the HfS2/

VO2 heterojunction synapse exhibits significant respon-

sivity and detectivity and is adaptable to high-temperature

environments, showing great potential for neuromorphic

computational applications.
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1 Introduction

Traditional computers are separated in processing and

storage by the von Neumann computing framework,

resulting in redundant data transmission, low computing

efficiency, and difficulty in meeting the needs of future

artificial intelligence [1, 2]. Contrarily, the human brain

can recognize, integrate, and properly recognize efficiently.

The human brain contains two basic units of approximately

1011 neurons and 1015 synapses. These neurons are con-

nected by synapses, through which signals are transmitted

from the presynaptic neuron to the postsynaptic neuron [3].

By adjusting synaptic weights, the transmission and storage

of information can be completed in parallel. Inspired by the

brain’s powerful multitasking computing ability, artificial

neuromorphic systems that mimic the structure and func-

tion of biological synapses are anticipated to enhance

computational efficiency and significantly minimize power
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consumption, thus overcoming the von Neumann bottle-

neck [4–7]. Hence, the emulation of synapses based on

electronic components plays a crucial role in brain-inspired

computing systems.

The rapid development of artificial intelligence requires

more sensitive and adaptable synapses to achieve fast and

efficient information processing. HfS2, as a typical transi-

tion metal disulfide (TMD), has interesting electrical and

optical properties, such as a wide photoelectric response

range, super high theoretical acoustic-phonon-limited

mobility, and sheet current density. As a result, HfS2 is

used in various important applications in field effect tran-

sistors, photodetectors, and artificial synapses [8–10].

Wang et al. [11] demonstrated the HfS2 synaptic transistor

with modulation of the gate voltage to reach a responsivity

of 23 A�W-1 and modeled five emotional effects. Xu et al.

[12] showed a detector based on the HfS2 Schottky tran-

sistor, achieving a responsivity of more than 890 A�W-1

and an optical gain of more than 2300. Steven et al. [13]

realized a heterojunction infrared photodetector based on

HfS2, which could attain a responsivity of 950 A�W-1 at

room temperature and a responsivity of 103 A�W-1 at high

temperature (340 K) by using interlayer excitons. Despite

these achievements, current heterojunction research has

mainly focused on achieving a single performance: detec-

tor performance or synapse simulation capability. It cannot

simultaneously provide the comprehensive performance

requirements of ultrahigh sensitive detection and artificial

synapses. At the same time, synaptic devices must adapt to

various harsh environments, especially in high-temperature

environments for intelligent processing and data storage to

face the growing demand for real-time processing capa-

bilities of artificial intelligence. However, the synaptic

function of the device is constrained by its inherent func-

tional limitations and suitable operating temperature in

high-temperature environments [14, 15]. Therefore, there is

an urgent need for a high-quality smart photodetection

device that can operate well under different environmental

conditions and has high-performance artificial synapses.

Here, a highly sensitive and temperature-resistant

synaptic transistor was presented based on a HfS2/VO2

heterojunction. The device showcases a responsivity of

8.6 9 103 A�W-1 at room temperature. When VO2 is

converted on insulator–metal transition (IMT), it exhibits a

considerable detectivity of 6.3 9 1014 Jones (Vds = 3 V).

These performances are comparable and even higher than

previously reported HfS2-based photodetectors. Using

charge trapping states interfacial to continuously modulate

the energy band structure of HfS2/VO2, artificial synaptic

properties were successfully presented, such as typical

postsynaptic currents (PSCs), the change of paired-pulse

facilitation (PPF) index, and the transition from short-term

plasticity (STP) to long-term plasticity (LTP). With the

temperature rising to 365 K, the device still shows

stable and excellent synaptic properties. The associative

learning behavior associated with Pavlovian experiments

was also simulated under light stimulation. The device

exhibits superior photo-stimulated synaptic properties and

retains a range of synaptic behaviors even at high-tem-

perature, which is valuable for artificial synapses in smart

applications such as aerospace, high-temperature industry,

and fire detection.

2 Experimental

VO2 films were prepared on Si/SiO2 substrates by mag-

netron sputtering, and crystalline VO2 films were obtained

by annealing at 450 �C for 1 h under argon. The HfS2
flakes were mechanically exfoliated from bulk HfS2 crystal

(SixCarbon technology Shenzhen) onto the polydimethyl-

siloxane (PDMS) film (Shanghai Onway Technology Co.,

Ltd.). The appropriate thickness of the HfS2 flakes were

selected under an optical microscope and then transferred

to the VO2 films to form a heterojunction with an accurate

transfer platform (Metatest, E1-T).

X-ray diffraction (XRD) analysis was conducted to

examine the structure of the VO2 film, Cu Ka radiation

(k = 0.15418 nm) was used as the radiation source, with a

scanning angle ranging from 20� to 40�. The optical and

atomic force microscopes (AFM, Dimension Icon, Bruker)

were utilized to analyze the morphology and thickness of

the HfS2 flake on the Si/SiO2 surface. Additionally, tem-

perature-dependent Kelvin probe force microscopy

(KPFM, Bruker Dimension Icon) was employed to quan-

titatively evaluate the surface potential of the HfS2/VO2

interface under dark conditions. To ensure accurate mea-

surements without affecting the thermal equilibrium of the

heterojunction, a controlled heating rate of 5 K�min-1 with

a temperature plateau lasting for 25 min was implemented.

The temperature varied between 300 and 365 K. Raman

spectra of the HfS2 flake and the HfS2/VO2 heterojunction

were measured on a laser confocal microscopy Raman

spectrometer (Horiba Jobin–Yvon LabRAM HR Evolution

spectrometer, HORIBA). A laser with a wavelength of

532 nm was used as the excitation light source in the

experiment.

The electrical and photoelectronic properties of the

HfS2/VO2 heterojunction were measured at room temper-

ature and high vacuum using the Keithley 4200-SCS

semiconductor parameter analyzer. For photoelectric

measurement, a commercially available light-emitting

diode (Thorlabs, Inc.), with a wavelength of 405 nm,

ensures that the device operates only under the target light

source to minimize interference from external light. A laser

diode/temperature controller was used to regulate the
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power intensity, pulse width, and frequency of optical

pulses.

3 Results and discussion

3.1 Photoelectric performance

Figure 1a displays an optical microscope image of the

HfS2/VO2 heterojunction with an effective junction area of

33.41 lm2. Figure 1b shows the Raman spectra of the HfS2
flake and HfS2/VO2 heterojunction. Raman peaks are

observed at 142 (Ag), 192 (Ag), 223 (Ag), 261 (Bg), 309

(Ag), 339 (Bg), 392 (Ag), 498 (Ag) and 612 (Ag) cm-1,

respectively. These peaks match the positions of the

monoclinic (M-phase) VO2 crystal peaks [16, 17]. The

Raman spectra of the HfS2 flake exhibit two peaks at 260

and 338 cm-1 corresponding to the first-order Raman

activity modes Eg (in-plane vibration) and A1g (out-of-

plane vibration), respectively [11, 18]. It can be clearly

observed that the Raman characteristic peaks of VO2 and

HfS2 are consistent with the corresponding reported spec-

tra. Figure 1c shows an XRD study confirming the for-

mation of the monoclinic crystalline structure VO2 (M1)

(JCPDS No. 44-0252).

The corresponding structural and electrical properties are

determined by AFM and KPFM scans. Figure 1d shows

AFM morphology of the heterojunction with a height of 65

and 21.7 nm for VO2 and HfS2 flake, respectively (Fig. S1).

In Fig. 1e, the built-in potential distribution is fitted with an

S-type function at room temperature. The Fermi energy level

of the HfS2 flake (EF-HfS2) is lower than that of the VO2 film

(EF-VO2). It indicates a gradual decrease in the interfacial

potential from the VO2 film to the HfS2 flake, with a differ-

ence in Fermi energy level (DEF) of 0.11 eV. The literature

reports that HfS2 has a work function of about 5.3 eV [8],

compared to VO2 which has a work function of around

5.15 eV [19]. VO2 is in the insulating phase at room tem-

perature, exhibiting semiconductor properties with a band

gap of 0.7 eV (Fig. S1), whereas the indirect band gap of

HfS2 is about 1.13 eV [19–21]. Ultraviolet photoelectron

spectroscopy (UPS) was used to determine the exact valence

band position and work function of the VO2 film (Fig. S2).

Combining the principle energy band diagrams of HfS2 and

VO2, the HfS2/VO2 van der Waals (vdW) heterojunction

exhibits a Type-II heterojunction, as depicted in Fig. 1f.

Since the Fermi level of HfS2 is lower than that of VO2,

electrons diffuse from VO2 to HfS2, leading to the built-in

potential to decrease and the formation of a depletion layer at

the heterojunction interface [22, 23].

Fig. 1 Characterization and structure of device: a optical image of fabricated HfS2/VO2 heterojunction, HfS2 flake stacked on VO2 film
and Au electrodes; b Raman spectra of HfS2 and HfS2/VO2 heterojunction at room temperature; c XRD spectrum of a VO2 film; d AFM
morphology of HfS2/VO2 heterojunction; e extracted built-in potentials of HfS2/VO2 heterojunction in dark; f corresponding energy band
diagram, where v denotes work function
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To further investigate the photoelectronic performance

of the device, the typical current–voltage (I-V) properties

of HfS2/VO2 heterojunction were measured. Figure 2a

illustrates the schematic structure of the HfS2/VO2

heterojunction, where the HfS2/VO2 vdW heterojunction

was irradiated using a laser with a wavelength of 405 nm,

an optical output power of 30 mW, and a beam diameter of

0.32 mm. Figure 2b shows the Ids-Vds curves of the HfS2/

VO2 vdW heterojunction irradiated with different light

power densities at different bias voltages. The existence of

the built-in electric field results in the generation of elec-

tron–hole pairs at the HfS2/VO2 interface. Significant

acceleration of photogenerated electron–hole pairs occurs

within the interface region by light irradiation, leading to

pronounced photoelectronic effects. In the HfS2/VO2

heterojunction, the main source of photogenerated carriers

is HfS2. In contrast, according to previous study, the VO2

film itself does not exhibit a photo-response [24]. As the

power density increases, the carrier drift velocity increases

and the charge carrier separation efficiency improves,

causing a dramatic increase in the Ids value of the device.

The optical switching ratio of the device reaches 105 level,

which further reflects the superior performance of photo-

electronic devices. In Fig. 2c, the variation curve of pho-

tocurrent with power density (Vds = 3 V) can be described

by the equation: Iph � Pin
a, where Iph is the net photocur-

rent, a is the dimensionless fitting exponent, with a value of

0.3. This arises from the intricate processes of carrier

generation, recombination, and capture. The smaller the a
value is, the stronger the electron capture in the trap state at

the HfS2/VO2 interface is [25].

To assess the photo-response performance of the HfS2/

VO2 heterojunction photoelectronic device, a quantitative

analysis of crucial parameters was conducted. The

responsivity (Rph) indicates the response efficiency of the

photodetector to irradiating light, and the detectivity (D*)

of a photodetector is associated with the low-frequency

noise of the semiconductor device [26, 27]. The formulas

are:

Rph ¼
Iph
PinA

ð1Þ

Fig. 2 Photoelectronic properties of HfS2/VO2 heterojunction at room temperature: a schematic diagram of HfS2/VO2 heterojunction;
b Ids-Vds curves of HfS2/VO2 heterojunction under different light power densities, where k = 405 nm; c Ids as a function of light power
density; d Rph and D* of HfS2/VO2 heterojunction at different light power densities
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D� ¼ Rph

ffiffiffi

A
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð2eIdarkÞ
p ð2Þ

where Iph is the net photocurrent, Pin is the laser power

density, and A denotes the effective area of the HfS2/VO2

heterojunction under laser irradiation (A = 33.41 lm2),

Idark is the dark current, and e denotes the charge of elec-

tron. Figure 2d shows Rph and D* with light power density.

For the case of laser power density of 0.012 mW�cm-2, the

Rph and D* values of the HfS2/VO2 heterojunction pho-

todetector reach maximum values of 8630 A�W-1 and

1.26 9 1014 Jones, respectively. The simultaneous

decrease of Rph and D* with the increase in power intensity

may be related to the trap states at the interface between the

HfS2 layer and the heterojunction. Under lower power

density, trap states within the HfS2 layer capture photo-

electrons, resulting in decreased carrier recombination and

extended hole lifetimes, thereby enhancing Rph and D
*. The

number of excited electrons increases as the power density

increases, and the number of trap states available for cap-

ture gradually decreases, causing saturation of the photo-

response [16, 28].

When VO2 transforms into the metal phase above the

IMT temperature, it causes the HfS2/VO2 heterojunction to

become a Schottky junction. Figures 3a, b shows the Ids–

Vds curves of the device as a function of temperature in the

dark and at a power density of 39.01 mW�cm-2, respec-

tively. The dark current and photocurrent change mono-

tonically with temperature and are gradually suppressed

during heating conditions, which indicates that the photo-

electronic characteristics of HfS2/VO2 heterojunction are

highly sensitive to temperature. Figure 3c shows temper-

ature-dependent responsivity and detectivity. With

increasing temperature, the responsivity and detectivity

decrease, which may be due to poor separation of photo-

generated carriers on the heterojunction surface and

Schottky heterojunction formation [16].

To confirm our speculation, the temperature-dependent

KPFM experiment was conducted to validate the device’s

temperature-sensitive photo-response mechanism. Fig-

ures 3c, d depicts the surface potential and in-built poten-

tial as a function of temperature (300–365 K). The

temperature-dependent potential gap between the VO2 film

and the HfS2 flake diminishes and ultimately inverses. The

contact barrier gradually decreases from positive to nega-

tive values during the metal–insulator transition (MIT)

process of the VO2 film, with a total change of about

0.1 eV. Figure 3f shows the evolution of the energy band

Fig. 3 Temperature-dependent photoelectronic properties of HfS2/VO2 heterojunction: a HfS2/VO2 heterojunction dark current as a
function of temperature; b temperature-dependent Ids-Vds curves of HfS2/VO2 heterojunction with a light power density of 39.01
mW�cm-2; c Rph and D* curves of HfS2/VO2 heterojunction as a function of temperature; d images of the surface potential of a HfS2/
VO2 heterojunction with temperature in a dark environment (300–365 K); e corresponding built-in potential of HfS2/VO2 interface with
temperature; f manipulation of energy band structure evolution in HfS2/VO2 heterojunction through metal-insulator transition (MIT),
where UM denotes Schottky barrier
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structure of the HfS2/VO2 heterojunction based on the

experimental results. When the temperature is below the

phase transition temperature (TMIT * 338 K), EF-VO2 is

always above the EF-HfS2. As the temperature rises, the

MIT induces a transition of the HfS2/VO2 heterojunction

from a Type-II heterojunction to a Schottky-type hetero-

junction, the Fermi level of VO2 moves to the lower energy

end, and the lower Fermi level reduces the degree of donor

ionization because the electrons gain less energy, thereby

reducing the number of electrons that transition to the

conduction band. As the Fermi level decreases, the number

of electrons released by the donor atoms into the conduc-

tion band decreases. To maintain the electrical neutrality of

the heterojunction, the carrier concentrations in the VO2

film and HfS2 flake are reduced respectively [24]. There-

fore, the dark current of the heterojunction decreases

abnormally with temperature. The reduction of EF-VO2 and

DEF leads to the reduction of the built-in electric field,

which in turn inhibits the separation of photoexcited elec-

tron–hole pairs, causing the photocurrent and photo-re-

sponse of the device to decrease with temperature. The

detectivity of the HfS2/VO2 heterojunction decreases from

2.3 9 1014 to 0.6 9 1014 Jones with temperature.

Although both the responsivity and detectivity are reduced,

the device still exhibits remarkable responsivity and large

detectivity in high-temperature environments, and its per-

formance is significantly better than other reported

heterojunction devices [13, 18, 24, 26, 27, 29–31], as

shown in Table 1.

3.2 Photosynaptic property

In biological neurology, neighboring neurons are attached

through a synapse, and signals pass from the presynaptic

neuron to the postsynaptic neuron through neurotransmit-

ters, generating excitatory or inhibitory potentials, as

shown in Fig. 4a. The strength of connections between

neighboring neurons is often called synaptic weight and is

the basis of cognitive function [32, 33]. Changes in

synaptic weights are known as synaptic plasticity in bio-

logical research. For our device, the light pulse serves as

the presynaptic signal, and the drain-source current (Ids) is

considered the postsynaptic signal. Figure S3a demon-

strates the changes in PSC under UV light pulse irradiation

with a fixed power density of 39.01 mW�cm-2. The PSC

increases rapidly during illumination, and after removing

the light, the PSC gradually returns to its initial position

because of the charge-trapping effect. In Fig. 4b, the I–

t curve is fitted using a double-exponential relationship:

I = I0 ? A 9 exp(-t/s1) ? B 9 exp(-t/s2), where I0
denotes the photocurrent at steady state, s1 and s2 are the

fast relaxation times and slow response relaxation times at

the rising edge, respectively. The fitting yielded values of

s1 = 8.76 ms for the fast-rising response component and

s2 = 249 ms for the slow response component of the HfS2/

VO2 device.

In Fig. 4c, the PSC increases with power density

increasing when a single optical pulse of 0.012–39.01

mW�cm-2 is applied. It demonstrates that our synaptic

device shows good results in simulating biological synaptic

functions [34]. The calculation formula of the single pulse

index is DPSC/PSC = (A - A0)/A 9 100%. A and A0 are

the amplitudes of PSC in the initial state with laser and

without laser, respectively. Figure 4d shows the single-

pulse index rises as the power density increases and satu-

rates at laser power density above 8.40 mW�cm-2.

Generally, long-term plasticity (LTP) and short-term

plasticity (STP) are two fundamental mechanisms in the

brain that play key roles in learning and memory. STP is

responsible for the recognition and processing of infor-

mation in the brain, while LTP is critical for long-term

learning and memory formation [35]. The transition from

STP to LTP can be implemented by controlling the stim-

ulation intensity, duration, quantity, and frequency of

Table 1 Performance comparison of HfS2/VO2 photodetector and other devices

Maters Wavelength /
(nm)

Responsivity /
(A�W-1)

Ion/Ioff Rise time / ms Detectivity / Jones Vds/Vg Refs.

WS2/HfS2 4700 1.5 9 103 2 -1.5 V/0 V [13]

HfS2 473 890 3 V/80 V [18]

GaSe/VO2 405 0.358 433 2.14 9 1011 3 V/0 V [24]

NbSe2/VO2 405 7.15 9 10–3 2697 0.22 1.11 9 109 0.01 V/0 V [26]

ZnO/VO2 405 0.32 2490 1.52 9 109 1 V/0 V [27]

GaSe/HfS2 500 1.1 9 104 1.29 9 103 30 V/0 V [29]

MoS2/HgTe 600–1200 5 9 103 10 6.4 9 1012 1 V/-15 V [30]

MoTe2/G/SnS2 1064 2 9 103 24.1 1.1 9 1013 1 V/0 V [31]

HfS2/VO2 405 8.6 9 103 1.85 9 105 8.7 1.26 9 1014 3 V/0 V This work
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Fig. 4 Synaptic properties of HfS2/VO2 heterojunction: a schematic diagram of a biological synapse; b synaptic response rise time
fitting plot at a power density of 39.01 mW�cm-2; c changes of PSC under a single light pulse stimulation with different power densities
(at Vds = 3 V); d corresponding weight changes (DPSC/PSC) with different light power densities

Fig. 5 Transition from STP to LTP in HfS2/VO2 heterojunction at room temperature: a changes in PSC stimulated by a series of
different light pulse widths (100 to 900 ms, Pin = 39.01 mW�cm-2); b PSC fitted with an exponential decay model; c multi-pulse current
trends under same pulse width and different pulse intensities; d current trend under different frequencies (0.2–1.25 Hz) excitation,
where each pulse frequency lasts 30 s; e PSC triggered by a pair of light spikes with a spike duration of 0.5 s, where Dt is 5 s; f PPF
index and best-fit curve as a function of time intervals (Dt)
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synaptic weights [36, 37]. To verify that our device could

simulate the STP to LTP transition, the effect of pulse

duration on synaptic performance is measured. Figure 5a

illustrates the PSC as a function of time for a single light

pulse with pulse widths ranging from 100 to 900 ms. The

PSC rises as the pulse width broadens, suggesting that a

more extensive UV pulse width generates a higher con-

centration of electrons, thereby effectively amplifying the

PSC’s amplitude and memory potency. In Fig. 5b, the PSC

decay is simulated using the parametric Kohlrausch’s law

[38]: PSC = A0 ? A1 9 exp[-(t/s)b], where t, b and s
represent time, stretch index, and retention time, respec-

tively. With a light power density of 39.01 mW�cm-2, the

fitted b is 0.122, and s is about 225.2 ms, indicating that

the synaptic device has a good photo-responsive non-

volatility. To further investigate the plastic behavior, the

device is then exposed to light pulse stimulation at a power

density ranging from 0.012 to 39.01 mW�cm-2. As the

number of pulses increases, the PSC moves upward and

decays slowly. Figure 5c shows that the PSC increases

with power density, meaning that the transition from STP

to LTP can be made by adding the power density and the

number of pulses simultaneously.

Synaptic plasticity changes in response to stimulus fre-

quency, and this frequency dependence is one of the most

important learning mechanisms in cognitive behavior in the

human brain. Figure 5d displays PSC under light pulsed at

different frequencies from 0.2 to 1.25 Hz. It can be

observed that the intensity and decay time rise with fre-

quency, accomplishing the transition of biological synapses

from STP to LTP. Higher frequency means shorter pulse

intervals, resulting in fewer photogenerated carrier com-

plexes. Therefore, higher frequency results in higher PSC

for the same number of pulses. With a fixed spike number

of 10, the PSC values obtained are 0.3 lA at 0.2 Hz and

0.45 lA at 1.25 Hz, reflecting the frequency-dependent

gain (A10/A1) (Fig. S3b). The gain-frequency relationship

displays high-pass filter characteristics, enhancing the

image’s high-frequency edge signals [3].

PPF is an essential manifestation of short-term plasticity

and is crucial for decoding the temporal information of

visual or auditory signals. Under stimulation with two

identical consecutive pulses, the second pulse triggered a

larger synapse than the first. This phenomenon stems from

the continuous accumulation of synapses during presy-

naptic membrane transmission [39]. The PPF index can be

obtained from the equation: PPF = A2/A1 9 100%, where

A1 and A2 are the current magnitudes triggered by two

neighboring synaptic spikes. Figure 5e illustrates the PPF

behavior of the HfS2/VO2 synapse device under two light

pulses at a wavelength of 405 nm. In Fig. 5f, the PPF index

behavior at different pulse intervals (Dt), and the maximum

of PPF reaches 118% under Dt of 0.8 s. The PPF gradually

decreases from 118% to 102% as Dt increases. The

experimental results show that there is a correlation

between the PPF index and the Dt of the light pulse, which
aligns with the behavior of biological synapses. The rela-

tionship between PPF and Dt is fitted by a double expo-

nential function equation: PPF = 1 ? C1 9 exp(-Dt/
s1) ? C2 9 exp(-Dt/s2), where s1 and s2 are the initial

fast and slow phase relaxation amplitudes, respectively

[40]. The slow-phase relaxation time (s2 = 1.379 s) value

obtained by fitting the curve is about an order of magnitude

larger than the fast-phase relaxation time (s1 = 820 ms)

and is comparable to those measured for biological

synapses [41].

To simulate synaptic plasticity at high-temperature,

PSC changes for different pulse widths are measured. In

Fig. 6a, the PSC values increase with the pulse width,

indicating that more electrons are generated by longer

irradiation and the time required for the current to return

to its initial state increases. Figure 6b shows that the

extracted stretch index is 0.202, and s is about 149.5 ms

with a laser pulse width of 0.5 s. In Fig. 6c, d, the longer

and more frequent the light pulses, the longer the PSC

decay time, which indicates that the brain remembers

more and learns more. When the optical pulse frequency

is small, the carrier generation rate and recombination rate

are approximately the same, and the synaptic device

current is basically constant; as the optical pulse fre-

quency increases, the carrier generation rate gradually

exceeds the recombination rate, resulting in an increase in

the synaptic device current. It is confirmed that our

synaptic device realizes the transition from STP to LTP

by regulating the intensity, number, and duration of light

pulses at high-temperature (Fig. S4). In Fig. 6e,

s1 = 627 ms and s2 = 1.244 s are obtained from the fit-

ting. Carriers move slowly toward the equilibrium posi-

tions at room temperature; thus, the information retention

is significantly improved. When the temperature increa-

ses, the retention time of synaptic transistors at high

temperature is shortened due to charge de-trapping and

accelerated carrier migration [42].

Long-term memory (LTM) is another manifestation of

synaptic plasticity, which is thought fundamental to brain

function and corresponds to long-term potentiation (LTP)

[43]. LTM is a synapse-based conversion of STM to LTM

that can be achieved by repeating a rehearsal several times.

In Fig. 6f, when a single pulse is applied, the PSC declines

and restores its original state within a short time, realizing

the STM behavior of the synaptic device. To deeply sim-

ulate the STM and LTM behavior of the artificial synapses,

artificial synapses are stimulated using light with different

numbers of pulses (N = 5, 10, 20, 30 and 50). Under dif-

ferent pulse numbers, the synaptic device PSC increases

with the number of pulses, because more light pulses
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Fig. 6 Transition from STP to LTP in HfS2/VO2 heterojunction at 365 K: a PSC changes by stimulation with a series of different light
pulse widths, where pulse frequency 0.2 Hz; b experimental and fitted relaxation curves, where pulse frequency is 0.2 Hz and pulse
width is 500 ms; c multi-pulse current trend for various pulse widths (100 ms–1 s); d trend of current at different frequencies for same
time, where pulse width is 500 ms; e PPF index as a function of pulse interval; f PSC change curves under different numbers of light
pulses, where all PSC (Ids) measurements are conducted with applied Vds of 3 V

Fig. 7 Pavlovian experiment simulation with HfS2/VO2 heterojunction artificial photoelectronic synapse: a schematic diagram of
Pavlov’s dog experiment; b training of HfS2/VO2 heterojunction under different intensities of UV light to complete associative learning
simulations with Vds = 3 V (405 nm, 0.012 and 8.4 mW�cm-2)

1 Rare Met. (2024) 43(8):3798–3809

3806 L. Wang et al.



stimulate more photogenerated carriers. PSC increases with

the number of pulses, enabling a switch between STM and

LTM in the HfS2/VO2 synaptic device. This behavior is

closely related to learning, forgetting, and associative

memory. As the frequency of learning increases, memory

becomes more robust, and forgetting becomes more diffi-

cult. The STM and LTM behavior of synaptic devices show

similar characteristics to human visual synapses under light

stimulation. It suggests that our devices can mimic the

brain’s learning process well at high temperature.

The ability to learn through associations is a crucial

function of the human brain. Figure 7a depicts classical

conditioning in the famous ‘‘Pavlov’s Dog Experiment’’.

For dogs, an unconditioned stimulus, usually an instinctive

behavior (e.g., food), will elicit an unconditioned response

with no prior learning (e.g., secretion of saliva). In contrast,

a conditioned stimulus is a neutral stimulus that does not

initially elicit any particular response (e.g., a bell). At this

point, the neutral stimulus is turned into the conditioned

stimulus, and salivation becomes the conditioned response

[44].

In this study, the classical Pavlovian conditioned reflex

experiment associated with associative learning processes

in the brain was successfully modeled. In Fig. 7b, a light

density of 0.012 mW�cm-2 is applied to simulate the bell

sound to allow a dog to trigger a conditioned response. A

light density of 8.4 mW�cm-2 is employed to simulate

food to elicit salivation. A PSC of 1.5 lA is defined as

the threshold for whether the device learns to associate

two light stimuli of different intensity. During bell stim-

ulation, the dog is regarded as not secrete saliva (the peak

of PSC is 0.1 lA), but food stimulation causes it to

secrete saliva (the peak of PSC is 0.24 lA). Afterward,
the dog excitedly secretes saliva (the peak of PSC is 0.27

lA) when stimulated by both the food and the bell. After

a lot of bell and food training, the dog will also salivate

when stimulated by the bell alone. Therefore, it has

successfully learned to associate the sound of a bell with

food. The experiment confirmed that the device could

learn associatively through repetitive training and the PSC

peaks’ decaying behavior resembled the brain’s forgetting

process.

4 Conclusion

In summary, a photoelectronic synaptic device was pro-

posed based on HfS2/VO2 heterojunction that possesses

excellent photoelectric performance, with up to 8.6 9 103

A�W-1 detectivity and 1.26 9 1014 Jones responsivity at

room temperature. When VO2 is converted on the IMT, the

device transforms into a Schottky heterojunction, which

has a large responsivity of 1523 A�W-1 and a sizable

detectivity of 6.3 9 1013 Jones (Vds = 3 V). Most notably,

the device is excited by UV light pulses as an excitation

source and exhibits excellent synaptic plasticity behaviors,

such as PSC, PPF, and transition from STP to LTP at room

and high temperature. The combination of high detectivity

with synaptic properties of HfS2/VO2 heterojunction offers

new avenues for achieving more efficient and intelligent AI

applications. Moreover, the device successfully simulates

the Pavlovian experiment. The results can be applied to

smart applications including sensor storage computing

chips, high-temperature industry, and fire detection.
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