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Neuromorphic computing has attracted great attention to mimic the human brain functions of perception,
learning, and memory, which is considered to overcome the “von Neumann bottleneck”. Here, we developed
a HfS,-based photoelectronic field effect transistor with a tunable synaptic plasticity. By modulating the gate
voltages, the paired-pulse plasticity undergoes a transition between paired-pulse facilitation (PPF =128%) and
paired-pulse depression (PPD=89%) due to the charge-trapping effect under a pulsed light (1=405 nm). In

a further step, five emotion valences and emotion-related learning and memories are successfully mimicked
based on the various artificial synaptic metaplasticity of the HfS,-based synaptic devices. This work provides an
alternative approach to modulate the synaptic plasticity of artificial synaptic transistors for emotional memory
and a new strategy to improve brain-like simulations of neuromorphic computing.

1. Introduction

Human brain can recognize information from external stimuli
through a biological sensory system. The central and peripheral ner
vous system works together to recognize external information, to
make decisions, and to control bodily functions [1,2]. Unlike the “von
Neumann” architecture, the human brain uses the same interval for
storage and computation. The operations are asynchronous, energy
efficient, massively parallel, and fault tolerant [3 5]. Inspired by the
highly connected and extremely energy efficient neural networks of
the human brain, neuromorphic computing, as a new paradigm, has
implications for advanced cognition, reasoning, and learning as well as
traditional data processing and storage [6 8]. Recently, the construc
tion of artificial nervous systems at the device level has become an
important branch in the field of artificial intelligence [9 11].

As an important structure, synapses connect billions of neuronal
cells in the human brain [12]. Simulation of biological functions
through synaptic devices is an important part of the brain like engi
neering. By regulating synaptic plasticity, information can be processed
and stored at the same time. The synaptic plasticity includes short term
synaptic plasticity (STP), long term synaptic plasticity (LTP), paired
pulse facilitation (PPF), paired pulse depression (PPD), etc [13]. STP
and LTP have been implicated in short and long term learning and
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memory in the human brain. Paired pulse plasticity (PPF and PPD)
is the basis of various synaptic functions. The investigation of paired
pulse plasticity is helpful to expand the synaptic functions of devices
and improve the degree of simulation. Lin et al. demonstrated that
PPF behavior is negatively correlated with pulse interval in a two
dimensional (2D) layered InSe based photonic synaptic device, which
could mimic age related synaptic plasticity in the human brain [14].
Wang et al. reported a CsPbBr;/h BN/Graphene based synaptic de
vice with a high PPF index (196%) under the same wavelength of
pulsed light, which could be applied for artificial visual perception
systems [15]. Hu et al. implemented a 2D layered HfS, based artificial
optoelectronic synapse for recognition of handwritten numbers with an
accuracy of about 91.5% and a low energy consumption of 0.2 pJ per
spike [16]. However, there are still some challenges which have to be
overcome for 2D layered material based artificial synaptic devices [17].
Firstly, most 2D materials are easily attacked by air. Oxidation and
hydrolysis cannot be completely avoided under the vacuum condition.
Secondly, paired pulse plasticity under a pulsed light always exhibits
a facilitation behavior without a depression [18,19]. Thirdly, emotions
could affect the learning and forgetting behaviors, [20,21] while the
physical mechanism of artificial synaptic devices for emotional memory
is not clear. This needs to be investigated further in detail.



As a type of transition metal dichalcogenides, layered semicon
ductor HfS, exhibits excellent electrical and optical properties. It has
an indirect band gap of 1.2eV, an ultra sensitive light response, and
a super high theoretical acoustic phonon limited mobility of 1800
3500 cm?V-1s~! [22,23]. Similar to other transition metal dichalco
genides (TMDs), layered HfS, exhibits different properties with in
creasing the number of layers. For examples, Nie et al. reported that
multilayer TMD FETs possess higher current carrying capacities and
mobility than those of monolayer TMD devices [24]. Xu et al. demon
strate that the 7 12 nm thick HfS, based FETs exhibit the maximal
mobility and on/off ratio [25]. In this work, 7 12 nm thick HfS,
nanosheets were transferred to the 280 nm thick SiO,/Si substrates. To
ensure the thickness of HfS, sheets is uniform, the optical microscope
and an atomic force microscope (AFM) system are used to determine
the thickness. In a further step, a HfS, based synaptic transistor was
designed and fabricated, which was covered with indium (In) to im
prove the stability [26,27]. There is a transition between PPF and PPD
under the same wavelength of pulsed light (1 =405 nm) due to the good
gate control of the field effect transistors (FETs) and the HfS,/SiO,
interfacial charge trapping effect. The tunable paired pulse synaptic
plasticity of the HfS, based synaptic device mainly includes stabiliza
tion, multi level facilitation and depression. Moreover, emotion related
synaptic metaplasticity is simulated by modulating the charge trap
ping/detrapping effect under different light pulse frequencies and gate
voltages (Vgg). Finally, thirty emotional states are defined by the
synaptic weight index, and the emotion related learning and memory
processes are investigated in detail for artificial emotional memories.

2. Material and methods
2.1. Device fabrication

HfS, sheets were mechanically exfoliated from the HfS, crystals
(Sixcarbon Tech Shenzhen) onto polydimethylsiloxane (PDMS) films,
and then transferred to the 280nm thick SiO,/Si substrates. A 5nm
thick indium (In) layer was deposited on the HfS, sheets at a rate of
0.1A/s by a thermal evaporation machine with a deposit current of
75 A under high vacuum (10~ Torr). The source and drain electrodes
(Ni/Au, 2/50 nm) were fabricated on the transferred HfS, sheets by
thermal evaporation using a shadow mask.

2.2. Characterization

The morphology and thickness of HfS, sheets on the SiO,/Si were
measured using an optical microscope and an atomic force microscope
(AFM, Dimension Icon, Bruker). Raman spectra were recorded by a Ra
man microscope (Jobin Yvon LabRAM HR Evolution, HORIBA) with an
excitation laser of 532 nm. The electrical and optoelectronic character
istics of the HfS, based devices were probed with the Keithley 4200 SCS
semiconductor parameter analyzer under high vacuum (107 Torr) at
room temperature. All the electronic and optoelectronic measurements
in the probe station were carried out under dark conditions, and only
exposed to the target light sources. For the optoelectronic measure
ments, commercial light emitting diodes with wavelengths of 405, 520,
and 638 nm (Thorlabs, Inc.) were employed. Light pulses with tunable
power intensity, pulse width, and frequency were controlled using a
laser diode/temperature controller.

3. Results and discussion
3.1. Structure and electrical/optical performance of HfS, based transistors
Fig. 1la illustrates the architecture of a HfS, based transistor to

mimic photoelectric synapses. Note that a 5nm indium layer was de
posited by thermal evaporation to protect the device from oxidation.

The deposition of In could reduce the damage of channel materials dur
ing evaporation since In has a lower melting point (156 °C), compared
with Al (660 °C) and Hf (2227 °C). Fig. 1b shows the optical microscope
image of a HfS, based transistor. The channel length and channel width
of the device are about 14 pm and 40 pm, respectively. The AFM image
suggests that the HfS, sheet has a clean surface. The corresponding
height profile reveals that the thickness is about 9.6 nm (cf. Figure
Sla in the Supporting Information), which is expected to show brilliant
performance [28]. In Fig. 1c, there are two peaks nearby 260 and
338 cm™! in the Raman spectra of HfS, sheets, which are assigned to the
first order Raman active modes E, and A, o respectively [25]. Note that
the Raman peak (%) nearby 302cm~! comes from the two transverse
acoustic phonons (2TA) of the Si substrate (cf. Figure S1b) [29].

Fig. 1d shows the output characteristics at different gate source
voltages (Vgg) from —80V to +80V, which exhibits an Ohmic contact
for the HfS, based FETs. In Figs. 1e and Slc, the transfer characteristic
curves at different drain source voltage (Vpg) reveal a n type feature
of the HfS, channel with a high on/off ratio of about 10°. It should be
emphasized that there is a tiny hysteresis in the transfer characteristic
curves due to the charge trapping effect caused by the Si O dangling
bonds on the SiO, surface [22]. The HfS, FETs show decent environ
mental stability, which maintains the normal electrical performance for
more than seven weeks (cf. Figure S1d). In addition, the HfS, based
FETs have a high repetition rate according to the transfer characteristic
curves, as shown in Figure S2a. However, there are still some variations
between different devices, which could be attributed to the various
thickness of HfS, sheets. Fig. 1le shows the transfer characteristics of
the HfS, FETs under various power densities of the 405 nm laser at Vg
= 0.1V. The threshold voltage (V,;) shifts toward the negative voltage
side as the light power density increases from 0 to 58 mW/cm? since
the photocarrier concentration increases. The device responsivity (R)
as a function of light power density is defined by the formula:[30]
R=1,,/(P;;-S), where Iy =gy lguk> Pin is the laser power density,
and S is the active area of the phototransistor. Fig. 1f suggests that
the responsivity decreases and then tends to be saturated with increas
ing the power density. It has a maximum value of about 23 A/W at
P,,=1.8mW/cm?. As the laser power density increases, the excited
photocarriers (i.e., Iph) in the channel increases, as shown in the inset
of Fig. 1f.

3.2. Mechanism of the gate regulated synaptic plasticity

The charge trapping effect is a key mechanism for memory behavior
in photosynapse transistors since it affects the synaptic plasticity [31].
To further confirm the origin of the trapping event, a layered insula
tor (h BN) with free dangling bonds was inserted into the HfS,/SiO,
interface (cf. Figure S2b). For the devices with the SiO,/h BN/HfS,
structure, the hysteresis is reduced compared with that of HfS,/SiO,
structure. It indicates that the introduction of h BN prevents carriers
from being trapped. Therefore, the acceptor like charge trapping be
havior in the present devices originates from the dangling Si O bonds
at the SiO, surface. Fortunately, the captured electrons in the artificial
synaptic transistors could be regulated by Vg [32]. To better under
stand the operation mechanism, the band structure and carrier behavior
of the HfS,/SiO, based synaptic FETs at the positive and negative
Vs are illustrated in Figs. 2a and 2b, respectively. In particular, the
bands of HfS, bend downward when a positive Vg is applied. The
carriers accumulate at the HfS,/SiO, interface and are captured by
defect states on the SiO, surface, which reduces the output current (cf.
Figure S3a). This suggests that the output current decays with the time
at Vgg =80V. In contrast, when a negative Vg is applied, the trapped
carriers are released back into the channel, resulting in an increase of
the output current (cf. Figure S3b). Moreover, Figs. 2c and 2d show the
energy band diagrams and carrier behavior during/after illumination at
Vgs = 0V. When light is applied, a large number of photocarriers will
be generated in the channel, resulting in a rapid increase of current in a
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Fig. 1. (a) Schematic illustration of a HfS,-based FET, packaged with In as a passivation layer. (b) An optical image of a HfS,-based FET covered with a 5nm-thick In layer.
(c) Raman spectra of the In/HfS, and HfS, sheets on SiO,/Si substrates used in the devices and the corresponding assignment of the Raman peaks. The Raman peak (%) nearby
302cm™! comes from Si substrates. (d) Output characteristic curves of a HfS,-based FET in the dark at various Vgg. (e) Transfer characteristic curves at different laser power
densities. (f) Responsivity and I, (inset) of the HfS,-based optoelectronic device as a function of laser power density.
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Fig. 2. Energy band diagrams of the HfS,/SiO,/p*-Si architecture. (a) The carrier
capture process under positive V. (b) The carrier release process under negative V.
(c) The carrier capture process during illumination. (d) The carrier release process after
illumination.

short time. At the same time, the defect states at the HfS,/SiO, interface
will capture a fraction of photocarriers. When light is removed, the
combination of electrons and holes causes the decrease of post synaptic
current (PSC). However, the interface trap can release a small fraction
of electrons to the channel and the output current will not drop back
to the initial state [33].

3.3. Tunable synaptic plasticity of HfS, based transistors

In neurobiology, two adjacent neurons are connected by synapses,
and signals are transmitted by chemicals. The presynaptic neuron
releases neurotransmitters, which are then picked up by receptors on
the postsynaptic neuron [34]. Similar to biological synapses, [35] the
light stimulation can be regarded as pre spike and the channel as post
spike as illustrated in Fig. 3a. The post synaptic current (PSC) of a

HfS, synaptic device is triggered by a single light pulse (405, 520, and
633 nm) with a fixed power density of 44.3 mW/cm? and a pulse width
of 0.5s. It reveals that the PSC triggered by the 405 nm pulsed light is
the largest one (cf. Figure S4). In order to achieve obvious synaptic
functions, the 405nm laser is performed in the following experiments.
Fig. 3b shows the time dependent PSC by applying a single light pulse
with the different pulse widths from 0.1s to 1.2s. The PSC increases
sharply during illumination and decays after illumination. Note that
PSC does not return to the initial state due to the charge trapping effect.
The PSC increases with increasing the pulse width, which is consistent
with the pulse time dependent plasticity [36]. In Figure S5, the PSC
decay curves are simulated by a simplified Kohlrausch law: [37] I =
Iy + I, x exp[—(t/7)?]. For the case of the laser pulse width of 0.5s,
the extracted stretch index (f) is 0.278 +0.001 and the retention time
(7) is about 212 + 3 ms. This means that the feature time of the carrier
migration is about 212 ms. The single pulse index is obtained by the
formula: [22] APSC/PSC=(A-Aj)/A x 100%. Where A and A, are
the amplitudes of the PSC when lighting and the initial state before
lighting, respectively. In the inset of Fig. 3b, the single pulse index
increases with the pulse width and tends to be saturated at about 0.3s.
Figs. 3c and S6 indicate that the PSC has a similar behavior by applying
a single light pulse with various amplitudes from 1.8 to 44.3 mW/cm?
and a fixed pulse width of 0.5s, which verifies the pulse amplitude
dependence of the synapse plasticity. The inset of Fig. 3c depicts that
the single pulse index increases with the pulse amplitude and tends to
be saturated under a high light power density above 10 mW/cm?.
Paired pulse synaptic plasticity (PPF and PPD) refers to the related
change of the synaptic response after the first and second consecutive
stimuli [38]. Usually, the paired pulse index is defined by the follow
ing formula: [39,40] PPF (PPD) index=A,/A;x100%, where A; and
A, are the amplitudes of the first and second PSC, respectively. As
shown in Figs. 3d, 3e and S7, a tunable paired pulse plasticity feature
is demonstrated by applying negative and positive gate voltages. In
particular, PPF behavior occurs at Vgg=—-80V according to the ratio
of A,/A, (128%). Interestingly, the paired pulse plasticity is reversed
from PPF to PPD at Vgg=+80V with a PPD index of about 89%.
It should be emphasized that the PSC amplitudes (A; and A,) are
corrected with respect to the background current for positive gate
voltages (cf. Figure S8). The paired pulse synaptic plasticity consists
of three stages: first stimulation, intermediate relaxation, and second
stimulation [15]. For the case of V=0V, the PSC increases due
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Fig. 3. (a) Schematic diagrams of a biological synapse and an artificial synapse based on the HfS,-based FET. (b) PSC stimulated by a single light pulse with different laser pulse
width from 0.1 to 1.2s and a fixed power density of 44.3mW/cm?. Inset: The corresponding single pulse index (APSC/PSC) as a function of light pulse width. (¢) PSC stimulated
by a single light pulse with different power densities from 1.8 to 44.3mW/cm? and a fixed duration time of 0.5 s. Inset: The corresponding single pulse index as a function of
light power density. Normalized PSC stimulated by a pair of light pulses (power density: P,, =44.3mW/cm?, pulse interval: At=>5s, and pulse width: t=0.5s) at the Vg of (d)
—80V and (e) 80V. (f) The corresponding paired-pulse index (A,/A;) and the best-fitted curve as a function of Vg at a laser pulse interval of At=5s.

Table 1

Comparison of the key parameters of some typical optoelectronic synaptic devices.
Active Size/thick. On/Off A Resp. Optical spike Refs.
material (pm?/nm) ratio (nm) (A/W) (PPF/PPD)
HfS, 14 x 40/9.6 >10° 405 23 128%/89% This work
HfS, 5 x 18/20 >10° 405 0.09 150%/- [16]
HfS, 3 x 10/9.8 ~10° 405 0.02 111%/- [22]
HfS, -/11.1 ~10° 405 1072 140%/- [26]
InSe - ~107 405 - 210%/- [14]
1ZO 30 x 100/40 ~10° 470 4 x 1073 130%/— [9]
CsPbBr, 200 x 500/30 - 520 4 196%/— [15]
Si/P3HT 25 x 500/100 - 375 8 x 107° 154%/- [40]

532 2.7 x 107° -/54% [40]

MAPbI, 25 x 500/205 - 532 120 168%/— [41]

to the presence of photogenic carriers during the first stimulus. In
the intermediate relaxation stage, the combination of photogenerated
electrons and holes leads to the PSC decline, which is the background
current of the secondary stimulus. At the same time, the part of the
photocarriers are captured in trapped states. When the second stimulus
is applied, photocarriers are again accumulated over the background
current, resulting in a larger current than that of the first stimulus.
For the case of Vgg>0V, the carriers move from the channel to the
HfS,/SiO, interface. The background current decays quickly due to
the enhanced charge trapping effect. Therefore, the PSC stimulated by
the second stimulus is weaker than that by the first stimulus. On the
contrary, the charge trapping effect is attenuated and a part of the
trapped carriers are released to the channel at V;g <0V. The second
stimulus is stronger than the first stimulus since the background current
increases. In Figs. 3f, the A,/A; index decreases from 128% (PPF)
to 89% (PPD) with increasing the gate voltage from —80V to +80V.
This indicates that the present synaptic devices have a tunable paired
pulse plasticity and the PPF/PPD transition occurs when the sign of
gate voltage changes due to the enhancement or attenuation of charge
trapping effect. In addition, the key parameters of different synapse
devices are compared in Table 1. It is found that the present HfS, based
artificial synapses have a high responsivity of 23 A/W, a good on/off
ratio of about 10°, and both optical spikes (PPF/PPD = 128%,/89%) by
applying the same pulsed light (1 =405 nm) at various gate voltages.
Generally, PPF index decreases and PPD index increases mono

tonically with increasing the pulse interval [16,42]. Interestingly, in
this work, PPF and PPD are positively and negatively correlated with

the light pulse interval At, respectively (cf. Fig. 4a). At Vg =0V, the
PPF index decreases with At since the photogenerated carriers have
enough time to recombine, which induces a low background current
for the second stimulus [43]. When the gate bias is 40V or 80V, the
background current decreases with At due to the enhanced charge
trapping effect. The index shows a negative correlation with At and
reaches a minimum value of 89% at Vg =80V and 4t=5s. The trend is
reversed at Vgg=—-40V and —80V, as shown in Fig. 4a. The PPF index
shows a positive correlation with 4t, and it reaches a maximum value
of 128% at Vgg =—80V and At=5s. The background current increases
with increasing At due to the attenuated charge trapping effect (cf.
Figure S9). When the pulse interval is small, few carriers are captured to
make a lower second stimulus. When the pulse interval is long enough
(4t >25s), there is a transition from PPF to PPD at Vg = 80V. Note
that the high gate voltage will decrease dramatically for the case of a
thin high k dielectric oxidation layer in the synaptic transistors.

In a further step, the synaptic plasticity (STP and LTP) of the
HfS, artificial devices is investigated by applying the pulsed light
(P;, =44.3mW/cm? and t=0.5s), as shown in Figs. 4b and S10. The
captured carriers at the HfS,/SiO, interface are released back to the
conducting channel and the output current level increases by applying
a negative gate voltage. Therefore, when light stimulation is applied
to HfS, FETs, a large PSC can be obtained based on the increase of
output current, leading to LTP. Fortunately, it can be reset to a lower
conductivity state after applying a positive pulsed gate voltage. (cf.
Figure S11) On the other hand, a small PSC can be obtained based on
the decrease of output current under a positive gate voltage, leading
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Fig. 4. (a) A,/A, index as a function of light pulse interval At at Vgg=-80, —40, 0, +40, and +80V. (b) PSC stimulated by light pulses (pulse number: 80, power density:
44.3mW/cm?, pulse width: 0.5s, and pulse frequency: 1Hz) at various Vgg. (¢) The five kinds of induced events and the corresponding five emotional valences based on the

tunable synaptic plasticity.

to LTD. Note that the synapse weight (W) is obtained based on the
formula:[28] W, = A, /A;x100%. Here A, and A, are the amplitudes of
the first and nth PSC, respectively. It reveals that the synaptic weight is
enhanced by applying a negative gate voltage, while it is weakened by
applying a positive gate bias. Particularly, the synaptic weight increases
to the maximum (283%) at —80V and decreases to the minimum (68%)
at 80V. It indicates that synaptic metaplasticity of the HfS, based
synaptic transistors are realized by applying various V.

In human sense, one perceives the world subjectively, and the per
ception could be influenced by the environment, resulting in different
emotions [44]. In neurobiology, the learning and forgetting are affected
by emotions under different induced events, which provides the support
for imitating the memory processes of a person under different emotion
states. In psychology, emotion is composed of the two dimensions
(valence and arousal) according to the two dimensional theory of emo
tion. The emotional valence can be divided into positive, neutral, and
negative emotion valences [45,46]. The synaptic weight could mimic
different emotional valences in humans [47,48]. In this work, the
phenomena of learning and forgetting can be affected by the synaptic
weights of synaptic transistors at different gate voltages. Fig. 4c shows
the five kinds of emotional valences under the corresponding induced
events. Note that gate voltage corresponds to the induced emotional
events. Particularly, V=0V is used for neutral events, a negative
Vs for good induced events, and a positive Vg for bad induced ones.
When one is in a quiet environment, the emotional valence is calm
(187%). One will be happy (233%) when hearing the chirping of a
bird, and excited (283%) when hearing a song. On the contrary, one
will become upset (97%) when hearing the sound from a mosquito,
and depressed (68%) when hearing the noise from a drill. Therefore,
the present synaptic transistors could be used to simulate emotions in
different environments.

For the other dimensional emotion  arousal, the high degree of
emotions lead to high arousal and great mood swings [47,49]. Arousal
emotions are further simulated by various light pulse frequencies, as
shown in Figs. 5 and S12. The PSC at a light pulse frequency of 0.2 Hz
decays quickly and reaches a low level of the biological synapses, which
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Fig. 5. (a) Synapse weight (W,) as a function of laser pulse frequency at different Vg
from —80V to +80V. (b) A contour map of W, as a function of laser pulse frequency
and Vg with an obvious inversion of states of emotion. (c) The memory process of the
letter ‘T’ under the positive, neutral, and negative states of mood, which are denoted
by Vgs=-80V, —40V, 0V, 40V, and 80V, respectively.

simulates a STP like behavior. When the frequency increases to 1.25 Hz,
the PSC reaches a high level after frequent stimulation. Fig. 5a suggests
that the synaptic weight increases with the light pulse frequency at a
positive Vg, and decreases with the light pulse frequency at a negative



Vgs- The synapse weight (W) increases with increasing the frequency.
It means that more frequent practice leads to an enhanced learning,
which transfers from fast to slow reinforcement, eventually stabilizing
to a long term memory. Different pulse frequencies could represent
different degrees of arousal under the same emotional valence. There
is a corresponding emotional state at the junction of Vg (emotional
valence) and frequency (emotional arousal). The range of Vg is from
—80 to 80V, which contains five values. The pulse frequency ranges
from 0.2 to 1.25Hz, which contains six values. Therefore, thirty emo
tional states are defined. The A,/A; index as a function of laser pulse
frequency and Vgg is plotted in Fig. 5b, which corresponds to the
two dimensional model diagram composed of emotional valence and
arousal. Emotion is positively correlated with arousal under a positive
emotional valence, while it is negatively correlated with arousal under
a negative emotional valence. Changes from blue to red represent the
changes from a depressed to a pleasant mood.

Furthermore, emotions can affect learning and memory processes
[41]. In the same learning atmosphere, people in a good (bad) mood
learn more (less) efficiently and forget more slowly (faster) [50,51].
A series of light pulses were applied to mimic the studying action of a
person. The synaptic weight of the devices at O's after stimulation (light
pulse number: 80, power density: 44.3 mW/cm?, pulse width: 0.5s, and
pulse frequency: 1 Hz), 10s after stimulation and 60 s after stimulation
were extracted to assess the memory process. The synaptic weight is de
rived from the formula: W, = A,/A;x100%, where A, is the ground state
PSC and A, is the amplitude of PSC at ts after learning, respectively.
According to the extracted parameters, the memory process of letter ‘T’
at different gate voltage and time are depicted in Fig. 5c. The emotion
moods are positively (negatively) related to positive (negative) gate
voltages, which are consistent with the fact that learning results are
positively (negatively) related to positive (negative) moods. It reveals
that one has the strongest learning ability and first impressions of the
letter “T” when he/she is in a positive emotion (Vgg = —80V). After
a period of time, the recognition of the letter ‘T’ becomes blurred
compared to the first impression, which is consistent with people’s
forgetting characteristics [52]. Finally, one with a positive emotion
has a clearer impression of the letter ‘T’. Therefore, the present HfS,
based synaptic devices could simulate the emotion related learning and
memory.

4. Conclusions

In summary, an artificial HfS, based synaptic device has been fab
ricated to successfully emulate the basic synaptic plasticity, such as
PPF/PPD and LTP/LTD by applying a pulse laser (4 =405 nm). It has a
high responsivity of 23 A/W at the laser power density of 1.8 mW/cm?
and an on/off ratio of about 10°. Owing to the gate voltage de
pendent charge trapping effect, the photoelectronic synaptic transistor
exhibits a tunable synaptic plasticity with the PPF(128%)/PPD(89%)
and LTP(283%)/LTD(68%) transitions under the same wavelength of a
laser pulse. The various synaptic weights and spikes stimulated meta
plasticity as functions of gate voltage and light pulse frequency are used
to simulate the five emotion valences and emotion related learning
and memory process. In addition, thirty artificial emotional states are
obtained based on the two dimensional theory of emotion (valence and
arousal). This work provide an insight into the design and fabrication
of 2D HfS, based synaptic devices and their applications in artificial
emotional memory.
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