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Effective control of electrical and optoelectronic properties of two-
dimensional layered materials, one of the key requirements for
applications in advanced optoelectronics with multiple functions,
has been hindered by the difficulty of elemental doping, which is
commonly utilized in Si technology. In this study, we proposed a
new method to synthesize hydrophilic MoS, monolayers through
covalently introducing hydroxyl groups during their growth
process. These hydroxyl groups exhibit a strong capability of charge
trapping, and thus the hydrophilic MoS, monolayers achieve
excellent electrical, optical, and memory properties. Optical
memory transistors, made from a single component of monolayer
hydrophilic MoS,, exhibit not only excellent light-dependent and
time-dependent photoelectric performance, but also good photo-
responsive memory characteristics with multi-bit storage and more
than 10* switching ratios. Atomically thin neuromorphic vision
systems (with a concept of proof of 10x10 neuromorphic visual
image) are manufactured from arrays of hydrophilic MoS, optical
memory transistors, showing high quality image sensing and
memory functions with a high color resolution. These results
proved our new concepts to realize image memorization and
simplify the pixel matrix preparation process, which is a significant
step toward the development of future artificial visual systems.

Introduction

Two-dimensional (2D) semiconductor materials have been
considered as good candidates for next generation electronic and
optoelectronic devices due to their unique and unprecedented
electrical, optical and mechanical properties compared to those
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New concepts

Due to the ability to simulate the functions of biological vision
systems, neuromorphic visual sensors are expected to simplify
the integration of photodetectors, memory devices and
processing units in artificial visual systems and reduce power
consumption. However, it is difficult to apply existing materials
in the high-density device integration due to the challenge in
further scaling down the size of sensors and the lack of large-size
atomically thin materials. Here we report a monolayer
hydrophilic MoSz film by covalently introducing hydroxyl
groups with strong charge trapping, which can makes the
realization of neuromorphic vision systems. The monolayer
hydrophilic MoSz optical memory transistors have photo-
responsive memory characteristics with multi-bit storage and
more than 10 switching ratio. The corresponding atomically thin
neuromorphic vision systems exhibit excellent capabilities of
image sensing, image memorization, and color discrimination. It
is believed that our results provide a significant pathway towords
the material science and neuromorphic visual systems.

of bulk materials.*” To date, 2D semiconductor materials have
shown significant prospects in many applications, such as
photodetectors, &° field-effect transistors,”-1%1! flexible sensors!?
and optoelectronic memories'®*4. As a representative 2D
semiconductor material, molybdenum disulfide (MoSz) can be
transformed from an indirect band gap material to a direct band
gap one as the thickness is decreased to a single layer. This is
accompanied by a significant enhancement of its
photoluminescence (PL) efficiency, making it promising among
many advanced functional materials for sensing, biology and
optoelectronics applications.*'> However, it is often difficult to
rationally modulate optical, electrical and memory properties of
these 2D semiconductor materials using the conventional
process (such as element doping, commonly used in silicon
technology) because of their intrinsic structural stability. This
severely limits their successful applications for advanced
electronic devices required for multiple functions, such as those
in neuromorphic vision systems.

Artificial visual system, inspired by the human visual
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Fig. 1 Characterization of monolayer hydrophilic MoS,. (a) Schematic diagram and the contact angle of MoS, with —~OH. (b) Schematic
diagram and the contact angle of MoS, without —OH. (c) XPS spectra of Mo peak for MoS, samples synthesized with KOH and without
KOH. (d) XPS spectra of O peak for MoS; samples synthesized with KOH and without KOH. (e) Raman spectra of the MoS; with -OH and
without —OH on SiO; substrates. (f) PL spectrum of the monolayer hydrophilic MoS; on the SiO; substrate. (g) The AFM topography image
of an isolated monolayer MoS; and the corresponding height profile extracted from the white line (inset).

system to create recognition and memorization of various visual
information such as objects and colors in a complex
environment, has recently attracted significant research
attention.'6-2¢ Conventional neuromorphic visual systems are
consisted of photodetectors, memory devices and processing
units. They can convert optical signals into electrical ones, store
digital images and conduct complex image recognition,
exhibiting great application prospects in the fields of artificial
intelligence, humanoid robotics and visual prostheses. 1618
Considering the requirements of neuromorphic visual systems in
terms of miniaturization capabilities, which are the key
capabilities enabling the production of modern integrated
circuitry, 2D semiconductor materials are one of the best choices
for system miniaturization/integration in image sensor
circuitry.132528 Additionally, artificial vision system requires
that its device components can accumulate photon-generated
charges under light irradiation, and the charges can be read out
for data processing and permanent storage. However, these
cannot be easily realized from the optoelectronics made of a
simple and single component of 2D semiconductor.

Recently, there are reports for design and fabrication of
different optoelectronic memory devices based on multi-
components of 2D semiconductor materials which have their
potentials in neuromorphic visual systems. For example, the
optoelectronic memory devices were reported to use MoSz/h-
BN/CulnP2Se/Cr/Au?®, MoS2/h-BN/graphene floating-gated
structure?>263% and MoS2/h-BN/gold nanoparticles (AuNPs)

2 | J. Name., 2012, 00, 1-3

heterostructures.*® There are other studies to exploit the
structural defects of multi-component 2D materials which can
produce charge trapping and releasing induced by light and
electricity,?3! e.g., WSe2/hBN design by adjusting electrons
movement between the mid-gap defect states of BN and WSe2,?
and 2D materials hybridized with quantum dots®3. These new 2D
semiconductor designs can overcome the difficulties in
controlling optoelectronic and memory properties. However,
because of their complex structures and lack of large-scale
preparation methods, they still have difficulties in high-density
device integration and miniaturization of neuromorphic visual
systems.

In this research, we solve these critical issues by designing
and fabricating monolayer hydrophilic MoS: film through
covalently introducing hydroxyl groups during its growth
process. These hydroxyl groups exhibit a strong capability of
charge trapping, which allows fabrication of optical memory
transistors using a single component of monolayer hydrophilic
MoS2. Atomically thin neuromorphic vision systems are further
manufactured from the arrays of optical memory transistors
based on hydrophilic MoSz monolayer, with excellent
capabilities of image sensing, image memorization, and color
discrimination. The covalent bonding of these hydroxyl groups
with monolayers of MoS2 causes strong charge trapping, which
makes the trapping and release of electrons can be controlled by
laser and electric operations to realize stable image memory
functions.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 MoS; optical memory transistor. (a) Schematic of the fabricated optical memory transistor based on MoS; under 550 nm laser.

Inset: an optical image of the MoS; device. (b) Operating sequence and readout current of the MoS; optical memory transistor at 20 V
gate voltage. A gate pulse (Vz = 60 V, 2 s) and a source-drain readout bias (Vgs = 3 V, 10 s) were applied for the reset and readout

operations, respectively. The green vertical column indicates the period when the device was illuminated with a 550 nm laser with a
power of 1.04 mW/cm?2. The inset represents an enlarged view of the readout current of Off-state. (c) Schematic of operational
mechanism and energy band diagram of the MoS; optical memory transistor for the basic operations, depicting the initial state (reset

operation), light exposure, and readout for Off- and On-states. (d) /4s—V; curves of the memory device under different Vy;,. (e) las—Vg
curves of the memory device under a different light intensity of 550 nm laser at V=3 V

Results and discussion

MoS: has been grown using various methods in literature.3*
40 In this work, we propose an alternative method to epitaxially
grow monolayer of MoSz controlled using KOH. During this
growth process, the hydroxyl groups in KOH solution will
replace part of the S atoms in MoS2, making the surface of MoS:
with several hydroxyl groups. (see Fig. 1a) Since the hydroxyl
groups have the ability to form hydrogen bonds with water, the
hydrophilicity of the MoS: is increased. Fig. S1 schematically
illustrates the precursor solution and spin-coating process used
to synthesize the large-size monolayer of MoS: film. Details of
procedures are provided in the Experimental Section. Contact
angle, X-ray photoelectron spectroscopy (XPS), Raman
spectroscopy, photoluminescence (PL) spectroscopy, atomic
force microscope (AFM) and transmission electron microscope
(TEM) are used to characterize the monolayer of MoS:. Fig. 1a
and Fig. 1b compare the hydrophilic and hydrophobic MoS2 with

This journal is © The Royal Society of Chemistry 20xx

their contact angles of 21° and 103°, respectively. The insets of
Fig. 1a and Fig. 1b show the optical images of hydrophilic and
hydrophobic MoS2 on mica substrates, respectively. It clearly
shows that the introduction of hydroxyl groups leads to the
enhanced hydrophilicity of MoSa.

To prove that the formation of hydrophilic MoS: is due to
the covalently bonded hydroxyl groups on its surface, we
perform XPS characterizations on both the surfaces of
hydrophilic MoS: and the untreated MoS2. Both MoSz samples
are transferred from the mica substrates to p-type silicon
substrates using a polymethyl methacrylate (PMMA) assisted
transfer approach. Fig. 1¢c shows the XPS spectra of Mo 3d peaks
for both hydrophilic MoS2 and untreated MoS.. It can be seen
that binding energies of Mo 3ds/2 and 3ds/z of hydrophilic MoS2
are shifted about 0.4 eV than those of the untreated MoSq,
indicating that the chemical environment of Mo has changed in
hydrophilic MoSz. Furthermore, the Mo 3d spectrums are fitted
to the doublet peaks of hydrophilic MoS: (at 229.6 and 232.7 eV)
and untreated MoS: (at 230 and 233.1 eV) with =3.1 eV spin—

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 Light-tunable characteristics of MoS; optical memory transistor. (a) The readout current as a function of light wavelength. The plots

were separated with an interval of 10 s, regardless of the time that was measured initially. The light exposure time was 5 s, and the

readout bias was applied after a 3 s waiting time. (b) The On/Off readout charge ratio as a function of light wavelength. (c) The readout

current as a function of light intensity. The plots were separated with an interval of 10 s, regardless of the time that was measured

initially. The light exposure time was 5 s, and the readout bias was applied after a 3 s waiting time. (d) The On/Off readout charge ratio

as a function of light intensity. (e) Readout current as a function of the number of applied laser pulses, leading to eight different optical.

(f) The On/Off readout charge ratio as a function of the number of applied laser pulses.

orbit splitting, corresponding to Mo** peaks of Mo-S bonds.3
The small doublet peaks of hydrophilic MoS: (at 232.8 and 235.9
eV) and untreated MoS: (at 233.1 and 236.2 eV) provides
evidences of the existence of low amounts of Mo®*. Note that the
peak at 227.3 eV corresponds to the binding energy of S 2s
electrons. Different from untreated MoSz, there are additional
doublet peaks at 229.9 and 233 eV in Mo 3d spectrum of
hydrophilic MoS2, corresponding to Mo** peaks of Mo-O
bonds.** %2 Additionally, to prove the existence form of oxygen
atoms in hydrophilic MoS:, the XPS spectra of O 1s peaks for
both hydrophilic MoSz and untreated MoSz on p-type silicon
substrates were analyzed. (Fig. 1d) For the hydrophilic MoS2, O
1s components at 532.8, 532.2 and 531.7 eV are linked to those
of the natural oxide layer,® adsorbed oxygen on silicon
substrates** and hydroxyl groups,*® indicating the presence of
hydroxyl groups in the hydrophilic MoS2 sample. Whereas for
that of the untreated MoSz, there is only two major peaks at 532.9
and 532.3 eV, which is linked with that of natural oxide layer,
adsorbed oxygen on silicon substrates. Meanwhile, Fig. S2a
shows that S 2piz and S 2ps2 peaks of hydrophilic MoS: are
located at 163.6 and 162.4 eV, implying the formation of MoSa.
Fig. S2b shows the corresponding full XPS spectra of
hydrophilic MoS2 on p-type silicon substrate. Fig. S3a displays
the binding energies of the S 2p12 and S 2ps2 peaks as well as
the full XPS spectra of the untreated MoS2. XPS analysis proves
that for the hydrophilic MoS2 we synthesized, the hydroxyl
groups replace part of the sulfur atoms in MoS2 and are
covalently connected to the molybdenum atom.

Furthermore, Raman and PL measurements of the

4| J. Name., 2012, 00, 1-3

hydrophilic MoSz are carried out with a 532 nm laser at
roomtemperature. The inset of Figure 1f is the optical image of
MoS: on SiOz. Fig. 1e shows Raman spectra of the hydrophilic
MoS:2 and untreated MoS2 samples transfered on SiO:2 substrates.
The E21g mode and the Aig mode represent the in-plane vibration
and out-of-plane vibration, respectively.3” Comparing to pristine
MoSz, the positions of E21g and Azxg of hydrophilic MoS2 undergo
a red shift, indicating the evolution of lattice dynamics. In
additon, the full widths at half-maximum (fwhm) of the two
peaks have increased and Aig peak has stronger intensity than
E21g peak in hydrophilic MoS.. These phenomena are due to the
substitution of the S atoms in MoS:z by the hydroxyl groups,
which leads to the enhancement of the crystal disorder and
weakening of out-of-plane vibration of S atoms.*¢ The frequency
differences between the E21g and Aig peak of both samples are
less than 20 cm™, demonstrating the formation of monolayer
MoS2.* Raman mapping image of the E;, peak is shown in Fig.
S4, which confirms that the monolayer MoS: exhibits a good
uniformity. Fig. 1f displays a typical PL spectrum of monolayer
MoS2 grown on mica and an intense PL peak is observed at 1.84
eV, which is another evidence of formation of MoS2 monolayer.*
Fig. 1g is an AFM topography image of MoS: transfered on
SiO2/Si substrate. From the height profile, the thickness of the
MoS: layer is ~1 nm, confirming the formation of the monolayer
Mo0S.%7:38

Crystalline structure and crystal quality of the MoS:2
monolayer are observed directly using selected area electron
diffraction (SAED) and high-resolution TEM (HRTEM). Fig.
S5a shows that the MoS2 has hexagonally symmetrical SAED

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 Neuromorphic vision sensors with color resolution. (a) Schematic diagram of natural visual systems and related afferent nerve

system. (b) The artificial neuromorphic vision systems based on the MoS, optical memory transistor. (c) Optical images of these MoS,
artificial neuromorphic vision systems. An illustration of the image memory after 1 min (d) under 550 nm, (e) 480 nm, and (f) 650 nm

laser with a power of 1.04 mW/cm? at 100 mV.

patterns of single crystals.*” Furthermore, HRTEM analysis in
Fig. S5b shows that the lattice distance is ~0.27 nm, which is in
a good agreement with that of (100) plane (marked as red line).
This clearly suggests the high-crystalline quality of the prepared
MoS:.

Optical memory transistors are fabricated from the single
component of as-prepared hydrophilic MoS2 monolayer and a
trap control switching mechanism of the hydrophilic MoS:
optical memory devices is proposed based on the nonvolatile
characteristics. 44° Fig. 2a shows a schematic illustration of the
MoS: optical memory device based on a field effect transistor
(FET) structure with electrodes of Au. The inset of Fig. 2a is an
optical image of the memory device. In addition, the output
curves of this hydrophilic MoSz FET is shown in Fig. S6,
demonstrating the Schottky contact between the MoS2 and Au
electrodes. Then a potential well is formed between Au
electrodes and MoS2 monolayer with a bending energy band. Fig.
2b displays one operation cycle based on this MoS: device,
demonstrating a good memory function. Firstly, a large positive
gate pulse (60 V) is applied as Reset operation to make plentiful
of electrons from the conduction band fill the trap level, which
results the conduction band is decreased and below the trap level.
In the n-type MoS2 semiconductor, electron carriers are
accumulated and trapped due to the existence of hydroxyl
groups. When a lower gate voltage (Initial voltage) is applied,
the trapped electrons cannot easily be released, thus resulting in
the decrease of the electron concentration in the conduction
band. Then a source-drain voltage of 3V (10 s) is applied to read

This journal is © The Royal Society of Chemistry 20xx

the Off-state current. The inset in Fig. 2b represents an enlarged
view of the readout current of Off-state. A fairly low Off-state
current of ~1 pA can be obtained and the readout charge (Qpn)
integrated for 10 s is found to be about 1 pC. To release the
trapped electrons, a laser pulse (5 s) is applied to the MoS:
optical memory devices, which leads to a considerable number
of electron-hole pairs generated. These photon-generated
electrons come from both the valence band and trap level, thus
resulting in the vast electrons in the conduction band. A period
of time after the illumination, a source-drain voltage of 3 V (10
s) is applied again to read the On-state current. As a result, a large
On-state readout charge of about 27.1 nC and a On/Off ratio of
~2.7x10% can be achieved. The current of On-state has a
tendency to decrease to its original current because of the
electron-hole recombination, which means that long-term
information storage cannot be achieved. The corresponding
schematic of operational mechanism and energy band diagram
of the hydrophilic MoS2 optical memory devices is schematically
shown in Fig. 2c.

To further prove the effectiveness of these functional
hydroxyl groups and exclude the effect of defect states in CVD-
grown MoS2 on properties, a device of the same structure based
on MoS:2 without hydroxyl groups is fabricated and tested (Fig.
S7a). A same operation cycle is conducted on the MoS2 device
without hydroxyl groups, and results show that there is no optical
memory (Fig. S7b). Therefore, we can confirm that this MoS:
optical memory operation mechanism is truly based on strong
charge trapping states caused by these hydroxyl groups

J. Name., 2013, 00, 1-3 | 5
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and 60 s respectively.

covalently bonded with MoSz. The results can well explain the
performance of the device under different conditions and prove
its good wavelength and light intensity resolutions, thus
providing advantages for the applications in the neuromorphic
visual systems.

The electrical control of MoS2 memory devices is further
invetigated in order to show the storage control capabilities of
our devices. Fig. 2d and Fig. 2e show the transfer curves under
different source-drain voltages Vgs and different light intensities
of 550 nm laser, respectively. Memory window (AV), defined as
the difference between two threshold voltages when Vg is swept
from positive to negative and then back to positive, indicates the
storage capacity of devices.*® The AV values of transfer curves
under different light intensities (Pi) are broadened to 29.6 V with
a light intensity of 1.59 mW/cm?, which exhibits that the
electrical hysteresis can be enhanced by applying higher values
of Pi. Furthermore, the hysteretic behaviour and AV of
hydrophilic MoSz2 FETs is related to the density of trapped
charges (Ntap). It can be assumed that the difference in the
threshold voltage of hydrophilic MoS2 FET is due to the Nirap 0N
one side of a capacitor.?® 5! The Nyap can be estimated by the
following formula:

_Co XAV,
trap q
where Cox is the capacitance/area of the gate dielectric, AVt is
the memory window and q is the electronic charge. Using this

N
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method, the density of trapped charges of hydrophilic MoS2 FET
under different Vgs and light intensity are shown in Fig. S8a and
Fig. S8b, respectively. It is worth noting that there is a kink in
the transfer curve. When the gate voltage becomes more and
more positive and reaches a certain value, the initially trapped
electrons in hydrophilic MoS: are released, reducing the electron
concentration in MoS2. By comparing the transfer curves of the
devices of MoS2 with hydroxyl groups (red) and without
hydroxyl groups (blue) shown in Fig. S9a, we can conclude that
the introduction of hydroxyl groups enhances the memory
property of MoS: devices. Additionally, Fig. S9b are the
corresponding lg vs Vg curves with different positive Vg ranges
of hydrophilic MoS2 FET, exhibiting the variation of leakage
current.

We have further done five separate operation cycles based
on this MoS2 memory device under different initial voltages, and
the results are shown in Fig. S10. The readout charges for both
the Off-state and On-state are increased as the initial voltage is
increased, which is due to the enhancement of carrier densities
in the channel at a higher gate voltage. The On/Off ratio of the
readout charge reaches its highest value at around 1.7x10* when
the device is operated with a gate voltage of 20 V (Fig. S11). The
On/Off ratio is less than 2 without applying reset operation (Fig.
S12), demonstrating the effective reset function for this MoS2
optical memory devices.

This journal is © The Royal Society of Chemistry 20xx



Furthermore, light-dependent performances of the as-
fabricated MoS: optical memory transistors are investigated at
different laser wavelengths and light intensities. Fig. 3a shows
the readout currents with different wavelengths from 500 nm to
700 nm under a light intensity of ~2.2 mW/cm?, suggesting that
this MoS: optical memory transistor has the ability of
wavelength identification because the introduction of hydroxyl
groups on the surface, in principle, does not change the intrinsic
properties of MoSz. The corresponding Off-state currents under
different light wavelengths are shown in Fig.S13a. The device
has the best sensitivity to 550 nm light with a maximum readout
charge of 218 nC (Fig. S13b). A lot of electron-hole pairs are
generated at this condition, resulting in that the electrons
dominantly exist in the conduction band. The corresponding
maximum On/Off readout charge ratio is 3.7x10* (Fig. 3b).

Fig. 3c shows the readout currents at different light
intensities of 550 nm laser. In addition, Fig. S13c exhibits the
Off-state currents under different light intensities. The Off-state
current of each test is basically unchanged, and the On-state
current is enhanced with the increase of light intensity, thereby
increasing the switching ratio. Fig. S13d shows the readout
charges extracted from Fig. 3c as a function of light intensity.
The readout charge shows a power-law dependence as a function
of the light intensity with an exponent of 0.27 (Qpn = Pi%27),
which indicates that the readout charge is dramatically enhanced
by increasing the light intensity. The higher the light intensity,
the more electrons in the conduction band per unit time are
extracted from the valence band and defect energy level, which
leads to more readout charges. Moreover, this non-integer
exponent of 0.27 can be associated with the strong trap states,
which are due to the hydroxyl groups covalently bonded with
MoS2. 5253 Fig. 3d shows the On/Off readout charge ratios
obtained under different light intensities. The higher the light
intensity, the greater the switching ratio, indicating a high
sensitivity of our device to light intensity.

The multi-bit storage of our MoS:2 optical memory transistor
is further investigated. Fig. 3e shows the obtained readout
currents as a function of the number of applied laser pulses. The
readout current gradually increases with the increase of applied
laser pulses at the same level of Off-state current (Fig. S13e).
Fig. 3f shows that the collected readout charge in the On-state
recorded is ~10 s. The line of best fit (red) indicates that the
readout charge has a linear relationship with the number of laser
pulses and increases by 20 nC after each laser pulse, which also
demonstrates that the multi-bit storage of this MoS: optical
memory transistor is reliable for multiple tests. The On/Off
readout charge ratio is enhanced from ~4.6x10% to ~5.1x10* as
shown in Fig. S13f. These findings show that multi-bit storage
can be controlled by the number of applied laser pulses,
suggesting the potential for application in storing complex
information.

Fig. 4a and Fig. 4b show comparisons of the human
neuromorphic visual system and biomimetic vision system. In
the neuromorphic visual system of human beings, optical signals
perceived by the light-receptive cells on the retina are transferred
to the visual cortex of the brain to process and analyze via their
connection optic nerves composed of synapses (Fig. 4a). This

This journal is © The Royal Society of Chemistry 20xx

natural system has inspired the research and development of
artificial neuromorphic vision systems. 545 In this study, the
atomically thin biomimetic vision system is, for the first time,
realized by using the arrays of hydrophilic MoS2 monolayer
optical memory transistors (Fig. 4b). Fig. 4c shows the optical
images of the device arrays. Using an optical mask of “rose”, the
pixels are illuminated by a light pulse of 10 s simultaneously and
the channel current of each pixel is measured after a waiting time
of 1 min sequentially. To demonstrate the color resolution of
MoS2 neuromorphic visual sensors, light pulses of 550 nm, 480
nm, and 650 nm are applied on the array, respectively. After the
removal of light stimuli for 1 min, three “roses” images with
different colors are recorded and the results are shown in Fig. 4d,
Fig. 4e, and Fig. 4f. Compared to the area sheltered by an optical
mask, the other parts which have been illuminated by the light
with different wavelengths show higher photocurrents of about
dozens of pA, resulting in the formation of flower “rose” image.
Although each pixel does not show the exactly same current, the
flower “rose” can still be distinguished from different colors due
to the differences among photo memory currents received by
lights with three wavelengths under same light intensity,
indicative of reliable image memorization and color resolution
capabilities of the MoS2 neuromorphic visual sensors.
Furthermore, in order to prove the uniformity of our array, the
image diagrams of the Off-state current of the device and after
10 s of illumination at 100 mV without mask are shown in Fig.
S14a and Fig. S14b, respectively.

The atomically thin biomimetic vision system is also
capable to show time-dependent properties including light
exposure duration and waiting time after light illumination,
which will be of great significance for emulating the basic
learning and memory functions of the human brain. Fig. S15a
shows the readout currents of light exposure times from 0.5 to
100 s and the corresponding Off-state currents are displayed in
Fig. S15b. Fig. S15c shows the readout charge data extracted
from Fig. S15a, which is positively dependent on the light
exposure time. The introduction of hydroxyl groups causes a
large number of trap states in the device, which signficantly
hinders the recombination of electrons and holes. Therefore, with
the increase of light exposure duration, more electrons are
accumulated in the conduction band, thus gradually increasing
the current. The corresponding On/Off readout charge ratio is
also increased as the light exposure duration is extended (Figure
S15d).

The charge storage lifetime is important for image sensing
and memory devices. The readout currents as a function of the
waiting time are measured and the results are shown in Fig. 5a.
The waiting time is defined as the time between the end of the
illumination and the application of the read voltage (with the
light exposure time is fixed at 10 s). The On-state current
gradually decreases with the increase of waiting time under
basically unchanged Off-state currents. (Fig. S16a) The fitting
result of the readout charge within 10 s satisfies an exponential
relationship (Qph = 4.62-10-8023), from which the time drop to
20% is about 100 s, suggesting the non-volatile storage
performance of the MoS:z optical memory device (Fig. S16b).
Moreover, the extremely low Off-state charge of 3.65 pC is due
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to the application of a 60 V gate voltage, so that the On-state
charge is decreased with time, and eventually will not reach the
Off-state charge. Fig. 5b shows that the On/Off readout charge
ratio is decreased with the waiting time before readout adding
from 2 sto 100 s.

The corresponding image evolution of MoS2 neuromorphic
visual sensors at different waiting times has further been studied.
Fig. 5¢c shows one image of the sensor after illuminated for 10 s
under a 550 nm laser with a power of 1.04 mW/cm? at 100 mV.
Fig. 5d show results of the image memory when the readout bias
is applied after waiting times of 10 s, 20 s, 30 s, 40 s, 50 s and 60
s, respectively, exhibiting the condition of image evolution and
image memorization of the MoS2 neuromorphic visual sensors.
These results are of great significance for the practical
application such as cameras and fax machines.

Conclusions

In this work, we have prepared monolayer hydrophilic MoS2
films covalently bonded with hydroxyl groups with strong charge
trapping capability, which allows the realization of filter-free optical
memory transistors. These optical memory transistors based on a
single component of monolayer hydrophilic MoS2 can capture or
release electrons through the application of light and adjustment of the
gate voltage, thus resulting in a good nonvolatile optoelectronic
memory performance. The storage charge can be effectively
modulated by the light intensity, wavelength, illumination time,
retention time, and numbers of light pulses. Multi-bit storage and
more than 10% switching ratio can be realized. Furthermore, to
demonstrate image sensing, image memorization, and color
discrimination, we fabricate neuromorphic visual systems consisted
of arrays of hydrophilic MoS2 monolayer optical memory transistors.
Our work demonstrates that monolayer hydrophilic MoS; film is a
promising candidate in the field of artificial visual systems and could
open up new opportunities for practical applications of
miniaturization of advanced neuromorphic visual systems.
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