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Abstract: Emulating synaptic plasticity in an artificial neural network is crucial to mimic the basic functions of the human brain.
In this work, we report a new optoelectronic resistive random access memory (ORRAM) in a three-layer vertical heterostructure
of graphene/CdSe quantum dots (QDs)/graphene, which shows non-volatile multi-level optical memory under optical stimuli,
giving rise to light-tunable synaptic behaviors. The optical non-volatile storage time is up to ~450 s. The device realizes the func-
tion of multi-level optical storage through the interlayer changes between graphene and QDs. This work highlights the feasibil-
ity for applying two-dimensional (2D) materials in ORRAM and optoelectronic synaptic devices towards artificial vision.
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1. Introduction

In the era of big data and artificial intelligence (Al), the de-
mand for processing, memory and communication devices
with higher speed, higher efficiency and lower power is be-
coming ever more urgent!l. In the conventional von Neu-
mann computing architecture, the memory and processing
units are separated and combined together through the elec-
trical interconnection, which lead to high energy consump-
tion and low data transmission speed, and limits the further de-
velopment of information communication system. Neurons in
human brain connected by synapses can process and store
great numbers of information simultaneously, which has
provided an idea for overcoming the constraint of von Neu-
mann system[2, Memristive devices exhibit the synaptic behavi-
ors, in which the resistance can be tune by continuous stim-
uli of voltage or current inputs, showing great potential as
memory and logic devices for neuromorphic computingB3-19,

Non-volatile optical memory can directly sense, store,
and process optical information in the same way as the neur-
al network in the human visual system with light-tunable plas-
ticity, which opens the door toward low-power artificial vis-
ion devices!''. Two-dimensional (2D) materials have excel-
lent optoelectronic properties, such as strong light-matter in-
teraction!'?, large surface-to-volume-ratiol'3], reduced screen-
ing effect'4 151 and flexibility. 2D materials open up numer-
ous opportunities for non-volatile devices!'6.17], optical commu-
nication['8, imaging sensors!'! 19, |ogic gates[2¥, and neur-
omorphic systems®l, Graphene modified with the light switch-
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able molecules, azobenzenes, have shown light-driven con-
ductance modulation2', However, the photocurrent rising
time of ~1000 s is very slow due to the slow transformation
of azobenzenes from trans to cis form. To date, there re-
mains a significant challenge on achieving non-volatile optic-
al memory. Herein, we construct a heterstructure geometry
comprising graphene and CdSe QDs monolayer to achieve a
non-volatile ORRAM device, in which the resistance can be
tuned by visible light and exhibits light-tunable synaptic beha-
viours. The rising time is ~3 s under optical stimuli with a
pulse width of 3 s. The optical storage time is up to ~450 s.
This work provides a promising non-volatile unit toward neur-
omorphic systems.

2. Experiment

2.1. Device design

Fig. 1 shows a non-volatile optical memory with three-
layer vertical heterostructure of graphene/QDs/graphene on
Si/SiO, substrate. In the two terminal symmetry ORRAM
device, two monolayer graphene are used to sandwich a self-
assembled monolayer CdSe QDs22. Silver electrodes are con-
nected each piece of graphene (Fig. 1(b)). The CdSe QDs mono-
layer is used as a light absorption layer to generate photo-
induced carriers under light excitation. Under bias voltage,
the carriers separate to electrons and holes which disperse to
the interface of CdSe QDs and graphene before recombina-
tion, in which graphene acts as highways for charge transfer.

2.2. Device fabrication

CVD-grown graphene was spin-coated with PMMA and
wet-transferred onto Si/SiO, (285 nm) substrate, then acet-
one was used to remove the PMMA. The monolayer CdSe
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(a)

(b)

Fig. 1. (Color online) Device schematic. (a) Device with three-layer structure of graphene/CdSe QDs/graphene, silver as the electrodes on each

graphene. (b) Circuit connection diagram of the devices.
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Fig. 2. (Color online) (a) lllumination time dependence of output current of a conventional commercial Si photodetector (blue) and our ORRAM
synaptic device (red). (b) The non-volatile optical storage characteristic of the ORRAM device. A laser pulse of 637 nm with 0.2 mW/cm? is used to
write; a 0.5V bias is applied to read. The pulse width is 3 s. (c) The absorption and photoluminescence spectra of CdSe QDs. (d) Under the light illu-
mination at 980 and 637 nm, the relative increase of Iy of the device under three laser pulses respectively. Under 637 nm excitation, the photocur-

rent significantly increase, even the bias is halved.

quantum dot (QD) was prepared by dropping CdSe QDs solu-
tion (10 uL) onto the surface of acetonitrile solvent22l. The
self-assembled CdSe QDs monolayer was transferred onto
the graphene substrates. Finally, the top graphene was
covered on the CdSe QDs monolayer.

3. Results and discussion

The resistance states of the ORRAM device can be tuned
by optical stimulation. Displaying time-dependent and light-

dosage-dependent behaviors opens the door to emulate the
basic features of synaptic plasticity of the human brain.
Fig. 2(a) shows the output current of a conventional com-
mercial Si photodetector and our ORRAM synaptic device as
a function of the illumination time. The photocurrent of Si pho-
todetector remains constant. However, the output current of
the ORRAM device is time-dependent, which increases with in-
creasing illumination time. In many devices, a Schottky barri-
er may generate built-in electric field, which could drive the
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Fig. 3. (Color online) (a) Band offset of Ag, graphene and CdSe QDs. (b) Energy band alignment of graphene and CdSe QDs in the heterojunc-
tions. (c) The gate voltage dependence of Iy under bias of 1 V. (d) Schematic of electrons migration, accumulation and tunneling.

device23l, But considering the symmetry of our device, the dir-
ection of the two layers of Schottky barrier is opposite, so we
added bias voltage to drive the device. Fig. 2(b) shows the
long-term plasticity under optical stimuli with pulse width of
3 s as a function of pulse number, the laser of 637 nm with
0.2 mW/cm? is used as light source. The photocurrent states
are preserved after removing the illumination. As the pulse
numbers of optical stimulus increase, the output current in-
creases with the same increase magnitude (~0.4 uA/pulse),
Thus, the synaptic strengths of the ORRAM device increase sig-
nificantly.

Fig. 2(c) shows the absorption and photoluminescence
spectra of CdSe QDs. The PL peak of CdSe QDs is at ~627 nm
and the absorption cutoff wavelength is at ~650 nm, indicat-
ing that an illumination wavelength should be smaller than
650 nm to ensure the excitation of QDs layer. In Fig. 2(d), we
show the relative increase of the current of the device under
three laser pulses. When a laser at 980 nm is used to illumin-
ate the device, the photocurrent dramatically decreases com-
pared with the value upon excitation by 637 nm laser, even
both the bias and laser power is increased by 1 time, from
0.5 V and 0.2 mW/cm? to 1 V and 0.5 mW/cm?2. Because laser
of 980 nm below the absorption cutoff wavelength of QDs,
resulting in that the QDs layer does not have any light absor-
ption. The photocurrent under 980 nm excitation arise from
the broadband photoresponse of graphenel24, Carriers are
generated after graphene absorbs the photon energy, and
could disperse under the bias voltage in the device. The en-
ergy band offsets of Ag, graphene and CdSe QDs are shown
in Fig. 3(a). The Fermi level of intrinsic graphene and CdSe

QDs is about —-4.6 and —4.4 eV, respectively. Due to the dop-
ing of water vapor and other substances in the air, graphene
often shows a p-type doping state, so the Fermi level is lower
than the position of Dirac point(2%], The edge of the conduc-
tion band (Ecg) and valence band (Eyg) of the CdSe QDs are loc-
ated at -3.45 and -5.43 eV, respectively!2l, Because the Fermi
level of the CdSe QDs is higher than that of graphene, the
band edge (CB and VB) of CdSe QDs thus bend downward at
the interface of graphene and CdSe QDs, leading to the for-
mation of the Schottky barrier (@), as shown in Fig. 3(b).
Fig. 3(c) displays the gate dependence of current (/) without
light illumination under the bias of 1 V. However, it should be
noted that this bias dependence of current is measured after
the device has been exposed to light for a long time, thus
many photogenerated carriers gather in the device, resulting
in an increasing absolute current value. When a positive gate
voltage is applied (Vy > 0), which induce an electron injec-
tion, the Iy decrease. In contrast, when we apply V; < 0, the
Gy, give rise to a hole injection and the Iy increase. This phe-
nomenon validates than a p-type doping can improve the per-
formance of the ORRAM device.

Previous studies have reported defect-induced non-volat-
ile behaviorsl27-30], in which charges are trapped by defects
like oxygen vacancies, but this could not explain the multi-
level storage states of our device. We anticipate that the inter-
facial Schottky barrier gives rise to the synaptic behaviors.
The electrons in CdSe QDs jump to the conduction band
from the valence band upon light excitation and leave holes
in the valence band. The electrons and holes move in the op-
posite direction along the tilted band edges arising from the
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Fig. 4. (Color online) (a—c) The multi-level resistance states of the ORRAM device under different laser power and bias voltages. (d) Correspond-

ing 2D mapping of Aly as a function of bias voltages and laser power.

bias (Fig. 3(d)). The carriers are trapped and accumulate with
high densities at the interface of graphene and quantum
dots due to the Schottky barrier. Subsequently, the carriers tun-
nel from the band edges of CdSe QDs to graphene, giving
rise to a increasing photocurrent and synaptic behaviors. The
non-volatile optical storage time depend on the decay time
of the accumulated carriers. Therefore, the output current is
dependent on the pulse number of optical stimulus and light
dosages.

To further understand the mechanism, the effects of light
intensity and bias on the synaptic behaviors are studied. Strik-
ing capacities of multi-level storage are observed (Figs. 4(a)
and 4(b)). The increased laser power can induce increases of
photogenerated carriers gathering at the interface states due
to the Schottky barrier, while the increased bias voltage accel-
erates the carrier migration and tunneling. Thus, the output
current and synaptic strengths of the ORRAM devices in-
crease with increasing laser power and bias voltages, consist-
ent with the mechanism in Fig. 3(d). Fig. 4(d) shows the corres-
ponding 2D mapping of the Aly,, Alys = I, — I, where I and
are the output current in the presence and absence of a
pulsed laser illumination, respectively. The non-volatile resist-
ance retention time of the ORRAM device is up to ~450 s
after removing bias voltage (Fig. 5), which further confirm the
stable long-term plasticity behaviors. The synaptic behaviors
of the ORRAM devices can be tuned by light dosage and bi-
as voltages, which allow us to design different strategies to
emulate the features of synaptic plasticity to achieve the learn-
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Fig. 5. (Color online) Storage state retention time of the device with bi-
asof 1V.

ing and memory functions of the human brain.
4. Conclusion

In this work, we have proposed and demonstrated a non-
volatile optical memory and synaptic behaviors in a three-
layer vertical heterostructure of graphene/CdSe QDs/graphe-
ne. The ORRAM device exhibits multi-level memory capabil-
ity and long storage time. The Schottky barrier between
graphene and CdSe QDs introduces interface states to local-
ize photo-induced carriers, leading to non-volatile optical
memory. Furthermore, the low laser power and bias voltage
reduce the energy consumption. This work shows great po-

S Y Zhou et al.: Non-volatile optical memory in vertical van der Waals heterostructures



tential to apply 2D heterostructures in non-volatile optical
memory and artificial neural networks.
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