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Probing Optical Multi-Level Memory Effects in Single
Core-Shell Quantum Dots and Application Through 2D-0D

Hybrid Inverters
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Jongtae Ahn, Jisu Jang, Takashi Taniguchi, Kenji Watanabe, Jae Won Shim, Jong-Soo Lee,*

and Do Kyung Hwang*

Challenges in the development of a multi-level memory (MM) device for
multinary arithmetic computers have posed an obstacle to low-power,
ultra-high-speed operation. For the effective transfer of a huge amount of data
between arithmetic and storage devices, optical communication technology
represents a compelling solution. Here, by replicating a floating gate
architecture with CdSe/ZnS type-| core/shell quantum dots (QDs), a 2D-0D
hybrid optical multi-level memory (OMM) device operated is demonstrated by
laser pulses. In the device, laser pulses create linear optically trapped currents
with MM characteristics, while conversely, voltage pulses reset all the trapped
currents at once. Assuming electron transfer via the energy band alignment
between MoS, and CdSe, the study also establishes the mechanism of the
OMM effect. Analysis of the designed device led to a new hypothesis that
charge transfer is difficult for laterally adjacent QDs facing a double ZnS shell,
which is tested by separately stimulating different positions on the 2D-0D

1. Introduction

The emergence of the Internet of Things
and smart robots has created a flood of
data, and in order to keep up with all the
related trends, the development of next-
generation data storage devices has gar-
nered extensive research interest. In ad-
dition to advances in the integration of
many transistors in a narrow area by im-
plementing ever narrower line widths to
increase data storage capacity, industry is
currently aimed at multi-stacked NAND
memory devices while research fields are
focused on designing multi-level memory
(MM) devices for the creation of a multinary
computer (MC).[!l One promising building
block for MCs is 2D semiconductor het-

hybrid structure with finely focused laser pulses. Results indicate that each
laser pulse induced independent MM characteristics in the 2D-0D hybrid
architecture. Based on this phenomenon, we propose a MM inverter to
produce MM effects, such as programming and erasing, solely through the
use of laser pulses. Finally, the feasibility of a fully optically-controlled
intelligent system based on the proposed OMM inverters is evaluated through
a CIFAR-10 pattern recognition task using a convolutional neural network.

erojunctions such as graphene, transition
metal dichalcogenides (TMDs), and black
phosphorus, which offer a number of ad-
vantages. First, a staggered-type 2D hetero-
junction induces a negative differential re-
sistance that plays a role in ternary and qua-
ternary inverters.['*2] Second, defect engi-
neering between semiconductor channels
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Figure 1. 2D-0D hybrid memory device structure and HR-TEM with EDS mapping results. a) Conventional floating gate architecture based on a dielectric
layer, MoS,, and metal. b) Mimic diagram of the floating gate (red) / dielectric layer (blue) made up of CdSe/ZnS core/shell QDs. Ligand exchange of
QDs is required for improving charge transfer. ¢) Schematic diagram of the designed 2D-0D hybrid OMM device and operation strategy. The yellow and
black spheres are sulfide and molybdenum, respectively, and the green layer is the h-BN dielectric layer. d) HR-TEM image of CdSe/ZnS core/shell QDs
and EDS mapping image of S, Zn, Se, and Cd shown in different colors. Scale bar is 10 nm. e) Line scan profile of a single QD reflecting the elemental
composition of the core. f) HR-TEM image of CdSe/ZnS QDs and MoS,. g) HR-TEM and h) EDS mapping images of the 2D-0D hybrid interface for
observing the ZnS shell thickness (3 to 3.5 nm) and the real distance (under 1 nm) between MoS, and the CdSe core, where Mo is shown in yellow, Zn

in blue, and Cd in red. Scale bar is 5 nm.

and dielectric layers induces a charge trapping effect via electric
field pulses, demonstrating the potential for MM.3] Third, in lat-
eral and vertical TMD channels, mobile ions from the electrode
metal form atomic-scale filaments inside the 2D materials, the
thickness of which can be tuned as a function of applied volt-
age pulse.l'™* The metal filament thickness determines the vari-
able resistance step, which is reversible. However, the cutting-
edge technology as above has difficulties in doping level control
and large-scale fabrication with integrated complementary cir-
cuits. Even though MC technology can improve energy dissipa-
tion and arithmetic computing speed, it has a speed limit in trans-
mitting a huge amount of data through electrical signal process-
ing. To overcome this limitation, optical communication between
the arithmetic unit and the storage unit of the MC is thought to
provide the best solution.>) Mixed-dimensional hybrid structures
have accordingly been attracting attention as a key constituent
to realize optical memory effects.[®] For instance, 3D oxide semi-
conductors have a flexible charge trap site, 2D materials have ex-
cellent carrier mobility, and 0D materials have an excellent light
absorption coeflicient and long exciton lifetime. Among various
forms of mixed-dimensional hybrids, 2D-0D hybrid structures in
particular have demonstrated optical memory effects, but to date,
these structures have been operated by optical/electrical pulses
such as laser pulse programming with electrical pulse erasing.”]
To be specific, laser pulse erasing has yet to be reported.

In the present work, we observe for the first time a 2D-0D
hybrid-based optical multi-level memory (OMM) effect. The hy-
brid structure consists of MoS, as the channel material and
CdSe/ZnS core/shell quantum dots (QDs) with a ZnS shell of
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10 layers of acting as a floating gate unit, where a sufficiently
thick ZnS shell is thought to act as a stable charge trap inside
the CdSe core. We hypothesize that a single QD has the ability
to maintain different memory levels because there is no charge
leakage between the QDs in the designed structure. In order to
prove this, we stimulated different positions on a 2D-0D hybrid
OMM device with a focused laser pulse (<1 pm) and found that
the different positions exhibited independent OMM effects in a
linear manner. Based on this novel finding, we propose an OMM
inverter consisting of two 2D-0D hybrid OMM devices to imple-
ment highly linear programming and erasing processes only us-
ing laser pulses of the same wavelength. Finally, using a convo-
lutional neural network composed of the OMM inverter set, we
evaluated the feasibility of applying the inverters as synapses in
a fully optically-controlled intelligent system via training and in-
ference tasks using the CIFAR-10 dataset (Canadian Institute for
Advanced Research).

2. Results and Discussion

2.1. 2D-0D Hybrid OMM Device Structure

The design of the 2D-0D hybrid OMM device originated from
a floating gate unit. As depicted in Figure 1a, the conventional
floating gate structure has a dielectric layer consisting of a tun-
neling barrier and a control barrier with a floating gate metal be-
tween them that traps electrons and holes from the channel.[®!
This floating gate unit is considered here to be analogous to type-
I core/shell QDs. But since charge transfer and trapping at the
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2D-0D hybrid interface should be achieved with laser pulses
only, an optimized shell thickness is required. The particular
QDs to replace the floating gate unit were selected as air-stable
CdSe/ZnS QDs.! In our previous work, a MoS,/CdSe-core hy-
brid structure showed a high responsivity based on the photogain
effect and a fast photoresponse but without trapping effects.!1’]
For a strong charge coupling effect between MoS, and CdSe/ZnS
QDs, oleic acid (OA) ligands with long carbon lengths on the sur-
face of the QDs were replaced with short tetrabutylammonium
iodide (TBAI) ligands, as shown in Figure 1b. To test different
shell thicknesses, we synthesized CdSe QDs with ZnS shells of
0, 2, 5, and 10 layers and investigated the photoluminescence
spectra. As the number of ZnS layers increased, we observed
an increase in the full width at half maximum (FWHM) from
25 to 50 nm, indicating an increase in particle size variation
(see Figure S1, Supporting Information). Scanning transmission
electron microscopy (STEM) measurements further supported
this observation, showing an increase in particle size from 3.28
+0.23 nm for CdSe t0 9.51 + 0.82 nm for CdSe/ZnS with ten lay-
ers (see Figure S2-1, Supporting Information). However, for the
use of QDs as a 0D floating gate structure, ZnS layers that are
too shallow exhibit a high tunneling probability, leading to ex-
cessive leakage from the QDs (see Figure S6-1,56-2, Supporting
Information). Therefore, we selected ten layers of ZnS as the op-
timized condition for OMM device fabrication. A memory matrix
was then fabricated by integrating CdSe/ZnS QDs onto a MoS,
field-effect transistor (FET) via layer-by-layer ligand exchange.!']
Figure 1c shows a schematic diagram of the complete 2D-0D
hybrid OMM device. In contrast to conventional floating gate
structured devices that rely on the application of an electric field
to exhibit MM, the key distinction of our 2D-0D hybrid OMM
device lies in its capacity to effectively demonstrate MM using
finely tuned optical pulses. This notable distinction highlights
the exceptional capability of our device, which will be further
elucidated in the subsequent sections of the paper. Figure 1d
presents high-resolution transmission electron microscopy (HR-
TEM) and energy-dispersive X-ray spectroscopy (EDS) images for
a surface analysis of the composite CdSe/ZnS QDs. In the HR-
TEM image, the high-contrast center area of each QD is the CdSe
core, which is surrounded by the ZnS shell with relatively lower
contrast. Figure le shows a line scan profile reflecting the ele-
mental composition obtained from a single QD. Since the po-
sitions of the Cd/Se and Zn/S atoms are opposite, the quan-
tum well characteristic of type-I QDs is identified in the atomic
line profile of the single QD cross-section. The cross-section of
the hybrid structure was also analyzed via focused ion beam
(FIB)-treated HR-TEM to observe the interface and crystalline
structures between MoS, and CdSe/ZnS. The HR-TEM image
in Figure 1f and Figure S2-1, S2-2 (Supporting Information) il-
lustrates the high crystalline quality of the CdSe/ZnS QDs and
MoS, layer. Furthermore, the gap between MoS, and CdSe/ZnS
is under 1 nm is shown in Figure 1g, which supports ligand ex-
change from long- to short-chain. Finally, as shown in the EDS
image in Figure 1h, the hybrid interface between MoS, (yellow)
and CdSe (red)/ZnS (blue) imitates the floating gate unit depicted
in Figure la. The thickness of the ZnS shell with ten layers is
only ~3 to 3.5 nm; considering that photoinduced charges must
be transported without electrical control, this thickness should be
less than the conventional tunneling barrier thickness, 4 to 6 nm.
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2.2. Optical Multi-Level Memory Characteristics

In the designed device, the multilayer MoS, as a partner mate-
rial easily accepts electrons from the CdSe cores. In addition,
its wide bandgap of 1.3 eV enables the gate electric field of the
FET to effectively control the Fermi level, which allows the opti-
mum condition for electron transfer from CdSe to MoS,.["?l In
order to minimize the dielectric/semiconductor interface trap ef-
fect caused by the gate electric field, h-BN as the 2D dielectric
material was used as the gate dielectric layer."}] Figure 2a shows
images of an as-fabricated multilayer MoS, FET with h-BN and a
2D-0D FET integrated with CdSe/ZnS QDs. The thicknesses of
the MoS,, h-BN, and QD layers are estimated to be 81, 91, and
52 nm, respectively, from HR-TEM measurement of the cross-
section of the channel region (see Figure S2-3, Supporting Infor-
mation). We have formed the QD layer with sufficient thickness
to ensure uniformity. The ZnS shells have a bandgap 3.5 eV.
In terms of the MoS,, ZnS is a quasi-dielectric material through
that a negligible leakage current (= 1072 A) flows among all elec-
trodes, as shown with the dashed line in Figure 2b. Since the io-
dine of TBAI does not chemically bond to the sulfur defects of
MoS,, unlike 1.2-EDT in previous studies,!'%*] it does not elim-
inate the depletion region of the MoS, FET. Rather, the transfer
curve of Figure 2b shows n-type doping behavior of the MoS,
FET through electron transfer from ZnS to MoS, during Fermi
level equilibration (see Figure S3, Supporting Information). We
note that transfer characteristics of the pristine MoS, FET and
2D-0D hybrid FET exhibited a similar transfer curve shape with
only the threshold voltage shifted to the negative direction. This
is because the capacitance of the h-BN gate dielectric layer in the
two FETS is the same, while the QDs act as an n-type dopant and
are not affected by the gate bias due to the thick tunneling bar-
rier of ZnS. The transfer curve of the 2D-0D hybrid FET with
h-BN exhibits gate hysteresis under AV, = 0.3 V, and thus the
minority carrier trap induced by the gate electric field can gener-
ally be excluded.[>! To demonstrate the MM characteristics of the
device, a pulsed laser of 0.5 Hz (green line) was used to stimulate
the 2D-0D hybrid FET. Figure 2c shows different time-resolved
photocurrent behaviors between a pristine MoS, FET and the
2D-0D hybrid FET under 532 nm wavelength laser pulse for
1 s. We note that the energy of the 532 nm wavelength light can
both excite MoS, and CdSe. The pristine MoS, produced a low
photocurrent due to its high exciton binding energy, and when
the laser was turned off, the photocurrent (black line) decreased
immediately to the dark current level. On the other hand, by cou-
pling MoS, with CdSe/ZnS QDs, the 2D-0D hybrid produced an
increased photocurrent and maintained it even after the laser il-
lumination. The re-dark current gap between the pristine MoS,
and 2D-0D hybrid is induced by charge trapping. We note that
the ZnS shells with 10 layers and 5 layers showed excellent OMM
and optical memory pixel (OMP) effects (Figure S6-3,a,b, Sup-
porting Information), with the ten-layer ZnS shell showing a four
times higher optically trapped current (OTC) than the five-layer
ZnS shell. While the two-layer ZnS shell had adequate OTC at
the vertical 2D-0D interface, leakage currents were present be-
tween lateral QDs, and this caused the OMP effect to disappear
rapidly. To demonstrate critical repeatability such as program-
ming and erasing, we designed a reset protocol of the trapped
charge in which electrons from MoS, are transferred back to
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Figure 2. 2D-0D hybrid device fabrication and OMM characteristics. a) Optical microscope images of the pristine MoS, FET and 2D-0D hybrid FET
with a bottom electrode (black), h-BN dielectric layer (white), MoS, channel (violet), and CdSe/ZnS QDs (yellow). b) Transfer curves of the pristine MoS,
and 2D-0D hybrid devices. c) Time-resolved photocurrent in the 2D FET (Vp = 1V and Vg = —0.5 V) and 2D-0D hybrid (Vp =1V and Vg = -2.5V)
under 532 nm pulsed laser for 1s. Schematic of the electron-trapping (programming) and electron-releasing (erasing) process between MoS, and a
CdSe/ZnS QD by laser pulse and gate bias, respectively. d) Plot of the time-resolved current behavior under the same bias condition and laser pulses.
Insets in each region illustrate the electron (blue)-hole (red) state of the conduction band (CB) and valance band (VB) in CdSe. A linear optically trapped
current (OTC) defines the linear region (Ngyciton < Nelectronvg), @ shrunken OTC defines the saturated region (Ng,citon = Nelectronvg), and an expired
OTC defines the occupied region (Neciton > Nelectron-vg)- €) OTC behavior as a function of the number of pulses. The slopes denote the increments
of current per optical pulse for the linear (green line), saturated (blue line), and occupied (black line) regions, which were extracted as 0.14, 0.06, and

0.02 pA per optical pulse, respectively.

the CdSe core using a gate voltage pulse (Figure 2c schematic;
Figure S3, Supporting Information). Figure 2d illustrates such a
MM function with three distinct regions under the multi-pulsed
laser of 0.5 Hz. In the first region, or linear region, OTC is lin-
early stacked according to the number of laser pulse exposures.
In this linear region, the number of excitons (N.,.,,) generated
in the CdSe/ZnS QDs should be less than the number of elec-
trons in the valence band (Ngecronvg)- Then the CdSe can lin-
early trap the photogenerated holes of the generated excitons.
Because photogenerated electrons move from CdSe to MoS, via
tunneling, not 100% of the electrons but rather only an exponen-
tially reduced number of electrons are transferred. The residual
electrons in the CdSe core recombine with the holes and cancel
the hole trapping effect. In the second region, or saturated re-
gion, as N, becomes similar to or less than N, onvs, the
OTC begins to slowly decrease. Finally, in the third region, or
hole-occupied region, since N,j.ciron_vs iS almost depleted and the
CdSe core is not able to generate excitons, the additional hole

Adv. Mater. 2023, 35, 2303664 2303664 (4 of 9)

trap is also limited. The memory state retention stability was >70
s in the linear region, as detailed in Figure S4 (Supporting In-
formation). During measurement, we utilized an optimized con-
dition of gate voltage as —2.5 V for electron depleted condition
that is confirmed in Figure S5-2 (Supporting Information). For
a comprehensive understanding, we present the OTC behavior
in terms of the threshold voltage (V) shift of the transfer curves
induced by optical pulses (see Figure S5-3, Supporting Informa-
tion). Figure 2e summarizes the OTC as a function of the number
of laser pulses. The slopes represent the increments of current
per optical pulse for the linear (green line), saturated (blue line),
and occupied (black line) regions, which were extracted as 0.14,
0.06, and 0.02 pA per optical pulse, respectively. Converting the
total current increased by the OMM effect to gate bias gives a dif-
ference of AV, = 0.4V, from V= -2.45Vto V; =—-2.05V, and
the charge concentration change is calculated as 1.2 x 10! cm™?
(see Figure S5-1, Supporting Information). In principle, the de-
caying current and slightly increased re-dark current observed in

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Optically trapped current mechanism and memory pixel effect according to laser pulse exposure position. a) Schematic description of the
band alignment of MoS, and CdSe/ZnS (blue and red colors denote the conduction band and valence band, respectively), charge transfer, and trap
mechanism. b) OTC behavior in the linear, saturated, and occupied regions. Each straight colored line (green, blue, and black) indicates the slope of the
current level accumulated by the OMM. c) Positions and scanning direction of the laser pulses labeled as zones 1, 2, and 3. d) Equivalent circuit by a
parallel connection of variable resistors (Ryios2 = Rphoto)- Rphoto iS @ constant resistance reduced by laser pulses. e) OMM characteristics (Vp = 1V and
Vi = —2.5 V) according to focused laser pulses in different zones.

the pristine MoS, device can be explained by the persistent pho-  2.3. Optically Trapped Current Mechanism

toconductivity (PPC) effect in TMD materials including MoS,,

which originates from intrinsic chalcogenide defects in TMDs  Figure 3a depicts band diagrams of three different states of the
or extrinsic defects at the TMD/substrate interface.''8] In our ~ 2D-0D hybrid OMM device: equilibrium, illumination, and post-
study, we utilized an h-BN layer as the substrate, which is known  illumination states. In the equilibrium state, MoS, and CdSe
for its defect-free interface with van der Waals (vdW) materials  are isolated by the high barrier of the ZnS shells, of which the
such as MoS,. Therefore, we propose that the PPC in our de-  bandgap is 3.54 eV.' In the illumination state, the barrier allows
vice originates from sulfur vacancies within the MoS, channel.  electron transfer from CdSe to MoS, through tunneling and rec-
Conversely, the increased current observed in the 2D-0D hybrid  tifies the reverse thermionic electron transfer from MoS, to the
device is likely attributed to the presence of shallow traps thatare =~ CdSe cores. The ZnS shells also allow the holes in the CdSe cores
activated by the gate voltage applied from the bottom electrode.  to maintain a stable trap under n-doping V,, conditions, where
These shallow traps may form at the interface between MoS, and  the Fermi level of MoS, is higher than the Fermi level of CdSe
ZnS or arise from absorbates originating from the solvent of the  (see Figure S5-1, Supporting Information). Immediately after il-
QDs solution. Upon applying an optical pulse under a gate volt-  lumination, the photocurrent presents a sharp horn shape in the
age of —2.5 V (electron-depleted condition within the channel)  plots (black circles in Figure 3b) because the trap effect is momen-
to the 2D-0D hybrid device, it is plausible that electrons from  tarily attenuated by the decay current of MoS, and the recombi-
the shallow traps are injected into the MoS, channel, resultingin  nation of the residual charge in the CdSe/ZnS QDs. The holes
an enhanced channel conductance and subsequently increased  trapped in the CdSe cores push down the Femi level toward the
current within the device. Although the increase in current from  valance band and induce electrostatic doping in the MoS, chan-
electrons injected into the channel from shallow traps is much  nel due to the Fermi level difference (V,p_gp gu) between MoS,
smaller compared to that from QDs, mitigation would be a fur-  and CdSe. As a result, electrons accumulate on the top side of
ther challenge. One possible means might be treatment with a  the MoS, channel adjacent to CdSe/ZnS QDs according to the
solution to passivate the shallow traps in our device, or otherwise =~ number of pulsed lasers (violet dashed lines in Figure 3a), which
mitigate the aging process. generates OTC current. Figure 3b provides a detailed look into
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the distinct behaviors of the three regions introduced in the previ-
ous section. In the linear region (green line) and saturated region
(blue line), the OTC remains stable (gray dashed line) after the
laser pulses. But in the saturated region, the OTC starts to gradu-
ally decrease as a function of the number of laser pulses. Finally,
in the occupied region (black line), the OTC disappears and ac-
cordingly, the memory stability collapses (gray dashed line). We
estimate that the dominant origin of the fast-decaying character-
istic in the sharp horn shape is not the continuous backflow of
electrons to the CdSe core, but rather the persistent photocon-
ductivity (PPC) effect or the recombination of photocarriers gen-
erated in MoS, .18 The only difference in the current behavior
between linear and occupied regions is that in the occupied re-
gion, the QDs no longer function as charge traps, and therefore
the current behavior is dominated by the PPC effect or recombi-
nation in MoS,.

2.4. Optical Memory Pixel Effect of the QD Matrix

According to the device design, there is one ZnS shell between
the QDs and MoS, but there is a double ZnS shell between the
QDs in the CdSe/ZnS matrix, and thus the probability of charge
transport between QDs is reduced exponentially according to the
tunneling possibility theory, that is, they are basically isolated (see
Figure S6-1, S6-2, Supporting Information). To prove that only
QDs exposed to laser pulses show memory properties, we de-
signed a map of focused laser positions (wavelength = 532 nm,
beam size <1 pm) and scanned from left to right; the three dif-
ferent positions are referred to as zone 1, 2, and 3, as shown in
Figure 3c. Each of the three zones can be expressed as an equiv-
alent circuit by a parallel connection (Ry,,s,) of variable resistors,
as shown in Figure 3d. In addition, the CdSe/ZnS QDs compos-
ite has limitations in OTC, so it is assumed to have a constant
—Rohoto- As a result, Figure 3e reveals both OMM and OMP ef-
fects as a function of exposure position. The 2D-0D hybrid OMM
device maintained a consistent OTC during exposure to 8 to 10
pulses before moving to the occupied region, and therefore R .,
(15.35 MQ) can be determined based on the OTC value modu-
lated by the OMM effect in zone 1 (red-shaded area in Figure 3e).
The laser scanning system then stimulated zone 2 and zone 3 ac-
cording to the exposure position of the laser pulse. Even at the
different positions, the results repeatedly showed stable OMM
characteristics. However, the magnitude of the current increase
in zone 1 gradually decreases toward zone 2 and zone 3. From the
point of view of the equivalent circuit, we theoretically calculated
the R, inzones 1,2, and 3. If the calculated R, is assumed to
be constant, the calculated OMP trend is consistent with the real
OMP trend (see Figure S7, Supporting Information). As a result,
the observed OMP effect proved that each QD could have a dif-
ferent memory state without current leakage between the QDs.
Additional 2D-0D hybrid OMM devices consistently showed re-
liable and repeatable results (see Figure S8, Supporting Informa-
tion).

2.5. Fully Laser-Pulse-Operated Multi-Level Memory Inverter
As above, the 2D-0D hybrid OMM device was able to exhibit

multi-level programming characteristics by inducing an OTC,
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but realizing a linearly optical erasing process was impossible.
To further explore this point, based on the OMP effect of the QD
matrix demonstrated in Figure 3e, we designed an inverter that
can perform the erasing function with laser pulses. As shown
in Figure 4a, the proposed inverter consists of two 2D-0D hy-
brid OMM devices connected in series. Here, because each QD
in the entire 2D-0D hybrid structure is a floating gate memory
unit, the spot size of the finely focused laser beam can be as-
signed as an OMM unit device, which is <1 pm in this case.
Then, the row of scanning laser pulses becomes one MM in-
verter. To demonstrate the operation of five independent MM
inverters in one 2D-0D hybrid structure, we designed the path-
way of the scanning laser pulses to pass through five rows, as
shown in Figure 4b. The fabricated device has a short chan-
nel length of 3 ym and a wide width of 10 pm (programming
is denoted as the blue line, and erasing as the red line), and
thus it is optimized to stimulate the focused laser along each
row (black dashed line in Figure 4c). Figure 4d shows five re-
peated MM functions with 532 nm laser pulses of 0.5 Hz, demon-
strating that both highly linear programming and erasing pro-
cesses were conducted solely with laser pulses of the same wave-
length. We note that while some previous OMM devices have
demonstrated potentiation characteristics with optical pulses,
they adopted electrical means or different wavelengths of optical
pulses to demonstrate depression characteristics (see Table S1,
Supporting Information). To the best of our knowledge, a strategy
to achieve both potentiation and depression using optical pulses
with the same wavelength has not been reported yet. Results con-
firmed that the QDs exposed to the laser pulses have indepen-
dent memory characteristics. This result is believed to represent
an important flag in the QD memory field and furthermore can
greatly contribute to the expansion of ultra-simple memory de-
vice fabrication using QD lithography.?*! During measurement,
the slope of the increase in output voltage differed for the five
rows. We estimate the reasons for this to be the nonuniform
bonding interface between QDs and MoS, and the precise lo-
cation of the focused 532 nm laser (see Figure S11, Supporting
Information).

2.6. Training and Inference Task using CIFAR-10 Dataset

Finally, we tested the applicability of the OMM inverters to act as
synapses in a hardware-neural network (HW-NN) with a training
task for recognition using the CIFAR-10 dataset. Adopting the
DNN+NeuroSim V2.1 benchmarking framework, a HW-NN
comprising OMM inverter synapses was trained and inferenced
based on the VGGNet model consisting of an eight-layered
convolution neural network (CNN) and then evaluated through
the CIFAR-10 dataset (containing images of, for example, a
dog, horse, truck, and so on).[?!l Figure 5a shows the HW-NN
structure for matrix-vector multiplication comprising the OMM
inverter synapses, which are applicable to the implementation of
the fully connected layers within the CNN. Here, we introduced
converting resistances (R_,,) to each OMM inverter to convert
the output voltage (V,,) to current (I,,). The conductance
of the OMM inverters is then determined as W = I_,,/V,, =
(Vout/Reony)/ Vin- A detailed description of the conductance
of the OMM inverters is provided in Figure S9 (Supporting
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Figure 4. Fully laser-pulse-operated OMM inverter. a) Schematic diagram of the OMM inverter consisting of two 2D-0D hybrid memory devices con-
nected in series and driven by the law of voltage division. One device conducts programming (blue) and the other conducts erasing (red) according to
scanning laser pulses. b) Equivalent memory circuit model according to the laser pulse exposure positions. The laser scan over five rows induces five
independent inverter characteristics. c) Optical microscope image of the 2D-0D hybrid OMM inverter. The blue and red rectangular boxes indicate the
programming and erasing operations. Scale bar is 3 um. d) Plot of multi-level memory inverter characteristics (Vp = 1V and V; = =3 V) according to

the laser pulse exposure positions.

Information). A pair of equivalent OMM inverters is adopted to
represent both positive and negative synaptic weight values. In
this structure, the synaptic weight is determined as a subtraction
of the conductance of the OMM inverters designed for positive
and negative weights (W = W, — Wy).l!l Our synaptic cell
is composed of four optically controllable devices, where two
devices are for potentiation (§W,,; > 0) and two devices are for
depression (§W,; < 0). Therefore, a hardware-based bidirec-
tional weight update scheme that updates the OMM inverter
designed for a positive/negative synaptic weight when the weight
is in the positive/negative weight range (see Figure 5b) can be
adopted for low power consumption in our architecture.[??!
We extracted a nonlinear value for five OMM inverters (see
Figure 5c), where the nonlinearity for potentiation was in the
range from 1.24 to 1.54 and the nonlinearity for depression was
in the range from —1.14 to —0.62. The behavioral model for
nonlinearity extraction is provided in Figure S10 (Supporting
Information).”! Finally, we emulated the recognition rates of
the HW-NN composed of the OMM inverters for the CIFAR-10
dataset consisting of 50 000 training and 10 000 inference
datasets for each epoch. The recognition accuracy exhibited a
gradual increase as the number of training epochs progressed,
and we observed an abrupt increase in accuracy after the 200th
training epoch. This change is attributed to the fine-tuning
of the learning rate, which is implemented in Neurosim® to
promote efficient convergence of accuracy.?!l As a result, the
highest maximum recognition rate was confirmed as 91% (see
Figure 5d). The high recognition rate achieved by our OMM
inverter-based synaptic devices originates from the utilization of
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only the linear region of the independent memory characteristics
of the QDs (see Table S1, Supporting Information). Detailed
simulation conditions are provided in Table S2 (Supporting
Information).

3. Conclusion

We fabricated an OMM device within a MoS, FET using
CdSe/ZnS type-I core/shell QDs. In this design, the thickness
of the ZnS shell is important to characterize the memory. The
mechanism driving the OMM characteristics was identified as
three different operating regions, namely linear, saturated, and
occupied regions. It was found that a strong gate voltage pulse
can reset the memory, thereby paving the way toward repetitive
MM operation. However, since this does not achieve full OMM,
by employing the voltage division effect of inverters, we demon-
strated a 2D-0D hybrid inverter that performs both program-
ming and erasing operations with laser pulses only. Finely fo-
cused laser scanning confirmed that the QDs in the hybrid in-
verter can act as a floating gate memory unit because the suf-
ficiently thick ZnS shell prevents charge leakage between QDs.
Based on this electrically isolated QD architecture, we devised
a laser pulse scan that passes through five rows in the 2D-0D
hybrid structure and realized five different OMM characteris-
tics at once. Finally, a fully optically-controlled intelligent system
based on OMM inverters achieved a high maximum recogni-
tion rate of 91% in a CIFAR-10 pattern recognition task using
a CNN.
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Figure 5. CIFAR-10 dataset recognition task. a) Hardware-neural network comprising fully optically-controlled inverters for the fully connected layers.
b) Hardware-based bidirectional weight update scheme. Each OMM inverter has a blue and a red resistor, which are variable resistors for potentiation
and depression, respectively. Two inverters form a unit synaptic cell. ¢) Nonlinearity of the potentiation and depression curve of the five inverters.
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