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Abstract

An all-carbon memristive synapse is highly desirable for hardware implementation in future wearable neuromorphic
computing systems. Graphene oxide (GO) can exhibit resistive switching (RS) and may be a feasible candidate to
achieve this objective. However, the digital-type RS often occurring in GO-based memristors restricts the biorealistic
emulation of synaptic functions. Here, an all-carbon memristive synapse with analog-type RS behavior was
demonstrated through photoreduction of GO and N-doped carbon quantum dot (NCQD) nanocomposites. Ultraviolet
light irradiation induced the local reduction of GO near the NCQDs, therefore forming multiple weak conductive
filaments and demonstrating analog RS with a continuous conductance change. This analog RS enabled the close
emulation of several essential synaptic plasticity behaviors; more importantly, the high linearity of the conductance
change also facilitated the implementation of pattern recognition with high accuracy. Furthermore, the all-carbon
memristive synapse can be transferred onto diverse substrates, showing good flexibility and 3D conformality.
Memristive potentiation/depression was stably performed at 450K, indicating the resistance of the synapse to high
temperature. The photoreduction method provides a new path for the fabrication of all-carbon memristive synapses,

which supports the development of wearable neuromorphic electronics.

Introduction

Brain-inspired neuromorphic computing is attracting a
great deal of attention owing to its high capability for
parallel computation and energy efficiency' ~>. Memristive
devices, possessing functional similarity to biological
synapses, are regarded as promising candidates for hard-
ware implementation in neuromorphic computing sys-
tems*™’. Memristive artificial synapses with inherent
learning functions have been widely developed. Various
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materials have been utilized to demonstrate memristive
synapses, such as metal oxides® 1, organicsu'm, chalco-
genides'®, and perovskites'*'”. Among them, carbon-
based memristors, as an important component of carbon-
based electronics, can be developed into wearable synaptic
devices owing to their good mechanical flexibility and
transferability'®™'®, Furthermore, all-carbon memristive
synapses are expected to exhibit high thermal and che-
mical stability'®?°, enhancing their adaptability to differ-
ent application environments. However, some factors
limit the development of all-carbon memristive synapses.
In many carbon-based synaptic devices, the memristive
mechanism depends on the combination of carbon
materials with other materials. For example, the migration
of ions (e.g, H", O*7, and Li") from functional layers
(e.g., AlO, and LiClOy electrolyte) into graphene or car-
bon nanotubes is capable of tuning the graphene/carbon
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nanotube conductance in a three-terminal device struc-
ture, therefore exhibiting modification of the synaptic
weightzl_%. However, sometimes noncarbon materials
are not suitable for the development of flexible and
wearable electronics due to the brittleness of inorganic
metal-oxide materials.

Graphene oxide (GO) may be a feasible candidate capable
of exhibiting resistive switching (RS) via migration of its
intrinsic oxygen functional groups**~*®, In many cases, GO-
based memristors generally exhibit digital-type RS (D-RS)
between a low-resistance state (LRS) and a high-resistance
state (HRS) for memory storage applications. In particular,
Liu et al. made significant progress towards all-carbon D-RS
memory by employing GO as the active material™.
Recently, Raeber et al. also demonstrated all-carbon D-RS
memory based on amorphous carbon materials*°. However,
analog-type RS (A-RS) with continuous resistance-state
variations, which is urgently needed as an essential foun-
dation for the biorealistic emulation of synaptic adaptive
functions, has seldom been reported to our knowledge.
Both types of memristors have already been proposed to
simulate synapses. Compared to D-RS memristors, A-RS
memristors with multilevel resistive states present some
performance advantages in neuromorphic computing sys-
tems designed for complex applications, such as image
recognition®*>, For example, Garbin et al. demonstrated
that a synapse with multilevel resistive states possessed high
recognition accuracy for a database of 10,000 handwritten
digits compared with that of a synapse with two resistive
states®. This is because the modulation of synaptic weights
is continuous instead of abrupt during the potentiation and
depression process in biological neuromorphic systems.
Therefore, memristors with gradually changing con-
ductance could be more like biological synapses, which
would help to emulate brain functions better. Regarding the
memristive mechanism of GO-based devices, D-RS is
typically attributed to the formation and rupture of a
dominant conductive filament (CF) comprising con-
centrated oxygen vacancy (Vg)-like defects, termed reduced
GO (RGO) domains. In contrast, multiple weak CFs with a
large number of localized defects are necessary to produce
continuous resistance modulation (i.e., A-RS), as previously
proposed®>**, Therefore, the controllable generation of
local RGO domains may accomplish continuously tunable
A-RS in a GO-based memristor, which would make an all-
carbon memristive synapse possible. However, the con-
ventional GO reduction methods, such as thermal reduc-
tion® and chemical reduction®, generally modify the RGO
domains homogeneously throughout the entire film rather
than in local regions, which is undesirable for tuning A-RS
performance. Furthermore, these methods are generally not
compatible with flexible electronic technologies.

In this work, a simple and mild photoreduction method
was conducted by introducing N-doped carbon quantum
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dots (NCQDs) into GO sheets. Using ultraviolet (UV)
light irradiation, the oxygen functional groups near the
NCQDs can be dissociated and thereby induce local GO
reduction and the demonstration of A-RS behavior.
Importantly, an all-carbon memristive synapse was rea-
lized using this method that presented an inherent
synaptic learning ability and pattern recognition function.
Furthermore, the all-carbon memristive synapse pos-
sessed good flexibility, transferability, and heat resistance,
indicating its excellent potential for application in wear-
able electronics.

Results and discussion

Figure 1a schematically depicts a biological synapse that
connects a presynaptic and postsynaptic neuron. The
connection strength of the synapse can respond dynami-
cally under stimulation (i.e., synaptic plasticity), which
represents the neurochemical basis for learning and
memory functions. The continuous resistance change (i.e.,
A-RS) of a memristor is analogous to synaptic plasticity.
In the present work, our motivation was to develop a GO-
based all-carbon memristive synapse with A-RS char-
acteristics, as schematically illustrated in Fig. 1a. An RGO
layer and graphene layer on a Cu supporting substrate
acted as the top and BEs, and a nanocomposite film of GO
and NCQDs (GO-NCQDs) served as the switching layer.
Thus, a memristor cell with an RGO/GO-NCQD/gra-
phene sandwich structure was formed, which can be
viewed as a biological synapse with a presynapse/synaptic
cleft/postsynapse structure. More details about the
material synthesis and device fabrication can be found in
the “Experimental” section.

The NCQDs used herein were prepared by one-step
reflux treatment of C3N, with ethane diamine®”, which
can partially retain the ordered microstructure of C3Ny
(see Fig. Sla in the Supplementary Information). The
NCQDs, possessing condensed C-N heterocycles, may
thus inherit the high photocatalytic activity of C3N,**%°.
Figure 1c shows a transmission electron microscope
(TEM) image of the GO-NCQD nanocomposite, showing
that the diameters of the NCQDs were in the range of
2—7 nm. The Fourier transform infrared (FT-IR) spectrum
reveals the chemical composition of the NCQDs, as
shown in Fig. 1d, primarily exhibiting the absorption
bands of O-H bonds at 3368cm™ !, C=0O bonds at
1585cm ™', and C-O bonds at 1330 cm ™. In addition,
characteristic C—N vibrations were clearly detected at
1422 cm ™. These results suggested that the NCQDs were
fragments of C3N, terminated with various functional
groups®. Figure le shows the UV-vis absorption spec-
trum of the synthesized NCQDs, where the absorption
band peak is located in the 240-400 nm region®”. By using
the Tauc plot obtained from the absorption spectrum (see
Fig. S1b in the Supplementary Information), the optical
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Fig. 1 All-carbon memristive synapse prepared by a photo-reduction method. a Schematic illustration of a biological synapse connecting pre-
synaptic and post-synaptic neurons, and the structural diagram of the RGO/GO-NCQDs/graphene memristor. b Schematic illustration of the UV

photo-reduction process of the GO-NCQDs nanocomposite. ¢ TEM image of GO-NCQDs nanocomposite. (Inset) Size histogram of the NCQDs. d FT-IR
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band gap (E,) of the NCQDs was estimated to be 3.3 eV,
which is larger than that of bulk C3Ny (2.77 V) owing to
the quantum confinement effect’”*>*!. The above
experiment guided us to use UV light to irradiate the film
to produce photogenerated carriers; a wavelength range of
320-380 nm was employed herein.

The GO-NCQD films were subjected to a photoreduc-
tion process schematically described in Fig. 1b before the
deposition of the TEs. UV light (wavelength range:
320-380 nm; power density: 20 mW cm ™ ?) was irradiated
directly onto the GO-NCQD film in air (relative humidity:
46%). Under UV irradiation, electron (e~) and hole (h™)
pairs were generated in the NCQDs though photo-
excitation. Owing to the presence of adsorbed H,O
molecules on the GO surface, the holes reacted with H,O
to produce O, and H'. The photogenerated electrons
were transferred from the NCQDs to the GO sheets,
where they reacted with oxygen functional groups to
enable the local reduction of GO. This carrier transfer
process was directly supported by transient photovoltage
(TPV) measurements. Taking into consideration that pure
GO films possess weak TPV responses at long timescales
according to previous studies**~**, it was found in Fig. 1f
that the GO-NCQD nanocomposite film showed a sig-
nificantly enhanced photovoltaic response, suggesting a
prolonged hole lifetime and electron transfer from the
NCQDs to the GO. More importantly, because the pho-
tocatalytic reduction reaction only occurred near the

NCQDs, local RGO domains were obtained, and their size
and density were modulated by the UV irradiation time
and NCQD concentration. The distributed RGO domains
contributed to the formation of multiple weak CFs in the
GO films, providing the foundation for A-RS demon-
stration in a GO-based memristor for an all-carbon arti-
ficial synapse.

The degree of photoreduction of GO is strongly corre-
lated to the quantity of weak CFs inside the GO and to its
subsequent A-RS memristive properties. The dependence
of the GO photoreduction process on the UV irradiation
time (0, 5, 10, and 15min) was investigated by X-ray
photoelectron spectroscopy (XPS) and Raman spectro-
scopy. As shown in Fig. 2a, all the C1s XPS spectra of GO
without and with UV reduction can be deconvoluted into
four peaks corresponding to C-C (284.3eV), C-O
(296.6 eV), C=0 (288.1 eV), and O—-C=0H (289.8 eV)*.
To compare the changing trends of these peaks, Fig. 2b
plots the evolution of the four carbon bond peaks for
varying atomic percentages (at%) as a function of irra-
diation time. It can be observed that the C-O and C=0
peaks decreased significantly with irradiation time, indi-
cating reduction from GO to RGO. Furthermore, Raman
spectroscopy verified the gradual increase in the RGO
domain size with increasing irradiation time, as shown in
Fig. 2¢, featuring D- and G-bands located at 1356 and
1591 cm™}, respectively. The ratio of the D- and G-band
intensities (Ip/Ig) clearly increased from 0.91 to 1.12 with
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Fig. 2 Characterizations of the photoreduction process of GO-NCQDs nanocomposites. a XPS spectra of Cls core level and b atomic

percentage of different carbon bonds in GO-NCQDs composites after undergoing various UV irradiation times of 0, 5, 10, and 15 min. ¢, d Raman
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increasing irradiation time, indicating an enlargement of
RGO domains*®*. The color of the GO-NCQD film
changed from light brown to black with increasing irra-
diation time, also indicating an increase in RGO domains
(inset of Fig. 2d). More importantly, the RGO domains
were formed locally around the NCQDs, which was
confirmed by measuring the distribution of local con-
ductivity in the GO-NCQD film using conductive atomic
force microscopy (CAFM). Figure 2e shows the pristine
GO film, which exhibits a uniform distribution of low
conductivity in the absence of UV irradiation. In contrast,
the film after 10 min UV irradiation contained many local
bright regions corresponding to relatively high con-
ductivity regions, which indicated the existence of local
RGO domains (Fig. 2f). These RGO domains act as link-
ing sites, contributing to the formation of multiple weak

CFs in a memristive device. In addition, one might argue
that even if no NCQDs are introduced, GO can also be
reduced by UV light. However, this possibility is unlikely
because the ratio of Ip/Ig in the Raman spectrum did not
change obviously for the pure GO film under long-term
UV irradiation (see Fig. S2 in the Supplementary Infor-
mation). It is worth noting that the photoreduction cap-
ability of a film is dependent on the humidity of the
environment. The reduction capability of films under
different humidity conditions is presented in Fig. S3 in the
Supplementary Information. A high-humidity environ-
ment facilitated the reduction process with the same
irradiation time.

As expected, the all-carbon memristor with the RGO/
GO-NCQDs/graphene structure demonstrated A-RS beha-
vior after a certain UV irradiation duration. Figure 3a, b
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shows a comparison of the memristive characteristics of
devices with varying UV irradiation durations (0, 5, 10, and
15 min), where an NCQD concentration of 30 wt% was
used. For the pristine device (without irradiation), only D-RS
behavior was obtained after the formation process (see Fig.
S4 in the Supplementary Information), in which an abrupt
transition between HRS and LRS occurred reversibly under
the positive/negative voltage sweep. In contrast, the devices
after UV irradiation presented gradual memristive switching
(ie, A-RS) during the voltage sweep, with stable operation
when the device size was scaled down (see Fig. S5 in the
Supplementary Information). Furthermore, the operation
current of A-RS can be enhanced with increasing UV irra-
diation time owing to RGO domain enlargement. However,
the small increase in current during the positive voltage

sweep for the device after 15 min of irradiation was because
of the formation of excessive RGO domains, which could
increase the leakage current of the film. The enhancement
in conductance tends towards saturation during the voltage
sweep, which leads to a small switching window. When the
irradiation time was short (below 5 min), a small amount of
RGO domains were generated, indicating an insulation state
of the film. The energy during the 2V voltage sweep was
just enough for the formation of conductive RGO domains
but was not enough to form multiple weak CFs. Thus, the
current increase was not obvious in the device under a short
irradiation time.

Note that the NCQD concentration in the GO sheets
also strongly impacted the RS behavior. Specifically, at low
NCQD concentrations (5 and 20 wt%), the device only
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exhibited D-RS behavior, even after 10 min UV irradiation
(see Fig. 3c). With an increase to a moderate concentra-
tions of 30 wt%, A-RS behavior started to appear. How-
ever, a higher NCQD concentration of 60 wt% or above
could lead to the formation of excessive RGO domains,
thereby eliminating the A-RS window. In addition, the
thickness of the GO-NCQD film also influences the A-RS
behavior, and a film of approximately 100 nm is optimal
to obtain an appropriate switching window (see Fig. S6 in
the Supplementary Information). Thus, to optimize the A-
RS window, a UV irradiation time of 10 min and an
NCQD concentration of 30wt% were selected as the
optimal conditions in subsequent experiments. These
devices possessed reliable and reproducible synaptic
properties except for some acceptable fluctuations (see
Fig. S7 in the Supplementary Information). The
mechanism of transition from D-RS to A-RS can be
understood in the following way. As schematically shown
in Fig. 3e, D-RS can be generally attributed to the for-
mation and rupture of a dominant CF inside the GO. The
initial electroforming process plays a role in generating
this dominant CF by inducing the migration of oxygen
functional groups under an electric field*®. In comparison,
local RGO domains were generated via UV irradiation,
and the CFs preferentially grew around the RGO domains

due to the local electric field enhancement effect™.
Connections among these domains can be regarded as
multiple weak CFs for A-RS, as illustrated in Fig. 3f. Thus,
the device conductance can be continuously adjusted by
controlling the number of these multiple weak CFs, which
is similar to a model involving modulation of the number
of CFs>*,

The A-RS characteristics of our all-carbon-based
memristor enabled a close emulation of synaptic learn-
ing functions. The device conductance G was treated as
the synaptic weight in the present work. Figure 4a shows
the current response of the A-RS memristive device under
a single presynaptic spike [2V, 50 us]. A single stimula-
tion induced an initial abrupt increase and a subsequent
decay in current, which has a good resemblance to the
excitatory postsynaptic current (EPSC) in a biological
synapse>°. This phenomenon can be attributed to the
dynamic process of oxygen groups (drift and diffusion) in
the A-RS memristor. The dynamic process during the
evolution of CFs has been investigated in previous studies.
For example, Kim et al. directly observed nanoscale con-
ductive graphitic channels in GO films by using low-
voltage spherical-aberration-corrected transmission elec-
tron microscopy, and they verified through a Raman
intensity ratio map that these RGO CFs are induced by
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the detachment of oxygen groups®. In our work, the
partial spontaneous rupture of multiple weak CFs is
ascribed to the appearance of oxygen-group diffusion,
which was generally absent in the case of the dominant CF
for the D-RS memristor (see Fig. S8a in the Supplemen-
tary Information). Importantly, if a second presynaptic
spike was introduced before the EPSC induced by the first
spike decayed to zero, these two nonoverlapping spikes
can cause a correlation, effectively suppressing the spon-
taneous diffusion of oxygen groups, thereby enhancing
the conductance change. This kind of decay process is
therefore considered an indicator of a second-order
memristor’***? that can demonstrate the essential
synaptic functions of short-term paired-pulse facilitation
(PPF) and long-term spike-timing-dependent plasticity
(STDP). As illustrated in Fig. 4b, the PPF function was
emulated using a pair of spikes (P1 and P2), in which the
EPSC induced by the second spike P2 was clearly higher
than that of the first spike P1. A shorter interval time
between these two spikes led to greater synaptic facilita-
tion (as shown in Fig. 4c), which is consistent with the
behavior of a biological synapse®*~°°.
Spike-rate-dependent plasticity (SRDP) is another cri-
tical synaptic function and was emulated using a spike
train instead of a spike pair in our A-RS memristor. As
shown in Fig. 4d, a much higher EPSC amplitude can be
obtained under stimulation with a higher spike rate,
which is similar to the case of SRDP in a biological
synapse. Furthermore, it is interesting to note that
synaptic learning is experience-dependent; namely, iden-
tical spike trains can induce either potentiation or
depression of synaptic weight depending upon the history
of synapse stimulation. Herein, experience-dependent
synaptic plasticity was also mimicked using a four-step
procedure, as shown in Fig. 4e. In this procedure, 4 groups
of 10 spikes with frequencies of 20, 5, 2.5, and 5 kHz were
applied to the memristor. In step 1, the spike train with a
relatively high frequency of 20 kHz enhanced the con-
ductance to a high value of G;=12.5puS, which was
regarded as the first learning experience for subsequent
measurements. In step 2, the spike train with 5kHz fre-
quency caused a decrease in device conductance to
10.2 uS (i.e., depression). In step 3, the spike train with
2.5 kHz frequency induced a conductance of G, =7.5 S,
acting as another learning experience for the next step (4).
In step 4, a spike train with 5kHz frequency was again
applied for stimulation, inducing an enhancement in
conductance to 11 puS (i.e., potentiation). This potentia-
tion behavior in step 4 was clearly different from the
depression behavior observed in step 2, although the same
spike train was used. This opposite behavior of depression
and potentiation for steps 2 and 4 can be related to the
different learning experiences represented by G; and G,
in steps 1 and 3. This experience-dependent adaptation
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function offers the opportunity to reproduce the
Bienenstock—Cooper—Munro learning rule, which is an
important type of SRDP and further describes experience-
dependent synaptic modification®®~*%, It is worth noting
that the duration time of applied stimuli shows a great
influence on memristive behavior as well as frequency. A
long stimulus time was the most effective for the
enhancement of conductance, which is presented in Fig.
S9 in the Supplementary Information.

EPSC and PPF are generally kinds of short-term plas-
ticity, whereas a relatively large PPF can also induce a
conversion from short-term plasticity to long-term plas-
ticity, as shown in Fig. 4b. The long-term retention data of
PPF are presented in Fig. S10 in the Supplementary
Information. Based on this result, long-term STDP,
representing the Hebbian learning rule, was demonstrated
in the all-carbon memristive synapse, as illustrated in Fig.
4f. In this demonstration, a pair of pulses [V4+/V—=2V/
—2V, 50 ps] was applied on the top and BEs as pre- and
postsynaptic spikes (see Fig. S8b in the Supplementary
Information)®. The conductance change AG was collected
using a reading pulse [+0.2 V, 50 ps] with a delay time of
60 s after the stimulations to ensure a readout of the long-
term effect. The change in synaptic weight (AG) strongly
depended on the time delay and the time interval between
the pre- and postsynaptic spikes. Long-term potentiation
occurred when the presynaptic spike was earlier than the
postsynaptic spike (i.e., Af<0), while long-term depres-
sion occurred at At>0. Moreover, AG changed expo-
nentially with the interval time At following an
exponential equation.

The all-carbon memristive synapse herein further
demonstrated features of flexibility, transferability, and
heat resistance due to some excellent properties of
graphene-based materials. For this demonstration, a free-
standing memristor comprising RGO/GO-NCQDs/gra-
phene was prepared using a wet transfer method>®°. As
illustrated in Fig. 5a, this method included four main
steps, and the details are presented in the “Experimental”
section. As shown in Fig. 5b—d, the device can be adhered
onto different surfaces without visible damage, such as
poly(ethylene terephthalate) (PET), a glass dome hemi-
sphere and a silicon wafer, due to the good mechanical
properties of the all-carbon materials and the high van der
Waals forces at the interface®®%. A repeated bending test
was also carried out over 5 x 10° times for the memristive
device (see Fig. S11 in the Supplementary Information).
There was no significant change in the potentiation/
depression behavior with bending cycles, suggesting
excellent flexibility against mechanical strain. Such stable
pulse-induced potentiation/depression, as well as the
typical STDP function, can also be achieved in PET-
supported devices in the bent state (the bending radius
and strain level were 5.2 mm and 1.9%, respectively). No



Lin et al. NPG Asia Materials (2020) 12:64

Page 8 of 11

(a)

-

« RGO SMMA

GD-!:JC'QDSf'graphcnw'Cu
Preparing device on
L graphene/Cu substrate

Spin-coating the
PMMA layer

. — —

Remove PMMA
—

Etching the supporting
Cu substrate in FeCl,

Transferring the device
on arbitrary substrate

20 20
wn wn
£ =
p— S
3 e 3
£ 15¢ = g 15¢
g ({Jj @ PET ] g k. .
2 & FET i B3] PRl S =2 & i N
=] d o Glass dome hemisphere P i g 10t o T=450K R
© 10F9  Read @02V 100 \ LTD 45 Read@0.2V
0 25 50 75 100 -500 -250 0 250 500 0 25 50 75 100
# Pulse At (ps) # Pulse

Fig. 5 Transferability, flexibility, and high-temperature resistance features of the all-carbon memristive synapse. a Schematic diagrams of
the transfer process for all-carbon-based memristive synapse using a wet transfer method. b Conductance potentiation/depression of the devices
transferred onto a PET substrate and a glass hemisphere surface. ¢ STDP function implemented in the PET-supporting devices under flat and bent
states. d Conductance potentiation/depression at 300 and 450K for the device transferred onto a Si substrate. Photographs show the devices
transferred onto the b PET substrate, ¢ glass hemisphere surface, and d Si wafer for heat resistance test.

obvious difference in device performance was observed
between the flat and bent devices, demonstrating excel-
lent flexibility and 3-D conformality of the all-carbon
memristor for applications in wearable electronics. Fur-
thermore, the all-carbon memristive synapse possesses
resistance to high temperature due to the good thermal
conductivity and thermal stability of graphene-based
layered materials'®®*®*, The device was transferred onto
a Si substrate and then heated to a high temperature of
450 K. As shown in Fig. 5d, the synaptic weight of our
memristive synapse maintained continuous potentiation/
depression under positive/negative pulses at 450 K. Based
on a 2D heterostructure of graphene/MoS, ,0,/gra-
phene, Miao’s group demonstrated a robust D-RS mem-
ristor with ultrahigh thermal stability and partly attributed
the heat resistance to the graphene electrodes and the
atomically sharp interface®. These results suggest that
carbon-based memristors, as neuromorphic computing
units, have the potential for use in future high-
temperature harsh-environment electronics.

It is worth noting that our all-carbon memristor with A-
RS characteristics exhibited a much higher linearity in
synaptic weight changes (i.e., AG, conductance changes)
than did that with D-RS characteristics, as illustrated in
Fig. 6a, b, which shows the strengthened/weakened AG

induced by positive/negative voltage pulses (2V, 50 s/
—2V, 50 ps) for the pristine D-RS device and the UV-
irradiated A-RS device. This relatively high linearity is
considered a key advantage for pattern recognition
applications. To investigate the pattern recognition ability
of our all-carbon memristor, an artificial neuromorphic
network (ANN) simulator was developed using an 80 x 80
memristive crossbar array, as shown in Fig. 6c. Herein,
each memristor cell served as a synapse to connect pre-
and postneurons, where the synaptic weight of each
memristor was represented by the gray level of each pixel.
The learning processes of the D-RS and A-RS devices
followed the changes in AG shown in Fig. 6b, c. A single
grayscale image was chosen as an input image for pattern
learning®. Figure 6d shows a comparison of the image
evolution with the learning epochs for these two devices.
It can be seen that the ANN comprising the A-RS device
possessed higher learning accuracy. For quantitative
analysis, the learning accuracy can be represented as the
difference between the input and obtained images (see
“Experimental” section). As shown in Fig. 6e, the learning
accuracy of the ANN comprising A-RS devices was 96.7%,
which was 40% higher than that of the ANN comprising
D-RS devices. The higher linearity of the conductance
change of the A-RS device may be responsible for the
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improved learning accuracy’>®”%®, This result indicates
that the all-carbon A-RS memristor has the capability for
pattern recognition with high accuracy.

Conclusion

We experimentally demonstrated an all-carbon mem-
ristive synapse with A-RS behavior for the first time by
introducing NCQDs into GO films and subsequently
treating the films with UV irradiation. This photocatalytic
method induced a local reduction of GO around the
NCQDs, which allowed the memristive behavior to be
changed from D-RS to A-RS. The A-RS characteristics
were optimized via the UV irradiation time and NCQD
concentration, thus enabling the emulation of several
synaptic functions, such as EPSC, PPF, and STDP. In
particular, interesting experience-dependent SRDP beha-
vior was demonstrated. Owing to the high linearity of the
synaptic weight changes in the A-RS device, the mem-
ristive ANNSs possessed a high accuracy of up to 96.7% for
pattern recognition. This all-carbon-based memristive
device could be transferred onto a flexible substrate and
curved surface, exhibiting flexibility, 3D conformality and
transferability. Furthermore, the device can still demon-
strate memristive behavior at 450 K, exhibiting good
resistance to high temperature. This work offers an
approach for the development of an all-carbon memris-
tive synapse, which is beneficial for exploring wearable
neuromorphic computing systems in the future.

Materials and methods
Synthesis of GO-NCQD composite

(1) The NCQDs were synthesized via a one-step wet
chemical method using C3;N, powder®, whereby 0.02g
C3N, power was added to 10 mL of ethane diamine to form
a suspension, which was refluxed for 12 h at 80 °C. The pH
of the mixture solution was adjusted to 7 with HCl and then
treated by dialysis using a semipermeable membrane to
obtain pure NCQDs. (2) GO sheets were synthesized by the
modified Hummers method. Graphite powder (2g) and
H,SO, (98%, 50 mL) were mixed. The mixture was then
cooled to 0°C in an ice bath, followed by the slow addition
of KMnO, (7g) and subsequent dilution with 400 mL
deionized (DI) water. Next, hydrogen peroxide (H,O,, 30%)
was slowly added to the mixture accompanied by stirring
until gas evolution stopped. The solution was then filtered
and washed, first with HCI (30%, 1 mL) and then with DI
water, until the filtrate was neutral. Finally, the slurry was
dried to yield GO powder. (3) NCQDs and GO (10 mg)
were added to 100 mL DI water, and the mixture was
stirred for 1h to obtain a homogeneous suspension. To
investigate the impact of the NCQD concentration on the
memristive behavior, the weight of the NCQDs in the GO-
NCQD nanocomposite was varied at 5, 20, 30, and 60 wt%.

Preparation of all-carbon-based memristive synapses
Graphene on a copper foil substrate was chosen as the
bottom electrode (BE). Next, the GO-NCQD composite
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was spin-coated onto the graphene substrate layer, and the
film was baked at 60°C for 1h to remove any remaining
solvent. The thickness of the GO-NCQD film was mea-
sured to be approximately 100 nm by a step profiler (KLA-
Tencor Corporation D-120). During the photoreduction
process, the film was irradiated by UV light (Hayashi LA-
410UV, 5mW cm2) for various durations (0, 5, 10, and
15 min) directly in air. Finally, the RGO top electrodes (TEs)
were sprayed as a top layer and patterned using a shadow
mask into multiple circular pads 200 pm in diameter.

Preparation of a transferable memristive synapse

First, the device was prepared on a Cu substrate. Sec-
ond, the as-prepared device was spin-coated with a
polymethyl methacrylate (PMMA) layer to protect it from
damage during the transfer process. Third, the Cu layer
was dissolved by immersing the device into a ferric
chloride (FeCl;) solution for 2 h, where upon the RGO/
GO-NCQDs/graphene device was delaminated from the
Cu substrate. Subsequently, the device was transferred
onto various substrates; the PMMA layer was removed by
putting the device into acetone solution in advance.

Electrical measurements

I-V measurements were carried out using a Keithley
2636A source meter, while pulse measurements were
obtained using an arbitrary function generator (3390,
Keithley) and a digital oscilloscope (Keysight DSOS404A).
The distribution of local conductivity was measured by
CAFM (Dimension Icon, Bruker). Temperature-
dependent testing was carried out in a probe station
with a temperature controller (Lake Shore TTPX).

Calculation of pattern recognition accuracy

Structural similarity (SSIM) was employed to calculate
the similarity between the learned image (x) and the input
image (y). Herein, a high SSIM value can directly repre-
sent a high learning accuracy. The SSIM can be expressed
as

SSIM(xay) :f(l(x,y),c(x,y),s(o@y)), (1)

where I(x, y), c(x, y), and s(x, y) are the brightness,
contrast, and structure of the image, respectively. A

detailed explanation of this metric can be found in the

literature®.
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