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Memristive devices operating analogous to biology synapses demonstrate great potential for neuromorphic

applications. Here, we reported the space-confined vapor synthesis of ultrathin titanium trisulfide (TiS3)

nanosheets, and subsequent laser manufacturing of a TiS3–TiOx–TiS3 in-plane heterojunction for

memristor applications. Due to the flux-controlled migration and aggregation of oxygen vacancies, the

two-terminal memristor demonstrates reliable “analog” switching behaviors, in which the channel

conductance can be incrementally adjusted by tuning the duration and sequence of programming

voltage. The device allows the emulation of basic synaptic functions, featuring excellent linearity and

symmetry in conductance change during long-term potentiation/depression processes. The small

asymmetric ratio of 0.15 enables it to be integrated into a neural network for the pattern recognition task

with a high accuracy of 90%. The results demonstrate the great potential of TiS3-based synaptic devices

for neuromorphic applications.
Introduction

Neuromorphic computing inspired by the human brain is
expected to overcome the bottleneck of storage and power
consumption in conventional von Neumann computing
systems.1–5 As the most important cornerstone of neuro-
morphic computing hardware architecture, the memristor
operates analogous to biology synapses, in which the
conductance can be incrementally modied by controlling the
charge or ux through it.6–9 A wealth of materials have been
developed for the device implementation of memristors.
Among them, two-dimensional (2D) layered semiconductors
stand out because of their outstanding electrical and opto-
electrical properties. Titanium trisulde (TiS3) has been re-
ported as a 2D semiconductor with strong in-plane anisotropy.
It reveals a direct electric band gap of 1.0 eV, and an extremely
high electron mobility more than 10 000 cm2 V−1 s−1 has been
predicted by ab initio calculations.10–12 However, the difference
in the Ti–S bond length results in highly-aligned 1D chains
with strong in-plane anisotropy,13 thus the traditional
synthesis methods typically yield quasi-1D nanowires or
nanoribbons, which causes a great challenge for integration
with other 2D materials.
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Note that titanium oxide (TiOx) has been well studied as candi-
date of memristor to construct articial synapses.14–16 Themigration
and diffusion process of oxygen ions enable the modulation of
electrical conductance, thus allowing the mimicking of synaptic
functions of biology neurons, such as short-term plasticity (STP),
long-term plasticity (LTP), pulse-paired facilitation (PPF),17,18 etc.
Previous studies have revealed the feasibility of controllably oxi-
dization technique to create 2D oxide and related hetero-
structures,19,20 thus it is expected that TiOx and related
heterostructures can also be achieved in 2D conguration based on
2D TiS3 nanosheets. The 2D TiS3–TiOx heterostructure can be easily
integrated with silicon platform and other 2D materials, and be
applied for constructing synaptic device multiple functions.

In this work, we reported the space-conned synthesis of ultra-
thin TiS3 nanosheets with high crystalline quality. Top-gated eld
effect transistor (FETs) based on TiS3 nanosheet delivers a large on-
state current density of 510 mA mm−1 and high carrier mobility
close to 100 cm2 V−1 s−1. By using a laser-assisted manufacture
technique, in-plane TiS3–TiOx–TiS3 heterojunction can be created
for memristor construction, which demonstrates excellent synaptic
characteristics with tunable and multiple resistance levels. The
device can also be integrated into neural network for high-accuracy
pattern recognition. The results indicate that TiS3-basedmemristors
might be ideal building blocks for a neuromorphic computing
system.
Results and discussion

Atomically thin TiS3 nanosheets were obtained through a space-
conned chemical vapor transport (SC-CVT) method,13 where
RSC Adv., 2023, 13, 14849–14854 | 14849
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Fig. 2 Electrical performance of top-gated TiS3 FETs. (a) Schematic of
top-gated FETs, where 10 nm-thick h-BN nanosheet is capped on top
of TiS3 channel as dielectric. (b) OM image of the device. (c) Current–
voltage (Ids–Vds) characteristics of device. (d) Transfer (Ids–Vtg) char-
acteristics for the same device.
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the conned space can be created by stacking two freshly-
exfoliated mica substate vertically (Fig. 1a). Stoichiometric Ti
powders and S powders were sealed at the end of a quartz tube
with pressure less than 10 mbar, and amount of I2 was also
added as transport agent. The quartz tube was then heated at
550 °C for 1 h. Aer cooling, TiS3 nanosheets with thicknesses
ranging from 8 to 30 nm can grow on the surface of sandwiched
mica sheets. The as-synthesized samples on mica substrate
present a small thickness in the range from 6 to 30 nm. Fig. 1b
show an optical microscopy (OM) and corresponding atomic
force microscopy (AFM) images of a 14 nm-thick TiS3 nano-
sheet, which demonstrate an atomically-at surface. The
Raman spectrum was also collected from the sample (Fig. 1c).
Four active Raman modes were clearly detected, located at 176,
298, 370, and 556 cm−1, respectively. This is in well consistence
with previously reported TiS3 crystal and nanowires,21–23 further
conrming the phase of TiS3 nanosheets.

We rst investigated the electrical transport properties of
TiS3 nanosheet by constructing a top-gated eld effect tran-
sistor (FETs). To provide effective gate controlling of channel
conductance, a 10 nm-thick h-BN ake serving as gate
dielectric was exfoliated on the top of TiS3 nanosheet with
thickness of 8 nm for device fabrication (Fig. 2a). Au/Ti (50/10
nm) electrodes are patterned and deposited through the
standard laser direct writing lithography and metal deposi-
tion processes, and the channel length is set to be 5 mm. All
the electrical measurements are conducted in a Lakeshore
probe station connected to a Keithley 4200A parameter ana-
lyser under dark and high vacuum conditions. Fig. 2b shows
the OM image of a just-fabricated device. The linear Ids–Vds
characteristics indicates that near ohmic contacts are formed
at heterojunction between TiS3 nanosheet and Ti/Au elec-
trodes (Fig. 2c). The transfer curves of the same device are
shown in Fig. 2d. We can see that the device presents typical
n-type transport behavior with a high current on–off ratio
about 105, together with a large on-state current density up to
Fig. 1 Synthesis and materials characterization of TiS3 nanosheets. (a)
Schematic of SCCVT to synthesize TiS3 nanosheets in confined space
of mica substates using I2 as carrier. (b) OM image of TiS3 nanosheet.
The inset image shows the corresponding AFM image. Scale bars: 10
mm (c) Raman spectrum collected from TiS3 nanosheet.

14850 | RSC Adv., 2023, 13, 14849–14854
510 mA mm−1. The two-terminal eld-effect mobility can be
calculated by the following equation:24

m ¼ L

WCiVds

�
dIds

dVg

�
(1)

where L and W are the length and width of the device channel,
Ci is the gate channel capacitance per unit area, Vds and Vg are
the source–drain and gate voltages. By tting the linear region
of transfer curve, we can estimate that the top-gated TiS3 FETs
have a two-terminal eld-effect mobility close to 100 cm2 V−1

s−1 (ESI Fig. S1†). Additionally, the device also exhibits good
stability in air condition (ESI Fig. S2†). The excellent electrical
performance outstanding in previously reported TiS3 devices
strongly conrms the high crystalline quality of TiS3 nano-
sheets, highlighting its potentials for constructing functional
electronic devices.10–12

We then constructed a planar TiS3–TiOx–TiS3 hetero-
structure based on the selective oxidization of TiS3 nanosheet.
Selective oxidation of TiS3 nanosheet was implemented with the
assistance of the 532 nm laser equipped on a micro-Raman
spectrometer. The laser beam has a spot size of 500 nm,
focusing on the surface and scan cross the sample with
a grating of 1500 lines per mm. Surface oxidation can be real-
ized under ambient environment due to the local high
temperature arised from laser irradiation.25,26 By setting the
scanning rate and size, the surface of TiS3 nanosheet can be
selectively oxidized into TiOx to form the in-plane hetero-
structures (Fig. 3a). Fig. 3b shows the OM image of a TiS3
nanosheet, in which the surface is selectively oxidated to form
a pattern of “HIT”. The pattern can be clearly resolved due to the
different light interference from TiS3 and TiOx. From the AFM
image shown in Fig. 3c, we can see that laser irradiation causes
remarkable change of morphology in TiS3 nanosheet, and the
surface roughness increase signicantly from 0.3 to 2.2 nm. It
should be noted the pristine TiS3 without laser irradiation is
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Selective oxidation of TiS3 nanosheet for constructing in-plane
heterojunction. (a) Scheme of laser oxidation from TiS3 to TiOx. (b) OM
image of a TiS3 nanosheet after laser oxidation. (c and d) AFM
topography and corresponding height profile of in-plane TiS3–TiOx

heterojunction. (e) Raman spectrum collected from the oxidized area.
(f) The intensity mapping of Raman peaks at 370 and 143 cm−1.
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barely affected given the small spot size of laser beam, thus
creating a clear border line at the heterojunction area. The
Raman spectrum of sample aer laser oxidation was collected
for comparison21,27 (Fig. 3d), from which we can clearly resolved
an active Raman mode belonging to TiO2 at 143 cm−1. The
corresponding intensity mapping images of modes are shown
in Fig. 3f. The 370 cm−1 mode of TiS3 is barely identied, while
the intensity of 143 cm−1 peaks increase signicantly. The
results strongly conrm the transformation from TiS3 to TiOx by
laser irradiation and the formation of in-plane TiS3–TiOx–TiS3
heterostructure.

The selective oxidation from TiS3 to TiOx can be explained by
thermal effect induced by laser irradiation.26 That is, laser
energy absorbed by TiS3 would cause the local temperature rise
and intense lattice vibration, and TiS3 would react with oxygen
in ambient environment and be oxidized into TiOx. The local
temperature rise is highly related to laser uence (F), and it can
be estimated by28

DT ¼ ShF ½1� expð�adÞ�
rCV

(2)

where S is the irradiation area, h is the conversion efficiency
from light energy to heat, V is the exposed volume, d, r and C
represent the thickness, density, and specic heat of materials,
respectively. By combining the material parameters with
oxidation condition, we can expect that DT is estimated in the
range from 300 to 500 °C, which is enough to drive the oxidation
reaction in ambient condition.

Two-terminal TiS3 device was rst fabricated in planar
conguration. The channel of device is patterned to 5 mm, and
the center of channel is selectively oxidated by laser irradiation
with width of 1 mm. The resulting TiS3–TiOx–TiS3 hetero-
structure demonstrates remarkable resistive switching
behavior. As shown in Fig. 4a, the channel current continuously
increases by six times as applied with 6 consecutives positive
voltage sweeps (0–3 V), suggesting the resistance can be effec-
tively modulated through voltage stressing. By applying six
consecutive negative voltage sweeps (0 to −3 V), the resistance
© 2023 The Author(s). Published by the Royal Society of Chemistry
would recover back to the initial state (Fig. 4b). The nonlinear
modulation of resistance in our memristor is very similar to the
transmission characteristics of biological synapses.29,30 As
shown in the inset image of Fig. 4b, the paired electrodes can be
treated as the pre- and postsynaptic neurons, and the positive or
negative voltage stimulus are used to excite or inhibit the
synapses.

Long-term potentiation (LTP) and long-term depression
(LTD) characteristic of synapse, which represent the persistent
strengthening and weakening of synapses that lead to the long-
lasting change of signal transmission between neurons, can
also be mimicked by the in-plane memristor. LTP behavior was
investigated under 20 identical positive voltage pulse (duration
of 5 ms, amplitude of 2 V), and channel current of the device is
tracked every 1 s. For the LTD process, negative voltage pulse
(duration of 1 ms, amplitude of −2 V) was utilized. To exclude
the inuence of the voltage stressing, we measured the current
change with a small reading voltage of 0.1 V. As shown in
Fig. 4c, the conductance and synaptic weight increase gradually
under voltage stimulation, with a remarkable change of post-
synaptic current (PSC) from 6 to 11 nA. Fig. 4d shows the
endurance performance of memristor. We can see that the
resistance values for both high resistive state (HRS) and low
resistive state (LRS) can be well retained without degradation
aer 300 s, indicating good electrical stability of the device. The
linear and symmetric conductance update during LTP and LTD
are crucial to achieve high learning accuracy for neuromorphic
computing.31,32 The asymmetric ratio (A) is dened by the
following equation:33

A ¼ maxjGPðnÞ � Gdð20� nÞj
GPð20Þ � Gdð20Þ ; ðn ¼ 1� 20Þ (3)

where GP(n) and Gd(n) are the channel conductance values aer
excitatory or inhibitory pulse, respectively. For our device,
a small A value of 0.14 can be obtained, indicating that the
device has great potentials for application to achieve high
learning accuracy for image recognition.

The modulation mechanism of electrical conductance in
TiS3–TiOx–TiS3 planer heterostructure is highly associated with
the directional migration and diffusion of oxygen vacancies.34,35

In the initial HRS, the inherent oxygen vacancies, which intro-
duced during the laser oxidation process, are locally distributed
in the TiOx region. These oxygen vacancies can be easily driven
under electric eld at room temperature, and migrate along
channel direction.17 Meanwhile, the aggregation of oxygen
vacancies would contribute to the pathways with high electrical
conductivity. The oxygen vacancies acting as n-type dopants
would introduce shallow donor states close to the conduction
band of TiOx, thus leading to the reduction of barrier height at
TiOx–TiS3 heterojunction and LRS of device35,36 (ESI Fig. S3†).
Therefore, we can expect the effective non-volatile modulation
of resistance in our TiS3–TiOx–TiS3 memristor.

The excellent linearity and symmetry in conductance change
during long-term potentiation/depression processes enables
the device to be integrated into neural network for the high-
accuracy pattern recognition. The handwritten letters are
resized into 20 × 20 pixels by cropping the edges of the original
RSC Adv., 2023, 13, 14849–14854 | 14851
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Fig. 4 The synaptic characteristics of TiS3–TiOx–TiS3 memristor. (a) I–V characteristics of the memristor at positive bias voltages sweeps. The
inset image shows the OM image of a device. (b) I–V characteristics of the same device at consecutive negative voltages sweeps. Inset image
illustrates a biology synapse. (c) Modulation of synaptic weight under positive and negative voltage pulses. (d) Retention performance of the
device. The high resistance is identified as the initial state without voltage applying, and low resistance is achieved by consecutively applying 20
positive voltage pulses. (e) Resistance switching mechanism of memristor.
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image in Extended Modied National Institute of Standards
and Technology (EMNIST) dataset (Fig. 5a). The network
consists of 400 input neurons corresponding to 20 × 20 pixels
of resized EMNIST image and 10 output neurons with connec-
tions through 100 hidden neurons (ESI Fig. S4†). During the
simulation, each neuron of input layers represents an
Fig. 5 Neuromorphic computing simulation based on the TiOx–TiS3–
TiOx memristor. (a) Schematic diagram of constructed convolutional
neural network. (b) Mapping images with different synaptic weight
updates as trained for 5 and 10 epochs. (c) The recognition accuracy
evolution with training epochs based on our device.

14852 | RSC Adv., 2023, 13, 14849–14854
individual device to receive the electrical stimuli corresponding
to the grey value of pixel, and transmits the electrical signals to
the next layer neurons regarding the conductance status. The
updated synaptic weights in network enable output neurons to
generate the evolved image. As shown in Fig. 5b, the output
digits can be barely distinguishable as trained by 5 epochs. Aer
applied by 10 epochs, synaptic weights were remarkably
strengthened, contributing to a much clearer digits with high
contrast. The neural network based on our memristor demon-
strates a high recognition accuracy of∼90% with the increasing
learning epoch (Fig. 5c). The recognition accuracy is
outstanding in previously reported two-terminal resistive
switching memoriter and the phase change memory
devices.37–39 The successful emulation of synaptic functions
together with high accuracy of image recognition strongly
conrm that our TiS3–TiOx–TiS3 in-plane memristor can be
utilized for neuromorphic computing applications.
Conclusions

In summary, TiS3 nanosheets with high crystalline quality were
synthesized using space-conned vapor transport approach.
Based on the samples, we fabricated in-plane TiS3–TiOx–TiS3
heterostructure with the assistance of a laser-assisted manu-
facture technique. Attributing to directional migration and
aggregation of oxygen vacancies, the device demonstrates
excellent synaptic characteristics with tunable channel
© 2023 The Author(s). Published by the Royal Society of Chemistry
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resistance. The excellent multiple resistance levels also allows it
to be integrated into neural network for the pattern recognition
task, which shows a high recognition accuracy of 90%. Our work
provides a simple and effective approach to develop 2D
material-based memory and synaptic devices for neuromorphic
applications.
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