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The inherent limitations of von Neumann computing associated with its inefficient parallel-processing of massive
data become increasingly pronounced in state-of-the-art digital device technologies. Artificial synapses of the
human brain-inspired neuromorphic computing are emerging as a viable solution, which demands to explore
unconventional materials responsive to a variety of electrical and/or optical stimuli. Herein, we report that
solution-processed titanium carbide MXene (Ti3CyTx) exhibits essential characteristics for optoelectronic
synapses-based neuromorphic computing. Specifically, it presents optically-triggered synaptic plasticity with
memory effects in a broad spectral range, as well as accompanying a large degree of mechanical deformability.
By leveraging the optoelectronics-mechanics coupling, we demonstrate that MXene-based devices can simulate
vital functionalities demanded in artificial neural networks (ANNs) such as associative learning behaviors and
high-accuracy pattern recognition. Furthermore, the operational principle of the MXene optoelectronic synapses
is unveiled in the context of the charge trapping/de-trapping mechanism enabled by its processing-introduced

bandgap opening.

Introduction

The advent of the artificial intelligence (AI) era has revolutionized
the processing of massive and complex data for associative learning and
recognition in advanced computing technologies by enhancing the
linearity and symmetric conductance [1]. The conventional digital ap-
proaches based on von Neumann architectures are facing significant
limitations due to various factors such as physical memory separation
and overabundant energy consumption [2-5]. To overcome the hurdles,
a concept of the biologically-inspired neuromorphic computation has
emerged, offering distinct advantages of low-energy and high-speed
operations [6-12]. Artificial synaptic devices enabling the neuro-
morphic operations have been extensively explored, mostly adopting
electrically-modulated stimuli and their responsive materials [13,14].
However, this solitary electrical process exhibits technical difficulties
such as interconnection issues and/or bandwidth-connection-density
trade-offs, imposing restrictions on device performances [15,16].

Inspired by the challenges, optoelectronic synapses operating by trans-
lating optical stimuli to electrical signals have arisen, which simulate the
visual perception process of biological synapses for computations
[17-20]. Furthermore, their advances often demand additional func-
tionalities into the optically-responsive materials toward unconven-
tional yet transformative neuromorphic performances. Amongst a
variety of the optical building-block materials, MXene in a general form
of My, 1XnTx where M is a transition metal, X is C or N, and T represents
surface terminations, are projected to offer a number of advantages [21,
22]. Unlike covalently-bonded thin films for conventional devices,
MXenes present a large degree of structure-processing-property
tunability due to their structural anisotropy and predictable elec-
trical/optical properties with modulated functional groups [23,24]. This
intrinsic superiority of MXenes coupled with their solution-based pro-
cessability is projected to render opportunities for neuromorphic ap-
plications [25,26], which, however, have remained largely unexplored
in terms of optoelectronics. Herein, we explore MXene (Ti3CoTy)-based
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optoelectronic artificial synapses and their implications for neuro-
morphic devices. Solution-processed MXenes integrated on flexible
polyimide (PI) substrates exhibit broadband photo-responsiveness with
memory effects in a spectral range of visible-to-near infrared (IR).
Notably, these characteristics are utilized to demonstrate an essential set
of synaptic plasticity, i.e., excitatory/inhibitory postsynaptic current
(EPSC/IPSC), paired-pulse facilitation (PPF), short-term potentia-
tion/depression  (STP/STD), long-term  potentiation/depression
(LTP/LTD), and short-term to long-term memory transition
(STM-to-LTM). These comprehensive features are employed for two
different neuromorphic applications; (1) synaptic simulations of pat-
tern/image recognition for ANNSs, achieving a deformation-independent
high accuracy of ~90 %. (2) demonstrations of Pavlovian conditioning
estimations for associative learning behaviors.

Experimental section/methods
Materials

1 g of Lithium fluoride (LiF) and 1 g of Titanium aluminum carbide
(Ti3AlCy) powders were mixed with 12 ml of 37 % Hydrochloric acid
(HCI). The mixed solution was rigorously stirred with a magnetic bar at
~500 rpm. After 36 h, the mixed solution was centrifuged (3500 rpm,
5 min for each cycle) with deionized (DI) water and it was repeatedly
washed out > 5 times until the pH of the supernatant reached 6. The DI
dispersed TizC2Tx solution was then dried to evaporate the redundant DI
water using a hot plate (>100 °C). The resulting TizC,Tx powders were
gathered and then dispersed into an organic solvent of N- Methyl-
morpholine N-oxide (NMMO) at a desired concentration of 5-10 mg/ml.

MXene (Ti3C2Ty)-based flexible device fabrication

The synthesized MXene solution was extracted with a pipette and
was drop-casted onto a flexible PI substrate covering an area of 0.5 cm x
2 cm. Then, gold (Au) electrodes (75 nm thickness) were deposited onto
the MXene/PI surface via RF sputtering (deposition rate:15 nm/min,
deposition time: 5 min)

Material characterizations

Horiba LabRAM HR Evolution instrument was used for Raman
characterizations at room temperature with a 532 nm excitation laser.
XPS characterizations were performed using ESCALAB 250 (Thermo
Fisher Scientific) in an ultrahigh vacuum condition (10~° mBar). XRD
characterizations were conducted using Empyrean PANalytical with Cu
K-o (0.154060 nm) radiation. TEM/EDS images were obtained with
Talos F200X (Thermo Fisher Scientific) which was operated at an ac-
celeration voltage of 200 kV. Evolution 220 UV-Vis spectrometer was
employed for acquiring optical absorbance spectra in a wavelength
range of 300-1000 nm.

Optoelectronic synapse measurements

Optical illuminators of various wavelengths (405 nm; 100 mW cw
laser diode light source, 625 nm; ThorlabsM625L4-C2, and 940 nm;
ThorlabsM940L3-C1) were used for pulsed stimuli applications. A home-
built probe station operated with a semiconductor parameter analyzer
(Keysight BI500A) was employed for electrical measurements.

Computation simulations

Neuromorphic simulations were conducted based on the Multi-
Layer-Perceptron (MLP) neural network. The employed handwritten
digit images were composed of 28 x 28 pixels, and a total of 60,000
images were trained and 10,000 images were tested for recognition
evaluations.
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Results and discussion
Design of flexible TisC2Ty synaptic device and characterization

Fig. 1a illustrates the fabrication process of a flexible MXene synaptic
device. Lithium fluoride (LiF) and Titanium aluminum carbide (TizAlIC5)
powders are mixed with Hydrochloric acid (HCI), which exfoliates
Ti3AlCy sheets into Ti3CyTy. The prepared solution is subsequently dis-
solved into an organic solvent of N-Methylmorpholine N-oxide
(NMMO). The final product is drop-casted onto a flexible PI substrate,
followed by a deposition of gold (Au) electrodes. Details about MXene
synthesis and device fabrications are presented in the Experimental
Sections/Methods. The thickness of MXene devices and their uniformity
are highly controllable by adjusting their solution preparation condi-
tions. In this study, micrometer-thick MXene films were deliberately
employed to ensure a homogenous coverage of electrical channels be-
tween Au electrodes, thus prominent and reliable photocurrents upon
optical illuminations. In fact, these devices adopting micrometer-thick
films exhibit qualitatively similar synaptic plasticity characteristics
driven by pulsed optical stimuli, confirmed through a number of mea-
surements. Fig. 1b presents a Raman spectrum of MXene, displaying
various peaks corresponding to the vibration modes of TizCyTx and its
surface functionalization. The Raman spectrum is grouped into three
regions of Ti, Ty, and C, wherein the vibrations of Ti»C,Ty include Eg (in-
plane) and A; ¢ (out-of-plane) peaks for both Ti and C [27]. Peaks of A; ¢
at 205 cm™! and Eg at 286/404 em ™! are associated with the surface
groups of Ti and Ty, respectively, and both A; ¢ and E peaks at 725 em ™!
and 580/622 cm ! correspond to the C vibrations [28,29]. Fig. 1c pre-
sents a high-resolution transmission electron microscopy (HR-TEM)
image of a representative sample, revealing (0110) lattice fringes of
Ti3CoTxy MXene with a measured interplanar spacing of 0.26 nm,
consistent with previous TEM observations [30-32]. Interestingly, TiO»
phases with (101) lattice fringes [33-35] are often observed within the
MXene matrix, which is attributed to a spontaneous oxidation of con-
stituent Ti associated with MXene processing steps as previously re-
ported [36,37]. Exclusive roles of TiO, on resulting optoelectronic
properties will be discussed in details later. Fig. 1d displays a selective
area electron diffraction (SAED) pattern corresponding to the MXene
phase in Fig. 1c. Additional TEM characterizations confirm the presence
of residual TizAlCy not fully exfoliated into Ti3CyTx MXene (Supporting
Information, Fig. S1). Furthermore, scanning electron microscopy (SEM)
and energy dispersive x-ray spectroscopy (EDS) characterizations verify
a homogeneous distribution of elements within MXene (Supporting In-
formation, Fig. S2).

Optical synaptic plasticity characteristics of TisC2Ty-based flexible device

The artificial synaptic properties of MXene devices were character-
ized under a sequential application/termination of optical pulse stimuli.
According to the synaptic operation model of mimicking the brain’s
memory learning/forgetting process by Atkinson and Shiffrin, stimuli as
described perceptions are received by respective organs and their
resulting signals are subsequently registered into sensory memories
[38]. In this process, the stimuli are converted into STM lasting for
seconds-to-minutes, which can be spontaneously transited to LTM last-
ing for minutes-to-years unless the organs are repeatedly provided with
the intended information [39]. Accordingly, the instantaneous stimuli
must be frequently applied in a few second durations to ensure memo-
rizing the information. Therefore, it is crucial to demonstrate this syn-
aptic plasticity-driven STM-to-LTM transition in simulating the entire
learning/forgetting process of artificial synapses. The demonstrations
were performed with MXene devices by stimulating them with adjusted
optical pulses, and the resulting synaptic properties are manifested by
their electrical responses [40,41]. Fig. 2a-c present STP characteristics of
a representative device under illuminations at three different wave-
lengths of 405, 625, and 940 nm. Fig. 2a displays pulse number
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Fig. 1. Fabrication of TizC,Ty-based optoelectronic device and material characterization. (a) Synthesis flow of Ti3C,Tx MXene and its integration for flexible op-
toelectronic device. (b) Raman spectrum, (c) HR-TEM image, and (d) SAED pattern obtained from MXene samples.

(n)-dependent STP characteristics under optical pulses at 405 nm,
measured with varying bias voltages (duration time t = 0.5 s for each
pulse). Fig. 2b and 2c demonstrate that qualitatively similar STP char-
acteristics are observed with wavelengths of 625 and 940 nm, respec-
tively. Furthermore, in all three wavelengths, LTD characteristics are
also observed once the optical stimulus is terminated, which are man-
ifested by the spontaneous long-term decay of the potentiated current.
Fig. 2d-f present bias voltage-dependent STP/LTD characteristics of the
device at a fixed pulse number, n =5. Similar characteristics are
observed irrespective of the wavelength variation, i.e. 405 (Fig. 2d), 625
(Fig. 2e), and 940 nm (Fig. 2f), respectively. PPF is a vital parameter
employed for identifying STP features as well, which is defined to be the
ratio of EPSC obtained from an application of two consecutive stimuli
[42,43]. Fig. 2g-i depict the PPF indexing for the identical device,
manifested by EPSC changes under initial (A;) and secondary (Az)
stimuli. The device was illuminated with 1 s on/off intervals at wave-
lengths of 405 (Fig. 2g), 625 (Fig. 2h), and 940 nm (Fig. 2i), respec-
tively. The synaptic plasticity of the device is further evaluated by
plotting PPF indexing vs. interval (At) between two successive stimuli.
Fig. 2j-1 present PPF indexing plots of the same device under illumina-
tions at 405 (Fig. 2j), 625 (Fig. 2k), and 940 nm (Fig. 21), respectively.
The fitting curves were derived from Eq. (1) [44],

At At

PPFindex = ¢; e exp (—) +cy @ exp <—) +1 (€8]
1 T2

where the relaxation time features 7 (or 7o) which indicates the fast

(or slow) phase of PPF index, respectively. The magnitude of the fast (or
slow) phase is implied by c; (or cz) which corresponds to initial

facilitation values. In general, 79 is notably larger than 7;, which is
indicative of successive synaptic operations [45]. The PPF indexing
values for wavelengths 405, 625, 940 nm and t = 0.5, 1, 2, 3, 4, 5, 10,
15, 20 s are as follows; (1) For 405 nm; 1.360, 1.215, 1.156, 1.100,
1.083, 1.039, 1.003, 0.997, 0.994. (2) For 625 nm; 1.672, 1.444, 1.394,
1.281, 1.263, 1.252, 1.141, 1.076, 0.952, and (3) For 940 nm; 1.716,
1.546, 1.392, 1.342, 1.213, 1.236, 1.177, 1.110, 1.021, respectively.
Overall, these comprehensive data in Fig. 2a-1 confirm that MXene de-
vices can successfully function as artificial synapses by simulating the
human brain’s operational principles under broadband stimuli.

Mechanical robustness of flexible Ti3CoTy-based optoelectronic device

Beyond confirming the intrinsic synaptic plasticity of MXenes, we
leveraged their solution process-enabled mechanical deformability to-
ward flexible optoelectronic synaptic devices. Fig. 3a shows snapshot
images of a device undergoing a systematic mechanical bending with
increasing bending radii. The calculated bending strain values from the
left-to-right, are 0.23, 0.33, 0.43, and 0.52 %, respectively. Fig. 3b
presents the trend of PPF values of the same device with varying strain
values under three different wavelengths of 405, 625, and 940 nm. The
positive and negative strain values represent “upward bending” and
“downward folding,” respectively. The PPF indexing values remain
consistent across all three wavelengths throughout the strain change of
~1.04 %. This mechanical robustness of the device and its associated
coupling to optical synapses were further evaluated under harsh me-
chanical conditions. Specifically, the device was subjected to an iterative
application of bending/releasing for a total of 1000 cycles with a
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Fig. 2. Optical synaptic plasticity characteristics of Ti3C,Tx-based optoelectronic device. (a-c) STP and LTD characteristics for pulse numbers of n = 5, 10, 15, 20, 25
under optical illuminations at wavelengths of; (a) 405 nm, (b) 625 nm, and (c) 940 nm. (d-f) STP and LTD characteristics for n = 5 under varying bias voltages at
wavelengths of; (d) 405 nm, (e) 625 nm, and (f) 940 nm. (g-i) PPF indexing plots with intervals of At = 1 s obtained from wavelengths of; (g) 405 nm, (h) 625 nm,
and (i) 940 nm. (j-1) PPF index vs. varying At obtained from wavelengths of; (j) 405 nm, (k) 625 nm, and (1) 940 nm.
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Fig. 3. Mechanical robustness of flexible TizC,Ty-based optoelectronic devices. (a) Snapshot images of flexible devices under harsh bending with various bending
radius values. (b) Relationship between PPF indexing and bending strain obtained at wavelengths of 405 nm, 625 nm, and 940 nm. (c) PPF indexing of flexible
Ti3CoTx-based device under cyclic bending/releasing tests corresponding to wavelengths of; 405 nm (left), 625 nm (middle), and 940 nm (right). (d) Schematic of the
bent state of the flexible Ti3CyTx-based device and STP, LTD characteristics for pulse numbers of n = 5, 10, 15, 20, 25 under optical illuminations at wavelengths of;
405 nm (left), 625 nm (middle), and 940 nm (right). (e) Schematic of the flat state of the flexible Ti;C,Tx-based device and STP, LTD characteristics for pulse numbers
of n =5, 10, 15, 20, 25 under optical illuminations at wavelengths of; 405 nm (left), 625 nm (middle), and 940 nm (right). (f) Schematic of the folded state of the
flexible TizC,Tyx-based device and STP, LTD characteristics for pulse numbers of n = 5, 10, 15, 20, 25 under optical illuminations at wavelengths of; 405 nm (left),

625 nm (middle), and 940 nm (right).

bending radius of 1.03 cm, and its PPF indexing was determined at every
50 cycles. Fig. 3c depicts a trend of PPF indexing for the identical device
at wavelengths of 405 (left), 625 (middle), and 940 nm (right), revealing
well-retained characteristics irrespective of the wavelength variation.
Throughout the harsh deformation tests, PPF indexing values were
subtly changed, but retained a negligible difference of < 0.28. The STP
and LTD characteristics were also observed in mechanically deformed
flexible devices at states of bent (Fig. 3d), flat (Fig. 3e), and folded

(Fig. 3f). The conditions were identical as Fig. 2; i.e. pulse numbers
n =5, 10, 15, 20, 25 and wavelengths of 405 nm (left), 625 nm (mid-
dle), and 940 nm (right). The flexible device shows consistent synaptic
plasticity features irrelevant to the harshly deformed states of bending or
folding. Furthermore, it is worth mentioning that the synaptic charac-
teristics presented in Fig. 2 and Fig. 3 were obtained from separate de-
vices fabricated in different batches. However, all these devices yield
highly similar synaptic characteristics, which confirm low device-to-
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device variations with high performance fidelity.

Image recognition demonstration of flexible TisC,Ty-based optoelectronic
device for ANN applications

The deformation-invariant synaptic plasticity of MXene devices was
employed to demonstrate flexible optoelectronic artificial synapses for
practical neuromorphic applications. Specifically, we demonstrated
ANN applications by investigating the pattern/image recognition accu-
racy of the devices in physically deformed forms. For this, flexible de-
vices were optically potentiated and electrically depressed by a number
of optical and electrical pulse cycles, respectively. This operation en-
sures a statistically reliable quantity of datasets for extracting essential
parameters such as synaptic weight non-linearity, cycle-to-cycle varia-
tions, maximum/minimum conductance ratios, and device-to-device
variations. Neuromorphic pattern/image recognition simulations were
conducted based on the Multi-Layer-Perceptron (MLP) neural network
for data processing. Fig. 4a-c show LTP/LTD characteristics employed
for the simulations, which are presented as representative examples
selected from a large number of measurement data. The devices were
optically potentiated and electrically depressed in three different states
of flat (Fig. 4a), folded (Fig. 4b), and bent (Fig. 4c). The optical poten-
tiation was performed with 940 nm pulses (interval: 500 ms, intensity:
320 W/m?) and the electrical depression was implemented by negative
(-1 mV) electrical pulses with 50 ms intervals. The pulse numbers for
both potentiation/depressions were 30 times. The potentiation/
depression tests used for the device’s training of flat, folded, and bent
state at wavelength 940 nm are shown in, Supporting Information,
Fig. S3. For the demonstrations of the device’s broadband-based
pattern/image recognition ability, similar potentiation/depression
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tests were also performed at wavelengths of 405 nm (intensity: 30 W/
m?) and 625 nm (intensity: 150 W/m?) in flat, folded, and bent states
(Supporting Information, Fig. S4, and Fig. S5, respectively). One vital
parameter to assess the learning ability of artificial synapses is the “non-
linearity factor” which is defined in a behavioral model by Chen et al.
[46]. A high accuracy process demands the non-linearity factor close to
(or less than) unity, which corresponds to a high linearity in synaptic
weight updates [47]. The non-linearity factor values were extracted
using the following equations based on the experimental potentia-
tion/depression curves;

Gurp =Boe (1—eXP<—£> ) + Gmin (2)
Ap
Gup= —Be (1 —exp (P_TI;““) ) + Grmax 3)
Pmax
B= (Gmax_Gmin)/(l —exp(—m)) (4)

where Gprp, Grp are the conductance values of LTP, LTD regions,
Gmax> Gmin are the maximum, minimum conductance values in LTP, LTD,
P is the applied pulse number, A is the parameter demonstrating the non-
linearity, and B is defined to refine the equations of (2), (3). The derived
non-linearity factor values are in a range of 1.169-1.247 for potentia-
tion and —0.851 to —0.766 for depression, indicating that the devices
exhibit favorable learning features. Fig. 4d (left) illustrates a schematic
of the logistics employed for the pattern/image recognition simulations,
where the synaptic weight is defined to be the conductance divergence
of two identical optical synapses (Wnm = Gam - Gam) updated by back-
propagation [8,48]. A handwritten digit (28 x 28 pixels) derived from
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Fig. 4. Image recognition demonstration of flexible Ti;C,Tx-based optoelectronic device for ANN applications. (a-c) Representative LTP/LTD characteristics enabled
by optical potentiation (wavelength: 940 nm, intensity: 320 W/m?, interval: 500 ms) and electrical depression (bias: —1 mV, interval: 50 ms) in three different states
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the Modified National Institute of Standards and Technology (MNIST)
database (Fig. 4d (right)) was trained, and its recognition accuracy was
evaluated using an ANN with three layers of input, hidden, and output.
In the simulations, 60,000 handwritten image sets were utilized for
training and 10,000 images were used for testing estimation. Fig. 4e
presents the accuracy test result obtained at 940 nm wavelength,
revealing that the device can precisely recognize the image irrespective
of its deformation variation, i.e., 95.61 for flat, 97.13 for folded, and
80.68 % for bent states, respectively. Furthermore, the device was tested
at other wavelengths under identical deformation conditions as well.
Fig. 4f presents the corresponding recognition accuracy plots obtained at
wavelengths of 405 (top) and 625 nm (bottom), respectively. Similar to
the characteristics with 940 nm illuminations, the device exhibits fairly
high accuracies of ~90 % regardless of the mechanical deformation.

Associative learning application and mechanism study of optical synaptic
plasticity

Lastly, we demonstrate an additional application aspect of MXene
devices in ANN and discuss their universal working principle for
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synaptic operations. Specifically, we explore their Pavlovian
conditioning-based associative learning ability by training them under
optically modulated conditions [49,50] (Fig. 5a). The device corre-
sponding to Pavlov’s dog is repeatedly stimulated by 625 nm pulses for
10 times with on/off intervals of 500 ms, which corresponds to the
bell-conditioned stimulation. Subsequently, it is exposed to 405 nm
pulses under the identical pulse duration/interval conditions, which
function as food-unconditioned stimulation. In the Pavlovian condi-
tioning, ringing the bell-only without other stimuli does not induce any
responses from the dog while providing food will stimulate it to react by
salivating. Once the dog is repeatedly trained with a simultaneous
introduction of bell/food stimuli, it still responds to the bell-only stimuli
without food even after the training is completed. However, after pro-
longing multiple sequences of the bell-only stimuli, the dog starts to
forget the trained information and no longer reacts to the bell solitary
process unless the food is again provided. In experimental demonstra-
tions, the case of the dog’s salivating upon food stimuli corresponds to
that the device exhibits output currents surpassing a certain threshold
conductance set by optical inputs. The device is initially trained with
optical pulses of two different wavelengths, i.e., 625 nm for bell-only
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Fig. 5. Associative learning application and mechanism study of optical synaptic plasticity. (a) Pavlov’s conditioning demonstration with paired pulses of 625 nm/
405 nm for bell/food stimuli. (b) XPS spectra for Ti 2p, C1s, O 1 s, and F 1 s revealing TiO, phase. (c) I-V characteristics of Ohmic transport. (d) Band structures
constructing Ohmic contact between TiO, and TizCyTy. (e) UV-Vis absorbance spectrum. (f) Tauc plot corresponding to (e). (g) Schematic illustration of optical

synaptic plasticity enabled by PPC effect.
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(black curves) and 405 nm for food-only (red curves) stimuli, respec-
tively. During this training period (gray shaded area), it constantly ex-
hibits output currents (AEPSC values) higher than the threshold current
denoted by the red dotted horizontal line. Even after the training is
terminated, the device initially presents AEPSC values still exceeding
the threshold current under bell-only stimuli (purple curves). Ulti-
mately, it exhibits AEPSC values below the threshold value upon the
iterative bell-only stimuli, which corresponds to the forgetting process of
the Pavlovian’s dog (last black curve). To further leverage the
optically-induced threshold operations of MXene devices, simple logic
gate tests were conducted in realizing “OR” and “AND” operations, as
demonstrated in Supporting Information, Fig. S6. In these operations,
the threshold current values set by optical stimuli define the operation
conditions of an optically-modulated device, i.e., the device functions
(ON) upon exceeding a threshold current while it becomes deactivated
(OFF) when yielding an output current below the threshold value. The
AND operation is implemented only when both stimuli (i.e., 405 nm
“and” 625 nm wavelengths) are introduced, while the OR operation is
possible with an application of any stimuli (i.e., 940 nm “or” 405 nm
wavelengths). Comprehensive observations of the synaptic characteris-
tics in MXenes and their neuromorphic applications allow us to inves-
tigate the fundamental mechanism behind the optically-modulated
potentiation/depression. Particularly, while Ti3C,Ty-based MXenes are
generally believed to be metallic [51], it is interesting to note that our
devices exhibit strong photo-responsiveness with memory effects, a
typical feature of certain semiconductors with intrinsic persistent
photoconductivity (PPC) [52]. To unveil the origin for the projected
semiconducting nature of our materials, we performed X-ray photo-
electron spectroscopy (XPS) characterizations and identified their mo-
lecular structures. Fig. 5b presents XPS core-level binding energy spectra
of Ti 2p, C1s,0 1s, and F 1 s obtained from a representative sample.
Notably, stoichiometrically matched titanium dioxide (TiO2) peaks (red
box in the first plot) are observed, indicating the presence of crystalline
TiO4 phases within MXenes [33,53-55]. This observation is attributed to
a spontaneous oxidation of Ti introduced through MXene processing
steps, which well agrees with previous reports on the strong tendency for
a partial/natural oxidation of Ti within TigCyTx [56,57]. This analysis
suggests that our optically synaptic MXenes should be in a heteroge-
neous form of MXene/TiO5 composites where the stoichiometric TiO; is
projected to retain its own semiconducting characteristics to a certain
degree [33,58]; i.e., it is known to be an n-type semiconductor with a
bandgap of ~3 eV [59,60]. For further verification, we performed
two-terminal current-voltage (I-V) characterizations of our materials
and identified highly Ohmic characteristics (Fig. 5c¢). Such Ohmic
transports are typically observed irrespective of repetitive measure-
ments at multiple locations, which indicates a high feasibility of forming
Ohmic contacts between MXene and TiO, [57,61,62]. Based on this
analysis, we constructed energy bands of the MXene/TiO, hetero-
structure by utilizing the material parameters available in literature
[57], as presented in Fig. 5d. The work function of MXene is known to
strongly depend on the variation of its functional groups such as -OH, -F,
and -0, as clarified in Fig. 5d (left). We discuss the scenario of Ohmic
contacts at the MXene (metallic)/TiO5 (semiconducting) interfaces,
which corresponds to the case that OH-terminated functional groups
dominate within MXenes, as shown in Fig. 5d (right). In this band
bending structure, it is highly likely that photo-excited charge carriers
from the semiconducting TiO will contribute to generating the positive
photo-responsiveness [33,58], as observed in our experiments. Addi-
tionally, the chemical solution-based MXene processing is known to
intrinsically introduce a large degree of structural/chemical imperfec-
tions into resulting materials [63]; e.g., functional groups, grain
boundaries, vacancies, etc. These additional variations are believed to
significantly influence the photo-excited carrier dynamics, thus intro-
ducing the PPC effect into the materials (to be discussed later). To verify
the naturally-formed semiconducting nature of our MXenes, we
employed ultraviolet-visible (UV-vis) spectroscopy characterizations
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and their associated Tauc plot measurements. Fig. 5e presents a UV-vis
spectrum of a representative sample, and Fig. 5f shows the corre-
sponding Tauc plot extracted from the spectrum, yielding its optical
bandgap energy from the linear extrapolation intercepting the x-axis.
The tangential line to the plot is selected in the linear regime corre-
sponding to the photon energy of < 3.0 eV, consistent with previous
approaches [64,65]. Although it is difficult to pinpoint the exact
bandgap energy due to the uncertainty of precisely defining the line-
arity, it is obvious that the material is semiconducting, indicating the
presence of TiO; phases. For further assessments of the band structure of
the semiconducting MXene materials, we employed photoluminescence
(PL) characterizations. The PL spectrum presented in Supporting Infor-
mation Fig. S7 reveals a broad PL peak at a wavelength of ~600 nm
which corresponds to a photon energy of ~2.0 eV. The peak position is
observed to be slightly red-shifted compared to those observed with
pristine TigCoTx MXenes in quantum dot forms [66] as well as
Ti3CyTx-based MXene composites [67,68]. Such shifts and/or appear-
ances of additional PL peaks are generally attributed to the interband
transition-related radiative recombination of charge carriers in defective
semiconductors [69], which reflects the defective nature of our MXene
materials introduced by TiO, phases. Fig. 5g illustrates the proposed
mechanism for the optical synapses of semiconducting MXenes based on
the defects-mediated PPC model. Upon optical illuminations, the
photo-excited carriers generated from the TiOs-associated components
within MXenes transport to overcome their bandgap energy. Due to the
abundant defects introduced by their solution processability, a portion
of the charge carriers are trapped at the interfacial/mid-gap states of the
bandgap (Fig. 5f right), causing a slow generation of photocurrents.
Once the illuminations are terminated, the excited free carriers as well
as the trapped carriers relax through de-excitations and transport to-
ward their spontaneous recombination. These carriers undergo a sig-
nificant delay in the recombination dynamics owing to the
interfacial/mid-gap  mediated trapping/de-trapping sequences,
yielding a slow decay of photocurrents [70]. Lastly, we highlight novel
aspects of our MXene artificial synapses in the context of their
broadband-responsive optical operation and mechanical flexibility.
These features clearly differentiate them from previous developments of
MXene-based synaptic devices which generally employ solitary elec-
trical pulses and rigid substrates, as comprehensively compared in
Table 1. Finally, it is worth mentioning that the performance of our
optically operational synaptic devices can be further improved by
optimizing the relative concentration of MXene/TiO,, i.e., ratio of
metallic/semiconducting components, which should be possible with
adjusting the MXene processing conditions.

Conclusion

In conclusion, this study highlights relatively unexplored aspects of
MXenes for optoelectronic artificial synapses and their flexible device
applications in neuromorphic computing. Major findings of the study
suggest a substantial milestone of MXenes as optically/mechanically-
coupled device building blocks beyond the conventional von Neumann
logistics. This device also is anticipated to be developed as a realized
optical synaptic device by fabricating an array optimizing the facile
liquid process by simply dropping MXene and applying electrodes onto a
large flexible substrate. Furthermore, the study is believed to signifi-
cantly broaden the versatility and prospects of other non-covalently
bonded layered materials toward their integration into transformative
neuromorphic architectures. The MXene devices explored in this study
are also suitable for realizing large-area scaled-up optical synapse arrays
owing to their intrinsic fabrication advantages of simple drop-casting
procedures for MXenes as well as their compatibility with arbitrary
substrates.
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Table 1

Comparison table of MXene-based artificial synapses.
Material Operational Mode Operation Principle Device structure Accuracy Non- Reference

(%) linearity

Ti3CoTx Electrical Pulse Resistive switching 2-terminal vertical rigid device X X [711
LPE/Ti3CoTy Electrical Pulse Resistive switching 2-terminal vertical rigid device X X [72]
TizCoTx Electrical Pulse Resistive switching 2-terminal lateral rigid device 87.5 23,19 [73]
ZTO/TiO,/TizCoTy Optical Pulse/ Electrical Pulse ~ UV light/ Resistive switching 2-terminal vertical rigid device 83 0.73, 2.05 [74]
Ti3Cy Electrical Pulse Resistive switching 2-terminal vertical rigid device X X [75]
TizCo/FTO Optical Pulse/ Electrical Pulse =~ NIR/Resistive switching 2-terminal vertical rigid device X X [76]
TizCo/TAPA Optical Pulse Resistive switching 3-terminal lateral rigid FET 93 1.5,2.8 [771
Ti3Cy/NiO/FTO Electrical Pulse Resistive switching 2-terminal vertical rigid device 96.8 2.85, 3.34 [78]
Ti3Cy Electrical Pulse Resistive switching 2-terminal vertical rigid device X X [79]
TiOy-incorporated Optical Pulse/ Electrical Visible-to-NIR broadband 2-terminal lateral flexible 96.73 1.169, Our Work
TizCoTx Pulse light device —0.851
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