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ABSTRACT: Prevailing over the bottleneck of von Neumann
computing has been significant attention due to the inevitable-
ness of proceeding through enormous data volumes in current
digital technologies. Inspired by the human brain’s operational
principle, the artificial synapse of neuromorphic computing has
been explored as an emerging solution. Especially, the
optoelectronic synapse is of growing interest as vision is an
essential source of information in which dealing with optical
stimuli is vital. Herein, flexible optoelectronic synaptic devices
composed of centimeter-scale tellurium dioxide (TeO,) films
detecting and exhibiting synaptic characteristics to broadband
wavelengths are presented. The TeO,-based flexible devices
demonstrate a comprehensive set of emulating basic optoelec-
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tronic synaptic characteristics; i.e., excitatory postsynaptic current (EPSC), paired-pulse facilitation (PPF), conversion of
short-term to long-term memory, and learning/forgetting. Furthermore, they feature linear and symmetric conductance
synaptic weight updates at various wavelengths, which are applicable to broadband neuromorphic computations. Based on this
large set of synaptic attributes, a variety of applications such as logistic functions or deep learning and image recognition as
well as learning simulations are demonstrated. This work proposes a significant milestone of wafer-scale metal oxide
semiconductor-based artificial synapses solely utilizing their optoelectronic features and mechanical flexibility, which is

attractive toward scaled-up neuromorphic architectures.

KEYWORDS: tellurium oxide, photodetector, flexible device, optoelectronic device, optical synapse, neuromorphic computation,

artificial neural network

INTRODUCTION

Conventional digital computing process based on von
Neumann architectures is encountering serious challenges in
the generation of artificial intelligence (AI) owing to its
intrinsic drawbacks, including the physical separation of
memory and central processing units which causes excessive
energy consumption.' > Accordingly, alternative methods to
handle the big data demanded in the Al-driven Internet of
Things (IoTs) have been explored, leading to an emergence of
the neuromorphic computation, which mimics the operation of
human brain synapses. Neuromorphic computing based on
artificial synapses offers distinct advantages including high-
speed operation and high energy efliciency, as well as
proficiency in learning, recognition, and complex calcula-
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tions.””'” Recently, a variety of synaptic devices in diverse
configurations such as two-terminal memristors'”'* and three-
terminal transistors'>'® are proposed, which employ purely
electrical stimuli to generate and modulate synaptic weights.
However, this electrical input-driven synaptic operation is
intrinsically limited to low process rates due to the bandwidth-
connection-density trade-off and issues of interconnection.'””'®
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Figure 1. Large-area TeO, film growth and structural, chemical, electrical characterizations. (a) Image of centimeter-scaled TeO, film grown
on Si/SiO, substrate with two-terminal Au electrodes. (b) Raman spectrum of TeO, film. (c) XPS spectra for Te 3d. (d) XRD profiles of
TeO, film. (e) Cross-sectional HRTEM of tetragonal TeO,. (f) SAED patterns of tetragonal TeO,. (g) EDS spectrum obtained from the
sample of (e). The inset shows EDS elemental mapping images where the scale bar is 1 gm. (h) Temperature-dependent I—V characteristics
of TeO,. (i) UV—vis absorbance spectrum of TeO,. (j) Tauc plot corresponding to (i).

Meanwhile, from the optical synapses’ point of view, it is noted
that human neural systems involve up to 80% of sensory
stimuli from the external atmosphere such as light illumina-
tion."” In order to take a full advantage of such functional
features inherent to the biological systems, a state-of-the-art
concept of optoelectronic synaptic devices emerged; i.e.,
synaptic devices capable of converting optical stimuli to
electrical signals and/or replicating visual perception, process-
ing, and memory functions within artificial visual systems.”’~>*
In fact, employing optical stimuli in neuromorphic systems
promotes the speed of computational calculations with low
energy consumptions, crosstalk, and high bandwidth.'® Also,
compared with three-terminal electrically gated synaptic
devices,””**™** two-terminal optical systems offer the advan-
tages of simple and low-cost fabrication, similarity to biological
neurons, and facile vertical integration.””*’

From the device components’ point-of-view, metal oxides
were conventionally adopted for artificial synapses (i.e.,
switching media for memristors and channels for transis-
tors)>'™>* due to their low-cost and simple manufacturability
coupled with high stability and optical transparency.’*™’
However, they typically possess large energy bandgaps (>3
eV),”®™*! which limits their optical inputs to employing the
photons of high energies with short wavelengths near the
ultraviolet (UV) spectrum region. Meanwhile, optical oper-
ation adopting visible light with a broad range of wavelengths
will lead to more efficient photocurrent generation and
conductance modulation with reduced energy consumption.
One solution to operate metal oxide optoelectronic synapses
with visible light inputs is to create their heterojunction
structures,”~** which, however, involves highly sophisticated
and elaborated fabrication procedures often causing nonuni-
form performances. Therefore, state-of-the-art optoelectronic
synaptic devices are demanded, incorporating metal oxide
semiconductors with small bandgap energies responding to
broadband visible light spectra, which can intrinsically
overcome all the aforementioned challenges.

Herein, we report on comprehensive optoelectronic synaptic
characteristics of centimeter-scale tellurium dioxide (TeO,)
films facilely fabricated by a one-step chemical vapor
deposition (CVD) method. The CVD-grown TeO, films are
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highly crystalline and yield a relatively small optical bandgap
energy of 1.5 eV matching the visible spectrum range, verified
by UV—visible absorbance characterization and its associated
Tauc plot method. The as-grown TeO, films are delaminated
and integrated onto flexible substrates, allowing for the
inspection of their visible-light-driven optoelectronic synapses
in mechanically deformable forms. Two-terminal flexible TeO,
devices display strong broadband responsiveness and synaptic
characteristics upon visible light illumination at a wide
wavelength range of 405 to 940 nm. A comprehensive set of
essential synaptic plasticity features are realized including
paired-pulse facilitation (PPF), excitatory postsynaptic current
(EPSC), long-term potentiation/depression (LTP/LTD),
alteration from short-term to long-term memory (STM to
LTM). Moreover, various application aspects of these flexible
optoelectronic synaptic devices are investigated; i.e., synaptic
simulation using artificial neural network (ANN) for letter/
image recognition/processing, demonstration of logic func-
tions for associative learning, as well as deep learning-driven
prediction of input wavelength and Pavlovian conditioning
experiment.

RESULTS AND DISCUSSION

TeO, Film Growth and Characterization. Centimeter-
scale TeO, films are fabricated via a CVD process involving
ambient oxidation and condensation of vaporized Te
precursors. In short, Te powder filled in an alumina boat is
placed upstream of a horizontal quartz tube furnace along with
a clean silicon oxide/silicon (Si/SiO,) wafer on the down-
stream side. Following evacuation and argon (Ar) gas purging,
the quartz tube is heated up to 800 °C at a heating rate of 20
°C/min under a continuous flow of Ar gas at a rate of 150
standard cubic centimeters per minute (sccm), leading to the
temperature of the Si/SiO, wafer close to 200 °C. After the
CVD reaction of 30 min, the furnace is naturally cooled to
room temperature. Growth condition details are presented in
the Experimental Methods, and the schematic illustrations of
the CVD growth process for TeO, films and their subsequent
transfer via a thermal release tape (TRT) are displayed in
Supporting Information, Figure SI. Figure la shows a
photograph of as-grown TeO, film on SiO,/Si with deposited
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Figure 2. Broadband (405—940 nm wavelength) photoresponsiveness of TeO, on rigid/flexible substrates. (a) 625 nm wavelength photo
responses of TeO, on rigid substrate. (b) Photocurrent vs applied voltage relationship. (c) Single response plot showing response/recovery
times obtained from (a) under 0.1 V bias. (d) 405 and 940 nm wavelength photoresponsiveness of TeO, on rigid substrate. (¢) Image of
TeO, integrated on flexible substrate. (f) 625 nm wavelength photoresponsiveness of TeO, on flexible substrate. (g) Snapshot images of
flexible device under mechanical bending with various bending radius values. (h) 625 nm wavelength photoresponsiveness of flexible TeO,

corresponding to (g) under S V bias.

gold (Au) electrodes, revealing its large lateral dimension of >
cm? Figure 1b presents the Raman spectroscopy character-
ization of the sample, displaying two noticeable peaks at 121
and 142 cm™, consistent with previous studies on TeO,.*~*
Figure 1c shows the X-ray photoelectron spectroscopy (XPS)
spectra of Te binding energy obtained from the same sample,
presenting 3d core-level characteristic peaks indicative of the
oxidation state of Te, consistent with previous observations.*®
Corresponding XPS spectra of O, characteristic peaks are also
presented in Supporting Information, Figure S2. Samples were
further prepared at different CVD reaction temperatures; i.e.,
in a range of 750 and 950 °C, which yielded qualitatively
similar XPS and Raman characteristics (Supporting Informa-
tion, Figure S3). X-ray diffraction (XRD) patterns of the TeO,
sample is presented in Figure 1d where the strong peak at 30°
is indexed to tetragonal a-TeO, (102) [TeO, ICDD 42-136S
Indexing].‘w_49 Also, all the remaining XRD peaks except for
Te (102) peak (blue) well match with the previously reported
characteristics of @-TeO, structure.”””' The corresponding
XRD index card is displayed in Supporting Information, Figure
S4a, which reveals great coherency with the experimental result
in Figure 1d. Furthermore, the average crystallite size derived
from the full width at half-maximum (fwhm) of XRD peaks is
about 806 A (Supporting Information, Figure S4b). The size
determination is obtained from the major XRD peak of the
TeO, (102) phase, which is positioned at 29.988°. Figure le
shows the cross-sectional high-resolution transmission electron
microscopy (HR-TEM) image of the prepared a-TeO, sample
along with its atomic structure model (inset). The measured
lattice fringe of 0.48 nm corresponds to the interplanar spacing
of @-TeO, (100) planes.*”* Figure 1f depicts the selected area
electron diffraction (SAED) patterns with indexed diffraction
spots corresponding to a-TeO,,”” obtained from the sample in
Figure le. Additional HRTEM images of other a-TeO, single-

crystalline grains with (101) and (200) planes are presented in
Supporting Information, Figure SSa, and a representative
SAED pattern confirming the single crystallinity is displayed in
Figure SSb. Furthermore, low-magnification TEM images of
multiple large-sized polycrystalline grains and a representative
SAED pattern confirming their polycrystallinity are presented
in Supporting Information, Figure S5¢,d. Figure 1g displays the
energy dispersive X-ray spectrum (EDS) obtained from the
same sample, revealing the stoichiometric ratio of Te:O ~ 1:2,
and its corresponding quantification analysis is presented in
Supporting Information, Figure SSe. Following the structural
and chemical characterizations, we inspected the electrical and
optical properties of the CVD-grown TeO, films. To gain
insights about their electronic structure and transport nature,
we performed temperature variant current—voltage (I—V)
measurements in a range of 300—475 K (Figure 1h). The
TeO, films exhibit a noticeable increase in current with
increasing temperature accompanied by Ohmic transport
characteristics irrespective of the measured temperature,
indicating their strong semiconducting nature.

Further inspection of the band structure of TeO, films was
performed by UV—visible spectroscopy characterization.
Figure 1i shows the UV—visible absorbance spectrum for the
TeO, sample transferred onto an optically transparent glass
substrate. The corresponding Tauc plot of (ahv)® vs ho
derived from the absorbance spectrum is presented in Figure
1j. From the extrapolation of the linear plot (red dotted line), a
direct band gap energy of 1.5 eV is verified by using (ahv)" =
Alhw — Eg), where h is Planck’s constant, v is the photon
frequency, « is the absorption coeflicient, E, is the bandgap
energy, and A is a proportionality constant.”* This bandgap
energy matches with the visible spectrum regime and is
consistent with previous studies on a-TeO, prepared by other
chemical methods,** concluding that our CVD-TeO, films do
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Figure 3. Optical synaptic plasticity characteristics of TeO,. (a-c) STP and LTD of TeO, flexible device for pulse number of n = §, 10, 18, 20,
25 under optical illumination at wavelengths of; (a) 405 nm, (b) 625 nm, and (c) 940 nm. (d-f) STP and LTD of TeO, flexible device for n =
S under varying bias voltages at wavelengths of; (d) 405 nm, (e) 625 nm, and (f) 940 nm. (g-i) PPF indexwith time interval of At =1s
obtained from wavelengths of; (g) 405 nm, (h) 625 nm, and (i) 940 nm. (j-1) PPF index vs At of 0.5, 1, 3, 4, §, 10, 15, 20s obtained from
wavelengths of; (j) 405 nm, (k) 625 nm, and (1) 940 nm.

not fall in the category of wide bandgap semiconductors. It is material synthesis, further investigations are needed to clarify
worth mentioning that the theoretically calculated bandgap the exact cause of the discrepancy. The value of n is varied by
energy values of a-TeO, are generally larger than those the electronic transition of materials (i.e., direct bandgap = 2,
obtained with experiments including the present work.’>*® indirect bandgap = 1/2).”
One possible reason for this discrepancy is attributed to an Broadband Photoresponsiveness. Photoresponsiveness
introduction of unidentified defects into the material during its of the semiconducting TeO, films was investigated in their
chemical synthesis, which might result in altering its electronic pristine state (i.e., as-grown on SiO,/Si) as well as after their
structures. Although such variations are not uncommon for any integration onto flexible substrates using TRT. The temporal
18638 https://doi.org/10.1021/acsnano.4c04851
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photoresponsiveness of TeO, on Si/SiO, and the correspond-
ing broadband characteristics were characterized under optical
illumination with various wavelengths of 405, 625, and 940
nm. Figure 2a shows the photocurrent generation of a sample
under periodic optical illumination with 625 nm wavelength
measured at various voltages of 0.1—5 V. It is observed that the
current reversibly increases/decreases upon the application/
termination of the illumination, respectively, which becomes
more pronounced with increasing bias voltages. Figure 2b
presents the bias voltage-dependent §enerati0n of photo-
current, Iy, defined as I, = Igy — R Figure 2c shows a
representative plot of photocurrent generation and decay
derived from Figure 2a for a single cycle of on/off illumination
measured at 0.1 V, revealing small response/recovery times.
Beyond the 625 nm wavelength-driven photoresponsiveness,
the sample was also identified to be highly responsive to
smaller (405 nm) as well as longer (940 nm) wavelengths up
to the near-infrared (NIR) regime, as depicted in Figure 2d.
Qualitatively similar photoresponsiveness was observed irre-
spective of the wavelength variation, confirming the broadband
characteristics of the CVD-grown TeO, films. Representative
data of NIR photoresponsiveness and its response/recovery
times are shown in Supporting Information, Figure S6. As-
grown TeO, films were delaminated off their Si/SiO,
substrates by attaching TRT onto them and subsequent
detachment. Figure 2e shows a photo of a TeO,/TRT flexible
device, which was additionally taped onto a polyimide (PI)
substrate for electrical characterizations. Figure 2f shows the
temporal photoresponsiveness of the TeO, flexible device
under a periodic optical illumination at 625 nm wavelength
measured under various bias voltages. Figure 2g depicts
snapshot images of the same device under mechanical bending
with systemically increasing bending radius values. Figure 2h
shows the temporal photoresponsiveness of the flexible device
measured at § V corresponding to Figure 2g, confirming its
well-preserved photocurrent generation/decay characteristics
despite the mechanical bending. It is noted that both base
current and photocurrent steadily decrease with increasing
bending radius values of 1—4 cm which correspond to the
bending strain rate of 0.2262, 0.332, 0.4251, and 0.5192%,
respectively.”’ The low variance in the strain values is
attributed to the extremely small thickness (100 ym) of the
underlying PI substrate,”” and the relationship of strain vs
photocurrent is depicted in Supporting Information, Figure S7.

Optical Synaptic Characteristics. Optical synaptic
properties of TeO, films were characterized by potentiating
them with consecutive instantaneous optical stimuli accom-
panied by their spontaneous conductivity decay. Artificial
synapses behave similar to the memory learning/forgetting
process of human brains as proposed by Atkinson and
Shiffrin.> The organs responsible for various perceptions,
such as visual, olfactory, gustatory, auditory, and tactile, receive
their information and register it into sensory memories. The
accepted information is converted to short-term memory
(STM) lasting for a few seconds to minutes. When the
maintained information frequently provokes the organs, the
STM switches to long-term memory (LTM) stored for
minutes to years. For the completion of the learning process,
instantaneous stimuli must be repeatedly applied in few
seconds, while longer time intervals lead to STM and memory
loss/forgetting, suggesting that the stimulation frequency
history critically governs the synaptic plasticity of neurons.
This synaptic plasticity-driven STM-to-LTM transition is

essential for artificial optical synapses, which can be
demonstrated in TeO,-based flexible devices through optical
input modulations. Specifically, short optical pulses are
continuously and frequently applied to the devices integrated
with TRT to confirm their synaptic plasticity. The resulting
synaptic characteristics are manifested by the devices’ current
response, called postsynaptic current (PSC), which is classified
into excitatory (EPSC) and inhibitory (IPSC) determined by
the current potentiation/depression, respectively.”*® Figures
3a-l present the comprehensive characteristics of optical
synapses demonstrated with flexible TeO,/TRT devices
optically illuminated at three different wavelengths of 405,
625, and 940 nm, benefiting from their broadband
responsiveness. Figure 3a shows the short-term plasticity
(STP) of a device obtained under continuous illumination
pulses at 405 nm wavelength with pulse number, n = 5, 10, 15,
20, 25 times and duration of 0.5s each. Similarly, Figures 3b
and c show STP characteristics obtained with optical pulses at
625 and 940 nm, respectively. In all cases, long-term memory
characteristics referred as long-term depression (LTD) are also
observed once a significant amount of time passes after the
application of optical pulses is completed. STP is a neural
response property related to recognizing and processing input
information, wherein the accepted information is easily
forgotten.®>”” STP and LTD characteristics of the flexible
TeO,/TRT device under various bias voltages (0.5, 1,2, and §
V) are displayed in Figures 3d-f. Specifically, the STP and LTD
characteristics are defined at n = §, introduced by optical
illuminations at wavelengths of 405 nm (Figure 3d), 625 nm
(Figure 3e), and 940 nm (Figure 3f), respectively. Paired-pulse
facilitation (PPF) (or paired-pulse depression (PPD)) is
another critical parameter to represent the essential STP
characteristics of synaptic devices. Applying two consecutive
and instantaneous stimuli to the devices results in an increase
(or decrease) in their electrical conductance before they fully
recover from the first stimulus. The ratio of EPSC (or IPSC)
for the first (A;) and second (A,) stimulus is defined as PPF
(or PPD) index.®®®” Figures 3g—i shows the determination of
the PPF index for the same device illuminated at wavelengths
of 405 nm (Figure 3g), 625 nm (Figure 3h), and 940 nm
(Figure 3i), respectively, turned on/off for 1s each. Another
method to evaluate the plasticity of synaptic devices is plotting
PPF/PPD index vs time interval (At) between two consecutive
stimuli. Figures 3j—I shows typical PPF characteristics of the
device under illuminations at 405 nm (Figure 3j), 625 nm
(Figure 3k), and 940 nm (Figure 31), respectively, obtained
from eq 17

) At At
PPF index = ¢;-exp| — | + c,-exp| — | + 1
a1 2

(1

where At = 0.5, 1, 3, 4, 5, 10, 15, 20 s. It is worth mentioning
that TeO,/SiO,/Si rigid devices also exhibit qualitatively
similar PPF characteristics, confirming that the observed
optical synaptic characteristics originate from the TeO, films
(Supporting Information, Figure S8). The relaxation time
characteristics 7, (or, 7,) represents the rapid (or, slow) phase
of the PPF index, respectively, while the magnitude of the
rapid (or, slow) phase is denoted by ¢, (or, ¢,) which
corresponds to the initial facilitation. In general, 7, is
significantly larger than 7, in usual biological synapses, which
is indicative of successive synaptic stimulation.”' PPF
characteristics are characterized by the nonvolatile modifica-

https://doi.org/10.1021/acsnano.4c04851
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Figure 4. Overview of flexible TeO,-enabled optoelectronic synapses in various applications.

tion of conductance in optical synapses, which enables to
maintain PSC at a specific level even after the optical pulse
illumination is terminated. Overall, Figure 3 confirms that
TeO, devices demonstrate comprehensive features of STM,
LTM, and the transition of STM-to-LTM at various wave-
lengths, essential for optical synapses in successfully mimicking
the human brain memory process.

Here, we discuss the distinction in the photoresponsiveness
characteristics between Figure 2 where no synaptic character-
istics are observed and Figure 3 which exhibits notable synaptic
features accompanying the memory effect, ie. retention of
photocurrents upon consecutive illuminations. This distinction
is mainly attributed to the illumination conditions-driven
persistent photoconductivity (PPC) effect of optically
responsive semiconductors.””’> The broadband photorespon-
siveness throughout Figure 2 is observed under illumination
pulses with significantly longer duration times, i.e., >10 times
than those adopted for the optical potentiation in Figure 3a—c.
Upon observing the conventional photoresponsiveness in
Figure 2, we systematically lowered the pulse illumination
on/off durations in a way to maximize the emergence of the
PPC effect in TeO, films. These shortened illumination
intervals can efficiently sustain the residual photocurrent in the
materials even after the termination of illumination hindering
the full-recovery of their nonconductive states, which
corresponds to the memory effect. The PPC effect is attributed
to the defects-mediated alteration of the recombination
dynamics of photoexcited carriers, commonly observed in
semiconductors with sufficient surface defects capable of
efficiently trapping the carriers.”*~" Although it is challenging
to exclusively pinpoint the exact cause of the PPC effect in our
CVD-grown TeO, films, it is generally believed that the
migration of surface oxygens inherent to metal oxide

semiconductors plays a crucial role in causing the PPC effect
in them, thereby optical synaptic characteristics.”® The surface
oxygens intrinsically present within metal oxides coupled with
their imperfect crystallinity are attributed to introduce various
midgap states within their bandgap, which causes the trapping
and recombination of photoexcited electron—hole pairs
accompanying their persistent decay.”® Such characteristics
become obviously more pronounced with metal oxides under
short-duration optical pulses, which do not provide sufficient
times for the full recovery of photoconduction. In other words,
the slow recombination nature of the trapped charge carriers
introduced by the surface defects enables the pulse-modulated
optical potentiation accompanying synaptic plasticity features.
Electrically driven depression characteristics are also under-
standable in the context of the charge trapping/detrapping
mechanism influenced by externally applied electric fields.
Negative voltage pulses can efficiently accelerate the
elimination of the PPC effect, as demonstrated in Figures Sa-
c. The proposed mechanism for this electrical depression is
illustrated in Supporting Information, Figure S9. With
increasing optical pulses, the conductivity of the optoelectronic
device continues to increase due to the trapping-assisted slow
annihilation of photoexcited carriers. Upon termination of the
optical illumination, negative voltage pulses are applied to the
device at its maximum electrical conductivity. Instantly, the
trapped charge carriers by the optical potentiation start to
become detrapped and released by the voltage pulses, leading
to decreasing the conductivity. The detrapping of the charge
carriers is further facilitated with increasing the number of
voltage pluses, as extensively observed in previous stud-
fes,* 244057679781 Gradually, the trapped carriers are forcedly
erased (i.e., accelerated recombination), and the conductivity

https://doi.org/10.1021/acsnano.4c04851
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Figure S. ANN applications demonstrating image recognition and mechanical robustness of a flexible TeO, optoelectronic device. (a-c)
LTP/LTD characteristics of TeO, flexible device enabled by optical potentiation (wavelength: 405 nm, intensity: 15 W/m?, interval: 0.5 s)
and electrical depression (bias: —1 mV, interval: S0 ms) in three different states of; (a) flat, (b) bending, and (c) folding, respectively. (d)
Diagram of the synaptic weight defined as the conductance difference of two adjacent optoelectronic synapses. (e) Trained Letter MNIST
image example having 28 X 28 pixels. (f) Recognition accuracy of the image in (e) obtained from the device in (a). (g) Trained Fashion
MNIST image example having 28 X 28 pixels. (h) Recognition accuracy of the image in (g) obtained from the device in (a). (i) PPF index of
flexible TeO, device under cyclic bending/releasing tests corresponding to wavelengths of 405 nm (left), 625 nm (middle), and 940 nm
(right). (j) Relationship between PPF index and strain ratio obtained at three different wavelengths.

of the device eventually returns to its initial state, completing
the electrical depression.”

Overview of TeO, Optoelectronic Synapses in
Various Applications. The broadband-responsive optical
synaptic characteristics of TeO, films can be employed in a
variety of optoelectronic synaptic applications. This study
focuses on three different proof-of-concept demonstrations of
ANN, logistical, and deep learning. Figure 4 shows the overall
applications and their associated methodologies. (1) For the
ANN applications, flexible TeO, devices are optically
potentiated and electrically depressed through a large number
of operations, from which a statistically reliable set of
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parameters essential for constructing ANN are extracted;
these include synaptic weight nonlinearity, maximum/mini-
mum conductance ratios, cycle-to-cycle variation, and device-
to-device variation. In processing these data, neuromorphic
simulations are conducted based on the Multi-Layer-
Perceptron (MLP) neural network. Modified National
Institute of Standards and Technology (MNIST) database
images are trained and simulated, which demonstrates the
pattern recognition ability of the devices. Details for the
synaptic weight definition and the ANN algorithms will be
explained in the next section. (2) For logistical applications,
both rigid/flexible TeO, devices are illuminated at various

https://doi.org/10.1021/acsnano.4c04851
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Figure 6. Logistical and deep learning-related applications of TeO, optoelectronic devices. (a-c) Boolean logic application implementations
of TeO, on rigid substrates using inputs of 405 and 940 nm pulses; (a) schematics of operation principle, (b) table of AND logic operation
conditions, and (c) experimental confirmation. (d, e) Demonstration of writing ASCII-converted letters of “UCF” based on the Boolean
logic function with flexible TeO, devices; (d) two distinct conduction states of “on” and “off” realized with 405 and 940 nm illuminations,
respectively, yielding letters of “U” (left), “C” (mid), and “F” (right). (e) Histograms of AEPSC employed to write “UCF” through
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Figure 6. continued

encoding/decoding with ASCII binary codes, corresponding to “U” (left), “C” (mid), and “F” (right). (f, g) Demonstrations of deep
learning-related applications using TeO, devices; (f) PCA plots for demonstration of conspicuous data discrimination such as identification
of unknown wavelengths using TeO, films on rigid (left) and flexible (right) substrates. (g) Pavlov’s conditioning demonstration using
flexible TeO, devices illuminated with paired pulses of 625 nm/405 nm for bell/food (left) and 625 nm/980 nm for bell/water (right)

stimuli, respectively.

wavelengths, which yields their wavelength-dependent thresh-
old conductance. Based on the demonstration of the Boolean
AND logic, each PSC corresponding to a specific wavelength is
interpreted as “on” when it is higher than the threshold
conductance and “off” when lower. This optically modulated
“on” and “off” will be electrically encoded as “1” and “0”
respectively, and the encoded series of 1/0 will be translated
with ASCII binary codes. In this manner, writing of specifically
desired ASCII letters will be possible, which will be
demonstrated in the next section. (3) For the deep learning
applications, prediction of an unknown wavelength illuminated
onto the rigid/flexible devices will be demonstrated through
their training with known wavelength characteristics. Specifi-
cally, the devices are illuminated at wavelengths of 405, 625,
and 940 nm and resulting photoresponsiveness data are
collected. The data of each wavelength should possess distinct
characteristics which are utilized to interpret an unknown
wavelength. The extracted data from various wavelengths are
arranged using a principal component analysis (PCA) plotting
method for the discrimination of characteristics. The features
of each wavelength distributed and categorized through the
PCA plot enable to discern the wavelength of unknown
illumination. This concept of deep learning-based training will
be further employed to demonstrate the well-known Pavlovian
conditioning experiment.

Demonstration of ANN Applications with Flexible
TeO, Devices via Corroborating Experimental Oper-
ation and Computational Simulation. By taking advantage
of the features of optical synapses coupled with mechanical
flexibility, we demonstrated the optoelectronic synaptic
operations of TeO,-based flexible devices and utilized them
for ANN applications. Figure Sa-c shows LTP and LTD
characteristics of the flexible device in three different physical
states; i.e., flat (Figure Sa), bending (Figure Sb), and folding
(Figure Sc), optically potentiated with optical pulses of SO0 ms
for each at 405 nm wavelength (illumination intensity: 15 W/
m?). In all cases, the device was electrically depressed with
electrical pulses (—1 mV) for SO ms, and the number of pulses
is 20 for each of potentiation and depression. Tests were also
conducted with 625 nm (illumination intensity: 140 W/m?)
and 940 nm (illumination intensity: 340 W/ mz) wavelengths
in flat, bending, and folding states and the corresponding
results are presented in Supporting Information, Figures S10
and S11, respectively. The nonlinearity factors for the obtained
potentiation/depression curves are extracted from the
following equations

P
Grpp = B[1 — exp| —— || + Gn
AP

@)

P—-P..
Gimp = —B|1 — expl ——— || + G«
Ap

()

B = (Gmax - Gmin)/ 1- exp[_Rn_aX]

App (4)
Where Gi1p, Gorp are the conductance values of LTP, LTD
regions, G, G, are the maximum, minimum conductance
values in LTP, LTD, P is the number of pulses applied, A is the
parameter representing the nonlinearity, and B is defined to
simplify eqs 2, 3. The extracted potentiation nonlinearity factor
values are in a range of 1.06 to 1.21, and depression
nonlinearity factor values are in a range of —1.6 to —1.37,
indicating that the device possesses desirable linearity. Figure
5d illustrates the synaptic weight definition as the conductance
difference of two equal optical synapses (W, = Gy — Gopn”)
which is updated by backpropagation.”*® For the demon-
stration of pattern/image recognition capability of the flexible
device, a three-layered ANN (input, hidden, and output layers)
was simulated to perform the learning of handwritten digits
(28 x 28 pixels) adopted from the Modified National Institute
of Standards and Technology (MNIST) (Figure Se). For the
simulation, 60,000 handwritten MNIST images were employed
for training, and 10,000 images were used for testing
evaluation. A fairly high accuracy of ~85% was achieved in
recognizing the images, as presented in Figure 5f. Additionally,
we tested the device’s capability in recognizing fashion MNIST
images (Figure Sg), and its corresponding accuracy plot is
presented in Figure Sh. Having confirmed the ANN
applicability, we then inspected the mechanical robustness of
the TeO, flexible device in retaining essential optoelectronic
characteristics, even under severe mechanical deformation. The
device was subjected to a repetitive application of bending/
releasing for a total of 300 cycles with a bending radius of 10.5
mm, and its PPF index was obtained every 10 cycles. Figure Si
presents a trend of the PPF index for the same device tested
under three different wavelengths of 405 nm (left), 625 nm
(middle), and 940 nm (right). It is noteworthy that the device
exhibits highly consistent PPF index values irrespective of the
wavelength variation even for the prolonged cyclic endurance
tests. We also characterized the PPF index characteristics with
varying strain ratios, as presented in Figure Sj, wherein the
positive and negative values correspond to the bending and
folding states, respectively. PPF index values in a range of 1.1
to 1.3 are consistently observed throughout the strain change
of ~1.04%, which are well maintained for the three different
tested wavelengths. The illumination interval for each
wavelength was set to be 0.5 s for all tests.

Demonstration of Logistical and Deep Learning
Applications with TeO, Devices. In addition to the
ANN-based pattern recognition applications, additional
applications of logistical and deep learning operations were
also demonstrated with the same TeO, devices. The logical
applications were implemented by demonstrating the thresh-
old-conductance-enabled Boolean logic AND function and its
associated ASCII-converted letter writing. TeO, devices in
both flexible and rigid forms were employed to confirm that

https://doi.org/10.1021/acsnano.4c04851
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the optical synaptic characteristics essential for the applications
originate from the substrate-independent material properties of
TeO, films. Under the illumination at two different wave-
lengths of 405 and 940 nm, the devices’ reproducibility exhibits
two distinct conductance responses with sufficient current
contrasts. A threshold conductance is defined in between the
distinct conductance response values, and the devices are set to
be “on” state when the output current is higher than the
threshold conductance and “off” when lower. Figure 6a
illustrates the operation principle of Boolean AND logic
where a TeO,-based device exhibits photocurrent (EPSC)
upon illumination with two independent optical pluses of 405
(input 1) and 940 nm (input 2). Figure 6b presents a table
showing an all possible combination of pulse inputs and its
corresponding average value of EPSC. It reveals that only the
simultaneous application of both the inputs (i.e., “11”) leads to
the EPSC value becoming greater than a certain threshold
current, which corresponds to turning the device on (i.e., “17).
Figure 6¢ displays a sequence of applied pulse inputs of 1 (top
column) and 2 (mid column) and their corresponding
photocurrent outcomes (bottom column). Beyond this
Boolean AND function demonstration, we further substanti-
ated the threshold-associated operation of our TeO, devices in
flexible forms as well by demonstrating letter writing
operations via ASCII binary codes. The on/off states obtained
by the conductance data are translated through ASCII binary
codes, assigning “on” state to “1” and “off” state to “0”. These
1/0 sequences are grouped by eight components and
subsequently interpreted to specifically desired letters accord-
ing to the ASCII binary code.”’ The code was written in
Python and feeding the experimentally obtained conductance
data into it will write the desired letters through apps. The
detailed letter writing process is introduced in Supporting
Information, Video S1. Figures 6d shows representative sets of
experimental conductance data employed to demonstrate
writing letters of “UCF”, wherein each figure corresponds to
specific letters of “U” (left), “C” (mid), and “F” (right),
respectively. Note that the threshold current of ~7 nA is
assigned for all cases, as the current responses from the two
different wavelengths are clearly distinguishable across it.
Figure 6e shows the histogram of AEPSC with eight sets of “1
(red)” and “0 (blue)” corresponding to Figure 6d, wherein
their different letters of “U” (left), “C” (mid), and “F” (right)
are ASCII-converted and printed, respectively. A demonstra-
tion of writing other letters such as “MSE” is also presented in
Supporting Information, Figure S12. Lastly, the training ability
of the device illuminated at various wavelengths is demon-
strated by two different deep learning-related applications; (1)
PCA plot construction and (2) Pavlovian conditioning. From
the photoresponsiveness plots of TeO, devices on both rigid
and flexible substrates as shown in Supporting Information,
Figure S13, a large number of experimental data on three
characteristic components; i.e., photocurrent, response time,
and recovery time, are extracted for each illumination
wavelength. These three components represent the specific
characteristics of each wavelength, indicating that their
determination will enable one to precisely identify the
wavelength of the illumination sources. For this identification
process, plotting the three different components (i.e., three-
dimensional) in a single plot is essential, which is possible with
the PCA method that linearly reduces the dimension of the
data with improved visualization.*® In this method, the data are
linearly transformed into another coordinate system, where

principal components are defined as the most significant
variation in the data that are easily identifiable. The PCA is
conducted on the set of three independently distributed
variables, and the first principal component is a variable
created as a linear combination of the original variables with
respect to the highest variance. The second principal
component represents the second highest variance, which
can proceed by continuing three iterations until all variances
are identified. Figure 6f depicts PCA plots of TeO, devices on
rigid SiO,/Si (left) and flexible PI (right) substrates,
respectively. The PC1 and PC2 components represent the
response and recovery time for rigid SiO,/Si devices and the
response time and photocurrent for flexible PI devices,
respectively. The highly localized distribution of distinct
PCA data for each figure denoted by different colors indicates
the ability of the devices to predict and discern the kind of
illumination sources even if they are exposed to illuminations
of unknown characteristics. Figure 6g presents another
example of the deep learning-based applications, i.e., Pavlovian
conditioning (classical conditioning) experiment which
represents an ability of associative learning that plays a vital
role in cognitive functions.**®> In demonstrating the
associative learning behavior of the flexible TeO, device, we
simulate the Pavlov’s dog experiment by optically training it
with the situation that mimics the Pavlovian conditioning
sequences using controlled illuminations; ie., the device is
initially exposed to 625 nm optical pulses repetitively, which
function as the bell/conditioned stimulus to activate
salivation/unconditioned responses. Subsequently, it is ex-
posed to two different optical pulses of 405 nm (Figure 6g left)
and 980 nm (Figure 6g right) wavelengths, which are defined
as food/unconditioned and water/unconditioned stimuli,
respectively. For each wavelength, 10 optical pulses are applied
with an interval of 0.5 s. In the Pavlovian conditioning, ringing
the bell only does not evoke any response from the dog while
providing food or water stimulates the dog to respond by
salivating. Then, simultaneously ringing the bell and providing
food or water also stimulates the dog to respond and salivate.
Once this training process is repeated and completed, the dog
still responds to the bell ringing process even without food or
water provided. After multiple sequences of the bell ringing
stimulus process, the dog starts to forget the training and no
longer responds to the bell-only process unless food or water
are provided given a sufficient amount of time passed. In our
measurements, the situation that the dog responds to the
stimuli by salivating corresponds to that the device exhibits an
output current exceeding a certain threshold conductance
value set by the optical inputs. The device is initially trained
with optical stimuli corresponding to the processes of bell-only
(black curves in Figure 6g), food only (red curve in Figure 6g
left), and water only (blue curve in Figure 6g right) upon
illuminations at 625, 405, and 980 nm, respectively. Even after
the training is completed, the device initially exhibits AEPSC
values higher than the threshold conductance (red horizontal
lines) under the bell-only process (i.e., 625 nm illumination),
as manifested by the purple curves in both figures. Eventually,
it exhibits AEPSC values lower than the threshold con-
ductance upon the repetitive bell-only processes, which
simulates the forgetting process of the Pavlovian’s dog.

CONCLUSION

To summarize, we chemically grew semiconducting TeO, films
with a moderately small bandgap energy and investigated their

https://doi.org/10.1021/acsnano.4c04851
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artificial synapse applications. Pristine TeO, films exhibited
broadband photoresponsiveness in a wavelength range of 405
to 940 nm owing to their visible spectrum-matching bandgap
energy. Broadband-responsive optical synaptic characteristics
such as wavelength-modulated synaptic plasticity was identified
in TeO, films in both as-grown and mechanically flexible
forms. Optically potentiated and electrically depressed TeO,-
based devices demonstrated optoelectronic synaptic character-
istics capable of recognizing the intended patterns and images.
Furthermore, a variety of proof-of-concept demonstrations
were realized with these optoelectronic synaptic devices in the
areas of logistical and deep learning applications. The study is
believed to vastly broaden the versatility and opportunities of
low-dimensional metal-oxides toward their integration into
future neuromorphic systems.

EXPERIMENTAL METHODS

Growth of TeO, Films on Si/SiO, Substrates, Delamination
of TeO, Films by TRT, and Metal Electrode Deposition. Te
(tellurium powder, Sigma-Aldrich, 99.9%) was used as the precursor,
and it was filled in an alumina boat positioned on the upstream of a
horizontal quartz tube furnace (Lindberg/Blue M Mini-Mite). Si/
SiO, substrate was cleaned with acetone and IPA and was
subsequently positioned on the downstream of the tube furnace
(temperature ~200 °C). The quartz tube was vacuumed to a base
pressure of ~30 mTorr followed by purging with Ar gas for 10 min.
The furnace was heated to 800 °C at a rate of 20 °C/min, and the Ar
gas was continuously supplied at a flow rate of 150 standard cubic
centimeters per minute (sccm) during the whole process. The
reaction was kept for 30 min, and then the furnace was naturally
cooled to room temperature. For the preparation of TeO, films-based
flexible devices, TRT flexible substrates were directly integrated onto
TeO, films as-grown on SiO,/Si substrates by manual pressing. The
TeO, film-attached TRT substrates were slowly peeled off the growth
substrates. Both samples of TeO, films on Si/SiO, and TRT
substrates were then deposited with Au electrodes via RF sputtering
(deposition rate:15 nm/min, deposition time: S min)

Characterizations Using Raman, XPS, XRD, TEM, and UV—
vis. Horiba LabRAM HR Evolution instrument was used for Raman
characterization at room temperature with a 532 nm excitation laser.
The XPS spectra were acquired using ESCALAB 250 (Thermo Fisher
Scientific) in an ultrahigh vacuum condition (107 mBar). XRD
(Empyrean; PANalytical) was conducted using a 2T-omega scan
(10—80°2Th,, step size 0.0130°2Th.) and Cu K-a (0.154060 nm)
radiation. TEM/EDS images were obtained with a Talos F200X
(Thermo Fisher Scientific) instrument which was operated at an
acceleration voltage of 200 kV. An Evolution 220 UV-—vis
spectrometer was used for obtaining optical absorbance spectra in
the wavelength range of 300—1100 nm.

Temperature-Dependent Conductance Measurement. The
samples for temperature-dependent electrical conductance evaluations
were fabricated by depositing Au electrodes onto as-grown TeO, films
on Si/SiO, substrates (channel width = 0.5 cm and channel length = 2
cm). The temperature-dependent measurements were performed
using Lake Shore Janis cryostat system and Agilent 4155A instrument.
The temperature was controlled by MMR variable-temperature
chamber with a K2000 temperature controller.

Photocurrent and Electrical Measurements. Optical illumina-
tors of various wavelengths (40S nm; 100 mW cw laser diode light
source, 625 nm; ThorlabsM625L4-C2, 940 nm; and Thor-
labsM940L3-C1) were used for photocurrent measurements. A
home-built probe station and a semiconductor parameter analyzer
(Keysight B1SO0A) were used for electrical measurements.

Computation Simulations Using Optoelectronic Synaptic
Device. Neuromorphic simulations were conducted based on the
Multi-Layer-Perceptron (MLP) neural network. The handwritten
digit images and Fashion images were composed of 28 X 28 pixels.
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60,000 images each were trained and 10,000 images were tested for
evaluation.

PCA Conduction Details for Wavelength Characteristic
Discrimination.

1) Standardizing components: This step is to normalize the range
of continuous starting variables to ensure each component
contributes equally to the analysis. Initial standardization is
crucial before conducting PCA because it is highly sensitive to
the variances of the original variables. If the initial variables
vary widely in their ranges, those with larger ranges will
overshadow those with smaller ones (for instance, a variable
ranging from 0 to 100 will overpower the one ranging from 0
to 1), leading to skewed results. Therefore, precisely scaling the
data to similar levels is essential to avoid this issue. Each value
of the variables is subtracted by their overall mean value and
the difference of these value is divided by the standard
deviation for the variables.

value — mean (m)

" standard deviation (c)

After the normalizing process, the variables are transformed to
the same scales.

2) Covariance matrix computation: The purpose of this step is to
examine how the variables in the input data set deviate from
the mean in relation to each other, essentially to determine if
any relationships exist between them. Often, variables are
significantly correlated involving a redundancy of information.
These correlations can be investigated by computing a
covariance matrix. The covariance matrix is an n X n
symmetric matrix (n is the number of dimensions) that
contains the covariance for all possible pairs of initial variables.
In our case, we used three variables (response time, recovery
time, photocurrent), and the covariance matrix would be a 3 X
3 matrix arranged as the following:

Cov(a, a) Cov(a, b) Cov(a, c)
Cov(b, a) Cov(b, b) Cov(b, c)
Cov(c, a) Cov(c, b) Cov(c, c)

The covariance of a variable with itself equals its variance (i.e.,

Cov(a, a) = Var(a)) and the components on the main
diagonal (row m X column m) of the covariance matrix
represent the variances of each initial variable. Also, the
covariance is commutative (Cov(a, b) = Cov(b, a)), and the
components of the covariance matrix are symmetric about the
main diagonal.

3) Calculation of the eigenvectors and eigenvalues of the
covariance matrix to extract the principal components:
Eigenvectors and eigenvalues are the linear algebra elements
which are crucial to compute the covariance matrix in order to
determine the principal components of the data. Eigenvectors
and eigenvalues always come in pairs, meaning that
eigenvectors possess eigenvalues and are identical to the
number of dimensions of the data. In our case, we have 3
variables, 3 eigenvectors with 3 corresponding eigenvalues.
Detailed processes of calculating eigenvalues, eigenvectors, and
conducting PCA for TeO, devices are as follows. First, conduct
a matrix (A) by estimating the response time, photocurrent,
and recovery time of all 3 wavelengths. From 3 different
wavelengths and 15 curves each, the matrix (A) would be 3 x
45 where rows are the variables and columns are the values of
each variable. Then, conduct a matrix (B) where the
components are the average value of each row, and
subsequently subtract the matrix (A-B = C) from each
other and transpose the matrix (C*). After producing C x C,
multiply 44 (= 45—1) on the components (matrix D).
Calculate the covariance matrix of D and then calculate the
eigenvectors and eigenvalues for the covariant matrix. Since

https://doi.org/10.1021/acsnano.4c04851
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there are three variables, three eigenvalues of PC1 (response
time), PC2 (photocurrent), and PC3 (recovery time) exist (in
case of the flexible substrate). The larger two eigenvalues are
the modified x- and y-axis. Produce a modified 3 X 3 matrix
(E) whose components are the eigenvectors of the two large
eigenvalues and the residue components as 0. Next, conduct a
modified matrix (F) by multiplying 44 on matrix C and
transposing. Finally, multiply matrix F (45 X 3) and E (3 X 3),
which are the plots of the modified x and y-axis.
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