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Oxide Based Pentachromatic-Vision Inspired Optoelectronic
Synaptic Transistor with Large Conduction States Over 512

Jun Hyung Jeong, Jin Hyun Ma, Min Ho Park, Hyoun Ji Ha, Seong Jae Kang,

Jung Min Yun, Yu bin Kim, Eojin Kim, and Seong Jun Kang*

Optoelectronic neuromorphic devices based on oxide semiconductors have
been potentially investigated to mimic the functions of human visual
synapses. However, the challenge comes from the wide bandgap
characteristics of numerous oxide semiconductors, which restricts the
response range of the device under ultra-violet (UV) region. Strategies for
widening the response range are mostly focused on artificially generating the
defect states, however, most of them results in mimicking the tetrachromatic
visual system from UV to visible light range. To be used for industries such as
robotics, or autonomous vehicles, mimicking the tetrachromatic vision
system should be overcome up to near-infrared (NIR) region. Here, a facile
solution processed indium-gallium-zinc-oxide and silver oxide structured
optoelectronic synaptic transistor is fabricated not only to mimic the function
of human synapses, but to overcome the tetrachromatic human visual system

the intricate aspects of the human visual
system, encompassing both wavelength re-
ceptors and the visual cortex.'** Notably,
significant attention has been directed to-
ward the exploration of photodetectors, in-
cluding phototransistors, photodiodes, and
photoresistors, with the aim of replicating
the functionality of the retina in human
eyes.l>”] The preprocessed optical informa-
tion originating from the retina is subse-
quently conveyed to the visual cortex, cul-
minating in the recognition of objects.l®)
With dramatically developing electronic in-
dustries, including artificial intelligence
and the Internet of Things, the volume
of input optical signals for processing

up to the NIR region. The device not only showed photoresponse
characteristics under the entire 405 to 830 nm wavelength region, but also
showed significant synaptic behaviors with over 512 conduction states under
a reasonable incident light power density of 4.5 mW cm~2. The results will
offer a useful facile method for fabricating optoelectronic synaptic transistors

that can overcome the tetrachromatic vision systems.

1. Introduction

Over the past several decades, extensive research has been dedi-
cated to the development of optoelectronic devices that emulate
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has substantially increased. This surge in
input signals has led to a heightened
computational complexity within the con-
ventional von-Neumann architecture.[*1
In response to these challenges, exten-
sive research efforts have been under-
taken to develop optoelectronic synaptic
devices. Synaptic devices such as two-
terminal devices including memristors, and
three-terminal devices including transistors have been poten-
tially researched. Despite to the disadvantage of difficulty in
scaling down of the transistor structure, numerous advantages,
such as high linearity, and low leakage current, have led the
transistor to be used as a next-generation synaptic device.'!"13]
Moreover, Park et al. have reported the indium-gallium-zinc-
oxide (IGZO)-based synaptic transistor scaled down to 900 nm
channel length, which indicates the possibility of the use of
transistors for neuromorphic hardware.l'*] These innovative de-
vices are designed to emulate the functionalities of both pho-
toreceptors and optical synapses simultaneously. The objec-
tive is to address the escalating demands for processing large
amounts of optical data efficiently, offering a potential solu-
tion to the limitations posed by the conventional computing
architecture.

In the pursuit of developing optoelectronic synaptic transis-
tors, metal oxide semiconductors have emerged as promising
candidates due to their convenient and cost-effective solution
processability, along with reliable electrical characteristics.l>1¢]
Notably, zinc oxide (ZnO) and IGZO are among the exten-
sively studied metal oxide semiconductors. However, a signifi-
cant drawback arises from their wide bandgap characteristics,
limiting their detection range primarily to the ultraviolet (UV)
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Figure 1. Schematic illustration of the neuromorphic imaging system using conventional method (top) and using optical synaptic transistors (bottom).

region.['’1] To emulate the comprehensive capabilities of the
human visual system, it is imperative to expand the detection
range from UV.[!*-22] Degpite extensive efforts to artificially in-
duce defect states in ZnO or IGZO, the detection range has re-
mained constrained to the visible range, thus mimicking only
a tetrachromatic vision-inspired system. For applications in ad-
vanced electronic industries such as robotics or autonomous
vehicles, there is a pressing need to surpass the tetrachro-
matic detection range and extend it into the near-infrared (NIR)
region.[2324]

Materials such as quantum dots (QDs) and perovskites have
been potentially investigated to form heterostructure with IGZO
owing to their facile solution processability, tunable bandgap, and
reliable photoresponse characteristics.?>2°l However, these ma-
terials inherently suffer from external oxygen or moisture, owing
to their intrinsic characteristics, such as large surface-to-volume
ratio or absorption occurring at grain boundary.?32 2D materi-
als have been also explored, however, they still possess numerous
challenges, including complicated deposition processes, which
results in increasing the manufacturing cost of the device.>*-]
Therefore, there is a growing emphasis on research aimed at fab-
ricating oxide heterostructures for obtaining both reliable elec-
trical characteristics and widening the detection range up to the
NIR region.

In the present study, we have developed an oxide-based op-
toelectronic synaptic transistor to broaden the detection range
of synaptic transistors into the near-infrared (NIR) range. This
novel device is constructed using IGZO for its reliable electrical
characteristics and silver oxide (Ag,O) with a narrow bandgap.
The device not only exhibited photoresponse capabilities across
the entire wavelength spectrum, ranging from 405 nm (UV)
to 830 nm (NIR), but also effectively emulates the function-
ality of human synapses. Furthermore, our developed device
demonstrates an outstanding number of conduction states of 512
throughout the entire UV-visible-NIR spectrum, operating un-
der reliable input light power density of 4.5 mW ¢cm~2. Our ap-
proach addresses the limitations of the tetrachromatic vision sys-
tem in human eyes, paving the way for enhanced development
in this area.
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2. Results

2.1. Optoelectronic Synaptic Transistors for Neuromorphic
Imaging System

Figure 1 provides a schematic representation of the comprehen-
sive process involved in a neuromorphic imaging system using
both conventional photodetectors (top) and optoelectronic synap-
tic transistors (bottom). In the top image of Figure 1, conven-
tional photodetectors generate a photocurrent proportional to the
power density of incident light power density, which is subse-
quently stored in a memory device.[**] The converted electri-
cal signals are then transferred to electrical signal processing
units, including the central processing unit (CPU).[*) The final
image identification can be proceeded by post-signal processors,
such as graphic processing unit (GPU) or neuromorphic chips,
using the stored synaptic weights in dynamic random-access
memory (DRAM) or non-volatile memory devices.[*!l However,
the extensive sequence of steps involved in the process may
lead to a decrease in the speed of object identification. Further-
more, the utilization of DRAM as a memory device for storing
synaptic weights presents a challenge due to the frequent re-
fresh processes required to counteract leakage currents, result-
ing in substantial power consumption.[*>*3] While non-volatile
devices offer a solution to mitigate the volatility issue asso-
ciated with DRAM devices, the slower speed for reading out
the stored data may result in inefficient instantaneous neuro-
morphic computation.[**! Additionally, relying on these out-
of-chip memory devices may impose limitations on energy ef-
ficiency and contribute to prolonged latency during neuromor-
phic computation.*>#] Therefore, owing to the demand for ex-
ecuting the functions of photodetectors and memory devices at
once, optoelectronic synaptic transistors have been potentially in-
vestigated. The persistence photoconductivity (PPC) effect, which
is a nonvolatile photocurrent after the incident light is removed,
can be used as emulating the neural functions, such as long-term
potentiation (LTP).[*’*8] Owing to the memorization function of
the optoelectronic synaptic transistors, the frequent refreshing of
DRAM and slow reading out speed of non-volatile memory can
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Figure 2. a) Schematic illustration of the fabricated optoelectronic synaptic transistor. b) Cross-sectional HR-TEM image and corresponding EDS line
scan spectra. XPS spectra of Ag 3ds,, of silver oxide films fabricated under c) N, glove box, and d) atmosphere. e) Transmittance spectra of Ag, O film.

be resolved. Furthermore, since the optoelectronic synaptic tran-
sistor can function as both photodetector and memory at once,
the latency or Gaussian noises can be efficiently reduced, result-
ing in faster neuromorphic computation for instantaneous object
recognition and increasing the recognition accuracy by reduced
background noises.[*!

2.2. Device Architecture and Film Characterization

Figure 2a,b depicts the schematic illustration and cross-sectional
high-resolution transmission electron microscopy (HR-TEM)
image of the fabricated phototransistor, respectively. The lay-
ers comprising native SiO, (4 nm) and AlZrO, (11 nm) were
clearly discernable in the HR-TEM image. However, the IGZO
and Ag,O layers are not clearly distinguishable in the image.
Consequently, electron dispersive spectroscopy (EDS) line scan-
ning was conducted, as depicted in Figure 1b. The analysis re-
vealed the formation of an interdiffusion layer between the Ag,O
and IGZO layers. Considering the fabrication process of the
Si/AlZrO,/IGZ0O/Ag,0 device (Figure S1, Supporting Informa-
tion), it is plausible to estimate that the diffusion occurred dur-
ing the annealing process of Ag,O. The energy dispersive spec-
troscopy (EDS) line spectra for O, Zr, Al, In, Ga, Zn, and Ag are
shown in Figure S2 (Supporting Information). Moreover, a cru-
cial aspect in the fabrication of the NIR responsive phototran-
sistor based on silver oxide was the meticulous adjustment of
the stoichiometry of the silver oxide film. Specifically, a narrow
bandgap was observed at a stoichiometry of Ag:O = 2:1, whereas
awide bandgap was evident at the stoichiometry of Ag:O = 1:1.1°%]
This nuanced control over stoichiometry played a pivotal role in
tailoring the optical properties of the silver oxide film for opti-
mal performance in the NIR region.>'*2 Therefore, the fabri-
cation process of the Ag,O film was conducted in an oxygen-
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deficient nitrogen gas (N,) filled glove box. Additionally, the AgO
film was fabricated under atmospheric conditions to facilitate a
clear comparison of the environmental effects during the fabri-
cation of silver oxide film. Upon careful examination of the de-
convoluted X-ray photoelectron spectroscopy (XPS) spectra for
silver oxide films produced within the N, glove box and under
atmospheric conditions (Figure 2c,d, respectively), it is evident
that the silver oxide film fabricated within the N, glove box pre-
dominantly consisted of Ag,O. In contrast, the film produced
under atmospheric conditions exhibited a large amount of AgO
phase. The formation of Ag,O was further identified via mea-
suring transmittance spectra using UV-visible spectroscopy, as
shown in Figure le. The Ag,O film showed a decreasing trans-
mittance from 830 nm, indicating the narrow bandgap character-
istics of the Ag,O film. As shown from the Tauc plot (Figure S3,
Supporting Information), the optical bandgap of Ag,O was found
to be 1.4 eV, whereas AgO film showed a wide bandgap of 3.3 eV,
which is consistence with other previous reports.

2.3. Optoelectronic Synaptic Characteristics

Figure 3a shows the schematic illustration of the phototransis-
tor measured under light illumination. The measurements were
conducted with the incident laser having a light power den-
sity of 4.5 mW cm~2. Figure 3b,c shows the transfer curve of
IGZ0O/Ag,0 and IGZO phototransistor under dark and light il-
lumination with a wavelength of 830, 780, 635, 520, 450, and
405 nm, respectively. The gate bias (V) was swept from —1 to
1V at a constant drain bias (V) of 0.5 V during the transfer
curve measurement. From the transfer curves and output curves
(Figure S4*, Supporting Information), it can be seen that the
both IGZO and IGZO/Ag,0 phototransistor exhibited a typical
n-type behavior. Compared to the transfer curve of the IGZO
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Figure 3. a) Schematic illustration of the measurement of optoelectronic synaptic transistor under various wavelength light illumination. Transfer curve
of b) IGZO, and c) IGZO/Ag,0O device under dark and 830, 780, 635, 520, 450, and 405 nm wavelength light illumination. d) Photoresponsivity (R)
values of the IGZO and IGZO/Ag,O devices. R = | o1/ (P-A), where P is the incident light power density, and A is the product of the length and width
of the channel of transistor. Photosensitivity (S) of ) IGZO and f) IGZO/Ag,0 device device with respect to the gate bias. S = (I poto-ldark) /ldark» Where
Iohoto @Nd lgay are drain current under light illumination and without light illumination, respectively. EPSC and PPF characteristics of the IGZO/Ag,0
device under g) 830 and 780 nm, h) 635 and 520 nm, and i) 450 and 405 nm wavelength light illumination. PPF = 100x (A, /A;), where A, and A, are
the first and second EPSC value, respectively. j) PPF characteristics of the IGZO/Ag,0 device with respect to the pulse interval from 0.5 to 3 s.

phototransistor, which did not exhibited a photoresponse char-
acteristic when subjected to light illumination with wavelengths
ranging from 830 to 520 nm due to the insufficient photon en-
ergy to excite valence electrons into the conduction band, the
IGZ0/Ag,0 phototransistor exhibited an observable left-upward
shift in the transfer curve when exposed to light with a wave-
length of 830 nm. This shift becomes more pronounced with an
increase in incident photon energy, progressing up to 405 nm.
Furthermore, to clearly elucidate whether the NIR response
occurred from the doped region of the device (Figure 2b), the
transfer curve of Ag-doped IGZO with a ratio of In Ga:Zn:Ag
= 6:1:2:1 (IGZO:Ag (6:1:2:1)) under various wavelength light il-
lumination was measured. As shown in Figure S4 (Supporting
Information), the IGZ0:Ag (6:1:2:1) device showed highly dete-
riorated electrical characteristics, and the photoresponse charac-
teristics were also negligible compared to the IGZO phototran-
sistor, indicating that the enhanced photoresponse characteris-
tics were not owing to the mixed zone of the device. In addition,
the breakdown electric field and the leakage current density at
1 MV cm™! of the fabricated AlZrO, gate insulator was found to
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be 4 MV cm ™! and 2.8x1071° A, respectively (Figure S5, Support-
ing Information). Furthermore, the frequency-independent high
areal capacitance of 553 nF cm~ indicates the absence of mobile
ionic charges in the gate insulator (Figure S6, Supporting Infor-
mation). Based on the low leakage current and the absence of mo-
bile ionic charges in gate insulator, the photoresponse character-
istics of the devices are not affected by the direct contribution of
the charge carriers injected from the gate insulator of gate elec-
trode. Therefore, the operation mechanism of the IGZO/Ag,0
phototransistor was identified by measuring ultraviolet photo-
electron spectroscopy (UPS). The work function values of IGZO
and Ag,0 were found to be 3.31 and 4.17 eV, respectively, and
valence band maximum (VBM) values were found to be 2.01
and 0.6 eV, respectively (Figures S7 and S8, Supporting Infor-
mation). Based on the UPS and Tauc plot results, the interfacial
energy band diagram and operating mechanism are schemat-
ically illustrated in Figure S9 (Supporting Information). Since
the photon energy of 830 to 520 nm wavelength light is insuf-
ficient to generate photocurrent from IGZO (Figure S4, Support-
ing Information), the photocurrent was mainly generated from

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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the Ag, O layer under visible-NIR wavelength light illumination.
However, under 450 and 405 nm wavelength light illumination,
both the IGZO and Ag, O could generate photocurrent, contribut-
ing the channel current. Figure 3d shows the calculated pho-
toresponsivity values of the IGZO and IGZO/Ag,0O phototran-
sistors. In consistence with the transfer curves, the addition of
Ag,0 layer resulted in highly enhanced photoresponsivity val-
ues under entire UV-visible-NIR region with 651 mA W' under
830 nm wavelength light illumination. Figure 3e,f shows the pho-
tosensitivity of the IGZO and IGZO/Ag,0O phototransistor un-
der NIR-visible-UV wavelength light illumination with respect
to the gate bias, respectively. Compared to the photosensitivity of
IGZO phototransistor, owing to the addition of a narrow bandgap
of Ag,0 layer, the IGZO/Ag,O phototransistor exhibited much
higher photosensitivity values under the entire UV-visible-NIR
region regardless to the gate bias. In addition, the photosensitiv-
ity values increased up to V; = —0.25 V and started to decrease
above V; = —0.25 V regardless to the wavelength of incident
light. It can be inferred that below V, = —0.25 V, where tran-
sistor is in off-state, the generated photocurrent dominantly con-
tributes to the channel current, resulting in increasing photosen-
sitivity. However, when the transistor is in on-state, the channel
current is mainly affected by the electric field, resulting in de-
creasing photosensitivity. Based on the above results, the synap-
tic functions including excitatory post synaptic current (EPSC),
paired-pulse facilitation (PPF), long-term potentiation (LTP), and
short-term potentiation (STP) were characterized under various
wavelength region. The neurotransmitters released from presy-
naptic neurons could generate post synaptic current when exter-
nal signal stimulates the presynaptic neurons.l”] In consistence
with the human synapses, when the external light signal stim-
ulates the phototransistor, the photo-generated charge carriers
contribute the drain current, which is called EPSC. Furthermore,
the PPC effect of amorphous oxide semiconductors also can em-
ulate the function of human synapses, such as PPF, and STP
to LTP transition. EPSC characteristics of the IGZO/Ag,0 pho-
totransistor under two successive 830 and 780 nm wavelength
pulses, 635 and 520 nm wavelength pulses, and 450 and 405 nm
wavelength pulses are shown in Figure 2g—i, respectively. The in-
cident light power density of each pulses for entire wavelengths
were 4.5 mW cm™2, and the pulse width and pulse interval were
0.5 and 0.5 s, respectively. The device exhibited clear EPSC be-
havior under the entire wavelength region. Furthermore, com-
pared to the EPSC originating from the first input light stimuli,
the successive second pulse generated much higher EPSC under
the entire wavelength region, which is owing to the memorized
information from the first input light stimuli. Therefore, the sec-
ond EPSC could be lowered with respect to the increasing pulse
interval, indicating that the input information becomes less im-
portant. Figure 2j shows the PPF values of the IGZO/Ag,O pho-
totransistor with respect to the pulse interval under 830, 780, 635,
520, 450, and 405 nm wavelength light pulses under consistent
pulse width of 0.5 s and light power density of 4.5 mW cm™2. In
consistence with the human synapses, the device showed decay-
ing PPF values with increasing pulse interval under entire wave-
length region. Furthermore, by increasing the number of pulses
from 2 to 128, the device exhibited STP to LTP transition charac-
teristics under entire 830, 780, 635, 520, 450, and 405 nm wave-
length light pulses (Figure S10, Supporting Information).
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2.4. Learning and Faster Relearning Functions of the Device

The principal advantage of synaptic transistors lies in their abil-
ity to perform memorization and relearning functions within
a single transistor, eliminating the need for additional mem-
ory devices. This aspect aligns with the primary objective of the
research on neuromorphic hardware. Consequently, the pivotal
functionalities of learning and recall play a crucial role in the ef-
ficacy of synaptic transistors.

As shown in Figure 4a, as a substantial series of optical in-
put pulses is introduced into the human eyes, the human brain
undergoes the process of memorizing the associated image.
Upon removal of the input light pulses, the human brain grad-
ually begins to forget the previously memorized image, a phe-
nomenon referred to as long-term depression (LT'D). However,
with the repetitive injection of light pulses into the human eyes,
the brain can recognize the image using significantly fewer op-
tical pulses compared to the initially injected pulses, leverag-
ing the stored memorized information. Mimicking the func-
tion of human vision system, Figure 4b shows the learning,
forgetting, and relearning functions of the IGZ0O/Ag,O photo-
transistor under UV-vis—NIR wavelength pulses. The learning
process was conducted by periodically illuminating the 1 Hz of
830, 780, 635, 520, 450, and 405 nm wavelength light pulses
with a power density of 4.5 mW cm™2 for 20 times. The cur-
rent gradually increased with respect to the number of input
light pulses up to 20 times, which is consistence with the LTP
characteristics (Figure S10, Supporting Information). After re-
moving the light pulses, the retention time of the memorized
current was maintained over 500 s regardless to the incident
wavelength (Figure S11, Supporting Information), which is a
comparable value with other optoelectronic synaptic transistors.
After 50 s of the learning process, the device exhibited much
faster relearning process with only 3 to 4 time of input sig-
nals for obtaining the current value of the primarily illumi-
nated value of 20 times when the second input light signals
were illuminated on the device. Figure 4c—e shows the learn-
ing, forgetting, and relearning processed image corresponding
to Figure 4b, respectively. The device maintained 44.6, 54.6, 34.0,
40.0, 32.1, and 59.5% of current values after 50 s compared to
the as-learned current value under 830, 780, 635, 520, 450, and
405 nm, respectively. However, only 3 to 4 pulses were required
to reach up to the as-learned current value, indicating that the
device can function both memorizing and relearning character-
istics.

2.5. Large, Wide-Range Conduction States

Beyond the foundational synaptic functions of the device, our
emphasis has been on attaining a broad spectrum of conduc-
tance states via external light pulses. In pursuit of precise neu-
romorphic computation, various factors, including linearity dur-
ing potentiation and the quantity of conduction states, need to
be taken into consideration.[’! Recent investigations into opto-
electronic synaptic transistors have predominantly concentrated
on expanding the detection range through oxygen vacancy mod-
ulation or enhancing sensitivity under monochromatic wave-
length pulses with low light power density. However, for a more
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Figure 4. a) Schematic illustration of the learning, forgetting, and relearning behavior of the human visual system. b) Learning (20 pulses), forgetting
(50's), and relearning (3-4 pulses) characteristics of the IGZO/Ag, O device under 830, 780, 635, 520, 450, and 405 nm wavelength light. c) Normalized
current scales of IGZO/Ag,0 device after the learning process measured at individual transistors. d) Current scales after the forgetting process after

50 s. e) Relearning characteristics after 3—4 light pulses.

authentic emulation of synaptic behavior, the deliberate pursuit
of a large number of conductance states becomes imperative.
Figure 5a depicts the schematic illustration of the measure-
ment system used to assess the multilevel conduction states
of the device. The multilevel conduction states were also mea-
sured from individual two devices to ensure the repeatability of
the device (Figure S12, Supporting Information). This evalua-
tion was conducted under pulses of wavelengths 830, 780, 635,
520, 450, and 405 nm, with a pulse width and pulse interval
of 0.5 /0.5 s, respectively. The periodicity of the illumination
from laser diode emitting monochromatic wavelengths was reg-

Adv. Funct. Mater. 2024, 2402222 2402222 (6 of 9)

ulated by a function generator, and the device was periodically
illuminated to light pulses over 512 times. This large number
of conduction states under wide range of wavelength region is
comparable with other previously reported values, as shown in
Figure Sb.[16,20,54——63]

3. Discussion

A pentachromatic vision-inspired optoelectronic synaptic tran-
sistor with an oxide heterostructure exhibiting over 512 conduc-
tion states under wavelength light of 830, 780, 635, 520, 450,
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Figure 5. a) Conduction states of IGZO/Ag,O device under 512 times of input optical pulses at a wavelength of 830, 780, 635, 520, 450, and 405 nm
wavelength light. Insets show the randomly enlarged graphs. b) Compared number of conductance states with respect to the wavelength based on metal

oxide semiconductors.

and 405 nm, was successfully fabricated through a facile so-
lution process. This method provides a practical approach for
advancing neuromorphic image sensors. The manipulation of
the fabrication atmosphere for silver oxide played a key role
in widening the detection range of IGZO from the UV to the
visible-NIR region. The device prominently demonstrated synap-
tic functions, including EPSC, PPF, and STP to LTP transition,
under optical stimuli across the entire wavelength spectrum.
Additionally, the device exhibited learning, forgetting, and re-
learning characteristics, requiring only 3 to 4 optical pulses to
achieve the previously learned current level. Moreover, the de-
vice attained an extensive number of conductance states, a criti-
cal factor for achieving high accuracy in neuromorphic compu-
tation, surpassing 512 times across the entire UV-visible-NIR
region from a single device. This broad range and large num-
ber of conductance states represent a significant advancement
for the development of high-performance neuromorphic image
sensors.

Adv. Funct. Mater. 2024, 2402222 2402222 (7 0f9)

4. Experimental Section

Solution Preparation: The AlZrO, solution was prepared by mixing in-
dividual Al and Zr precursor solutions. 0.7503 g of aluminum nitrate non-
ahydrate (Al(NO;)3-9H,0, Sigma Aldrich) was dissolved in 10 mL of 2-
methoxyethanol, followed by stirring at 70 °C for 1 h, resulting in trans-
parent homogeneous 0.2 M Al precursor solution. 0.46 246 g of zirconium
oxynitrate hydrate (ZrO(NOs),-xH,O, Alfa Aesar) was first dissolved in
0.5 mL of deionized water and 0.5 mL of nitric acid (HNO;, 60%, Dae-
jung), followed by ultrasonication until transparent solution was made.
This solution was further dissolved in 9 mL of 2-methoxyethanol, result-
ing in 0.2 M of Zr precursor solution. By mixing Al and Zr precursor solu-
tions in a volume ratio of 1:1, the 0.2 m of AlZrO, solution was prepared.
IGZO solution was prepared by mixing 0.1 m of individual In, Ga, and Zn
precursor solutions. 0.3008 g of indium nitrate hydrate (In(NO3);-xH,O,
Alfa Aesar), 0.2557 g of gallium nitrate hydrate (Ga(NO;)3-xH,0, Sigma
Aldrich), and 0.29 749 g of zinc nitrate hexahydrate (Zn(NO3),-6H,0,
Sigma—Aldrich) was dissolved in 10 mL of 2-methoxyethanol, followed
by stirring at 70 °C for 2 h for preparing In, Ga, and Zn precursor solu-
tions, respectively. After homogeneous transparent solutions were made,
the IGZO solution was prepared by mixing the In, Ga, and Zn precursor

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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solutions in a volume ratio of 6:1:2. Silver oxide solution was prepared by
mixing 0.1699 g of silver nitrate with 10 mL of dimethyl sulfoxide (DMSO),
followed by vigorous stirring for 30 min. For Ag-doped IGZO solution,
0.16 987 g of silver nitrate (Sigma-Aldrich) was dissolved in 10 mL of 2-
methoxyethanol, followed by vigorous stirring for 30 min. This silver nitrate
solution was then added to the IGZO solution to obtain the molar ratio of
In:Ga:Zn:Ag = 6:1:2:1.

Device Fabrication: Heavily boron-doped Si wafer was used as a sub-
strate and a gate electrode. The Si wafer was successively ultrasonicated
with DI water, acetone, and 2-propanol for 15 min, respectively. After be-
ing blown with nitrogen gas, the substrates were treated with UV-ozone
for 15 min to obtain a hydrophilic surface and remove any remaining or-
ganic residues. The AlZrO, solution was spin-coated on the substrate at
4000 rpm for 20 s, followed by placed on a 40 °C hotplate for 5 min. Af-
ter that, the temperature of the hotplate was ramped up to 220 °C with
a ramping rate of 40 °C min~! and kept for 5 min, then, the substrate
was finally transferred to the 440 °C furnace and maintained for 1 h, re-
sulting in AIZrO, film. The IGZO solution was then spin-coated above the
AlZrO, film at 4000 from for 20 s, followed by thermally treated at 120 °C
for 5 min. After repeating the procedure twice, the IGZO layer was finally
annealed at 350 °C for 1 h in the atmosphere. The 100 nm of aluminum
source and drain electrodes were deposited via a thermal evaporator under
5%107° torr with a deposition rate of 3 A s~ using a metal shadow mask.
The channel width and length were 1000 and 100 um, respectively. After
source and drain electrode deposition, the device was treated with ozone
for 20 min to reduce the surface energy for spin coating the silver oxide so-
lution. Silver oxide solution was spin-coated at 6000 rpm for 60 s, followed
by annealed at 230 °C for 45 min under N, filled glove box. The device was
finally patterned using conventional photolithography and wet etching us-
ing diluted sulfuric acid. The p-Si/AlZrO, /Al metal-insulator-metal struc-
ture was fabricated to characterize the AIZrO, gate insulator. For Ag doped
IGZO device, the IGZO:Ag solution was spin-coated at 4000 rpm for 20 s,
followed by thermal annealing at 350 °C for 1 h in the atmosphere. Other
procedures were same as fabricating IGZO transistors.

Characterization:  Optoelectronic characteristics were measured using
a semiconductor parameter analyzer (HP 4145B) and probe station in
dark box using monochromatic laser diodes (Thorlabs) with various wave-
lengths (830, 780, 635, 520, 450, and 405 nm). All the intensity of the illu-
minating wavelength light was measured by a photodetector (S121C- Thor-
labs) and fixed at 4.5 mW cm~2. Capacitance versus frequency of AIZrO,
film was measured using Agilent 4284 LCR meter. HR-TEM was measured
using the JEM-2100F system to identify the structure of the device. Trans-
mittance spectra was measured using UV-vis spectroscopy (Cary 100, Ag-
ilent). XPS and UPS measurements were conducted in an ultrahigh vac-
uum chamber with a pressure of ~1 x 107° torr, using a Nexsa (Thermo
Fisher) with an Al-Ka (1486.6 eV) source and He—I (21.22 eV) line source,
respectively. A sample bias of =10 V was applied during the UPS measure-
ment.

Statistics: The 512 conduction states of the IGZO/Ag20 device were
measured under individual 3 devices.
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Supporting Information is available from the Wiley Online Library or from
the author.
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