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Transparent electronic and photoelectric synaptic
transistors based on the combination of an
InGaZnO channel and a TaOx gate dielectric†

Yuanbo Li, *a Tupei Chen,a Xin Ju*a and Teddy Salimb

A transparent thin film transistor (TFT) based on the combination of an InGaZnO channel and a high-κ
(the dielectric constant is about 42.6) TaOx gate dielectric layer is fabricated. The TFT shows robust antic-

lockwise hysteresis under DC voltage sweep and synaptic behaviors (i.e., excitatory postsynaptic current,

short-term memory plasticity, short-term memory to long-term memory transition, and potentiation and

depression) under voltage pulse stimulus. In addition, the TFT shows high responsivity to illumination of

light with various wavelengths (ultraviolet and visible light). Synaptic behaviors in response to light pulse

stimuli, which could be employed in vision-based neuromorphic applications, are demonstrated. Large

conductance change (Gmax/Gmin > 10) and ultra-low non-linearity (α < 0.5) of the potentiation and

depression can be inspired by either gate bias pulses or photoelectric pulses with short pulse widths and

small amplitudes.

1. Introduction

Artificial synaptic devices have been attracting growing atten-
tion since the conventional von Neumann architecture was
confronted with a bottleneck, especially in the emerging neu-
romorphic computing area.1–3 To characterize a synapse, there
are several fundamental indices: excitatory postsynaptic
current (EPSC), short-term memory (STM) plasticity, STM tran-
sition to long-term memory (LTM), and potentiation and
depression (P/D).4–6 The EPSC refers to the opening of ion
gates in the channel of a postsynaptic cell and the strengthen-
ing of synaptic transmission in response to an external stimu-
lus applied to the presynaptic cell. STM plasticity reflects the
tunability of the synaptic weight in response to different pre-
synaptic activities. For instance, paired-pulse facilitation (PPF)
is a typical form of STM plasticity, which shows the impact of
the time interval between two successive pulse stimuli on the
amplification of the EPSC. To extend the decay of the EPSC in
STM and achieve the transition from STM to LTM, multiple
repeated stimulus pulses can be applied, which evolves the
synapse function from simple learning to the concurrence of

learning and memory. With further increase of the stimuli
pulse number, P/D of the synaptic strength could happen.7

An indium gallium zinc oxide (IGZO)-based thin-film tran-
sistor (TFT) is a promising candidate for an artificial synapse,
which could be attributed to the following superiorities. (1) As
a three-terminal synapse, conductance change controlled by
the gate terminal and signal transmission through the semi-
conductor channel layer can be achieved concurrently in an
IGZO TFT, which improves the efficiency of the learning
process compared with two-terminal synapses.6 (2) The con-
ductance of the IGZO channel can be modulated by the carrier
concentration effectively thanks to the potential-model based
carrier transport mechanism in IGZO.8 Meanwhile, the incor-
poration of stabilizer Ga balances the excess carrier concen-
tration in In- and Zn-based oxides, which enhances the gate
controllability over the channel conductance.9 (3) IGZO has a
large bandgap at around 3.2 eV, facilitating an IGZO TFT to be
applied as a highly transparent artificial synapse. (4) IGZO is
compatible with a large variety of dielectrics regardless of the
valence band offset between each other, which benefits from
the inhibited transport of holes in IGZO.10 (5) Amorphous
IGZO can be deposited by RF magnetron sputtering at room
temperature with good uniformity, which makes an IGZO TFT
very suitable for use in large-area arrays fabricated on flexible
substrates. (6) In contrast to some metal–oxide based two-
terminal synaptic devices (e.g., memristors or resistive
random-access memory (ReRAM)) which show large device-to-
device variations,11 an IGZO TFT has a small device-to-device
variation. (7) IGZO is sensitive to light in a specific wavelength
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range, which makes the output current of IGZO TFTs tunable
by external light illumination.12–14

Either electronic or photoelectric IGZO synaptic TFTs have
been reported based on different working principles.
Ferroelectric IGZO TFTs are used to emulate the electronic
synapses by gradually modulating the direction of polarization
in the ferroelectric layer under the stimulation of electric
pulses.15,16 The main limitations for ferroelectric IGZO synap-
tic TFTs are: (1) a large amplitude of the electric pulse is
required to inspire the reverse of polarization and (2) the depo-
sition of a ferroelectric layer needs precise thickness control
and high temperature annealing. Charge-trapping based IGZO
synaptic TFTs are also demonstrated with a variety of defect-
rich dielectrics. A SiOx-based double-gate IGZO synaptic TFT
was presented in ref. 17, which showed electro-sensitivity
based on charge trapping/release and photo-sensitivity under
UV stimulation. The charge-trapping effect inspired the inhib-
ited postsynaptic current (IPSC), while UV illumination stimu-
lated the EPSC. The IPSC and EPSC could be transformed
mutually by changing the predominance between electric
pulses and UV pulses. An optoelectronic synaptic TFT based
on the combination of an IGZO channel and an alkylated gra-
phene oxide (GO) charge-trapping layer has been developed in
ref. 18. The mixture of UV light pulses and electric pulses
accelerated the release of trapped carriers in alkylated GO,
which enlarges the ratio of maximum conductance (Gmax)/
minimum conductance (Gmin) with retained small non-linear-
ity in P/D of the synapse. Oxygen-deficient HfOx is a special
material which exhibits charge-trapping effect and ferroelectri-
city at the same time. In ref. 19, W. Yang et al. investigated an
IGZO synaptic transistor with bipolar plasticity based on an
HfOxNy/HfOx/HfOxNy sandwich-stack dielectric structure.
Positive electric pulses stimulated the IPSC by the charge trap-
ping/release effect, while negative electric pulses stimulated
the EPSC by the ferroelectric effect. This bipolar plasticity
could emulate the distinct response of neurons to the stimuli
(i.e., favorite or unwanted). Some drawbacks of charge-trapping
synaptic TFTs include the following: (1) the EPSC could
hardly be excited by electric pulses directly since the carrier
concentration in IGZO is reduced with the charge trapping
effect which leads to the positive shift of the threshold
voltage (Vth) of the IGZO TFT; (2) the memory window
induced by charge trapping is small, resulting in the small
Gmax/Gmin ratio in P/D of the synapse; and (3) charge-trapping
effects are not enduring and stable without special structure
engineering.

An ion-conductive dielectric is also an emerging candidate
to be applied in IGZO synaptic TFTs, which contains movable
ions to emulate the neurotransmitters in the synaptic cleft.
The proton-rich chitosan electrolyte deposited by spin-coating
is widely employed as the gate insulator in photoelectric synap-
tic IGZO TFTs.20,21 Protons inside chitosan will migrate to the
IGZO/chitosan interface driven by positive electric pulses,
which excites the EPSC flowing through the IGZO accumu-
lation layer. STM plasticity, STM transition to LTM, and P/D
are all successfully mimicked under the synergistic modu-

lation of electric and light pulses. However, organic chitosan
could induce serious instability and poor endurance of the
device. In addition, an organic material is not compatible with
the complementary-metal–oxide–semiconductor (CMOS)
process. TaOx is a high-κ ion-conductive dielectric which has
been extensively used in ReRAM as a resistance switching
layer.22–24 Pure electronic metal–oxide synaptic TFTs have been
reported by utilizing TaOx as a gate insulator.25,26 In this work,
a staggered bottom-gate IGZO synaptic TFT with the TaOx

dielectric was demonstrated with high stability and endurance.
A large Gmax/Gmin ratio and small non-linearity were achieved
in P/D of the synaptic strength under the stimulation of pure
electric pulses with small voltage amplitudes and short pulse
widths thanks to the abundant free ions and high dielectric
constant of the sputtering-deposited TaOx layer. By applying
negative pulses with step-increasing amplitudes for the
depression, the non-linearity of depression and the endurance
of the Gmax/Gmin ratio under repeated P/D cycles were
improved significantly. On the other hand, the synaptic beha-
viors including the EPSC, STM plasticity, STM transition to
LTM, P/D with a large Gmax/Gmin ratio and small non-linearity
were successfully mimicked under the stimulation of either UV
or visible light pulses (here, for the visible light experiment,
blue, green, and red light with wavelengths of 470 nm,
525 nm, and 633 nm, respectively, were used). The transparent
IGZO TFT of this work is promising in vision-based neuro-
morphic applications with high learning accuracy.27,28

2. Experimental methods
2.1. Device fabrication

The bottom-gate-top-contact (BGTC) structure was chosen for
TFT fabrication. In this structure, the dielectric layer (160 nm
TaOx), channel layer (45 nm IGZO), source/drain (S/D) electro-
des (200 nm ITO) and passivation layer (100 nm SiO2) were de-
posited on the ITO-coated (bottom-gate) glass layer by layer.
Deposition of the TaOx, IGZO and ITO (S/D electrodes) layers
were all carried out by RF magnetron sputtering with 100 W
RF power at room temperature under a pure Ar atmosphere.
The Ar flow rates for the sputtering deposition of TaOx, IGZO
and ITO were set to 100, 50 and 20 sccm, respectively. Plasma-
enhanced chemical vapor deposition (PECVD) was utilized for
the deposition of the SiO2 passivation layer. To define the pat-
terns of the channel layer and S/D contacts, photolithography
and a lift-off process were applied. Finally, to stabilize the
carrier concentration in the channel layer, the as-fabricated
device was annealed at 300 °C under a N2 atmosphere for
1 hour. It is worth mentioning that the thermal budgets of all
processes were controlled at or below 300 °C. The process
flow is shown in Fig. S1 (ESI†). To measure the dielectric
constant of the TaOx layer, a capacitor with an ITO–TaOx–ITO
sandwich structure was fabricated with a dielectric thickness
of 160 nm and an overlap area between the top electrode
and bottom electrode of 100 × 100 μm2, as shown in Fig. S2
(ESI†).
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2.2. Device and materials characterization

The surface roughness of the TaOx layer was measured using
an atomic force microscope (AFM) from Bruker. The 2D mor-
phology of the TaOx layer is shown in Fig. S3 (ESI†). Electrical
characteristics (including current–voltage transfer character-
istics, and capacitance–voltage relationships) of the device and
their response to the stimulation of voltage or light pulses
were measured with a Keithley 4200 semiconductor character-
ization system (SCS). A LIGHTNINGCURE Spotlight source LC8
was used to deliver UV light in the wavelength range of
300–400 nm. A SugarCUBE ULTRA LED light source was used
to provide visible light at different wavelengths (here, blue,
green, and red light with wavelengths of 470 nm, 525 nm, and
633 nm, respectively, were used) for the experiment of examin-
ing the wavelength selectivity of the synaptic behaviors in the
as-fabricated TFT. In addition, X-ray photoelectron spec-
troscopy (XPS) analysis of the as-deposited TaOx layer was per-
formed using an AXIS Supra spectrometer (Kratos Analytical
Inc., UK) equipped with a hemispherical analyser and a mono-
chromatic Al K-alpha source (1487 eV) operated at 15 mA and
15 kV. XPS depth profiling experiments were carried out using
an argon Gas Cluster Ion Source (GCIS, Kratos Analytical Inc.
Minibeam 6). The ion beam was rastered over an area of 1 ×
1 mm2. To minimize the preferential sputtering of oxygen
from TaOx, Arn

+ with a cluster size (n) of 1000 and an incident
energy of 10 keV was employed. The XPS spectra were acquired
at a pass energy of 20 eV after each etching cycle (30 min). A
3.1-volt bias was applied to the sample to neutralise the charge
build-up on the sample surface. The binding energies (BEs)
were charge-corrected based on the C 1s peak of adventitious
carbon at 284.8 eV.

3. Results and analysis

Fig. 1(b) shows the schematic diagram of the IGZO TFT device,
which can be used to mimic the human brain synapse shown
in Fig. 1(a). The bottom-gate (ITO) applied with positive elec-
tric pulses (A) or the light pulses shining on the whole device
(B) played a role as the presynaptic cell. Then, the ITO (D)–
IGZO–ITO (S) structure of the TFT could be regarded as the
postsynaptic cell where the drain current (IDS) would flow
through. IDS represented the EPSC. The region between the
presynaptic and postsynaptic cells is called the synaptic cleft
where neurotransmitters are released and stimulate the EPSC
change in the postsynaptic cell. In this device, the dielectric
layer TaOx was expected to be the ‘cleft’, where neuro-
transmitter-like species would be created under external
stimuli. Electrical and illumination pulses were applied
respectively to evaluate the device synaptic behavior.

3.1. Electronic synapse

The following electrical characterization was conducted for the
TFT device. Firstly, DC dual sweep was applied to the TFT.
Fig. 1(c) shows the transfer curves of the TFT under 103 cycles
of bottom-gate voltage (VGS) dual sweep from −5 V to 5 V. The

drain voltage (VDS) was fixed at 0.5 V. A robust hysteresis
between the forward sweep and backward sweep can be
observed in Fig. 1(c). The memory window (i.e., the difference
in the threshold voltage Vth of the TFT between the forward
sweep and backward sweep) was maintained at around 3.2 V.
Furthermore, as the positive stop voltage of the DC sweep
increased, the memory window tended to enlarge, as shown in
Fig. 1(d). The capacitance–voltage (C–V) measurement was also
carried out with the ITO–TaOx–ITO capacitor structure. The
measured capacitance was 23.58 pF at a frequency of 100 kHz.
Thus, the dielectric constant at 100 kHz of the TaOx layer was
42.6. A schematic diagram of the capacitor structure and the
result of the C–V measurement are shown in Fig. S2 (ESI†).
The gate leakage current IG under the DC sweep is shown in
Fig. S4.† It varied between tens of pA and hundreds of nA at a
gate voltage of −5 V to +5 V, and it reached a maximum of
close to 1 μA at VGS = 5 V. The subthreshold swing (S.S.) of the
TFT at a drain current IDS = 1 nA was 50 and 150 mV dec−1 for
the forward sweep and backward sweep, respectively. S.S. was
determined by the oxide capacitance, interface trap density
and semiconductor depletion capacitance as shown in
eqn (1):30

S:S: ¼ ðln 10ÞðkT=qÞ½ðCox þ CD þ CitÞ=Cox� ð1Þ

where Cox is the capacitance of the TaOx dielectric layer, CD is
the depletion capacitance of the IGZO channel layer, and Cit is
the capacitance of the trap states in the TaOx/IGZO interface,
which was proportional to the density of interface traps.30 In
this device, the small S.S. benefited from large Cox of the TaOx

layer due to the high dielectric constant of TaOx, which made

Fig. 1 (a) Schematic illumination of the human brain synapse (modified
based on ref. 29). (b) 3D schematic diagram of the IGZO TFT device of
this work. (c) Transfer curves of the TFT under −5–5 V DC dual sweep
with 1000 cycles. (d) Transfer curves of the TFT (the same device as in
(c)) under DC sweep with different positive stop voltages. The channel
width (W) and length (L) of the TFT are 80 and 5 μm, respectively. The
inset in (d) is an optical image of the practical device.
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it possible to inspire synaptic behaviors with electric pulses
with small amplitudes. Meanwhile, when VGS was swept
forward, the ions in TaOx would be driven to accumulate at the
TaOx/IGZO interface and passivate the interface traps, which
reduced the S.S. in the backward sweep by three times com-
pared with that in the forward sweep.31,32 The on/off IDS ratio
of the TFT was on the order of ∼107. A summary of the TFT
characteristics is provided in Table S1 (ESI†).

The stable anticlockwise hysteresis under the DC sweep of
the TFT indicated that there existed active ion movement in
the dielectric layer driven by the applied electric field.33,34

Another evidence of the ion movement in the dielectric layer
was the flat band voltage (VFB) shift and slope change in the
gate–source capacitance (CGS) measurements in the VGS sweep
in the range of −5–5 V.35,36 The schematic of the configuration
and results of the CGS measurement are shown in Fig. S5
(ESI†).

The XPS results of the as-deposited TaOx layer are shown in
Fig. 2(a)–(d). From Fig. 2(a), it can be seen that the O/Ta ratio
in TaOx was around 2.15, which means that TaOx is oxygen-
deficient. The atomic concentration of each species in the
TaOx layer in each etching cycle is given in Table S2 (ESI†).
Fig. 2(b) depicts the wide scan of the bulk of TaOx from 0 to
1200 eV in the 7th etching cycle. The Ta 4f spectra in Fig. 2(c)
shows that there existed dominant Ta4+ species in combination
with a small amount of Ta3+ species, which matched well with
the O/Ta ratio. Furthermore, Fig. 2(d) shows the O 1s spectra
in the bulk of TaOx, which was deconvoluted into two peaks,

i.e., the dominant Ta–O peak (OL) with a binding energy of
530.1 eV and the oxygen vacancy (VO) peak with a binding
energy of 531.6 eV. From the above four figures, we could
confirm that the as-deposited TaOx contained oxygen ions.
The profiles of Ta 4f spectra and O 1s spectra with the etching
cycle are shown in Fig. S6 (ESI†).

To explore the detailed ion movements in the TaOx layer
under electric signals, a positive electric pulse with an ampli-
tude of 5 V, pulse width of 30 ms, and base level of 0.1 V, fol-
lowed by a negative pulse with an amplitude of 3 V, pulse
width of 30 ms, and base level of 0.1 V was applied to the
bottom-gate. According to the polarity of the applied voltage
and different responses of IDS (Fig. 2(e)), the status of the
device could be categorized into three stages. The band dia-
grams in the three stages (positive bias, base level, and nega-
tive bias) are shown in Fig. 2(f ). The bandgap of IGZO is
around 3.2 eV and the bandgap of TaOx is around 3.7 eV.37 At
stage 1, the positive bias 5 V provided an external field, attract-
ing negatively charged oxygen ions O2− which existed in the as-
deposited oxygen-deficient TaOx layer to the TaOx/bottom-gate
interface, and driving the oxygen vacancy ions Vo

2+ in the TaOx

layer to the TaOx/IGZO interface.25,38 These accumulated Vo
2+

together with the large positive bias attracted a large amount
of electrons in the IGZO layer to the interface, contributing to
the large EPSC spike. At stage 2, under a base level of 0.1 V,
the segregated Vo

2+ and oxygen ions (O2−) started to recombine
slowly with the nearly-zero external field. Still, there remained
some Vo

2+ near the interface, forming an internal field inside

Fig. 2 (a) Atomic concentration (left y-axis) and O/Ta ratio (right y-axis) in the as-deposited TaOx layer. (b) Wide scan of the bulk TaOx in the 7th

etching cycle. (c) Ta 4f spectra in the bulk of TaOx, deconvoluted into two Ta4+ and Ta3+ peaks. (d) O 1s spectra in the bulk of TaOx, deconvoluted
into lattice oxygen (OL) and oxygen vacancy (OV). (e) EPSC of the TFT under the stimulation of a positive gate pulse with an amplitude of 5 V, pulse
width of 30 ms, and base level of 0.1 V, followed by a negative gate pulse with an amplitude of 3 V, pulse width of 30 ms, and base level of 0.1 V. (f )
Band diagrams of the TFT showing the ion movements in TaOx layer under different stages.
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the TaOx layer. The remaining Vo
2+ kept attracting electrons in

the IGZO layer to the interface, which slowed down the EPSC
decay. At stage 3, the negative bias −3 V accelerated the recom-
bination of Vo

2+ and O2−, pulling the EPSC to an extremely low
level.

To further evaluate the synaptic behaviours of the TFT,
voltage pulses with different pulse widths, periods, and ampli-
tudes were applied to the bottom-gate. Firstly, to investigate
the short-term memory (STM) and the plasticity of the TFT,
three experiments were conducted accordingly as described
below, and all the results are summarized in Fig. 3.

In the first experiment, four sets of 15 consecutive pulses
with the same amplitude (5 V) and base level (0.1 V) were
applied to the gate terminal. Each set of pulses had a different
pulse width (50 μs, 500 μs, 1 ms and 10 ms), but the same duty
ratio (50%). The first EPSC signal and fifteenth EPSC signal
were denoted as A1 and A15, respectively. As shown in
Fig. 3(a), with the increase of the pulse width, the EPSC signal
became stronger. The trend of A1 and A15 with the pulse
width is depicted in Fig. 3(c). When the pulse width increased

from 50 μs to 1 ms, the EPSC signals of both A1 and A15 and
the EPSC ratio of A15/A1 all increased gradually. There was a
large increase in the EPSC signals of both A1 and A15 and the
EPSC ratio for the pulse width of 10 ms.

In the second experiment, four sets of 15 consecutive
pulses with the same amplitude (5 V), base level (0.1 V), and
pulse width (10 ms) were applied to the gate terminal, but the
pulse frequency fp was different for a different set of pulses
(i.e., fp was 5, 10, 25, and 50 Hz for the four sets of pulses,
respectively). The A1–A15 EPSC for different fp is shown in
Fig. 3(b), and the relationship between the A15/A1 EPSC ratio
and pulse period fp

−1 (= 20, 40, 100, and 200 ms) is shown in
Fig. 3(d). As the period of the pulse increased, the A15/A1
EPSC ratio decreased and remained almost unchanged for a
period longer than 100 ms.

In the third experiment, five sets of 15 consecutive pulses
with the same base level (0.1 V), pulse width (10 ms), and
pulse period (20 ms) were applied to the gate terminal, but the
amplitude of the pulses was increased from 3 V to 5 V with a
step of 0.5 V. The result is shown in Fig. 3(e). It can be

Fig. 3 (a) EPSC under stimulation of 15 consecutive voltage pulses for different pulse widths. A1 and A15 denote the current spike in response to
the 1st and 15th VGS pulse, respectively. (b) EPSC under the stimulation of 15 consecutive pulses with the pulse width of 10 ms for different pulse
periods (pulse frequencies). (c) The 1st and 15th EPSC signals as a function of the pulse width. (d) A15/A1 EPSC ratio vs. pulse period. (e) The 1st and
15th EPSC signals and A15/A1 EPSC ratio vs. pulse amplitude. Note: Pulse amplitude in (a)–(d) is 5 V; base level of pulses in (a)–(e) is 0.1 V.
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observed from the figure that the A1 EPSC increased with the
pulse amplitude gently, but both the A15 EPSC and A15/A1
EPSC ratio showed a trend of large increase starting at 4 V.
From the above three test schemes, the electrical pulse widths,
periods, and amplitudes all showed the capability to modulate
the EPSC signal strength and STM retention time. The tran-
sition from STM to long-term memory (LTM) of the device was
achieved with 5 consecutive pulses with an amplitude of 5 V,
pulse width of 30 ms, and base level of 0.5 V. Under the stimu-
lation of the positive voltage pulses, the EPSC of the device
lasts in the high level for more than one minute as shown in
Fig. S7 (ESI†).

Besides STM plasticity, the capability to strengthen or
weaken the EPSC signal in response to different activities was
another important property of the synapse, i.e., the synaptic
potentiation and depression (P/D). The most significant para-
meters to evaluate the P/D performance of the synapse were
the Gmax/Gmin ratio, non-linearity, and asymmetry of non-line-
arity between potentiation and depression. (1) The Gmax/Gmin

ratio is the ratio of the maximum of the EPSC and minimum
of the EPSC in P/D in essence. A large Gmax/Gmin ratio (>10) is
favourable which is the basis of high accuracy (>80%) of the
neural network.39 (2) Non-linearity α of P/D also determines
the learning accuracy of the neural network. Usually, small α
(<0.5–1) of P/D means the weight change of the synapse under
P/D is nearly linear, and the learning accuracy could exceed
80%.40 (3) Asymmetry of α indicates the symmetric character-
istics of P/D, which is equal to the absolute difference value of
αP and αD. Zero value of the asymmetry implies the perfect
symmetric characteristics of P/D.41 To verify whether the TFT
could realize the synaptic P/D and evaluate the characteristics
of P/D, 50 positive pulses with an amplitude of 1.8 V and pulse
width of 30 ms, and negative pulses with an amplitude of 1 V
and pulse width of 30 ms were applied to the gate terminal
successively. The EPSC was read at the base level (0.1 V) of
each pulse. As shown in Fig. 4(a), the EPSC of the TFT
increased from 62.16 nA to 1.55 μA under the repeated positive
pulses and reduced back to 63.52 nA under the repeated nega-
tive pulses. The calculation of the Gmax/Gmin ratio was straight-
forward, which was equal to 24.9. To derive the value of αP (for
potentiation) and αD (for depression), the following exponen-
tial fitting model was adopted:42

G ¼ λ expðαxþ βÞ þ γ ð2Þ
In eqn (2), G is the conductance or the EPSC value of the

synapse, x is the number of pulse, α is the non-linearity of
potentiation or depression, and λ, β, and γ are the fitting coeffi-
cients. Fitting to the experimental data was conducted in
MATLAB. The fitting showed that αP was −0.0356 and αD was
−0.2968, as shown in Fig. S8(a) and (b) (ESI†).
Correspondingly, the asymmetry |αp − αD| of the P/D under
the proposed stimulation scheme was 0.2612. αD was about 10
times higher than αP, which resulted in a large asymmetry of
the P/D. To evaluate the endurance of the synaptic behavior
under the stimulation of pure electronic pulses, 100 repeated
P/D cycles were applied to the TFT. Fig. 4(b) and (c) show the

test results. Both Gmax and Gmin increased with the P/D cycle,
but the Gmax/Gmin ratio decreased to lower than 10 after 50
cycles. This could be due to the inefficient depression by the
negative pulses with a fixed amplitude. To alleviate the extre-
mely deteriorated Gmax/Gmin ratio under repeated P/D cycles,
reduce the absolute value of the depression non-linearity and
shrink the asymmetry of the P/D, depression by 50 consecutive
negative voltage pulses with step-increasing amplitudes was
applied.41 The amplitude of the negative pulses was set to 0.05
V initially; then it increased with a fixed step of 0.05 V until 1.2
V. The amplitude of the rest 26 pulses was fixed at 1.2 V. As
shown in Fig. 4(d), αD was improved from −0.2968 to −0.1501,
and thus, the asymmetry of the P/D shrunk from 0.2612 to
0.1145. In Fig. 4(e), the Gmax of the P/D showed a downward
shift with applied cycles, while the Gmin showed little change.
As shown in Fig. 4(f ), the Gmax/Gmin ratio was maintained at
around 12 after 100 cycles. The gradual reduction of Gmax

suggests that there still existed a slight charge-trapping effect
due to the non-passivated defect states in the interface region.

3.2. Photoelectric synapse

Besides the pure electrical signal, light pulses with specific
wavelengths could also inspire the synaptic behaviour of the
TFT by changing carrier concentration in the IGZO layer. In
this work, several illumination scenarios have been adopted to
excite and modulate the EPSC in the TFT, i.e., UV light with
the wavelength range of 300–400 nm, and visible light (i.e.,
blue, green, and red light with wavelengths of 470 nm,
525 nm, and 633 nm, respectively), were used.

UV light is well known as a source to produce photon-gener-
ated electron–hole pairs in the IGZO TFT. The drain current
IDS, namely the EPSC, could be modulated at a low and fixed
gate bias under UV illumination. To evaluate the STM plas-
ticity under photoelectric pulses, the UV light pulses with
different irradiance and pulse widths were shone on the TFT.
Fig. 5(a) and (b) show the modulation of the EPSC signals by
UV irradiation with various intensities (i.e., 1350, 2250, 3150
and 4500 mW cm−2) and various UV pulse widths (i.e., 100,
200, 300, 400, 500 ms), respectively. As can be seen from the
figures, a higher UV irradiance and larger pulse width could
both enhance the STM of the TFT. To investigate the paired
pulse facilitation (PPF) property of the TFT, the TFT was
exposed to 2 consecutive UV pulses with the irradiance of
4500 mW cm−2, a pulse width of 100 ms and various time
intervals (in terms of pulse period Δt = 200, 400, 500, 1000,
2000 and 5000 ms). A1 and A2 represented the first and
second EPSC signals, respectively. The ratio of A2/A1 was
defined as the PPF index, reflecting the STM plasticity of the
synapse. Fig. 5(c) depicts the PPF index vs. the time interval of
the two pulses. The highest value of the PPF index was 145%
at the shortest time interval (i.e., Δt = 200 ms); and the PPF
index decayed with the increase of the time interval. Finally,
the P/D property of the TFT was tested with successive 25
pulses of the UV light followed by 25 pulses of the negative
gate bias. For potentiation, the UV light pulses had irradiance
of 4500 mW cm−2 and a pulse width of 100 ms, and the base
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level was 0.1 V. For depression, negative gate voltage pulses
were applied to the TFT with a pulse width of 100 ms and the
pulse amplitude increasing from 0.5 V to 1.2 V with a fixed
step of 0.1 V (the pulse amplitude was maintained at 1.2 V
after it reached 1.2 V), and the base level was 0.1 V. As shown
in Fig. 5(d), the potentiation of the TFT was realized with the
EPSC increasing from 77 nA to 4.239 μA, achieving a large
Gmax/Gmin ratio of 55; and the values of αP and αD obtained
from the fittings based on eqn (2) were 8.521 × 10−4 and
−0.1803, respectively. The fitting results of non-linearity for
the P/D under the stimulation of UV illumination/negative gate
bias pulses are shown in Fig. S9(a) and (b) (ESI†). The asymme-
try of the P/D was 0.1795. The 25 successive UV illumination
pulses with the base level of 0.1 V had successfully inspired
potentiation of the synaptic transistor with nearly zero non-lin-
earity, which facilitated the proposed TFT to be applied in
neural network with ultra-high accuracy under the photoelec-
tric mode. Furthermore, 10 cycles of the repeated P/D test were
carried out on the device, and the result showed good endur-
ance and reproducibility (Fig. 5(i)).

In the visible light experiment, blue, green, and red light
with wavelengths of 470 nm, 525 nm, and 633 nm, respectively,
were used. Fig. S10† shows the photos of the experimental
setup under the illumination of the light with the three wave-
lengths. The light pulses with a luminous flux of 3955 lm and
a pulse width of 400 ms were applied to the TFT. The EPSC

signals for the three wavelengths are shown in Fig. 5(e). The
EPSC signal became weaker with a longer light wavelength.
There was almost no EPSC signal for the red-light illumina-
tion. The PPF property of the TFT was characterized by apply-
ing 2 consecutive blue or green light pulses with 2373 lm, a
pulse width of 400 ms and various time intervals (the period
Δt = 0.8, 1.6, 4, 8, 20, and 40 s). Fig. 5(f ) shows that the PPF
index decreased with the increase of the time interval under
the stimulation of 2 consecutive blue or green light pulses.
Thereinto, at the shortest time interval (Δt = 0.8 s), the PPF
index reached the highest level of 148% under the green light
pulses, and 180% under the blue light pulses. Fig. 5(g) and (h)
demonstrate the potentiation of the TFT under the stimulation
of 25 consecutive blue and green light pulses, respectively; and
they also show the depression of the TFT under 25 consecutive
negative gate voltage pulses. Some relevant results can be
obtained from Fig. 5(g) and (h), as described in the following.
The Gmax/Gmin ratios achieved by the stimulation of blue and
green light pulses were 36.6 and 31.6, respectively (note that
the red-light pulses were not able to produce significant
EPSC). The values of αP and αD were obtained from the fittings
based on eqn (2). For the P/D inspired by the blue-light pulses/
negative gate voltage pulses, αP and αD were 2.002 × 10−4 and
−0.2308 respectively; for the P/D inspired by the green-light
pulses/negative gate voltage pulses, they were 3.218 × 10−4 and
−0.2915, respectively. The fittings of the experimental results

Fig. 4 (a) The P/D of the synapse under stimulation of 50 consecutive positive voltage pulses with amplitude of 1.8 V and pulse width of 30 ms, fol-
lowed by 50 consecutive negative voltage pulses with amplitude of 1 V and pulse width of 30 ms. The base level of all pulses was fixed at 0.1 V. (b)
Endurance of P/D under 100 cycles with the pulse schemes used in (a). (c) Gmax/Gmin ratio as a function of P/D cycle with the pulse schemes used in
(a). (d) P/D of the synapse under stimulation of 50 consecutive positive voltage pulses with amplitude of 1.8 V and pulse width of 30 ms, followed by
50 consecutive negative voltage pulses with step-increasing amplitudes from 0.05 V to 1.2 V and a pulse width of 30 ms. The base level of all pulses
was fixed at 0.1 V. (e) Endurance of the P/D under 100 cycles with the pulse schemes used in (d). (f ) Gmax/Gmin ratio versus the P/D cycle with the
pulse schemes used in (d).

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2022 Nanoscale, 2022, 14, 10245–10254 | 10251

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
Ju

ly
 2

02
2.

 D
ow

nl
oa

de
d 

on
 6

/2
8/

20
24

 4
:0

1:
23

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2nr02136f


with eqn (2) are shown in Fig. S9(c)–(f ) (ESI†). As can be
observed in the figures, with eqn (2) the experimental results
could be well described. The asymmetry of the P/D was 0.2306
for the blue light pulses and 0.2913 for the green light pulses.
On the other hand, 10 repeated P/D cycles with blue and green
light pulses stimulation were conducted to examine the endur-
ance of the P/D. The results are shown in Fig. 5( j) and (k). The
Gmax of the potentiation slightly decreased with the P/D cycle
under the stimulation of blue light pulses, but deteriorated
fast with the P/D cycle under the stimulation of green light
pulses. A comparison of P/D characteristics among the
different stimulation schemes (including pure electronic
pulses and photoelectric pulses) is summarized in Table S3
(ESI†).

As discussed above, both UV and visible light pulses
showed the capability to trigger the synaptic behaviors in the

TFT. There was an obvious wavelength selectivity of the EPSC
signal as shown in Fig. 5(e). Light intensity, pulse width and
period showed a high controllability on the EPSC signal of the
TFT (see Fig. 5(a)–(c), and (f)). Potentiation was achieved by
the stimulation of consecutive photoelectric pulses (i.e., light
illumination plus a small positive gate bias); and depression
was achieved by the stimulation of the consecutive negative
voltage pulses. The photon energy of UV light is larger than
the band gap of IGZO (3.2 eV), which could excite electrons
from the valence band to the conduction band in IGZO directly
and generate electron-hole pairs.13 On the other hand, blue
and green light with high light intensity could generate elec-
tron–hole pairs in intrinsic sub-gap defect states and excite
electrons from the defect states to the conduction band.12

These photon-generated electrons were attracted to the IGZO/
TaOx interface under the influence of the positive gate bias

Fig. 5 (a) EPSC of the TFT under the stimulation of UV light pulses with a pulse width of 100 ms and various light intensities. (b) The EPSC of the
TFT under stimulation of UV light pulses with irradiance of 4500 mW cm−2 and various pulse widths. (c) Paired pulse facilitation (PPF) index (A2/A1)
of the TFT under stimulation of 2 consecutive UV light pulses with varying time interval (in terms of period Δt ). (d) Potentiation and depression (P/D)
of the TFT under stimulation of 25 UV light pulses with irradiance of 4500 mW cm−2 and pulse width of 100 ms, followed by 25 negative gate
voltage pulses with the pulse width of 100 ms and pulse amplitude increasing from 0.05 V to 1.2 V with a step of 0.1 V. The base level of all the
voltage pulses was fixed at 0.1 V; and the drain voltage (VDS) was fixed at 0.5 V. (e) EPSCs of the TFT under stimulation of visible light pulses with
wavelengths of 470, 525 and 633 nm. (f ) PPF indexes (A2/A1) of the TFT under stimulation of 2 consecutive blue or green light pulses with light
output of 2373 lm, a pulse width of 400 ms and various time intervals. The P/D of the TFT under the stimulation of 25 consecutive pulses of blue
light (g) or green light (h) with a light output of 2373 lm and pulse width of 400 ms, followed by 25 negative gate voltage pulses with a pulse width
of 400 ms and pulse amplitude increasing from 0.05 V to 1 V with a step of 0.05 V. P/D endurance under 10 repeated cycles of the TFT under the
stimulation of UV light pulses (i), blue light pulses ( j) and green light pulses (k).
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and contributed to the production of EPSC. At the light-off
state, the positive base level (0.1 V) drove the ion movement in
TaOx, which provided an internal electric field inside the
dielectric layer to keep attracting electrons to the IGZO/TaOx

interface. At the same time, those sub-gap defect states were
ionized and turned to be a hole trap center under illumina-
tion.12 Photon-generated holes were trapped in the ionized
defect states, leading to a photo-gating effect under the collec-
tive stimulation of light illumination and positive bias.28,43

The photo-gating effect could contribute to the long-term
potentiation in the photoelectric synapse. When a negative
bias was applied to the gate terminal, oxygen ions recombined
with oxygen vacancies in the TaOx layer, causing the vanish of
the internal electric field. At the same time, the negative bias
expelled the accumulated electrons away, and the EPSC
dropped back to the pristine low level.

4. Conclusions

This article introduced an IGZO TFT with a simple structure
showing synaptic behaviors in either the pure electric mode or
the photoelectric mode. The high dielectric constant and
strong ion conductivity of TaOx collectively contributed to the
ultra-low S.S. of the TFT and the achievement of a series of
synaptic behaviors. On the other hand, both UV light and
visible light sources (blue and green) have successfully
inspired the synaptic behaviors as well. All stimulation
schemes have inspired a large Gmax/Gmin ratio (>10) and ultra-
small non-linearity (<0.5) in the P/D of the TFT. Thereinto, UV-
photoelectric pulses have inspired the largest Gmax/Gmin ratio
reaching 55; blue-photoelectric pulses have inspired the smal-
lest non-linearity of potentiation as low as 2.002 × 10−4; nega-
tive pulses with a step-increasing amplitude in the pure elec-
tronic mode have inspired the smallest non-linearity of
depression as low as 0.1501. The simple fabrication process,
low thermal budget, and high uniformity of IGZO made the
TFT fabricated in this work promising in the applications of
large-area neuromorphic computing and vision-based neuro-
morphic systems.
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