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Fig. S1 SEM image of the surface morphology of the TiO> NWs: ZnO QDs film
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Fig. S2 a Optical transmittance spectrum of Ag electrode/FTO substrate (wavelength:
200-800 nm). b Thickness of the Ag electrode sputtered on the FTO substrate surface
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Fig. S3 PL spectrum of the TiO2 NWs and TiO2 NWs: ZnO QDs film
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Fig. S4 a XPS spectra of the TiO> NWs: ZnO QDs film. b O 1s spectra of the TiO>
NWs: ZnO QDs film. ¢ Ti 2p spectra of the pure TiO2 NWs film. d O 1s spectra of the
pure TiO2 NWs film
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Mechanism

To study the carrier transport mechanism of the device, the I-V curve of the device is
fitted under different theories, including Fowler-Nord heim tunneling, Schottky
emission, and Poole-Frankel emission [S1-S3]. As shown in Fig. S5, it can be observed
that the /-7 curve does not exhibit linearity under the Poole-Frankel emission and
Fowler-Nord heim tunneling model. However, Schottky emission at low bias voltages
demonstrates some degree of linearity. This may be attributed to the dominance of the
Schottky barrier between the electrode and the resistive active layer for electron
transport at low voltages. Furthermore, the I-V curve is fitted to the Space-Charge
Limited Current (SCLC) model, as shown in Fig. S6. It can be seen that, compared to
other mechanisms, the carrier transport behavior is more similar to the behavior in
SCLC. Fig. S6a depicts the fitting results of the /-V curve in the positive region. When
a low voltage is applied to the device, the slope of the curve is 0.65, corresponding to
ohmic conduction (I o= V). The fitted slope is less than 1, which can be attributed to
the influence of the Schottky emission conduction of carriers at low bias voltages. The
slope rises to 2.33 (I « V?) with the increase in voltage and then increases to 8.61 (I &
V™) at high voltage. The fitting results demonstrate that the SCLC model dominates the
carrier transport mechanism [S4, S5]. Furthermore, the fitting results in the negative
region (from 0.79 to 1.82, and finally to 3.51) demonstrate transport behavior (SCLC)
similar to the positive region, as shown in Fig. S6b.

Furthermore, based on the fitting results, the resistive switching mechanism of the
device is further elucidated using energy band alignment diagrams and a physical model.
Oxygen defects on the surface of ZnO QDs act as trapping/de-trapping centers during
the resistive switching process, while TiO2 NWs serve as the charge transport layer. Fig.
S7a illustrates the initial state energy band alignment diagram of the device. When a
voltage is applied, electrons pass over the Schottky barrier from the FTO bottom
electrode to the defects in the surface ZnO QDs, as shown in Fig. S7b. With an increase
in applied voltage, more electrons fill the defects, leading to an increase in device
conductivity. These trapped electrons undergo slow release spontaneously, resulting in
the relaxation decay of device conductivity and PPF behavior. Furthermore, as the
number of applied sweeping voltage increases, the trap centers gradually become filled.
At this point, the injected electrons can move freely, creating a conductive path between
the top and bottom electrodes. Therefore, the conductivity changes slowly, tending to
saturate, as shown in Fig. S7c. Conversely, under a negative voltage, the electrons are
gradually de-trapped from the trapping centers to the FTO bottom electrode, thus
causing a decrease in the device conductance, as shown in Fig. S7d.

It is worth noting that the active Ag electrode introduces considerations regarding the
oxidation and migration of the metal under an electrical field. However, Ag migration
relies on oxidation reactions occurring with defects in the bulk film, which results in
the typical non-volatile characteristics of the conductance [S6]. This is inconsistent with
the results observed in Fig. S14. Furthermore, the migration of active metals in oxide
films critically depends on defects within the film [S7]. The presence of Ti interstitial
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defects and oxygen vacancies promotes the migration of Ag” ions in the TiO; dielectric
layer, leading to the migration of Ag" ions. As shown in Fig. S4d, only a small amount
of Ti** and oxygen vacancies are observed in pure TiO» NWs films, limiting the
migration of Ag" ions. For the resistive switching active layer with a thickness in the
micrometer range, the contribution of Ag diffusion length in bulk films to the resistive
switching under a small electric field intensity is minimal [S8]. Therefore, the Ag
migration is challenging in generating the resistive switching mechanism of the device.

The light-induced response of the ATZ-based device can be attributed to the
photoconductive effects of TiO> NWs and ZnO QDs [S9, S10]. The electron-hole pairs
are excited and separated under UV radiation owing to the large photon energy, as
illustrated in Fig. S8a-(I). The photo-generated holes are retained at the bottom of the
valence band, while the photo-generated electrons are excited and move to the
conduction band, thereby increasing the conductance of the device. Furthermore, the
carrier transport behavior occurring at the TiO2/ZnO interface effectively enhances the
light-induced response and persistent photoconductivity effect [S11], as shown in Fig.
S8a-(IT). Due to the abundant defects on the surface of ZnO QDs, photo-generated
electrons in TiO> can easily transfer to ZnO, further promoting the excitation of photo-
generated electrons in TiO. The physical model depicted in Fig. S8a-(III) provides an
intuitive representation of the effective separation of carriers at the TiO2/ZnO interface.
Upon closing off the UV light, the photo-generated electron-hole pairs excited in TiO>
undergo slow recombination, resulting in a gradual decrease in conductance, as
depicted in Fig. S8b-(I). Notably, the effective lifetime of photo-generated electrons
captured in ZnO is extended as they need to overcome the interface barrier for release
(Fig. S8b-(Il)), leading to an increased relaxation time. This slow-decaying light
response contributes to the persistent photoconductivity effect. Furthermore, when
multiple light pulse irradiations are applied to the device, the photo-generated electrons
initially excited cannot recombine with holes within a limited timeframe, leading to the
accumulation of photo-generated electrons under subsequent light pulse excitation.
Therefore, the light response from the second light pulse is significantly greater than
the first, facilitating the implementation of the light-induced PPF behavior. A physical
model, as presented in Fig. S8b-(III), is shown to provide an intuitive representation of
the recombination process of photo-generated electron-hole pairs at the TiO»/ZnO
interface.
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Fig. S5 Ln(I/V?)-V! plots (Fowler-Nordheim tunneling) of the I-V characteristic curve
for the ATZ-based device under a positive region and b negative region. Ln(I)-V'?
plots (Schottky emission) of the -V characteristic curve under the ¢ positive region
and d negative region. Ln(I/V)-V"? plots (Poole Frankel emission) of the I-V
characteristic curve under e positive region and f negative region.
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Fig. S7 Energy band alignment diagrams and resistive switching physical model of the
device under the a initial state, b positive bias, ¢ sufficient positive bias, and d negative
bias

Fig. S8 a Under light illumination, (I) the energy band diagram of the device, (II) the
energy band diagram of the TiO»/ZnO interface, and (III) the schematic of the physical
model. b Under the dark condition, (I) the energy band diagram of the device, (II) the
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energy band diagram of the TiO2/ZnO interface, and (III) the schematic of the physical

model.
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Fig. S9 a I-V curve of the device at large forming voltage. b Continuous I-V curves of
the device after the forming process
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Fig. S10 a I-V curve of the pure TiO2 NWs-based device. Consecutive [-V curves of
the pure TiO> NWs-based device for 8 cycles under b positive sweeping voltage and ¢
negative sweeping voltage. d LTP/LTD properties of the pure TiO2 NWs-based device
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Fig. S11 a Electric-induced PPF property of the device for 10 cycles. b Electric-induced
PPD property of the device for 10 cycles
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Fig. S12 a Electric-induced PPF property for 10 devices. b Electric-induced PPD
property for 10 devices
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Fig. S13 a LTP/LTD behavior at the pulse width of 500 us. b LTP/LTD behavior at the
pulse width of 500 ms

S8/S16


https://springer.com/journal/40820

Nano-Micro Letters

1x10°

8x107 4

6x107 1

Current (A)

4x107 -

2x107 1

0 200 400 10 20 30 40 50 60
Pulse number (#) Time (s)

Fig. S14 Spontaneous decay behavior of the device after being excited by 1 V, 1.5V, 2
V, and 3 V of positive voltage pulses (reading voltage: 0.1 V).
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Fig. S15 Current responses of the pure TiO2 NWs-based device under different light
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Fig. S16 Current responses of the ATZ-based device under different light frequencies
(dark, 0.25, 0.5, and 1 Hz)
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Fig. S18 a Light-induced PPF property of the device for 10 cycles. b light-induced PPF
property for 10 devices

Weight update model

The synaptic plasticity of the device is used to implement the simulation of the Artificial
Neural Network (ANN). The prevalent "vector-matrix" multiplication operation in
neural network computations can be efficiently executed on the memristor array using
Kirchhoff's Law. The matrix function can be expressed as follows:

|1 Gl,l Gl,z"' Gl,j Vl
'|2 _ G2,1 Gz‘,z"' GZ,J’ 0 YZ (S])
Ii Gi,l Gi,z"' Gi,j VJ‘

where V; represents the voltage vector, and /; denotes the output current vector.
Applying V; to the word lines of the array allows the computation results from /; to be
collected along each bit line. The /; can be expressed as follows:
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A fully connected ANN was constructed, comprising 784 input neurons, 100 hidden
neurons, and 10 output neurons, to implement neuromorphic computing for the
classification of the modified MNIST handwritten digit dataset. In this network,
neurons in each layer are interconnected through synapses, with the connection strength
representing the weights. Before training, 28 % 28-pixel handwritten digit images were
converted to grayscale values and initialized as inputs for the 784 neurons in the input
layer. The training process comprises forward propagation, loss computation,
backpropagation, and weight updates [S12]. During forward propagation, the loss is
calculated between the output and target signals. Subsequently, backpropagation is
employed to adjust the connection weights among neurons across various layers. The
update rate of weights is set to 0.1 times the estimated weight error each time, meaning
a learning rate of 0.1, and the weight adjustments are iteratively executed until the loss
converges to the target value. The LTP/LTD characteristics of the device were employed
for the matrix multiplication in the neural network to compute weight updates. A
mathematical model was established to update the synaptic weights in neural network
computing. The equations are as given below:

p

Gl = B'(l_ei)-i_Gmin > (S3)
(Pmax’P)
Gp=G,—B-1-e * )+G,,, (S4)
B= Gmax __?min , (SS)
1-e A
P P
ANL = GLTP (E) - GLTD (E) , (86)
Gmax _Gmin

where Grrp and Grrp represent the conductance values of the experimental LTP and
LTD, respectively; Gmax and Gmin represent the maximum and minimum conductance
values, respectively; P denotes the pulse number during the operation of the device
from Gmax t0 Gmin; Pmax denotes the maximum number of pulses; 4 denotes the
parameter corresponding to the nonlinearity of the weight update; B denotes a function
of 4; and ANL represents the asymmetric nonlinearity factor between LTP and LTD.
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Table S1 Comparison of nonlinearity and asymmetry parameters

Parameter Nonlinearity ANL
\LTP LTD \
Light 3.65 6.65 0.7119
Voltage 0.91 7.49 0.5605
Light + Voltage 1.69 4.76 0.4337
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Fig. S21 a Cycle-to-cycle and b device-to-device performance of LTP/LTD properties
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Table S2 Comparisons of the performance of several synaptic devices

Weight Non-
‘Weight increase s .
Conductance . . Light-induced Classical
Device structure decrease linearity Accuracy Refs.
pulses pluses synaptic plasticity conditioning
pluses [LTP/D]
Pt/BTO/SNTO 200 1.3 V/50 ns -1.75V/50ns  0.25/0.2596.4% - - [S13]
Pt/WO;./W 200 2 V/10 ms 0.2 V/10 ms - - - Yes [S14]
Au/CsCu,l3/ITO 60 -2 V/7 ms 2 V/10 ms 1.8/1.3  84.5% - - [S15]
3 mW/em?6.8  mW/cm?
Multilayer BP device 400 - 90% LTP/LTD, STM/LTM- [S16]
light/20 ms light/20 ms
Ag/ZnO/ITO 100 0.5V/0.1's -0.5V/0.1s - - LTP/D, PPF/D - [S6]
ITO/CQDs/Au - 24V/<500ns -2.4V/<500ns - 96.7% - Yes [S17]
LTP/D, PPF/D,
10-30 mW/cm?
Ag/Nb: StTiOy/ITO - -0.15V/0.5s - - LTM/STM, learning-- [S18]
light/0.05-1 Hz
forgetting-relearning
ITO/ZnO/Ag 50 +2 V/10 ms -2 V/10 ms - 86.7% LTP/D, PPF/D - [S19]
Au/ion gel/GO/IGZO 100 -1 V/50 ms 1 V/50 ms 4.24/8  62% LTP/D, PPF/D - [S20]
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Au/Spiro- LTP/D, PPF/D,

40 1 V/10 ms -1 V/10 ms - - Yes [S21]
OMeTAD/PFEP/ITO PTP/D, SRDP
LTP/D, PPF/D,
Ag/TiO, NWs: ZnO This
700 +2 V/50 ms -2 V/50 ms 1.69/4.7688.9% LTM/STM, learning-Yes
QDs/FTO work
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Fig. S24 a The variation in conductance-mapped pattern (letter “W”’) with decay time
(0, 5, and 20 s) after being excited by 200 electrical pulses (width: 50 ms, interval: 50
ms). b The variation in conductance-mapped pattern (letter “W”’) with decay time (0, 5,
and 20 s) after excited by 200 electrical pulses (width: 50 ms, interval: 50 ms) plus light
pulse (light density: 3.86 mW/cm?, duration: 2 s)
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