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Programmable ferroelectric bionic vision
hardware with selective attention for
high-precision image classification

Rengjian Yu1,2, Lihua He1, Changsong Gao1, Xianghong Zhang 1, Enlong Li3,4,
Tailiang Guo1,2, Wenwu Li 3,4 & Huipeng Chen 1,2

Selective attention is an efficient processing strategy to allocate compu-
tational resources for pivotal optical information. However, the hardware
implementation of selective visual attention in conventional intelligent
system is usually bulky and complex along with high computational cost.
Here, programmable ferroelectric bionic vision hardware to emulate the
selective attention is proposed. The tunneling effect of photogenerated
carriers are controlled by dynamic variation of energy barrier, enabling the
modulation of memory strength from 9.1% to 47.1% without peripheral
storage unit. The molecular polarization of ferroelectric P(VDF-TrFE) layer
enables a single device not only multiple nonvolatile states but also the
implementation of selective attention. With these ferroelectric devices are
arrayed together, UV light information can be selectively recorded and
suppressed the with high current decibel level. Furthermore, the device
with positive polarization exhibits high wavelength dependence in the
image attention processing, and the fabricated ferroelectric sensory net-
work exhibits high accuracy of 95.7% in the pattern classification for multi-
wavelength images. This study can enrich the neuromorphic functions of
bioinspired sensing devices and pave the way for profound implications of
future bioinspired optoelectronics.

Vision is important sensory information of the brain, and more than
80% of the external information is received by the brain through the
vision. To process such extensive information, the selective attention
enables humans to manage the information effectively through pro-
cessing the salient regions and suppressing the non-salient regions1–3.
The selective attention allows to extracting most relevant optical
information in crowed visual scenes containing multiple competing
stimuli4–6. The operating mechanism is based on spatial locations
and visual features, which are mediated by complex brain neural

networks7–9. Correspondingly, if a neuron within the sensory field in
visual cortex receives two competing stimuli, the attended stimulus
has an advantage over the unattended stimulus5.

Inspired by biological system, previous efforts on hardware
implementation of selective attention1,6,10–14, are based on CMOS and
conventional transistors, whereas it takes up large footprint and high
computational cost. Meanwhile, the sensory unit is separated
from processing system, which leads to tremendous challenge to
synchronously handle signals. Currently, integration of neuromorphic
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functions such as visual recognition15–19 and light adaptation20–23 into a
compact optical sensing device have been presented, indicating that
bioinspired device with less complexity has a bright prospect in the
field of optoelectronics. Although these visual perception devices
successfully perform some neuromorphic functions, they typically
lack selective attention function of pivotal optical information, and the
hardware implementation of optoelectronic device with selective
attention is still a major challenge to facilitate the visual perception
system. High-efficient and intelligent hardware implementation of
selective visual attention can overcome the challenge of insufficient
computing power during parallel processing of all the sensorydata in a
limited processing capacity system, which demands large dynamic
range memory to interpret visual information24. P(VDF-TrFE) as a
promising ferroelectricmaterial with tunable remnant polarization can
increase the memory states in the memory cell, obtained by charge
accumulation and depletion by intermediate polarization states, so it
can be very optimized material for artificial visual perception systems
to process the sensory information.

In this study, a programmable ferroelectric bionic vision hardware
with selective attention is fabricated using quantum dots (QDs) and
ferroelectricmaterial. Benefitting from thepolarizationof ferroelectric
material, programmable photonic memory strength can be adjusted
by modulation of energy barrier. By scaling up the photonic synapses
to 5×5 arrays, theUV light information canbe recorded and suppressed
selectively by visual system with different polarization direction. The
device under positive polarization has wavelength-dependent photo
responsivity in the image processing, which allows high-precision
image classification compared with unpolarized ferroelectric sensory
network. This research proposed an effective way tomimic the human
visual system, and has profound implications for future neuromorphic
photoelectric electronics.

Results
The biological vision system as depicted in Fig. 1, which comprises
retina, sensory neuron and visual cortex25,26, converts the visual
information into electrical signals and processes the signals in the
cortex. Information extraction is a significant function in vision system,
which is determined by synapses. When external stimuli arrive at
retina, the membrane potential of sensory neuron occurs due to the
flux of Ca2+27–30. After that, neurotransmitters release from the

presynaptic membrane and either strengthen or weaken the synaptic
transition. The pivotal optical information in salient region has high
synaptic weight in the visual cortex, while the synaptic weight of
background information in non-salient region is low. Hence, the visual
cortex can selectively screen and record the information that the brain
concerns, and suppress the remaining information. To complete such
complex function, the ferroelectric bionic vision hardware (FeBVH) is
proposed to play the roles of both sensor and visual processing. The
FeBVH converts external light into electrical output signals, while the
pivotal and background optical information generate different pho-
toresponse by light stimulations, which have a variety of intensities
andwavelengths, so selective visual attention canbe realized in FeBVH
by constructing an array of ferroelectric transistors. The 3D schematic
diagram of ferroelectric transistor shows bottom-gate top-contact
structure. Particularly, PDVT-10 serves as the semiconductor layer,
which is exposed to the light stimuli to investigate the photonic
response characteristics of CdSe/ZnS quantum dots (QDs). Thus, the
conductance increased by photogenerated holes generated fromQDs,
and the decay behavior of conductance by recombination of holes is
similar to the Ca2+ dynamics in a synapse. In order to control the
synaptic behavior to achieve the multi-state, the polarization char-
acteristic of ferroelectric material is exploited in this device by using
P(VDF-TrFE) as the ferroelectric layer. Organic ferroelectric material
P(VDF-TrFE) has a higher degree of spontaneous polarization, excel-
lent polarization stability, faster polarization reversal time, smaller
leakage current and can be processed at low temperature, which is
compatible with semiconductor technology28,31–33. Supplementary
Fig. S1 shows the polarization and X-ray diffraction (XRD) image
of P(VDF-TrFE), which illustrate the formation of β-phase P(VDF-
TrFE). The ferroelectric materials’ coercive voltage (Vc) can be served
as the threshold voltage for the non-volatile memory and
optoelectronics24,34–36. Consequently, the functions of biological
synapses can be emulated in the device due to this similarity behavior
between photonic synapse device and biological synapse.

Figure 2a shows the process in the synaptic behaviors and the
chemical structure of P(VDF-TrFE) and PDVT-1031,37. The values of
energy levels are obtained from the literatures37–40. The QDs generate
holes and electrons by light stimulation, and these holes can easily
tunnel through lowenergy band between theQDs and semiconductor,
which leads to the increase of channel conductance. However,

Fig. 1 | Schematic illustration of biological visual perception system and
schematic configuration of individual artificial ferroelectric bionic vision
hardware. The biological vision system converts visual information into electrical
signals and processes the signals in the cortex. Information extraction is a

significant function in the vision system, which is determined by synapses. So the
ferroelectric bionic vision hardware (FeBVH) is proposed to play the roles of both
sensor and visual processing.
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electrons are hardly to trunnel through higher barrier between PDVT-
10 and CdSe. At this time, it is difficult for electrons to recombine with
holes, so the nonvolatile characteristic occurs. Supplementary Fig. S2
shows the morphological characterizations of films, indicating the
evenly distribution of QDs in the PDVT-10 film. When the stimuli are
removed, these photogenerated carriers recombine and the con-
ductance decays slowly. Figure 2b demonstrates this phenomenon,
and the excited postsynaptic current (EPSC) triggered by 365 nm
increases rapidly and can reach up to 13 nA, which is much higher than
the current triggered by 650nm. What’s more, EPSCs with variable
wavelengths of light perform the synaptic behaviors form short-term
plasticity (STP) to long-term plasticity (LTP). In order to quantitatively
the decay rate of the synaptic weight after applying light pulses with
different wavelengths, an exponential equation is used to fit the
current41,42

I = ðIP � IRÞ exp � t
τ

� �
+ IR ð1Þ

where IP and IR are the peak and retention current after the light pulse,
and τ is the decay constant. When applying a 365 nm light pulse, the
decay constant is determined to 29.9 s, which is much higher than the
case of 600nm (Supplementary Fig. S3). To further verify the illumina-
tion effect with different wavelengths, the surface potential of PDVT-10/
QDs layer is measured by using Kelvin probe force microscopy (KPFM),
as displayed in Fig. 2c. The surface potential remains almost consistent
under 650nm or 520nm illumination, while it has obvious increase
when the wavelength of light is 365nm, indicating that the UV illumi-
nation can enhance the generation of carriers significantly. Meanwhile,
according to the absorption intensity as presented in Fig. 2d, the dif-
ferent EPSC trends are primarily ascribed to the different absorption
intensities for different light wavelengths. It exhibits high absorption
intensity of QDs in the UV region. The double sweeping transfer curves
with three wavelengths show a positive drift as the wavelength decrea-
ses, which further verifies the synaptic dynamics of FeBVH under dif-
ferent wavelength conditions. The detailed sweeping transfer curves are

shown in Supplementary Fig. S4, almost no hysteresis is observed in the
double sweeping curves with gate voltage ranging from −10V to 10V,
showing that low gate voltage will not cause the polarization of the
ferroelectric layer. Conversely, as gate voltage exceeds coercive voltage
(Vc) in the ferroelectric material, the ferroelectric material occurs
polarization and the hysteresis is generated. Meanwhile, the double
sweeping curves of ferroelectric device without Al2O3 layer show a
counterclockwise hysteresis loop, which can be explained by the trap-
ping effect can be reduced by insertion of Al2O3 layer.

As presented in Fig. 3a, by varying the gate voltage, the device can
switch the polarization and the ferroelectric materials’ coercive field
can be exploited as photoelectric performance (volatile and non-
volatile) modulation under UV light. Here, as gate bias exceeds coer-
cive positive voltage, the device is positively polarizationandproduces
non-volatile photogenerated currents, while the device is negatively
polarization and produces volatile photogenerated currents. A series
of UV light pulses (1μW/cm2) with different durations are applied to
the device, which presents the current response with variable dura-
tions under positive (40 V polarization) and negative polarization
(−40V polarization), respectively. The memory factor (ηM) can reflect
the memory strength after light stimuli, which is defined as43

ηM =
IR � I0
IP � I0

× 100% ð2Þ

where I0 is the original current. After positive polarization, thememory
factor increases from 34.5% to 47.1%, which exhibits obvious LTP
behavior,while current exhibits STP behavior (ηM=9.1%) after negative
polarization. By varying the duration of the optical pulse, the EPSC of
FeBVH can be modulated from 2.5 nA to 6.5 nA. Moreover, EPSCs are
triggered by the same light pulse by programming different degrees of
polarized voltages. As shown in Fig. 3b, the 10 states of retention
currents in 50 cycles of measurement are measured by applying 10
different positive bias pulses (32 to 50 V) to gate electrode. As the
amplitude of positive bias increases, the polarization state of ferro-
electric layer changes gradually from initial state to positive state,

Fig. 2 | Selectiveattentionofwavelengths. aTheHoles generation process during
the synaptic behaviors and the chemical structure of P(VDF-TrFE) and PDVT-10.
b The excited postsynaptic current triggered by light pulses (1μW/cm2, 0.5 s) with
wavelengths of 365 nm, 520 nm and 650nm. c Surface potential of PDVT-10/QDs

composite film in the absence and presence of light illumination. d The absorption
spectrum of CdSe/ZnS QDs, PDVT−10 and PDVT-10/QDs composite film. e The
transfer curves of synaptic transistor illuminated by 365 nm, 520 nm and 650 nm
(VDS = −10 V, light intensity = 1μW/cm2).
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which results in the decrease of current with the increase of the
retention time. In contrast, the 10 states of retention currents in
negative polarization increase and the decay constant (Supplementary
Fig. S5) decreases with the increase of polarization intensity. The
retention currents in both positive and negative polarization maintain
well-defined states in the programming cycles (Supplementary Figs. S6
and S7). Systematic measurements of current gain by varying the
polarization intensity and duration of light pulses show that current
gain is positively related to polarization intensity and duration of light
pulses, as plotted in Fig. 3d. Themechanism of volatile and nonvolatile
behavior and is attributed to the transfer of holes in the energy band
illustrated in Fig. 3c, and the gradual change of multiple current states
of transistor can be explained by partial polarization switching in the
ferroelectric domains (Supplementary Fig. S8). The photogenerated
holes can inject into the high occupiedmolecular orbital (HOMO) level
of PDVT-10 spontaneously due to the energy level difference. Theholes
in the semiconductor layer are accumulated, leading to the increase of
channel conductance. Then the holes dissipate and return to QDs
gradually. As the positive voltage increases, the upward polarization
domain gradually occurs, thereby increasing the current level. When

the device is positive polarized, the photogenerated holes tunnel
through the energy band more easily, while the positive polarization
field impedes the recombination of photogenerated carriers, which
leads to LTP in the device. Conversely, if the polarization is negative,
the polarized electric field blocks themigration of the photogenerated
holes fromQDs to the semiconductor, and the holes in semiconductor
dissipate rapidly, thereby manifesting the short-term relaxation
characteristics, and polarization domains are aligned downward
gradually with the increase of negative voltage.

Moreover, the synaptic properties of the devices under multiple
optical pulses are tested. As a parameter quantifying the synaptic
weight, paired pulse facilitation (PPF) represents the synaptic event
stimulated by two consecutive presynaptic pulses44,45. It is a form of
important short-term synaptic plasticity in processing of the synaptic
signals, especially to decode the temporal information in the visual
signals, which can be defined as46

PPF=
A2

A1
× 100% ð3Þ

Fig. 3 | Selective attention under polarization. a The exciting postsynaptic cur-
rent triggered by variant pulse durations (100, 200, 300, 400, and 500ms) after
40V polarization and –40V polarization, where the ferroelectric materials’ coer-
cive field can be exploited as photoelectric performance under UV light. b The
retention current in the 10 states of EPSCs after positive polarization and negative
polarization, where the device is polarized 50 times. c The transferring process of

photogenerated carriers in the device after positive polarization and negative
polarization. The excited postsynaptic current triggered by 100ms light pulse in
dCurrent gain as functionofpulsewidth andpolarized voltage. e EPSC triggeredby
a pair of light pulses and the paired pulse facilitation index as the function of pulse
interval. f The current gain to 10 consecutive light pulses (1 µWcm−2, 100ms) with
and without the polarization.
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Where A2 and A1 are EPSC amplitudes of first pulse and second pulse,
respectively. Figure 3e shows PPF index as the function of pulse
interval (Δt) under positive and negative polarization, which indicates
that PPF decreases with the increase of Δt. And the enhanced PPF and
depressed PPF can be observed under positive and negative polariza-
tion, respectively. The variation of relaxation time of devices can also
be realized by applying multiple identical optical pulses in this device.
Additionally, Fig. 3f indicates that the EPSC responses to 10 con-
secutive light pulses (1 µWcm−2, 100ms) with and without the polar-
ization. And the current gains which are defined as the ratio between
thepeak amplitudes after thenth optical pulse stimulation (An) and the
initial current (A0) are summarized in Supplementary Fig. S9. It exhi-
bits linear enhancement and the current gain can reach up to 6.7,
which is much higher than the case of negative polarization. In sum-
mary, when the device is negatively polarized, it exhibits high initial
conductance, low current gain and short retention time. In contrast,
when the device is positively polarized, the initial conductance is
smaller, but the current gain and the retention time are larger. Con-
sequently, the synaptic weight and the response to the optical pulses
can be modulated by controlling the polarization direction of the
ferroelectric layer, so that the device can achieve different functions.

In human biological system, only objects that are paid attention
can be retained (“retention”) and most of visible unnoticed objects
fade over (“oblivion”) in the memory, which is depicted in Fig. 4a. To
testify the viabilitywith selective attention in thedevelopeddevice, the
artificial visual perception including 5×5 arrays is fabricated as shown
in Fig. 4b. The perception arrays are exposed to a UV signal of pattern
“E” as shown in the opticalmicroscopy image. In the perception arrays,
the drain bias is −10 V and polarized voltage is applied to gate elec-
trode. The EPSC of every pixel triggered by light pulses is measured
under positive and negative polarization, as plotted in Fig. 4c, d,
respectively. (Supplementary Figs. S10–12). By applying negative
polarization, the signal cannot be clearly discriminated after 40 s,
showing a lower contrast between the signal and background noise

compared to the imagewithout polarization. In contrast, the signal can
be clearly discriminated after positive polarization, and the signal is
easier to discriminate with the increase of polarized intensity. To
evaluate the contrast, the signal-to-noise ratio (SNR) can be addressed
for the perception arrays, which is defined as

SNR=20lg
S
N

� �
ð4Þ

where S and N are the currents of signal and noise. As shown in Fig. 4e,
f, the time-dependent SNRdecreases(SD error bar)with the increaseof
the time after light pulses. Compared to low SNR in the negative
polarization, the retentional SNR (40 s) of signals can respectively
reach 13.0dB after 50V positive polarization. These current decibel
levels exhibit obvious contrast difference of up to 13.12 dB under
positive and negative polarization. As a result, the perception arrays
can provide the viability with selective attention of pivotal optical
information in a complicated environment, which is determined by the
polarized direction.

With the selective attention effect of the device, the image
attention processing is implemented with the artificial visual percep-
tion arrays, which is illustrated in Fig. 5a. Under positive polarization,
the light modulation with different wavelengths determines the pho-
toresponse, and therefore the short-wavelength signals can be
extracted from a complicated environment. As a proof of concept, the
photocurrent of each pixel is measured by a single device one by one
to perform image attention processing, where light stimulation of per
pixel is considered as superposition of three monochrome light
(Supplementary Fig. S13). As shown in Fig. 5b, an image contains a blue
“butterfly” and a green “leaf”. It is worth noting that short-wavelength
signals obtain large response in our device. At the beginning, the
“butterfly” ismainly highlighted and the feature of “leaf” is suppressed.
After 5 s, the feature of“leaf” is completely absent and the “butterfly” is
extracted.

Fig. 4 | The artificial visual perception arrays to detect UV light information.
a The schematic diagram of the object recognized by the visual system with the
attention and without attention. b Optical microscopy image of the artificial visual
perception including 5 × 5 pixel arrays. c The encoded images (output current)

under negative polarization (−30, −40, −50V) and without polarization (0V).
d The encoded images under positive polarization (30, 40, 50 V). The time-
dependent signal to noise ratio of the perception arrays exposed under e negative
polarization and f positive polarization.
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Not limited to extraction of pivotal optical information, the image
attention processing can be used to sensory network to classify spe-
cific images and achieve higher accuracy. The training image dataset is
presented in Fig. 5d, which includes 5 different patterns of letters (“H”,
“I”, “J”, “K”, “L”). The training images consist of variant wavelengths of
signals (365 nm, 420 nm, 520 nm, 570 nm, 600nm and 650nm) where
the short-wavelength signals (365 nm and 420nm) serve as pivotal
information. After positive polarization, the distribution of con-
ductance in our device under different wavelengths demonstrates that
the conductance under blue andUV light obtain remarkable difference
than other lights. For the classification to these letters, as depicted in
Fig. 5e, a simple neural network is built bymultiply-accumulate circuits
(MAC)47,48, where structure of circuit is shown in Supplementary Fig.
S14, since the drain current is linear in the measured range (−20V to
20V) of drain voltage under the light illumination (Supplementary
Fig. S15). Every device serves as the input neuron, and the drain vol-
tages are considered as the weights of neural network. According to
Kirchhoff’s and Ohm’s laws, the output current can be described as

Iout =
X3

m= 1,n= 1

VmnGmn +V0=R ð5Þ

where Vmn and Gmn are drain voltage and conductance in n column
of m row, and V0/R is the bias current to accelerate the fitting of
neural network. In the training epoch, the input pattern is encoded
to conductance and incorporated into the neural network to

update the drain voltage, where the flow charts of training and
testing process are demonstrated in Supplementary Fig. S16. The
training process aims to train appropriate weight values to
decrease the loss function (Supplementary Fig. S17). In the simu-
lation, as shown in Fig. 5h, our device can reach 95.7% accuracy
with the increase of training epoch, where the training result is
provided in Supplementary Table S1. Compared with the accuracy
(69.7%) of classification without selective attention summarized in
Supplementary Fig. S18, the accuracy can be greatly improved.
Figure 5g demonstrates the distribution of output current when
different patterns are incorporated into the neural network, so the
small overlap of distribution shows that the pattern can be
determined precisely according to the output current. Due to the
integration of sensory and computing function, hardware over-
head of the neural network is lower than other works49–56. (Sup-
plementary Fig. S19).

Finally, the superiorities of FeBVH includes: (i) Tunable photo-
response. The ferroelectric layer endows the device with program-
mable nonvolatile synaptic states, which enables hardware
implementation of optoelectronic device with selective attention. (ii)
Less hardware overhead. Both signed weight representation and light
detection are enabled in a single device, so in-sensor neuromorphic
function can be implemented in the ferroelectric sensory network,
reducing the hardware overhead in the neural network. (iii) High
accuracy. The FeBVH-based sensory network with selective attention
can obtain a high-precision of 95.7% accuracy in the classification of

Fig. 5 | Image attention processing and pattern classification. a Schematic
illustration of the structure of image processing array. b Processing images with
short wavelengths and long wavelengths. c The realization of image attention
processing with the increased of decay time.d The detected patterns of “H”, “I”, “J”,
“K”, “L” letters with different wavelengths and encoding conductance of pattern

with variant wavelengths. e Schematic diagram device array to realize the
multiplication-accumulation operation. f Accuracy of multiplication-accumulation
circuits with the increase of training epoch. g The distribution of the output
accumulated current in the 5 input patterns.

Article https://doi.org/10.1038/s41467-022-34565-2

Nature Communications |         (2022) 13:7019 6



letters, which ismuchhigher than that of thenetworkwithout selective
attention (69.7%).

Discussion
In Summary, we propose ferroelectric-based programmable bionic
vision hardware to mimic the biological visual information processing
in a single device. The ferroelectric layer endows the device tunable,
nonvolatile and programmable synaptic states so that external visual
information can be selectively recorded. As a result, the artificial visual
perception arrays fabricated by the devices achieve the viability with
selective attention of UV optical information determined by different
polarization direction. The linear drain current and high wavelength
dependence of the device enable the implement of the neural network
for image recognition and classification, and the accuracy can increase
greatly from 69.7% to 95.7% with selective attention. This work
expands the neuromorphic functions of artificial visual perception
system and offers a promising potential for future application in
neuromorphic devices.

Method
Device fabrication
Copolymer poly(vinylidene fluoride-trifluoroethylene), P(VDF-TrFE)
(70:30) purchased from Wuhan methyl technology co. LTD is dis-
solved in dimethyformamide(DMF) at a mass fraction of 6.15wt.%. The
P(VDF-TrFE) film is deposited on cleaned Si substrate with a 100nm
oxidation layer at a spin coating speed of 2000 rpm for 60 s, and the
film is annealed in the glove box at 80 °C for 0.5 h before annealing at
120 °C for 2 h. Then, Al2O3 layer with 10 nm is deposited by atomic
layer deposition (ALD) to improve the roughness of interface. The
semiconductor layer poly [2, 5-bis (alkyl) pyrrolo-[3, 4-c]pyrrole-1, 4
(2H, 5H)-dione-alt-5, 50-di (thiophen-2-yl)−2, 20-(E)−2- (2- (thiophen-2-
yl)vinyl)thiophene] (PDVT-10, Mw= 183 kDa) and CdSe/ZnS quantum
dots (QDs) are purchased from1-Material andWuhan JiayuanQuantum
Dots Co., Ltd., respectively, and both aremixed at a weight ratio of 5:2,
and the PDVT-10/QDs mixed solution is stirred for at least 12 h to
ensure uniform dispersion. After that, the mixed solution is deposited
on the Al2O3 by spin coating at 1000 rpm for 60 s. Finally, 50-nm Au
electrode is deposited on the semiconductor layer by evaporation
through a shadow mask.

Equipment and characterization
All electrical properties of the device are measured by using a semi-
conductor parameter analyzer (Keithley B2912A) in an ambient
atmosphere. The surface potential of film is examined by Kelvin probe
force microscopy (KPFM, Bruke MultiMode 8) and UV–Vis absorption
spectra of the film is measured by ultraviolet-visible near infrared
spectrophotometer (Shimadzu UV-3600 Plus). The monochromatic
light is generated by wavelength-adjustable xenon lamp source (Beij-
ing NBET Technology Co., Ltd., Omno302) and the duration of light
pulse is adjusted by a shutter. In the current measurements of visual
perception arrays, the UV light generated by lamp source is trans-
mitted through the optical fiber, and the convex lens converts the light
to the parallel light. The device is illuminated though a hollowedmask
with a “E” image. The polarization density of PVDF-TrFE thin film is
measured using a pulsemeasurement unit (4225-PMU, KEITHLEY). The
information extraction of image is simulated by Matlab software
(Supplementary Fig. S12).

Data availability
The data that support the findings of this study are available from the
corresponding author upon request.

Code availability
The codes used for the simulations are available in [https://github.
com/RengjianYu/NCOMMS-NCMS-22-29688].
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