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In this work, the proportions of Cs,AgSbBrg nanoparticles (NPs) mixed in a PMMA film are adjusted to the
digital and analog types of resistive switching (RS) behaviors in Ag/PMMA&Cs,AgSbBrg-NPs/ITO memris-
tor devices. It is confirmed that when the concentration of NPs doped in the PMMA film is about 5 wt?%,
the memristor devices demonstrate bipolar digital RS behaviors with excellent electrical characteristics
such as low operating voltage, high ON/OFF ratio (>500), good endurance (>800 cycles), and stable
retention ability (>10* s). However, the devices showed a transition to analog-type memristive behavior
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when the concentration of NPs doped in the PMMA film is around 10 wt%, and several artificial synapse
behaviors are successfully simulated. The device model simulation is also used to explore the effect of the
NPs on the local electric field and growing filaments. Our work provides an opportunity to explore next-
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Introduction

Typically, memristors based on the resistive switching (RS)
effect are divided into digital and analog types." Digital
memristors exhibit an abrupt change in resistance switching
when writing or erasing data, and are regarded as the most
promising candidate for next-generation non-volatile memory
devices owing to their advantages of simple structure, fast
switching speed, and low power consumption.*® Analog-type
memristors with a gradual resistance change have attracted
extensive attention in the fields of artificial synapse devices,
brain-like neuromorphic computing chips, and analog non-
volatile memories.”

Analog-type memristors not only can realize non-volatile
information storage but also can simulate the synaptic behav-
ior.® Therefore, it is important for the memristor devices to
achieve the conversion from digital-type to analog-type in a
simple way.’ Several attempts have been made to obtain the
conversion. Li et al. reported that the digital-to-analog conver-
sion in TaO,-based devices was achieved by changing the top
electrode materials.'® Saleem et al. reported on the addition of
a TiW barrier layer between the top electrode and the switching
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generation artificial synapse devices based on lead-free halide perovskites.

layer to obtain the digital-to-analog conversion.'" However, such
approaches require changes in device structure and materials,
which have increased the complexity of device fabrication.

Poly(methyl methacrylate) (PMMA) is a dielectric polymer
with low cost, high transparency, and easy processing, which
has received widespread attention in electronic devices.'?
Several efforts have been attempted to explore effective
methods to obtain improved RS performance due to the modi-
fied local electric field by doping nanoparticles (NPs) into the
dielectric layer."**® Very recently, the all-inorganic lead halide
perovskites have been widely adopted in memristor devices
owing to its easy fabrication, high carrier mobility, and long
carrier diffusion length."” Nevertheless, the toxicity of the Pb
element to humans and the environment has restricted its
further development. One of the most effective ways is to
replace the Pb element with the combined monovalent cations
(Ag*, Cu™) and trivalent cations (Bi**, Sb**) in a double perovs-
kite structure.'® However, there is still a lack of reports on the
modulation of the RS performance by lead-free perovskite NPs.
Therefore, a feasible way to improve the RS properties is by
embedding lead-free perovskite NPs in the PMMA layers, and
it should be intensively investigated as a further step.

Herein, an adjustable digital-to-analog conversion method
in memristors is proposed by embedding Cs,AgSbBrs-NPs
in the PMMA layer. The RS performances of the Ag/
PMMAG&Cs,AgSbBrg-NPs/indium-tin-oxide  (ITO) memristor
devices with different concentrations of Cs,AgSbBrs-NPs were
thoroughly investigated, and it was demonstrated that the
Cs,AgSbBrs-NPs play a crucial role in the RS behavior. It is con-
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firmed that when the concentration of NPs doped in the
PMMA film is about 5 wt%, the memristor devices demon-
strated bipolar digital RS behaviors with excellent electrical
characteristics such as low operating voltage, high ON/OFF
ratio (>500), good endurance (>800 cycles), stable retention
ability (>10* s), and more uniform switching voltages.
Whereas, when the concentration of the NPs doped in the
PMMA film is around 10 wt%, the memristors switch to con-
tinuously adjustable resistance states and several artificial
synapse behaviors are successfully simulated. More impor-
tantly, the effect of NPs is explored through the device model
simulation, which suggests that the improved RS performance
and the adjustable digital-to-analog conversion behavior are
attributed to the local electric field and growing filaments
affected by the added NPs. Our study will pave a new way for
designing and fabricating the next-generation artificial
synapse devices based on lead-free halide perovskites.

Results and discussion

The X-ray diffraction (XRD) peaks of the as-synthesized
Cs,AgSbBre-NPs powders drop cast on a glass slide are
observed at 15.6°, 22.2°, 27.3°, 31.7°, 39.2°, 45.7°, and 56.2°,
which correspond to the (002), (022), (222), (004), (224), (044)
and (444) crystal planes, respectively, confirming the cubic
structure of the Cs,AgSbBr, crystal in Fig. 1a.'” As shown in
Fig. 1b, the transmission electron microscopy (TEM) images
reveal the morphology of the Cs,AgSbBrs-NPs with diameters
ranging from 5-10 nm, displaying a relatively uniform dis-
persed distribution. Clearly visible lattice fringes of the
Cs,AgSbBrs-NPs measured by high-resolution TEM (HRTEM)
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images exhibit the inter-planar distances of about 0.165 nm
and 0.206 nm, corresponding to the (444) and (044) planes of
the Cs,AgSbBry crystal, respectively. Fig. Slaf presents the
absorption spectra of Cs,AgSbBrs-NPs, where a sharp peak at
460 nm is visible. Fig. S1b} shows the transmission spectra of
the PMMA film embedded with Cs,AgSbBre-NPs. The material
displays high transparency to visible light, indicating a
good advantage in transparent device applications. The
PMMA&Cs,AgSbBrs-NPs films prepared by the spin-coating
method show dense and uniform features, as obtained by the
top-view scanning electron microscope (SEM) image (Fig. 1c).
The cross-sectional SEM image of the fabricated devices
demonstrates that the thickness of the PMMA&Cs,AgSbBrs-
NPs layer is about 110 nm, whereas the thicknesses of the top
Ag and bottom ITO electrodes are around 125 nm and 230 nm,
respectively (Fig. 1d). The corresponding schematic diagram of
the sandwich-like device structure is illustrated in Fig. 1e.

To investigate the interaction of the different Cs,AgSbBr,-
NPs concentrations on the electrical characteristics of the
memristors, the direct current (DC) voltage sweeps were con-
ducted for the memristor devices with NPs concentrations of
0%, 1%, 3%, 5%, and 10%, as shown in Fig. 2a-e. The applied
voltage bias is connected to the Ag top electrode through a
tungsten probe, and the ITO electrode is grounded. The
voltage sweep is loopedas0 =2V -0V —- -4V ->0V,and a
compliance current of 1 mA is added to the positive cycle to
prevent irreversible breakdown. The switching from the high
resistance state (HRS) to the low resistance state (LRS) occurs
during the positive sweep (set process), while the memristors
turn back from the LRS to the HRS under the negative sweep
(reset process). During the DC scan, the point at which the
current value starts to rise is recognized as the set voltage

0.165 nm_(444)

Fig. 1 (a) The XRD patterns of the Cs,AgSbBrg(CASB)-NPs powders. * indicates the peak of incompletely dissolved AgBr. (b) The TEM image of
Cs,AgSbBrg-NPs and the HRTEM images of typical nanoparticles with clearly visible lattice fringes. (c) The top-view SEM image of the
PMMA&Cs,AgSbBre-NPs thin film. (d) The cross-sectional SEM image and (e) the corresponding schematic diagram of the Ag/PMMA&Cs,AgSbBrg-

NPs/ITO memristor device.
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Fig. 2 The I-V curves of the Ag/PMMA&Cs,AgSbBrg-NPs/ITO memristors for the embedded Cs,AgSbBre-NPs in PMMA layer are (a) 0%, (b) 1%, (c)
3%, (d) 5% and (e) 10%, respectively. The voltage calculated for HRS and LRS is 0.1 V. (f) The variations of the set and reset voltages of the five

memristors.

(Viset), while the point where the current value starts to drop is
recognized as the reset voltage (Vieset)- From the I-V curves, it
can be seen that the 0%-5% NPs devices present an abrupt
current change of the digital-type. Nevertheless, the change in
current gradually becomes slower and exhibits an analog-type
in the set process when 10% NPs are added to the device. The
five memristors are statistically shown in Fig. 2f with 50
random I-V curves per group for the set and reset voltages.
The mean value of the set/reset voltage for the 0%, 1%, 3%,
5% and 10% Cs,AgSbBrs-NPs memristors are 1.06 V/—0.81 V,
0.77 V/-0.49 V, 0.68 V/-0.58 V, 0.67 V/-0.42 V and
0.68 V/—0.66 V, respectively, indicating that the RS properties
are gradually improved with the increasing NPs concentration
from 0% to 5%. As the concentration rises to 10%, the reset
voltage of the device significantly increases. Among the
results, the 5% NPs memristor devices showed the lowest and
most uniform programming voltage, exhibiting the potential
of high-performance digital RS memory.

The statistical analysis was performed to evaluate the
reliability of the device by analyzing the switching voltage and
HRS/LRS values. The cycle-to-cycle (C-to-C) and device-to-
device (D-to-D) variations of the 5% Cs,AgSbBr-NPs devices
were firstly investigated, and are shown in Fig. 3a and b. The
set/reset voltages and the ON/OFF ratio for the 5% Cs,AgSbBrg-
NPs devices were retained with almost no fluctuations in the
C-to-C and D-to-D variations. The mean reset/set voltage values
of the C-to-C and D-to-D devices are —0.47 V/0.71 V and —0.46
V/0.68 V, respectively, which are quite low. The insets of Fig. 3a
and b are the histograms of the C-to-C and D-to-D devices,
with the mean HRS/LRS values of 5.22 MQ/582.8 Q and 3.43

7346 | Nanoscale, 2023,15, 7344-7351

MQ/305.8 €, respectively. Subsequently, the data retention
ability of the Ag/PMMA&Cs,AgSbBrs-NPs (5%)/ITO device was
evaluated, as shown in Fig. S2.f The ON/OFF ratio of the
device is large enough to exceed 500, and remained over 10 s.

In addition, the same statistical analysis is applied to 10%
Cs,AgSbBr-NPs devices, as shown in Fig. 3c and d. The mean
reset/set voltage values of C-to-C and D-to-D are —0.82 V/0.69 V
and —0.73 V/0.69 V, and the mean HRS/LRS values are 2.74
MQ/1056.6 Q and 2.01 M€Q/968.5 Q. It is obvious that the HRS
and reset voltage are larger than that of the 5% Cs,AgSbBre-
NPs devices. This may be attributed to the insufficient discon-
nection of the conductive path in the HRS region, resulting in
increased resistance and switching voltage.

A typical metal-semiconductor-metal sandwich structure is
usually proposed to simulate the operation process of artificial
synapses."® One of the electrodes acts as the pre-synaptic
neuron. When the voltage pulse is applied to the pre-synaptic
neuron, the CFs are formed in the active layer, which is pre-
pared for charge carrier transport and allows the neuro-
transmitter transmission into the synaptic gap (Fig. 4a).
Another electrode serves the role of the post-synaptic neuron
that receives neurotransmitters across the synaptic gap. To
demonstrate the artificial synaptic behavior of the prepared
memristors, the consecutive dual sweeps of voltage (0 V —
02 V>0V > —-1.0 V> 0 V) are applied to the Ag/
PMMA&Cs,AgSbBrg-NPs (10%)/ITO device. It was observed that
the device resistance gradually decreased (increased) with con-
secutive positive (negative) sweeping voltage changes, rather
than suddenly changes (Fig. 4b). The results indicate that the
PMMA&Cs,AgSbBrg-NPs(10%) memristors display continu-

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Cumulative probability distributions of V,eset/Vset for (@) C-to-C variation and (b) D-to-D variation of the Ag/PMMA&Cs,AgSbBrg-NPs (5%)/

ITO device. Cumulative probability distributions of V,eset/Vset for the (c) C-

to-C variation and (d) D-to-D variation of the Ag/PMMA&Cs,AgSbBre-NPs

(10%)/ITO device. The insets are the histograms of HRS/LRS of the devices.

ously adjustable resistance in the DC mode, which manifests a
potential to emulate biological synapses.

To further demonstrate the continuously adjustable con-
ductance under AC pulses, the resistance variations of the
memristors under 20 positive pulses (2 V, 100 ps) and 20 nega-
tive pulses (=2 V, 100 ps) are shown in Fig. 4c. Similar to the
results under DC sweep, the resistance of the memristor
increases or decreases with the increasing number of positive or
negative pulses, respectively. It implies that the conductance of
the memristors can be adjusted by the input pulse voltage,
which can be employed to simulate the biological synapse be-
havior to perceive and memorize the excitation and inhibition.
To further evaluate the synaptic behavior of the memristors, the
experimental setup shown in Fig. S37 is used to accomplish the
pulse measurement. When a single pre-synaptic spike (2 V,
200 ps) is applied to the memristor (0.1 V reading voltage to
detect the device state), the device current rises sharply after the
pulse stimulation and decays gradually to zero as time passes
after the voltage is withdrawn (Fig. 4d). This phenomenon is
consistent with the excitatory post-synaptic current (EPSC) be-
havior of biological synapses. When two pre-synaptic spikes are
applied continuously, the second EPSC value (4,) is higher than
the first value (4;), which refers to the paired pulse facilitation
(PPF). The PPF index is calculated from the following equation:

PPF index = (4, — A;)/A; x 100%. (1)

The interval time between the two applied consecutive
pulses will determine the magnitude of the synaptic facili-

This journal is © The Royal Society of Chemistry 2023

tation index. As shown in Fig. 4e, the PPF index decreased
from 25.7% to 5.3% when AT of the paired pulse increased
from 10 ps to 400 ps. The data can be well matched to the
double exponential decay function as follows:*°

Y =Y0 + C1 exp(—AT/71) + C, exp(—AT/z,) (2)

where y, is the resting facilitation magnitude, C; and C, are
facilitation constants, and 7, = 1.3 ps and z; = 40.3 ps are the
characteristic relaxation times. It suggests that the previous
stimulus also influences the next stimulus even if the first
ends, as is in accordance with the learning process in the
human brain. The dependence of the measured current on the
amplitude, the interval, and the width is also investigated and
shown in Fig. 4f-h, respectively. It was observed that the stron-
ger stimulation pulse amplitudes lead to a larger change in
the current, the larger pulse interval causes a decrease in
current, and a longer pulse width results in significant vari-
ations in device current. The above results of sequenced pulse
demonstrated that continuous pulse stimulation will gradually
saturate the device current. Such characteristics suggest that
the learning effect of synapses is most pronounced in the early
period, and it gradually slows down in the later period.

It is well known that filamentary conduction mechanisms
are widely used to explain the resistance change in RS devices,
which are classified into two types, including the electro-
chemical metallization mechanism (ECM) originating from
active electrodes and valence change mechanism (VCM)
originating from the intrinsic defects of the switching

Nanoscale, 2023,15, 7344-7351 | 7347
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Fig. 4 (a) Schematic illustration of the biological neurons and synapses using the Ag/PMMA&Cs,AgSbBrs-NPs (10%)/ITO memristor device. (b) The
|-V curves under 8 positive and 8 negative dual voltage sweeps. (c) The current change of the memristor devices under the influence of the positive
and negative pulses. (d) The EPSC triggered by a single pre-synaptic spike (2 V, 200 ps) in the Cs,AgSbBrg-NPs based memristor device. (e) Variation
of the PPF index with different interval time (AT) of two consecutive voltage pulses; the inset shows the EPSC triggered by a pair of pre-synaptic
spikes (2 V, 200 ps). The dependence between the conducting current and pulse (f) amplitude, (g) interval, and (h) width.

materials.”"*> The repeated ON/OFF operation in the RS
devices based on Ag electrodes is usually considered as the
rupture and growth of Ag metal CFs, which are formed by the
stacking of Ag' cations in the switching layer. To verify this,
devices with different electrode sizes were examined for resis-
tance fluctuations, as shown in Fig. S4a,t since the filamentary
conduction would not vary with the device interface area.****
Due to little variation in the device resistance, the
PMMA&Cs,AgSbBr-NPs based devices are considered to have
a filamentary conduction mechanism. Next, the electrical pro-
perties of the Au electrode devices were tested under the same
conditions to investigate the dominant type of switching
modes (Fig. S4bt). It was shown that the RS behavior of the
Ag/PMMA&Cs,AgSbBr-NPs/ITO devices mainly accounted for
the ECM mode with Ag-CFs since no obvious RS phenomenon
was observed in the Au/PMMA&Cs,AgSbBrs-NPs/ITO devices.**>
To further investigate the carrier transport mechanism of
the fabricated memristors, the I-V curve is replotted on a

7348 | Nanoscale, 2023,15, 7344-7351

double logarithmic scale, as shown in Fig. S4c and d.f In the
HRS region under positive bias, the conduction mechanism is
firstly followed by ohmic behavior (I « V), where the number of
the thermally excited carriers is more than the number of
injected carriers and the traps are partially filled. As the
voltage grows, the injected carriers rapidly increase and
occupy the traps, indicating a space-charge-limited conduction
(SCLC) mechanism (I o« V", n > 2). Once the traps have been
fully filled, the carriers move easily through the dielectric
layer, resulting in a sudden rise of current. With the formation
of Ag-CFs across the switching layer, the resistance is switched
to LRS and the mechanism obeys the ohmic conduction.
When the electric field polarity is converted, the carriers come
out of the trap centers, causing the resistance to switch from
LRS to HRS, and the mechanism switches from SCLC to ohmic
behavior.*®

To find out how the Cs,AgSbBr-NPs affects the device per-
formance, a two-dimensional finite analysis using COMSOL

This journal is © The Royal Society of Chemistry 2023
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Multiphysics was used to analyze the electric fields of the
memristor devices with and without Cs,AgSbBrs-NPs in the
active layer. The simulation was performed with a transient
process of 1 ns (Fig. S57). It should be noted that the CFs are
considered to be formed predominantly by the stacking of Ag
atoms; thus, the material parameters of silver are adopted. As
shown in Fig. 5a and b, the memristor devices in the HRS are
introduced to explain the mechanism of CF growth during the
set process. It can be clearly observed that the local electric
field is quite weak in the model without NPs addition.
Meanwhile, in the NPs-doped model, the local electric field
is significantly enhanced especially near the CF rupture.
Moreover, the CF tip is linked along the NPs, leading to the
enhanced electric field channels up to the bottom electrodes.
The Cs,AgSbBrs-NPs act as trap centers for charge trapping or
release in the PMMA thin films.>” When the positive voltage is
applied, the probability of the injected carriers getting trapped
increases, which implies that more Ag" cations are reduced to
Ag atoms by combination with electrons due to the addition of
the NPs. The schematic diagram of the generation and break-
age of the conductive filament in a digital memristor is shown
in Fig. S6.1 The oxygen vacancies in the PMMA dielectric layer
have a modulation effect and provide enough space for Ag-CFs
formation, allowing the filaments to grow uniformly along the
position of the Cs,AgSbBrs-NPs.*®

On the one hand, the enhanced electric field is relatively
fixed in the location of Ag CFs growth, which reduces the ran-
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Fig. 5 Simulated internal electric field in the memristor devices with
different functional layers: (a) the PMMA layer without Cs,AgSbBrg-NPs
and (b) the Cs,AgSbBre-NPs homogeneously distributed in the PMMA
layer. The local magnification of the electric field distributions is indi-
cated. Schematic diagram of the RS behavior of (c) digital-type and (d)
analog-type memristors.
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domness of CFs formation and rupture.'” Therefore, the
addition of NPs significantly boosts the nucleation probability
of Ag atoms in the switching layer, especially near the filament
tips, promoting the growth of more CFs, which allows the
device from being prematurely failed due to the insufficient
number of growing CFs. It is inferred that this accounts for the
improved RS performance of digital memristors (Fig. 5c¢). On
the other hand, with the number of NPs continuing to grow,
more CFs emerge along the location of the NPs. It is thought
that the multiple weak CFs cause the conductance of the
device to change continuously and slowly, making the memris-
tors achieve digital-type to analog-type adjustable behavior
(Fig. 5d).>° Table S1} compares the RS properties of several
lead-free halide perovskite memristors. It can be observed that
the prepared Cs,AgSbBrs-NPs memristors not only have lower
operating voltage and cycling endurance, but most impor-
tantly, can modulate the local electric field in the switching
layer and realize the transition from digital to analog type.

Conclusions

In conclusion, we have investigated the RS performance of
the Ag/PMMA&Cs,AgSbBrs-NPs/ITO memristor devices with
different concentrations of Cs,AgSbBre-NPs. When the NPs
doped in the PMMA film reach a concentration of about
5 wt%, the memristor devices demonstrated bipolar digital RS
behaviors with excellent electrical characteristics such as low
operating voltage, high ON/OFF ratio (>500), good endurance
(>800 cycles), stable retention ability (>10* s), and more
uniform switching voltages. Whereas, when the concentration
of the NPs doped in the PMMA film is around 10 wt%, the
memristors switch to continuously adjustable resistance states
and several artificial synapse behaviors are successfully simu-
lated. Moreover, the effect of NPs is explored through model-
ing the devices by simulation. It is suggested that the improved
RS performance and the adjustable digital-to-analog conver-
sion behavior are attributed to the local electric field and
growing filaments affected by added NPs. Our study provides
an approach to designing and fabricating the next-generation
artificial synapse devices based on lead-free halide perovskites.

Experimental

Materials

Cesium bromide (CsBr, 99.5%), silver bromide (AgBr, 99.9%),
antimony bromide (SbBr;, 99%), oleylamine (OLAM, 80%-
90%), isopropanol (IPA, analytical reagent), chlorobenzene
(99.5%), oil acid (OA, 99%), and dimethyl sulfoxide (DMSO,
analytical reagent) were purchased from Macklin Company.
Poly(methyl methacrylate) (PMMA, analytical reagent) was pur-
chased from Shanghai Aichun Biological Technology Co., Ltd.
All reagents and solvents were used as received without any
further purification.
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Synthesis of Cs,AgSbBrs powders

Firstly, CsBr (0.213 g, 1.0 mmol), AgBr (0.094 g, 0.5 mmol),
and SbBr; (0.181 g, 0.5 mmol) were dissolved in 5 mL DMSO,
1 mL OA, and 0.15 mL OLAM in a water bath at 60 °C and
stirred for 1 h. When the solution cooled to room temperature,
1 mL precursor solution was added into 10 mL isopropanol in
a dropwise way and vigorous stirred for 1 min, forming a crude
Cs,AgSbBre-NPs solution. Subsequently, the crude solution
was centrifuged at 9000 rpm for 5 min and the supernatant
was discarded to obtain pure Cs,AgSbBrs-NPs. The solid
powders were obtained by vacuum drying at 60 °C for 6 hours.

Fabrication of PMMA&Cs,AgSbBrs-NPs based memristor

The patterned indium-tin-oxide (ITO) substrates (5 Q sq ')
were ultrasonically cleaned in deionized water, acetone and
ethanol for 20 min sequentially, and then treated with UV-
zone for 5 min. In order to construct Ag/PMMA&Cs,AgSbBrg-
NPs/ITO memristors with different mass fractions, the 90 mg
PMMA powders were mixed with 0.91 mg, 2.78 mg, 4.74 mg,
and 10 mg Cs,AgSbBr, powders, respectively. After that, the
mixed powders were dissolved in 6 mL of chlorobenzene and
sonicated for 20 min to make a homogeneous solution. The
solution was spin-coated on the ITO surface at 4000 rpm for 60
s, and annealed at 120 °C for 5 min. The above process was
repeated for three times. Subsequently, the assembled
PMMA&Cs,AgSbBre-NPs films were formed after the final
annealing at 120 °C for 20 min. Finally, the circular metal elec-
trodes were deposited on the composite films using a shadow
mask under vacuum evaporation to accomplish the
fabrication.

Characterizations

The X-ray diffraction (XRD) patterns were recorded at a scan
speed of 2° min™" by an X-ray diffractometer (Bruker AXS D8
Advance) with Cu Ka radiation. The transmission electron
microscope (TEM) was investigated on JEOL JEM-F200. The
top-view surface images and cross-sectional images were
measured by a field-emission scanning electron microscope
(Zeiss Sigma 300). A Shimadzu Spectrophotometer (UV-2600)
was used to measure the absorption spectra of the Cs,AgSbBr,-
NPs powders and transmission of the PMMA&Cs,AgSbBr-NPs
film. The electrical properties were measured at room tempera-
ture under air atmosphere by a semiconductor analyzer
(Keysight B1505A).
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