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Three kinds of Cs;Sb,X, (X=I, Br, Cl) perovskite films have been prepared to fabricate the resistive memory devices with the
structure of Al/Cs;Sb,X, (X=I, Br, Cl)/indium tin oxide (ITO) glass. All devices exhibited a bipolar resistive switching behavior
at room temperature by applying scanning voltage of 0 — 1 — 0— —1.8 — 0 V. The switching voltages in the Al/Cs;Sb,X, (X=I,
Br, CI)/ITO devices gradually decreased with the X from I, Br to CI due to the different migration rates of halide vacancy in
perovskite films, which is confirmed by the first-principles calculations of activation energy. The ON/OFF ratio under the
reading voltage of 0.1 V significantly increased up to 100 in the Al/Cs;Sb,Cly/ITO device, which is nearly 10 and 3 times larger
than that of the Al/Cs;Sb,1,/ITO device and the Al/Cs;Sb,Bry/ITO device, respectively. The endurance cycles and retention time
of current devices were evaluated, showing the excellent electrical stability. Importantly, the three kinds of Al/Cs;Sb,X, (X=I,
Br, CI)/ITO device can successfully simulate the short-term plasticity of biological synapse. The Al/Cs;Sb,Cly/ITO device
showed the highest paired-pulsed facilitation index compared with that of other two devices, which was explored for the long-
term plasticity and learning experience processes of synapse. In addition, the Al/Cs;Sb,Cly/ITO device established associative
learning behavior by simulating the Pavlov’s dog experiment.
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1 Introduction

Resistive random-access memory (RRAM) has attracted
increasing attention for future non-volatile memory appli-
cations. The core structure of RRAM is a resistive memory
device, which is a multilayer device composed of two elec-
trodes separated by a switching spacer layer [1-4]. More-
over, RRAM can be used as artificial synapse devices by
modulating the conductance states of resistive memory de-
vices to simulate biological synaptic behaviors [5—7]. The
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memory function of RRAM devices is dependent on the
formation and rupture of the conductive filaments formed
inside the switching layers by applying external electric
fields. Therefore, the switching layers play a vital role to
determine the performance of RRAM [8-10]. Traditionally,
several kinds of materials have been used as the switching
layer for memristor, including oxides, chalcogenides, and
polymers [11,12]. In the recent years, perovskites have at-
tracted more attention because of the advantages of long
carrier diffusion length, tunable bandgap, large and bipolar
carrier mobility [9,13]. The lead halide perovskites have
been extensively utilized as the switching layers in RRAM,
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demonstrating the hysteretic current-voltage responses and
artificial synaptic performance [11,14—17]. However, con-
sidering the inevitable toxicity of lead element, lead-free
antimony halide perovskites is highly desirous. Among
them, Cs;Sb,X, (X=I, Br, Cl) has drawn special interest
because Sb>” with ns” lone pairs of electrons is isoelectronic
with Pb*", and thereby exhibiting an air stability through the
screen-charged defects [18—20]. These characteristics of
Cs;3Sb, Xy (X=I, Br, Cl) should be beneficial to the devel-
opment of efficient and environmentally friendly memory
devices.

The perovskites of Cs;Sb,Xy (X=I, Br, Cl) with different
sizes and morphologies have been studied in the past few
years. The colloidal quantum dots or solid powders of
Cs;Sb, X, (X=1, Br, Cl), such as Cs;Sb,Br, nanocrystals and
nanoflakes, Cs;Sb,Cly nanorods and nanowires, have been
synthesized, which are promising for photocatalytic appli-
cations [18,21-25]. Meanwhile, Pradhan et al. [26] studied
the structural phase transition and band gap engineering in
Cs3Sb,Cl by replacing Sb with Bi element. The heterovalent
Mn-doped Cs;Sb,Cly crystals were studied both experi-
mentally and theoretically by Wang and co-authors [27]. In
comparison, a two-step deposition approach was firstly
proposed to grow Cs;Sb,l, film based on thermal evapora-
tion techniques, which was used for photovoltaic cells [28].
Correa-Baena et al. [29] fabricated the Cs;Sb,l, film with a
dimer phase for solar cells. The layered Cs;Sb,l, perovskite
film grown by a HCl-assisted solution method could pro-
nouncedly reduce the layer phase reaction temperature from
300°C to 160°C in contrast to traditional vapor solid reaction
method [30]. Singh et al. [31] developed a layer polymorph
of Cs;Sb,ly film through a vapor-assisted solution-proces-
sing to enhance the photovoltaic performance and increased
the performance of dimer Cs;Sb,l, solar cells by Lewis-Pair
Mediation [32]. Up to date, there are only a few of in-
vestigations for RRAM using the Cs;Sb,X, (X=I, Br, Cl)
perovskites. Mao et al. [19] prepared a lateral-structured
device using a Cs;Sb,Bry nanoflake, simulating the Ca™"
dynamic process of biological synapses. Recently, Para-
manik et al. [33] reported the resistive switching and artifi-
cial synaptic behaviors of vertical-structured devices using
the Cs;Sb,l, perovskite as an insulative layer. Unfortunately,
the large switching voltages (Vgpr and Vygger) beyond 1V
and small endurance below 200 cycles in both devices ser-
iously restrict the potential applications of antimony-based
perovskite RRAM devices. Furthermore, it is still lack of a
report about the dependence of halide ions in Cs;Sb, X, (X=I,
Br, Cl) devices on the resistive switching and synaptic per-
formance [13].

In this study, three kinds of Cs;Sb,X, (X=I, Br, Cl) per-
ovskite films have been prepared by a vapor-anion-exchange
method in a glove box, which were used to fabricate the
resistive memory devices with the structure of Al/Cs;Sb,X,
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(X=I, Br, CI)/ITO glass. The films were systematically
characterized by X-ray diffractometer (XRD), X-ray photo-
electron spectroscopy (XPS), Raman spectrum, scanning
electron microscopy (SEM), and ultraviolet-visible (UV-vis)
spectrum. Interestingly, all the present devices exhibited a
bipolar resistive switching behavior at room temperature,
showing both Vgpp and Vygger were far below 1 V with the
endurance up to 750 cycles. The switching voltages in the Al/
Cs;Sb, Xy (X=I, Br, CI)/ITO devices gradually decreased
with the X from I, Br to Cl due to the different migration
rates of halide vacancy in perovskite films, which is con-
firmed by the first-principles calculations of activation en-
ergy. The ON/OFF ratio under the reading voltage of 0.1 V
significantly increased up to 100 in the Al/Cs;Sb,Cly/ITO
device, which is nearly 10 and 3 times larger than that of the
Al/Cs;3Sb,1o/ITO device and the Al/Cs;Sb,Bry/ITO device,
respectively. The endurance cycles and retention time of
current devices were also evaluated, showing the excellent
electrical stability. Importantly, the three kinds of Al/
Cs;Sb, X, (X=I, Br, C1)/ITO device can successfully simulate
the short-term plasticity of biological synapse. Moreover, the
Al/Cs;Sb,Cly/ITO device showed the highest paired-pulsed
facilitation index compared with other two devices, which
was very interesting and explored for the long-term plasticity
and learning experience processes of synapse.

2 Experimental

2.1 Experimental materials

All chemicals and solvents were employed as received
without any purification, including cesium iodide (Csl,
99.99%, Sigma-Aldrich), antimony (III) iodide (Sbls,
99.999%, Sigma-Aldrich), antimony (III) bromide (SbBrs;,
99.99%, Sigma-Aldrich), antimony (III) chloride (SbCls,
99.99%, Sigma-Aldrich), dimethylsulfoxide (DMSO,
99.9%, Alfa Aesar), dimethylformamide (DMF, 99.9%, Alfa
Aesar).

2.2 Films and device fabrications

First, the ITO substrates (1 cm % 1 cm) were cleaned orderly
in deionized water, acetone, and anhydrous ethanol for
20 min under the condition of ultrasonication, followed
cleaning by UV-O; for 20 min. Then, the preparation of the
precursor solution was carried out by dissolving Sbls
(0.25 mol/L) and CsI (1 mol/L) in a mixed solvent (DMSO:
DMEF, 9:1 volume ratio), and continuously stirring at 70°C
for 6 h. This solution was spin-coated on the ITO substrates
at 6000 r/min for 40 s. Next, these films were preheated at
70°C for 30 min and then moved to glass bottle. 20 uLL of
SbX; (X=I, Br, Cl) in DMF were added in the corners of the
bottle, then, covering bottle with a cap. The films were
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maintained at 200°C for 15 min to form Cs;Sb,X, (X=I, Br,
Cl) films, and the thickness of perovskite films was ap-
proximately 200 nm. Figure 1 shows the schematic of the
synthesis route of Cs;Sb,X, (X=I, Br, Cl) films. Finally, the
Al electrodes (100 nm) were sputtered onto films to ac-
complish the Al/Cs;Sb,X, (X=I, Br, C1)/ITO devices.

2.3 Characterization and analysis methods

The XRD from Japan Rigaku were applied to perform the
crystal structures of perovskite films. The thickness of films
was measured by the Profile-system from Vecco Dektak 150.
The XPS from Shimazu-Kratos Analytical examined the
chemical composition of films. The morphologies of per-
ovskite films were observed by the SEM from JEOL JEM-
7001F. The elemental mapping of the films was acquired by
energy dispersive spectroscopy (EDS) from TESCAN
MIRA3. The Raman spectra were obtained from LabRAM
XploRA ONE spectrograph under 532 nm continuous-wave
laser excitation. The UV-vis spectrum from Lambda 750S
recorded the spectrum of the films. The current-voltage (I-V)
behaviors were studied using a Keithley 2400, and artificial
synaptic behaviors were measured by Keithley 2614B at
room temperature. First-principles calculations based on
density functional theory were carried out on Vienna A4b
initio Simulation Package [34-36] by projector-augmented
wave method [37,38]. The exchange-correlation functional
was treated by the generalized gradient approximation based
on the Perdew-Burke-Ernzerhof functional [39,40]. The ki-
netic energy cutoff was set at 550 eV. The convergence cri-
teria of force and energy are 0.01eV/A and 10-6eV,
respectively. To determine the lattice parameters of Cs;Sb, X,
(X=I, Br, Cl), their primitive cells were calculated with a I'-
centered 6x6x5 Monkhorst-Pack &-point grid. The minimum
migration energy was calculated by nudged elastic band
method [41]. The 2x2%x2 Cs;Sb,X, (X=I, Br, Cl) supercells
containing 112 atoms were constructed to calculate the ac-
tivation energies of X (X=I, Br, Cl) vacancies with a 2x2x1
I'-centered Monkhorst-Pack grid [42].
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Figure 1 (Color online) Schematic of the synthesis route of Cs;Sb,X,
(X=1, Br, CI) films.

3 Discussion

3.1 Film characterizations

The crystal structures of Cs;Sb,X, (X=I, Br, Cl) films and
ITO glass substrate for comparison were checked using the
XRD measurements, as exhibited in Figure 2(a). Three peaks
of Cs;Sb,l, film were clearly observed at 25.7°, 30.0°, and
43.4°, corresponding to the (003), (022), and (204) planes of
triagonal phase, respectively [30]. This means that the
crystallization of Cs;Sb,l, film is in the layer form, which is
believed more stable for practical applications in electronic
devices [43,44]. The dominant diffraction peaks of Cs;Sb,Br,
film located at 22.5°, 27.5°, 32.0°, and 45.7°, which was
assigned to the (012), (003), (022), and (204) planes of
triagonal phase, respectively [24]. There were also four
diffraction peaks for the Cs;Sb,Cly film, locating at 23.4°,
28.8°, 33.3°, and 47.8°, which were consistent with the
(110), (003), (022), and (204) planes of triagonal phase, re-
spectively [27]. Interestingly, a continuous shift of XRD
pattern peaks were observed in the (003), (022), and (204)
planes of Cs;Sb,X, (X=I, Br, Cl) films. The shift resulted
from the change of interplanar crystal spacings, which were
mainly due to the anions size following the relation of
I >Br >CI. Additionally, there is not any diffraction peak
from the Csl, demonstrating a perfect crystalline of the
present Cs;Sb,X, (X=I, Br, Cl) films [28].

To further demonstrate the compositions of the three
Cs;Sb,X, (X=I, Br, Cl) films, the XPS measurements were
performed. Figure 2(b) showed the full-range XPS spectra of
the Cs;Sb,X, (X=I, Br, Cl) films and the presence of Cs, Sb,
and X was confirmed without any other element. The high-
resolution XPS spectra of Cs;Sb,X, (X=I, Br, Cl) films were
drawn in Figure S1, clearly showing the exact position of
each binding energy peak. The binding energy peaks at both
618.1 and 630.1 eV were ascribed to I 3d and the peak at the
low energy side ~48.7 eV was from I 4d in Cs;Sb,l, film.
The binding energy peaks at both 181.1 and 187.9 eV re-
sulted from Br 3p and the peaks at 68.2 and 69.0 eV were
originated from Br 3d in Cs;Sb,Br, film. Meanwhile, Cl 2p
peaks were located at 197.8 and 199.3 eV in Cs;Sb,Cl, film.
The above binding energy peaks were well in agreement with
the previous literatures [20,45]. Thus, the results of XPS
measurement confirm that the Cs;Sb,X, (X=I, Br, Cl) films
have been successfully synthesized, agreeing with the XRD
results in Figure 2(a).

The Raman spectra of Cs;Sb,X, (X=I, Br, Cl) perovskite
films were shown in Figure 2(c). Cs;Sb,l, exhibits a sharp
peak at 150 cm’ ', which is due to the stretching of Sb-I
bonds. There were two peaks locating at 180 and 210 cm 'in
the Cs;Sb,Br, film, corresponding to the vibrations of Sb—Br
bonds in [SbBré]S_ octahedra [46]. There are three main
peaks in Cs;Sb,Cly film. The lower frequency peak with the
center at 86 cm | was regarded as the movement of Cl ions
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Figure 2 (Color online) (a) XRD patterns of Cs;Sb,X, (X=I, Br, Cl) films; (b) full-range XPS spectrum of Cs;Sb,X, (X=I, Br, Cl) films; (c) Raman spectra
of Cs;Sb, X, (X=I, Br, Cl) films; (d) UV-vis spectrum of Cs;Sb,X, (X=I, Br, Cl) films.

[26]. The peaks locating at 254 and 307 cm ' were from the
bond vibrations of Cs—Cl and Sb—Cl, respectively [25]. The
UV-vis measurements were presented to evaluate optical
absorption properties of the Cs;Sb,X, (X=I, Br, Cl) films, as
exhibited in Figure 2(d). There were two dominant absorp-
tion peaks for all three Cs;Sb,X, (X=I, Br, Cl) films. Com-
pared with Cs;Sb,l,, the absorption peaks of Cs;Sb,Bry and
Cs3Sb,Cly films have a clear blue shift [47]. To evaluate the
band gap energy (E,) of Cs;Sb,X, (X=I, Br, Cl) films, the
Tauc plot of absorption spectra were drawn in Figure S2. The
estimated results of E, were 2.07, 2.63, and 3.10 eV for
Cs;Sb,lg, Cs;Sb,Brg and Cs;Sb,Cly  films, respectively
[23,47-49]. The surface morphology and elemental map-
pings for Cs;Sb,X, (X=I, Br, Cl) films were shown in Figure
S3. It is found that all three Cs;Sb,X, (X=I, Br, Cl) films
featured a uniform size on the substrate surface. Moreover,
the homogeneous distributions were observed for all the
elements of Cs, Sb, I, Br, and Cl in their individual films.

3.2 Bipolar resistive switching behaviors

Figure 3 shows the /-V characteristics of the three types of
Al/Cs;Sb, X, (X=I, Br, CI)/ITO devices, which is measured
at room temperature. The solid spheres and the empty circles
represent the experimental data of pristine device and the
device after 100 days in air, respectively, which manifests the
excellent stability for the present Al/Cs;Sb,Xy/ITO devices.
The schematic configurations of the devices were inserted in
the left of Figure 3(a)—(c). The positive and negative voltages

were applied on the Al and ITO electrodes, respectively.
Interestingly, all devices exhibited a bipolar resistive
switching behavior by applying scanning voltage of 0 — 1
— 0— —1.8 — 0 V. The I-V properties of Al/Cs;Sb,Io/ITO
device were plotted in Figure 3(a). The black arrows denote
the sweep directions of applied voltage. When the voltage
changed from 0 to 1 V, the device remained a low current in
the initial stage, corresponding to a high resistive state
(HRS). The electronic current abruptly increased at around
0.67 V inducing a low resistive state (LRS) or on-state,
which is generally named as the “SET” process, and 0.67 V
is defined as Vggr. The device then maintained the on-state
while the voltage was swept to the reverse direction (+1 to
0V). The “RESET” procedure appeared under a negative
scanning voltage from 0 to —1.8 V. The device remained in
the LRS until at a sufficient reverse bias of —1.07 V (Vrgser)
and then a resistance switched from the LRS to the HRS,
corresponding to the off-state. The ratio of currents in the
LRS to HRS is referred to the ON/OFF ratio, which is about
10 under the reading voltage of 0.1 V in the Al/Cs;Sb,Io/ITO
device. As shown in Figure 3(b), the Vepr and Vygger were
around 0.32 and —0.98 V in the Al/Cs;Sb,Bry/ITO device,
respectively. The ON/OFF ratio is almost 30 under the
reading voltage of 0.1 V in Al/Cs;Sb,Bry/ITO device. In
contrast, the device performances of the Al/Cs;Sb,Cly/ITO
device are very interesting, which showed the Vger and
Vreser obviously reduced to around 0.11 and —0.56 V, re-
spectively. Moreover, the ON/OFF ratio under the reading
voltage of 0.1 V significantly increased up to 100 in the Al/
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Figure 3 (Color online) /-V characteristics of (a) Al/Cs;Sb,lo/ITO device, (b) Al/Cs;Sb,Bry/ITO device, and (c) Al/Cs;Sb,Cly/ITO device. (d) Retention
time test of one Al/Cs;Sb,X, (X=I, Br, CI)/ITO device. (e) Statistics of the LRS and HRS resistance distributions in five Al/Cs;Sb,Bry/ITO devices.
(f) Statistics of SET and RESET voltages distributions in five Al/Cs;Sb,Bry/ITO devices.

Cs;Sb,Cly/ITO device, which is nearly 10 and 3 times larger
than that of the Al/Cs;Sb,ly/ITO device and the Al/Cs;Sb,Bry/
ITO device, respectively, as shown in Figure 3(c). The lower
switching voltage and high ON/OFF ratio could be beneficial
to the decrease of power consumption and the increase of
accuracy for information storage in RRAM devices. In ad-
dition, the electrical stability of present Al/Cs;Sb,X,y (X=I,
Br, CI)/ITO devices were also evaluated. The retention time
and endurance performances were tested under the reading
voltage of 0.1 V. As shown in Figure 3(d), neither the HRS
nor the LRS of the present Al/Cs;Sb,X, (X=I, Br, Cl)/ITO
devices showed obvious fluctuation over the testing period
of 10*s, indicating the excellent device stability of retention
time. Figure S4 showed the endurance performances of Al/
Cs;Sb, Xy (X=I, Br, CI)/ITO devices. It was found that the
resistances of all devices can be maintained after 750 cycles,

and there was no obvious difference during different cycles,
as illustrated in Figure S5. The statistics distributions of re-
sistance of HRS and LRS as well as switching voltage dis-
tribution from five Al/Cs;Sb,Bry/ITO devices were
displayed in Figure 3(e) and (f), proving the deviation of the
resistance distribution is very small in five devices. The si-
milar resistance distributions of Cs;Sb,l; and Cs;Sb,Clq
memory devices were also shown in Figure S6. The ex-
periments clearly illustrate that the present Al/Cs;Sb,X,
(X=I, Br, CI)/ITO devices have reliable resistive switching
behaviors.

It is also noted that the resistance of HRS increases in Al/
Cs;Sb, Xy (X=I, Br, CI)/ITO devices as the halide ions
changed from I, Br to Cl. A high resistance corresponds to a
small free carrier density in the semiconductors, which de-
pends on the relation of ¢ “*” [50]. Here, T and K are the
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absolute temperature and Boltzmann’s constant, respec-
tively. The increase of £, in the Cs;Sb,X, (X=1, Br, Cl) films
was demonstrated from I, Br to Cl (Figure S2), thus, the
resistance of HRS in Al/Cs;Sb,Cly/ITO device would be the
highest. However, the /-V characteristics of the LRS region
with double-log scale exhibited a slope of ~1 for all three Al/
Cs;Sb, Xy (X=I, Br, CI)/ITO devices, demonstrating the
transport of electrons obey the Ohmic conduction mechan-
ism (/xV), as exhibited in Figure S7. So the resistance of
LRS for all three devices is nearly same. As a result, the ON/
OFF ratio of Al/Cs;Sb,Cly/ITO device will be the highest
compared with other two devices.

It is found that the Vsgpr and Vigger in the Al/Cs;Sb,X,
(X=I1, Br, CI)/ITO devices gradually decrease as the halide
ions changed from I, Br to Cl. The switching voltages
strongly rely on the vacancy migration and the lowest acti-
vation energy (E,) decides the vacancy migration rate in
perovskite films [51,52]. In Cs;Sb, X, (X=I, Br, Cl) films, the
vacancies of Cs and Sb are difficult to be moved because a
very huge activation energy would be required [31]. So the
vacancies of Cs and Sb could not contribute to the switching
voltages. Hence, the migration of V'y x=1, Br, ¢y should be
responsible for different switching voltages in the present Al/
Cs;Sb, Xy (X=I, Br, C1)/ITO devices. The E, of halide va-
cancies was theoretically calculated based on the DFT by
considering a minimum migration path [53]. The calculated
lattice parameters of Cs;Sb,X, (X=I, Br, Cl) were list in
Table 1, which agree well with the reports in both theorical
and experimental results [18,47,54,55]. The layered crystal
structure of Cs;Sb,X, (X=I, Br, Cl) can be seen in Figure
4(a). Figure 4(b) shows that the migration path of halide
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Table 1 Calculated lattice parameters of Cs;Sb,X, (X=I, Br, CI)

Lattice constants (A)

Species p ) -
Present 8.662 8.662 10.640
Cs;Sb,ly Theory [47] 8.664 8.664 10.633
Exp. [54] 8.420 8.420 10.386
Present 8.143 8.143 9.979
Cs;Sb,Bry  Theory [47] 8.138 8.138 9.943
Exp. [18] 7.930 7.930 9.716

vacancies is along octahedral edge from one halide site to an
adjacent one in Cs;Sb,X, (X=I, Br, Cl). As shown in Figure
4(c), the activation energy is 0.23, 0.18, and 0.15 eV for V",
Vs and V¢, respectively. The result is similar to the data in
previous report [19]. The vacancy migrates more easily with
a small activation energy. Correspondingly, the formation
and rupture of conductive filament would require a small
electric field strength. Thus, the switching voltage of Al/
Cs;Sb,Cly/ITO device is the smallest compared with that of
the other two devices. This means that the current devices
with halide vacancies could potentially be applied under an
ultralow electric field strength.

To explore the resistive switching mechanism in the Al/
Cs;Sb, Xy (X=I, Br, CI)/ITO devices, the formation and
rupture of electric conduction filament owing to the migra-
tion of V' x=1, Br, ¢y Was illustrated in Figure 4(d). In the
initial state, the halide vacancies randomly disperse in the
Cs;Sb,X, (X=1, Br, Cl) films and the electrons can hardly
cross the Cs;Sb,X, (X=I, Br, Cl) films, corresponding to the
HRS. When the positive voltages are applied, the halide ions
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Figure 4 (Color online) (a) Schematic architecture of Al/Cs;Sb,X, (X=I, Br, C1)/ITO device. (b) Illustration of migration paths for halide X (I, Br, Cl)
vacancy in Cs;Sb,X, (X=I, Br, Cl) layers. (c) Activation energy of halide X (I, Br, Cl) vacancies through DFT calculations. (d) The schematic illustration of

the resistive switching model.
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move and form halide vacancies. The accumulation of va-
cancies would form the filament. Hence, the electrons could
move along the filament of halide vacancies, inducing the
LRS, which is the “SET” procedure. When the negative
voltages are carried out sequentially, the redistribution of
halide vacancies cause the rupture of conduction filament,
resulting in the HRS and the “RESET” procedure.

3.3 Artificial synaptic simulations

The conductance state of HRS and LRS in the present Al/
Cs3Sb, X, (X=1, Br, C1)/ITO devices can be used to simulate
the characteristics of the biological synaptic function
[56,57]. Figure 5(a) describes the corresponding relationship
between the structure of biological synapse and the per-
ovskite device. A pulse voltage applied to the Al electrode
will induce the migration of halide vacancy in the perovskite
layer. As a result, the device conductance would change,
which is similar to the change of the connection strength
between pre-synapse and post-synapse [58—60]. Either
strengthening or weakening the connection of synapses is
defined as synaptic plasticity, including the short-term
plasticity and long-term plasticity [61,62].

The short-term plasticity is triggered by short-term sti-
mulation, resulting in around milliseconds plasticity changes
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[62,63]. As shown in Figure 5(b), under the stimulation of a
single pulse (0.5 V in amplitude and 20 ms in duration), the
conductance responses of Al/Cs;Sb,X, (X=I, Br, CI)/ITO
devices suddenly rise to a larger value, and then slowly de-
crease. This phenomenon can mimic the excitatory post-
synaptic current behavior [60,63]. When two pulses (0.5 V,
20 ms) are continuously applied with an interval time (AT) of
20 ms to the Al/Cs;Sb,X, (X=I, Br, CI)/ITO devices, the
conductance excited by the second pulse is larger than that
caused by the first pulse, as shown in Figure 5(c). This can
simulate paired-pulsed facilitation (PPF) characteristic of
synapses. If A and A, were the conductance values induced
by the first and second pulses, respectively, the PPF index
could be calculated as follows:

PPF Index:% x 100%.
1

The calculated results were drawn in Figure 5(d). With the
increase of the time interval A7, the PPF index gradually
goes down, which conforms to biological synaptic char-
acteristics [64,65]. In particular, the Al/Cs;Sb,Cly/ITO de-
vice showed the highest PPF index compared to other two
devices, which is very interesting and will be further ex-
plored in the following long-term plasticity of synapse.

The transition from short-term plasticity to long-term
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Figure 5 (Color online) (a) Schematics of the relation between biological synapse and architecture of perovskite device. (b) Conductance responses of Al/
Cs3Sby X, (X=I, Br, C1)/ITO devices under a single pulse (V.,q=0.1 V). (c) Conductance responses of Al/Cs;Sb,X, (X=I, Br, C1)/ITO devices under two pulses
(Vieag=0.1 V and AT=20 ms). (d) The dependence of PPF index on AT in the Al/Cs;Sb,X, (X=I, Br, C1)/ITO devices. A, and A, in the inset represent the

conductance response of the first and second pulses, respectively.
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plasticity can be achieved through repetitive rehearsal of
electrical stimuli with the same pulse [12,57,66]. The long-
term plasticity of synapse consists of long-term potentiation
(LTP) and long-term depression (LTD) [67,68]. The spike-
timing-dependent plasticity (STDP) can describe the re-
lationship between LTP, LTD, and the time difference (Af) of
pre-synaptic/post-synaptic pulses [69,70]. Here, by control-
ling the value of A¢, the STDP was studied in the current Al/
Cs;Sb,Cly/ITO device, as shown in Figure 6(a). The applied
pre- and post-synaptic pulses were shown in the inset of
Figure 6(a). When the pre-synaptic pulse is triggered before
the post-synaptic pulse (A£>0), the LTP appeared in the de-
vice, and the relative change of the synaptic weight (AG/G,,,.)
clearly reduced with the increase of Az. On the contrary, LTD
would be present when the pre-synaptic pulse arrived after
the post-synaptic pulse (A#<0). The dependences of AG/G,,.
on At could be fitted by the exponential functions [71,72]:

AG = Gpost - Gpre’

AG* At

o = A+exp[*T—+];At >0,
AG . (Af)

Gn =4 exp[z—,],At <0,

where G, and G, are the conductance of the pre-synapse
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and post-synapse for the Al/Cs;Sb,Cly/ITO device, A4 and ¢
are the amplitude parameter and time constant, respectively.
The fitted results of 7 and 7 values are 6.84 and 8.37 ms,
respectively, which are comparable to the millisecond-scale
response time in biological synapses [12]. Moreover, the data
was well fitted by the above exponential functions, con-
firming the Al/Cs;Sb,Cly/ITO device could accurately si-
mulate the antisymmetric Hebbian learning rules.
Furthermore, the conductance values during 5 continuous
cycles of potentiation and depression processes were drawn
in Figure 6(b), which was evaluated under 25 positive
(+0.5V, 20 ms) and 25 negative (—0.5 V, 20 ms) pulses for
each cycle. The results clearly testify the excellent response
reproducibility and stability of the current Al/Cs;Sb,Cly/ITO
device.

As plotted in Figure 6(c), the preliminary learning beha-
viors of synapses “Learning, Forgetting, and Re-Learning”
processes were evaluated using the Al/Cs;Sb,Cly/ITO device
to emulate the memory function of human brain. First, 100
consecutive pulses (0.5 V, 20 ms) were applied to the device
for mimicking the “Learning” process. The conductance
obviously increased with increasing the numbers of voltage
pulse, indicating that the information was remembered. As
shown in the middle panel of Figure 6(c), the device con-
ductance gradually decayed after the voltage pulse was
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Figure 6 (Color online) (a) The dependences of AG/G,,,. on time difference (Af) with pre-synaptic/post-synaptic pulses from one Al/Cs;Sb,Cly/ITO device.
(b) The change of conductance with five continuous cycles for the Al/Cs;Sb,Cly/ITO device under the reading pulse of 0.1 V. (¢) The simulation of learning,
forgetting and relearning processes with the voltage (0.5 V, 20 ms) using the Al/Cs;Sb,Cly/ITO device under the reading pulse of 0.1 V.
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removed. Compared this to the result in the left panel of
Figure 6(c), the conductance state does not completely decay
back to the original one even after 100 s, meaning the partial
information was forgotten and the other part of the in-
formation was converted into long-term memory [73]. This
could simulate the Ebbinghaus forgetting process [74,75].
Finally, the conductance was recovered to the learning level
before spontaneous decay by applying only 20 consecutive
pulses (0.5 V, 20 ms), which is analogous to the “Relearn-
ing” process of human brains.

The ability of associative learning, in which related things
are linked together, plays a key role in the cognitive func-
tions of biological systems, and is known as Pavlovian
conditioning or classical conditioning [76,77]. Thus, the
present Al/Cs;Sb,Cly/ITO device simulated the Pavlov’ dog
experiment, as shown in Figure 7. Here, a single voltage
pulse (0.5 V, 10 ms) and a voltage pulse (0.5 V, 10 ms) with
light illumination represented the bell signal and food signal,
respectively. The conductance of 0.3 mS of the device was
set as the threshold of salivation, meaning that a conductance
beyond the threshold value represents the salivation behavior
of the dog. During the first stage (0—1 s), the 100 voltage
pulses (bell signals) were applied to the device. The con-
ductance was lower than 0.3 mS, meaning that the dog would
not salivate. In second stage (1-2 s), when the 100 voltage
pulses with light illumination (food signals) were applied to
the device, the conductance broke the threshold of 0.3 mS.
Thus, the dog would show the salivation behavior. Next,
when both the bell and food signals were applied to the
device simultaneously, the conductance increased greatly
and broke the threshold of salivation, corresponding to the
“Training” process (2-3 s). After the training process, only a
bell signals (3—4 s) can also trigger the salivation of dog,

illustrating that the device possessed an efficient association
between the bell and food. Finally, if the training was stop-
ped, only a bell signal no longer caused the dog to salivate,
demonstrating that the associative learning behavior was
forgotten by the dog over time. According to the above ex-
perimental results, the current Al/Cs;Sb,Cly/ITO device
could successfully simulate Pavlov’s dog experiment and
established associative learning behavior. Compared the
voltage pulse (0.5V, 20 ms) used in Figures 5 and 6, a
shorter pulse in duration (0.5 V, 10 ms) of Figure 7 proves a
faster learning behavior of synaptic simulation using the
present devices, which is beneficial to reduce the power
consumption [5,74,77]. In addition, the memory devices
based on lead free perovskites have been summarized in
Table S1. It can be concluded that the present Al/Cs;Sb,X,
(X=I, Br, CI)/ITO devices showed a competitive perfor-
mance in resistive switching behavior and artificial synaptic
simulation.

4 Conclusion

The RRAM devices based on antimony-based Cs;Sb,X,
(X=I, Br, Cl) thin films were successfully prepared, ex-
hibiting bipolar resistive switching and artificial synaptic
behaviors. Particularly, the Cs;Sb,Cl, device showed a long
endurance up to 750 cycles, low switching voltage below
0.6 V, and long retention time over 10*s. The decrease of
switching voltages of Al/Cs;Sb,X, (X=I, Br, C1)/ITO devices
with the X from I, Br to CI could be explained by the con-
secutive decrease of activation energy of halide vacancies in
the Cs;Sb,X, (X=I, Br, Cl) films. In addition, the short-term
plasticity and long-term plasticity of biological synapse as
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well as experience learning processes for the memory ability
of human brain were successfully simulated by the present
devices. Finally, the present device established associative
learning behavior successfully by simulating the Pavlov’s
dog experiment. This investigation is beneficial to the de-
velopment of dual-functional devices with non-volatile in-
formation storage and artificial synaptic.
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