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Controllable volatile-to-nonvolatile memristive switching in single-crystal
lead-free double perovskite with ultralow switching electric field
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ABSTRACT All-inorganic lead-free double perovskite offers
a potential material platform for electronic or optoelectronic
memory devices owing to its ionic migration-based electrical
transport, high photosensitivity, low toxicity, and environ-
mental stability. However, the commonly used polycrystalline
perovskite films severely restrict device performance. Herein,
we demonstrate a high-performance memristor based on
single-crystal double perovskite Cs,AgBiBrs with an ultralow
switching electric field of 6.67 x 10* V. m™" and a high current
on/off ratio of 10°. Remarkably, the resistive switching of
Cs,AgBiBr; is found to be thickness-dependent, which evolves
from volatile threshold to nonvolatile resistance switching
with the crystal thickness from 100 to 800 nm. Elemental
analysis reveals that the formation of conductive channels in
Cs,AgBiBr; is associated with the migration of Br vacancies
with low activation energy. In addition, the formed conductive
channels can be annihilated by light illumination with con-
trolled wavelength and intensity, which leads to the realization
of optoelectronic memories with separate electrical-writing
and optical-erasing processes. Our findings provide deep in-
sights into the ionic migration in single-crystal perovskite and
pave the way for its future application in electronic and op-
toelectronic memory devices.

Keywords: single-crystal double perovskite, Cs,AgBiBrs, volatile-
to-nonvolatile switching, memristor, switching electric field

INTRODUCTION

The memristor, an elemental electronic device with resistive
switching characteristics, has been identified as a promising
candidate for the next-generation nonvolatile random access
memory, which can serve as the building blocks in artificial
neuromorphic systems to overcome the von Neumann bottle-
neck in conventional computing architectures. Memristors are
generally organized into highly interconnected crossbar arrays
in artificial neural networks, which are free of data transmission
between memory and processing units and thus maximize the
computation speed and energy efficiency [1]. Traditional
memristors are generally built on binary metal oxides, such as
TaO,, HfO,, and TiO, [2-4]. However, these oxides usually have
a high operation voltage due to the high activation energy of
oxygen vacancies, and they also involve a high-temperature

growth process that is not suitable for flexible electronics [5].
The emergence of organic-inorganic lead halide perovskite
(OLHP), represented by CH;NH;Pbl;, has initiated the
exploration of a new material system for a wide range of elec-
tronic and optoelectronic applications including memories [6,7],
solar cells [8-10], photodetectors [11-13], light-emitting diodes
[14], and lasers [15], owing to their high photosensitivity, simple
solution-based preparation, and abundant material choice.
Notably, the use of perovskite as the active layer in memristors
has attracted great attention by taking advantage of its high
defect tolerance and intrinsic ionic migration [16-18]. However,
the toxicity of lead and the low air stability of OLHP pose
substantial challenges to its commercialization process, parti-
cularly in terms of environmental issues. Furthermore, the
polycrystalline perovskite films with rich defects and grain
boundaries are generally employed to construct memristors,
which severely affects the device performance, e.g., reducing the
carrier mobility or generating high leakage current. Thus, the
development of single-crystal perovskite with high environ-
mental stability and memristive performance is highly desirable.
All-inorganic lead-free double perovskite with the structure of
A,B'BMX, (A = Cs, Rb; B' = Ag, K, Na, Li; B = Bi, Sb, I; X =,
Br, Cl) is a promising choice for realizing stable and environ-
ment-friendly devices, which can be formed through the sub-
stitution of two toxic Pb?* in the crystal lattice with a pair of
non-toxic heterovalent (i.e., monovalent and trivalent) metal
cations [19,20]. Among them, Cs,AgBiBrg stands out due to its
unique features, which include a long carrier lifetime, a small
carrier effective mass, and low toxicity [21]. Furthermore, due to
its high photo-absorption efficiency and excellent stability under
ambient conditions, Cs,AgBiBrs has been extensively investi-
gated for various optoelectronic applications, including photo-
detection,  photovoltaics, and photocatalysis  [22-25].
Polycrystalline Cs,AgBiBrs thin films have been reported as the
channel material in memristors [26,27]. Cheng et al. [26] pro-
posed a sandwiched structure of indium tin oxide (ITO)/Cs,-
AgBiBr¢/Au for memristors, which exhibits excellent tolerance
to harsh environments such as high moisture, temperature, and
radiation. However, the device requires a relatively high
switching electric field of 5 x 105V m™ and also presents a low
current on/off ratio of 100. The Ag/polymethylmethacrylate
(PMMA)/Cs,AgBiBrs/ITO memristor has been utilized to suc-
cessfully emulate the synaptic plasticity in biological neural
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systems, and yet the device performance is limited by the weak
resistive switching (on/off ratio < 10) [27]. Constructing devices
on single-domain macroscopic crystals would dramatically boost
the memristive performance due to the significantly reduced
defects and grain boundaries. Very recently, Mao et al. [28]
reported a monocrystalline Cs;Sb,Bry perovskite-based mem-
ristor with a record-low switching electric field of 2.2 x
10° V m™" and a high on/off ratio of 10% as well as research on
the influence of channel length on the device performance.
However, memristors based on single-crystal double perovskite
have not yet been reported, and the impact of perovskite
thickness on its resistive switching performance still remains
unclear. Moreover, one of the fascinating properties of per-
ovskite is its strong light absorption. The fact how the incident
light affects memristive behaviors of single-crystal perovskite has
been rarely explored.

In this study, a single-crystal Cs,AgBiBrs-based memristor
with thickness-dependent resistive switching is presented. The
device exhibits an ultralow switching electric field of 6.67 x
10* V m™" and a high current on/off ratio up to 10”. Its switching
behavior transits from volatile threshold to nonvolatile resis-
tance switching when the thickness of Cs,AgBiBrs is increased
from 100 to 800 nm. Energy-dispersive X-ray (EDX) spectro-
scopy analysis reveals that the conductive channel of Cs,AgBiBrs
is formed by the motion of Br vacancies with low activation
energy. In addition, light illumination with controlled intensity
and wavelength can be used to annihilate the formed conductive
channel, which results in an optoelectronic memory with a
separate electrical-writing and optical-erasing process.

EXPERIMENTAL SECTION

Synthesis of single-crystal Cs,AgBiBr,s nanoflakes

The sapphire (0001) substrates were sequentially rinsed in
acetone, isopropanol, and deionized water for 5 min by sonica-
tion and then were dried by the blowing of nitrogen. An oxygen
plasma treatment (50 W for 5 min) was used to further clean the
substrates. The powders of CsBr (42.6 mg), BiBr; (44.9 mg), and
AgBr (18.8 mg) were completely dissolved in 5 mL HBr (47%)
by heating the solution at 120°C for 2 h to obtain the precursor
solution. A drop of Cs,AgBiBr¢/hydrobromic acid precursor
(20 pL, 0.02 mol) was dropped over the plasma-treated sapphire
substrate, which was subsequently covered with a bare Si wafer.
The sample was heated for 48 h on a hotplate at 80°C, with a
weight placed on the Si wafer. To regulate the thickness of the
as-grown Cs,AgBiBrg, the pressure on the substrate was con-
trolled to 40/30/20/10 kPa by altering the weight. The upper
wafer was then removed, which left the Cs,AgBiBrs nanoflakes
on the sapphire substrates.

Fabrication of Cs;AgBiBrs-based memristor

A copper mesh with a gap of 15 um was used as a shadow mask
to precisely cover the target Cs,AgBiBrs nanoflakes under an
optical microscope, followed by the fixing of the mask using
scotch tape. After the thermal evaporation of Au at a rate of
0.2 A 57!, symmetric electrodes with a thickness of 100 nm were
formed on the Cs,AgBiBrg, and the sample was cooled down to
room temperature.

Characterizations and device measurements
The atomic force microscopy (AFM) characterizations were
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carried out using a BRUKERMultiMode 8 microscope (Tip
Model: SCANASYST-AIR, Material: Silicon Tip on Nitride
Lever). The NanoScope software was used for data analysis and
image processing. The high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images were
obtained by using a Titan Cubed Themis G2 300 microscope
operating at 300 kV equipped with a spherical aberration cor-
rector. An X-ray diffractometer (Rigaku, Ultima IV, Sevenoaks,
UK) with the excitation source of Cu Ka (A = 1.5418 A) was used
to measure the X-ray diffraction (XRD) patterns. Raman and
photoluminescence (PL) spectra were obtained on a microscopic
confocal Raman system (Witec Alpha 300) with a laser at 532
and 450 nm, respectively. Ultraviolet-visible (UV-Vis) absorp-
tion spectroscopy was carried out using a UV-Vis-near-infrared
(NIR) spectrophotometer (UV-3600PLUS, Shimadzu). The
electrical transport properties of devices were characterized by a
ScanPro Advance probe station configured with a Keithley
2636B Source-Measure Unit. Field-emission scanning electron
microscopy (SEM) and EDX spectroscopy characterizations
were implemented on a Thermo APREO S SEM system. All the
measurements were undertaken at room temperature.

RESULTS AND DISCUSSION
Single-crystal Cs,AgBiBrs nanoflakes were produced on the
sapphire (0001) substrate by a simple space-confined method
according to a previous report [29]. The AFM image in Fig. la
shows that the thickness of a typical as-grown nanoflake is
~800 nm, and the inset optical microscopy image clearly shows
homogeneous triangular islands with a length of 60-80 pm. In
order to clarify the pure phase of Cs,AgBiBrs, the XRD pattern
was measured (Fig. 1b), which presents three dominant dif-
fraction peaks of (111), (222), and (333) planes, in good agree-
ment with the standard simulation results. This indicates the
(111)-oriented crystallinity of the as-prepared nanoflake, and the
hexagonal feature of the (111) plane leads to the preferential
growth of triangular Cs,AgBiBrg crystals [30]. The cross-sec-
tional HAADF-STEM characterization of Cs,AgBiBrs further
confirms its single-crystallinity (Fig. S1). The Raman spectrum
of Cs,AgBiBrs exhibits three characteristic peaks nearly located
at 74, 139, and 179 cm™ (Fig. 1lc), corresponding to different
vibration modes, labeled as Tj,, E1g, and Ay, respectively [29,31].
The optical properties of Cs,AgBiBrs were further studied by
UV-Vis absorption and PL characterizations, as shown in
Fig. 1d. The absorbance onset is aligned at nearly 540 nm and a
sharp absorption peak appears at a wavelength of 440 nm [29].
Fig. 2a shows the optical microscopy image and schematic
device structure of the memristor with the crystal structure of
the active layer Cs,AgBiBrg shown in the left upper corner.
Thermal evaporation was used to deposit Au electrodes with a
thickness of 100 nm on the Cs,AgBiBrs nanoflake to form a
planar Au/Cs,AgBiBre/Au device structure with a channel length
of about 15 pum between the Au electrodes. Through voltage loop
sweeping, two types of resistive switching, threshold and resis-
tance switching, were identified in the Cs,AgBiBrs-based mem-
ristors, as illustrated in Fig. 2b, c, respectively. For threshold
switching, the high-resistance state (HRS) of the device suddenly
transited to a low-resistance state (LRS) at 1.02 V (termed a SET
process), which spontaneously relaxed to the initial HRS at a
close-to-zero bias (termed as a RESET process), corresponding
to typical volatile switching behavior. The subsequent negative
sweeping induced a symmetric current-voltage (I-V) character-
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(a) AFM image of an as-synthesized Cs,AgBiBrs nanoflake with the height profile along the white dotted line (inset: the optical microscopy image

of Cs,AgBiBr nanoflakes on the sapphire (0001) substrate). (b) XRD spectrum of Cs,AgBiBrg. The standard XRD pattern was simulated using the “diamond”
software. (c) Raman and (d) UV-Vis absorption (inset: PL) spectra of the single-crystal Cs,AgBiBrs on the sapphire substrate.

istic with the SET voltage (Vi) located at —0.92 V [32,33]. For
resistance switching, the device was switched on at 1.02V Vi
for resistance switching and did not revert to the original HRS
until a negative voltage of —8.59 V was applied, which indicates
nonvolatile switching [26,28,34]. Both switching behaviors
exhibit a high current on/off ratio of 107 due to the exceptionally
low off current of 107'* A. Statistical analysis over 25 devices
indicates a Gaussian distribution of the Vi with an average
value of 1V, as shown in Fig. 2d, presenting excellent repeat-
ability of Cs,AgBiBre memristors with low V. The retention
time of our device was also measured at room temperature to
evaluate its nonvolatile capability (Fig. S2), where the LRS can be
maintained for more than 700 s without significant degradation
at a read voltage of 0.2 V.

We further explored the memristive performance of
Cs,AgBiBre under different compliance currents (I.). The Vi
was nearly maintained at 1 V when increasing the I.. from 10710
to 107> A, suggesting high device stability. In particular, all the
devices present pure threshold switching for the I.. set below
107¢ A. Similar phenomena have been reported by Zhang et al.
[35], which can be understood by the formation of fragile con-
ductive filaments (CFs) in the channel caused by a low I, thus
leading to volatile switching. At the I of 1076 A, the device also
maintains good switching behavior for over 80 cycles under
continuous electrical measurement (Fig. S3). Moreover, the
memristor can be operated with an I as low as 107'° A, showing
the potential of Cs,AgBiBrs in low-power applications. Overall,
both threshold and resistance switching can be achieved in
Cs,AgBiBrs with an on/off ratio of up to 107 and an average Vi
of 1 V. The average switching electric field (Es) was determined
to be 6.67 x 10* V.m™! based on the channel length of 15 um,
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which is among the lowest values in previously reported mem-
ristors. The comparison of the on/off ratio and the 1/E of our
device with the literature is displayed in Fig. 2f [6,28,35-48],
which demonstrates the outstanding memristive performance of
the single-crystal Cs,AgBiBrs.

In order to regulate the switching type and understand the
switching mechanism, Cs,AgBiBrs nanoflakes with thicknesses
varying from 70 to 800 nm were used to fabricate memristors
(their morphologies are shown in Figs S4 and S5). After the
periodic sweeping of voltage, the 300-, 600-, and 800-nm-thick
nanoflakes display both threshold and resistance switching with
varying probabilities (Fig. 3a, b), while the 100 nm-thick
Cs,AgBiBrs presents only threshold switching (Fig. S5a, b). It
should be noted that no obvious resistive variation was observed
for the 70-nm device by increasing the voltage to 20 V, indi-
cating a failure to form CFs in such a thin flake (Fig. S5c, d). In
Fig. 3c, the statistically-extracted Vi is shown against the
thickness of Cs,AgBiBrs, where the average V. gradually
decreased from 10.6 to 1 V when the thickness grew from 100 to
800 nm. This reduced V,, indicates the easier formation of CFs
under the external voltage in the thicker Cs,AgBiBrs nanoflakes.
The probability for the appearance of threshold and resistance
switching in an individual memristor as a function of
Cs,AgBiBrs thickness is summarized in Fig. 3d, among which
the resistance probability was significantly increased from 0% to
80% as the thickness increased from 100 to 800 nm, thus
implying a transition from threshold to resistance switching
(Fig. S6).

The formation and rupture of CFs enabled by ionic migration
are primarily responsible for the resistive switching in per-
ovskite-based memristors. The two mainstream memristive
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Figure 2 (a) Schematic diagram and optical microscopy image of the as-fabricated Cs,AgBiBrs memristors. The crystal structure of Cs,AgBiBrs is illustrated
in the left upper corner. The typical I-V characteristics of (b) threshold and (c) resistance switching are obtained in Cs,AgBiBrs memristors. (d) Histogram of
SET voltage extracted over 25 devices. This can be fitted by a Gaussian distribution with an average of 1 V. (e) Threshold switching behaviors of Cs,AgBiBrg
under different compliance currents. (f) The comparison of the current on/off ratio and 1/E of Cs,AgBiBrs memristors with the literature.

aqo0* b 107 300 nm
—~ 10 =
< <
-~ 3 )
$ 10° X o
: :
= ]
O,4p10 o
—300 nm
1 600 nm
10-12 —— 800 nm .
-4 -2 1] 2 4
Voltage (V) Voltage (V)
& d 100 0
iz § P e £ 80 20 :
- | ° 2 2
s 2 - :
. 8 S 60t 140 8
(=2 ° ]
©
= 5 40} i i {60 &
> 4 2 =
i 3 20 180 <
) ° S = £
; : : : 0 ' : . . 100
0 200 400 600 800 1000 100 300 600 800
Thickness (nm) Thickness (nm)

Figure 3 I-V characteristics of 300-, 600-, 800-nm-thick Cs,AgBiBrs with both (a) threshold and (b) resistance switching. (c) The statistically extracted SET
voltage as a function of Cs,AgBiBrs thickness. (d) Probability for the emergence of threshold and resistance switching in an individual device with respect to
the Cs,AgBiBrg thickness.

switching mechanisms are electrochemical metallization mem-  Cs,AgBiBrs, there are potentially four types of vacancies, labeled
ory (ECM) and valence change memory (VCM), which depend  as V¢, Vg, Vi, and Vg, where the CFs tend to be formed by the
on the migration of metallic and vacancy ions, respectively [49].  migration of ions with low activation energy. The activation
The switching behavior of our Au/Cs,AgBiBre/Au devices is  energy for Cs, Bi, Ag, and Br vacancies in Cs,AgBiBrs has been
ascribed to the formation/rupture of vacancy-formed CFs due to  estimated to be 1.413, 3.363, 0.895, and 0.438/0.427 eV (Br1/Br2)
the inert Au electrodes [16,28]. In the double perovskite in previous work [50], suggesting the most likely migration of Br
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vacancies to produce CFs. Furthermore, the corner-sharing
octahedral structure of Cs,AgBiBrs allows the hopping of Vg,
within the half of the unit cell and facilitates its migration
between adjacent bromide sites along the equatorial plane under
an external electric field, whereas the migration of Cs, Ag, and Bi
along the pathway across one cell would severely deteriorate the
crystal structure [7]. As a result, the highly mobile Vg, with low
activation energy may be responsible for the high-performance
memristive switching in the single-crystal Cs,AgBiBres. Fig. 4a
depicts a hypothetical scenario for the formation/rupture of Vg,
CFs in Cs,AgBiBrs with different thicknesses. For thin
Cs,AgBiBr, the fragile CFs are formed under external bias,
which is sensitive to the thermally driven diffusion of Vy, and
results in the spontaneous RESET of the HRS at a close-to-zero
bias. As the thickness of Cs,AgBiBrg increases, more Br vacan-
cies are involved in the formation of CFs, thus leading to a stable
conductive channel that needs to be RESET by a large reverse
bias [28].

To figure out the ionic species involved in the memristive
switching process, EDX spectroscopy measurements were per-
formed to analyze the elemental distribution of Cs,AgBiBrg
nanoflakes with different thicknesses before and after CF for-
mation. Fig. 4b shows an SEM image of a Cs,AgBiBrs channel
between two Au electrodes, with EDX scanning implemented
across the channel (i.e., along the orange dotted line). The
intensity distributions of Br (Lal, La2) and Ag (La) signals in
100- and 300-nm-thick Cs,AgBiBrg are displayed in Fig. 4c-f
(the corresponding EDX spectra for each element are shown in
Fig. S7). The Br intensity decreased significantly after formation,
while the signals of Ag (La), Bi (Ma), and Cs (La) were almost
unchanged (Fig. S8a, b, e and f), which reveals the migration of
Br ions toward the anode and its dominant role in determining
the switching behavior of Cs,AgBiBrs. Similar phenomena were
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also found in the Cs;AgBiBrs with the thickness of 600 and
800 nm (Figs S9a-d and S8c, d, g, h). In Fig. 4g, the atomic ratio
of the pristine state to forming state for Br and Ag was statis-
tically extracted in the channel region and displayed with regard
to the Cs,AgBiBry thickness. The average atomic ratio of Br was
found to be remarkably increased from ~1.54 to ~2.56, with the
thickness growing from 100 to 800 nm, which indicates the
migration of more Br vacancies in the thicker Cs,AgBiBrg, hence
resulting in the formation of more stable CFs and higher
probability of nonvolatile switching. Furthermore, the linear
fitting of the I-V curve under the SET process in Fig. 2c under
the SET process implies transport in Cs,AgBiBrg follows the
space-charge limited conduction (SCLC) model, which further
supports the conductive filamentary behavior based on Vg, [26]
(Fig. S10).

Last but not least, the impact of light illumination on ionic
migration in the single-crystal Cs,AgBiBrg (800 nm thick) was
carefully examined. The channels of memristors were irradiated
with broadband light from 300 to 800 nm with tunable intensity.
During the SET process, the Vi steadily increased from 1.4 to
3.8 V upon the white light, with the intensity increased from 0 to
4.09 mW cm™? (Fig. 5a), suggesting the suppression of CF for-
mation by incident light. Under illumination with variable
wavelengths from 365 to 660 nm at a fixed intensity, the device
exhibits a similar increase in Vi that peaks at 455 nm, as shown
in Fig. 5b. This wavelength-dependent Vi agrees well with the
absorption spectrum of Cs;AgBiBrs (Fig. 1d), further demon-
strating the light-induced attenuation of CFs. The statistically
calculated Vi is also plotted as a function of light intensity and
wavelength in Fig. 5c. Furthermore, the CFs in Cs,AgBiBrs can
be annihilated by prolonging the irradiation time, as clearly
observed in the time-dependent response (Fig. 5d). By applying
a constant voltage of 5 V in the dark, the device was initially SET
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Figure 4 (a) Schematic illustration of the SET and RESET mechanism in Cs,AgBiBr¢ with different thicknesses. (b) SEM image of the channel region of the
Cs,AgBiBrg memristor. EDX scanning was performed along the orange dotted line. EDX signal distribution for (c, d) Br and (e, f) Ag in the Cs,AgBiBrs
channel with the thickness of 100 and 300 nm, respectively. (g) The atomic ratio of the pristine state to forming state for Br and Ag in the channel with respect
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to LRS, corresponding to an electrical-writing process. Upon
illumination at a read voltage of 0.2V, the current instantly
decreased by several orders of magnitude due to the annihilation
of CFs. Switching off the light would further reduce the off
current and RESET the device to the initial HRS, leading to an
optical-erasing process. Thus, periodic voltage SET and light
RESET produce an optoelectronic memory with reversible
resistance switching up to 10. The underlying mechanism of CF
annihilation is schematically shown in Fig. 5e. By absorbing
photons with an energy higher than the bandgap of Cs,AgBiBrs,
electron-hole pairs can be generated in the channel and subse-
quently separated by an external electric field. The photo-
generated electrons can be captured by the Br vacancies, which
seriously suppresses the formation of conductive channels,
thereby increasing the Vi Continuous illumination induces
more free electrons to fill Br vacancies, resulting in the rupture
of CFs in Cs,AgBiBrs.

CONCLUSIONS

In summary, a high-performance lateral memristor based on the
single-crystal double perovskite Cs,AgBiBrs has been demon-
strated to exhibit an ultralow average SET electric field of 6.67 x
10* V. m™" and a high on/off ratio of 107. More importantly, the
switching behavior of Cs,AgBiBrs was found to transition from
volatile to nonvolatile resistance switching when its thickness
varied from 100 to 800 nm. EDX elemental analysis indicates
that the formation of conductive channels in Cs,AgBiBrg is
attributed to the migration of Br vacancies with low activation
energy. Moreover, the formed conductive channels in
Cs,AgBiBrs can be significantly annihilated by light irradiation
with controlled intensity and wavelength, resulting in an
optoelectronic memory with separate electrical-writing and
optical-erasing steps. Our results provide a comprehensive
understanding of ionic migration in single-crystal perovskites
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and shed light on the future application of perovskite crystals in
high-performance and low-power memory devices.
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