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ABSTRACT: Metal  halide  perovskites  (MHPs)  have
attracted  attention  in  advanced  memory  technology,
such  as  resistive  switching  (RS)  devices,  owing  to  their
hysteretic  behavior.  However,  the  mechanisms underlying
MHP-based  RS  devices  remain  elusive.  We  present  a
two-dimensional  (2D)-layered  single-crystal  (SC)
CsPb2Br5  microsheet-based  RS  device  with  vertical  and
planar  structures.  Although  RS  occurs  in  both  structural
devices,  the  planar  structured  device  exhibits  volatile  RS
operation, whereas the vertically structured device exhibits
bipolar RS characteristics, including a long retention time (> 2.5 × 104 s), large on/off ratio (up to 108), low-operating voltage
(Vset <  0.32 V),  and reset  voltage-driven multilevel  properties  with  a  large resistance ratio  (~  102)  between each state.  A
possible RS mechanism of the vertically structured devices can be explained by the migration of active metal ions. The 2D-
layered  structure  induces  partial  localization  of  active  metal  elements  between  the  Cs  layers  owing  to  its  high  migration
barrier  energy  level  along  the  [001]  crystal  direction.  Experimental  and  theoretical  analyses,  including  Auger  electron
spectroscopy  depth-profile  and  density  functional  theory  calculations  support  our  suggestions.  This  work  clarifies  the
operational mechanisms in SC MHP-based anisotropic RS and proposes the potential  for SC MHP in advanced memory
devices, marking a leap in the understanding and application of these materials for next-generation electronics.
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1    Introduction
Resistive  switching (RS)  memory has  been in  the  spotlight  for  the
last  decades  as  a  candidate  for  next-generation  non-volatile
memory and computing systems owing to its fast-switching speed,
low power  consumption,  superior  scalability,  and  high  integration
density  [1−3].  In  particular,  in  the  past  several  years,  RS  memory
devices  have  been  investigated  not  only  by  theoretical  and
experimental  analysis  of  the  RS  phenomenon  itself,  but  also
adopted  in  memristors,  synaptic  components,  and  in-memory
computing  systems  with  remarkable  performances  [1, 4].  Among
the  previously  reported  active  materials  such  as  metal  oxides,
organics,  and  metal  halide  perovskites  (MHPs)  for  RS  memory
devices,  inorganic  MHPs  have  recently  received  attention  as

excellent candidates for RS devices owing to their high order on/off
ratio, low operating power consumption, and better environmental
stability  compared  to  organic  MHPs  [5−7].  Since  Wu  et  al.  first
reported  the  all-inorganic  CsPbBr3-based  RS  device  in  2016,
numerous related studies have been conducted [7−9]. However, its
superiority  such  as  a  high  device  performance  with  low-power
consumption  and  a  facile  fabrication  process,  relatively  limited
on/off  ratio  and  vulnerability  to  humidity  and  heat  is  the  main
challenges  to  be  addressed  [10, 11].  Decreasing  the  dimensions  of
the  MHP  structure  was  considered  an  emerging  approach  to
improving  the  limitations,  which  are  inherent  properties  in  three-
dimensional (3D) MHP-based devices owing to their large bandgap
and  better  environmental  robustness  compared  to  3D  MHP  [12,
13].  In  2020,  Jung  et  al.  newly  presented  polycrystalline  CsPb2Br5
film-based RS devices  with a  higher  on/off  ratio  and stability  than
the  CsPbBr3 film,  and  Paul  et  al.  suggested  CsPb2Br5 nanoplates-
based flexible RS devices with light-modulated multilevel functions
[13, 14].  However,  single-crystal  (SC)  CsPb2Br5 without  grain-
boundary  (GB)-based  RS  devices  have  never  been  reported,
although  the  existence  of  the  GB  in  the  MHP  film  could  directly
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influence  the  RS  characteristics  of  the  devices.  The  GB  present  in
the MHP could facilitate the migration of active metal and mobile
defect ions that could cause RS, as well as inferior device-to-device
reliability, easier degradation caused by environmental stress, and a
large current flow in the high-resistance state (HRS), resulting in a
limited  on/off  ratio  [15−17].  Moreover,  the  RS  characteristics
resulting  from  the  presence  of  a  large  number  of  GBs  could  hide
the characteristics of the MHP material itself, thereby canceling out
the unique characteristics inherent in the MHP material [17, 18].

In this study, we first evaluated the performance of GB-free two-
dimensional  (2D)-layered  CsPb2Br5 microsheet  (MS)-based  RS
devices, which exhibited a high on/off ratio of up to approximately
108, an extended data retention time (> 2.5 × 104 s), a low-operating
voltage  (Vset <  0.32  V),  and  a  multilevel  function  with  a  large
resistance  margin  (~  102)  between  each  state.  The  RS  behavior  of
the  CsPb2Br5-based  RS  devices  exhibited  a  significant  dependence
on the  planar  and vertical-type  structures.  This  discrepancy  in  the
device  structures  stems  from  the  distinct  mobile-ion  migration
characteristics  associated  with  the  crystal  plane  of  CsPb2Br5.  This
result  was  drawn  from  the  results  of  the  Auger  electron
spectroscopy (AES) in conjunction with the electrical characteristics
of  the  fabricated  devices.  Density  functional  theory  (DFT)
calculations, including the climbing image nudged elastic band (CI-
NEB) method, further supported this observation. 

2    Results and discussion
The crystal structure of the tetragonal CsPb2Br5 obtained using the
VESTA software (ver.  3.5.8)  is  shown in Fig.  1(a),  which depicts  a
Pb2Br5 polyhedron  spaced  by  a  Cs  atom  layer.  Consequently,
tetragonal  CsPb2Br5 was  classified  as  a  2D  structural  material
[19−21].  We successfully  synthesized  SC 2D-layered  CsPb2Br5 MS
by  a  facile  solution-based  fractional  crystallization  technique
according to the synthesis process shown in Fig. S1 in the Electronic
Supplementary  Material  (ESM).  The  measured  X-ray  diffraction
(XRD)  pattern  of  the  precipitated  sheet-type  powder  during  the
crystallization process corresponded well with the calculated results
from  the  SC  crystallographic  data  and  the  reported  tetragonal
CsPb2Br5 structures (JCPDS No. 25-0211), as displayed in Fig. 1(b)
[20, 21]. The main peaks appeared at 11.88°, 23.61°, 35.62°, 48.04°,
and  48.22°  and  corresponded  to  the  CsPb2Br5 crystal  planes  of
(002), (210), (312), (413), and (420), respectively.

However,  the  precipitated  powder  may  contain  overgrown  and
excess  precursor  material;  therefore,  it  contains  some  of  the  other
Cs-Pb-Br  family  compounds,  such  as  CsPbBr3,  Cs4PbBr6,  PbBr2,
and  CsBr  [21, 22].  To  use  only  pure  CsPb2Br5 crystals  for  high-
quality RS devices, the growing precursor solution in the metastable
zone  was  dropped  on  the  target  substrate,  as  described  in  the
experimental  section.  After  a  few  minutes,  sheets  of  hundreds  of
micrometers became visible to the naked eye, and at this point, the
solution  was  temporarily  removed  to  abruptly  stop  growth.
scanning  electron  microscopy  (SEM)  and  energy  dispersive
spectroscopy  (EDS)  analyses  were  performed  to  evaluate  the
composition  and  surface  of  the  CsPb2Br5 MSs  grown  in  this
manner.  As  shown  in Fig.  2(a),  the  synthesized  MS  displayed  a
remarkably  smooth  edge  and  surface,  free  from  any  undesired
composites,  despite  the  easy  formation  of  Cs-Pb-Br  composites  at
the  edges  of  the  CsPb2Br5 MSs  [23].  The  atomic  elements  ratio
measured  by  EDS  analysis  (Fig.  2(b))  was  1:2.03:4.92  (Cs:Pb:Br)
whose  values  nearly  corresponded  with  the  stoichiometric  atomic
ratio  of  CsPb2Br5.  In  addition,  it  can  be  observed  from  the  EDS
mapping  results  that  Cs-Pb-Br  elements  were  uniformly  present
throughout  the  MS.  For  a  more  accurate  confirmation,  typical
appropriately grown MS was separated and transferred to a holey-
carbon  Cu  grid  for  transmission  electron  microscopy  (TEM)
analysis. As shown in Fig. 2(c), the smooth surface of the MS in the
high-resolution (HR)TEM images indicated that there was no other
material  with  a  different  phase  on  the  surface  of  the  material.
Moreover, the interplanar spacings 2.99 and 2.71 Å obtained from
the  HRTEM  image  and  selected  area  diffraction  (SAED)  pattern
corresponded to (220) and (310) interplanar spacings, respectively,
which  indicated  that  the  synthesized  material  was  tetragonal
CsPb2Br5.  Moreover,  the  consistent  repetition  of  a  specific
diffraction  pattern  in  the  SAED  pattern  indicated  that  the
synthesized  materials  exhibited  an  SC  structure,  as  shown  in Fig.
2(e).  It  should  be  noted  that  the  edges  of  the  synthesized  SC
CsPb2Br5 MS  coincided  with  the  [100]  or  [110]  directions,  as
depicted  in Fig.  2(d) and  Fig.  S2  in  the  ESM.  Furthermore,  the
lattice  parameters a and b of  the  tetragonal  CsPb2Br5 MS  were
same, which indicated that the direction perpendicular to the plane
of  the  synthesized  SC  CsPb2Br5 MS  was  parallel  to  the  [001]
direction (in particular, (002)-oriented) [21]. To further analyze the
crystalline quality of the SC CsPb2Br5 MS, the X-ray rocking curve
(XRC) of the (002) plane was measured, as depicted in Fig. 2(f). The

 

Figure 1    (a) Schematic illustration of tetragonal CsPb2Br5 crystal structure. (b) XRD pattern of synthesized CsPb2Br5 powder (inset is the XRD pattern of the enlarged
magnification at approximately 48°).
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measured full  width at half maximum (FWHM) of the (002) peak
of the rocking curve is as small as 0.020°. The small FWHM value
in the (002) peak of the rocking curve confirms that the synthesized
CsPb2Br5 on the substrate is (002)-oriented, and also indicates that
it  is  a  high-quality  crystal  with  negligible  residual  stress  [22, 23].
Atomic  force  microscopy  (AFM)  analysis  was  conducted  to
determine  the  surface  roughness  and  atomic  steps  of  the  SC
CsPb2Br5 MS.  As  shown  in Fig.  2(g),  the  root  mean  square
roughness  (Rq)  of  the  SC CsPb2Br5 MS surface  on  the  substrate  is
approximately  0.608  nm,  indicating  a  very  uniform  surface.
Additionally,  given  that  the  (002)  interplanar  distance  of  the
synthesized CsPb2Br5 crystal is 7.72 Å which can be calculated from
(002)  peak  of  5.732°.  Based  on  this,  the Rq value  of  0.608  nm
suggests  that  the  surface  of  CsPb2Br5  MS  is  highly  uniform,  with
deviations  occurring  only  at  the  level  of  a  single  Cs+ and  Pb2Br5

-

layer.
RS  devices  with  vertical  and  planar  structures  were  designed  to

evaluate the anisotropic RS characteristics of CsPb2Br5 according to
their  crystal  direction,  which  is  not  observable  in  polycrystalline
devices.  First,  to  fabricate  a  vertical-type  RS  device,  as  depicted  in
Fig.  3(a),  the  CsPb2Br5 MS  was  grown  on  a  pre-patterned  Au
bottom electrode  (BE)  formed on  Al2O3(0001)  substrate  using  the
same  method  mentioned  above,  and  the  Au  or  Cu  top  electrode
(TE) was deposited by thermal evaporation, as explained in Fig. S3
in  the  ESM.  A  cross-sectional  SEM  image  of  a  typical  fabricated

device  is  shown  in Fig.  3(b),  where  each  layer  of  the  RS  device  is
clearly  distinct.  The  measured thickness  of  the  CsPb2Br5 MS from
the  cross-sectional  SEM  image  is  approximately  500  nm.  As  with
the  previous  crystallographic  analysis  results,  including  the  XRD
and TEM measurements, because the synthesized CsPb2Br5 was an
SC,  it  did  not  exhibit  a  distinct  GB,  unlike  the  halide  perovskite
films  formed  by  generally  used  spin  coating,  blade  coating,  and
thermal  evaporation techniques [24, 25, 26].  The inset  of Fig.  3(b)
shows  an  optical  microscopy  (OM)  image  of  the  fabricated
Au/CsPb2Br5/Cu  structure  and  the  white  dotted  box  indicates  the
actual  active  region  of  the  RS  device.  To  confirm  the  absence  of
impurities  in  the  CsPb2Br5 MS  used  in  a  typical  device,  micro-
Raman spectroscopy was conducted around the active region (not
the inner active layer to prevent laser damage) of the CsPb2Br5 MS,
as shown in Fig. 3(c). The observed Raman shift peaks at 51, 69, 76,
and 134 cm–1 are in accordance with previous reports of the Raman
shift of CsPb2Br5 [20, 27]. The peaks located at 51 and 134 cm–1 are
from  the  A1g vibration  mode  and  the  peaks  located  at  69  and
76 cm–1 are from the B2g and B1g vibration mode, respectively. These
results confirmed once again that CsPb2Br5 used as an active region,
does not contain unwanted Cs-Pb-Br compounds.

The  electrical  properties  of  the  devices  with  inert  and  active
metal  electrodes  were  measured  to  understand  the  RS
characteristics of the fabricated vertical-type device. In devices using
inert Au TE, there is a possibility that the resistance can be changed

 

Figure 2    (a) Typical SEM image and (b) EDS mapping results of CsPb2Br5 MS on SiO2/Si substrate (Inset presents the elemental atomic ratio measured by EDS-SEM).
(c) and (d) HRTEM images of CsPb2Br5 edge and (e) SAED pattern obtained fast Fourier transforms (FFT) technique from HRTEM image of (c). (f) XRC and (g) AFM
results of SC CsPb2Br5 single MS on SiO2/Si substrate.

 

Figure 3    (a)  Schematic  illustration  of  fabricated  vertical-type  RS  device  and  (b)  typical  cross-section  SEM  image  of  actual  RS  device  (inset  is  OM  image  of  typical
fabricated vertical-type device). (c) Raman shift of CsPb2Br5 MS for actual active area in RS device.
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only by the migration of mobile defect ions inside CsPb2Br5 MS. In
general, among the defect ions in the CsPb2Br5 crystal, the bromine
vacancy (VBr) was considered the most dominantly formed mobile
defect owing to its lowest formation energy compared to other ion
vacancies in the CsPb2Br5 crystal [13, 28]. It is noteworthy that the
RS  device  with  the  Au  TE  did  not  exhibit  any  significant  RS
behavior even in high voltage conditions up to ± 9 V bias as shown
in Fig. 4(a). This result is the opposite of the results reported on the
polycrystalline CsPb2Br5-based RS device, which exhibited apparent
RS  characteristics;  this  implies  that  the  vertical  direction
(perpendicular  to  (001)  plane)  migration  of  defects  such  as  VBr in
CsPb2Br5 were significantly restricted in GB-free SC CsPb2Br5 [13].
However,  as  depicted  in Fig.  4(b),  when  an  active  metal  Cu  was
used  as  a  TE,  a  clear  bipolar  RS  phenomenon  appeared  after  the
electrochemical forming process at 2.0 V (Fig. S4 in the ESM), and
the RS characteristics were maintained for approximately 100 loop
cycles.  Almost the same current–voltage (I–V) characteristics were
observed  in  different  devices  with  identical  CsPb2Br5 thicknesses
fabricated in the same manner, as shown in Fig. S5 in the ESM. As
demonstrated in Fig. S6 in the ESM, the bipolar RS characteristic of
the fabricated SC CsPb2Br5-based RS device can be maintained for
5  weeks  under  an  air  atmosphere  without  any  passivation  layer.
This  result  demonstrates  that  the  environmental  stability  of  the
fabricated SC CsPb2Br5 is superior to polycrystalline MHP-based RS
devices [8, 15].  This enhanced stability is  likely due to the absence
of  grain  boundaries,  which  are  the  primary  degradation  paths  in
polycrystalline MHP [16]. On the other hands, a device with an Ag
TE  instead  of  a  Cu  TE  was  fabricated,  demonstrating  similar
bipolar  non-volatile  RS  characteristics,  as  shown  in  Fig.  S7  in  the
ESM. However, it exhibited relatively high voltage requirements for
set and reset with unstable RS loop characteristics compared to the
device using a Cu TE. These findings led to the employment of Cu
TE  in  SC  CsPb2Br5-based  RS  devices.  The  voltage  required  to
transition  from  the  HRS  to  the  low-resistance  state  (LRS)  was
referred to as VSET and the voltage required to transition from the
LRS to the HRS was VRESET; the distributions of VSET and VRESET are
illustrated by a histogram with the Gaussian fitting in Fig. 4(c). The
calculated average VSET and VRESET of the fabricated CsPb2Br5-based
vertical-type  RS  device  are  approximately  0.32  and –0.80  V,
respectively,  which  are  appropriate  for  applying  a  low-power
consumption  system.  The  retention  times  of  the  fabricated

CsPb2Br5-based vertical-type RS device when 500 ms voltage pulses
of  0.4  and –1.0  V  were  applied  were  evaluated  using  a  reading
voltage  of  0.05  V (10 ms).  The obtained results  suggested that  the
resistance in the LRS and HRS could be sustained without notable
degradation for a minimum duration of 2.5 × 104 s, as shown in Fig.
4(d), which indicates the non-volatile characteristics inherent in the
fabricated  SC  CsPb2Br5 MS-based  vertical-type  RS  device.
Furthermore,  as  depicted  in  Fig.  S8  in  the  ESM,  extrapolating  the
LRS  current  on  a  logarithmic  scale  to  the  logarithmic  time  axis
indicates that the LRS current level  could be retained for 10 years.
In contrast, the HRS resistance varied for each loop, as depicted in
Fig. 4(b) and Fig. S5 in the ESM. To evaluate this result in detail, the
LRS  and  HRS  resistances  at  0.05  V  were  extracted  from  the I–V
loops,  as  shown in Fig.  4(b).  The sweep cycle  endurance extracted
from the I–V loops, as shown in Fig. 4(e), exhibited a significantly
large fluctuation in the HRS resistance, whereas the LRS resistance
could be retained at a similar level. The diverse HRS resistance and
continuous  distinct  negative  differential  resistance  (NDR),  which
could  be  observed  in  the I–V characteristics  in Fig.  4(b),  indicates
that  the SC CsPb2Br5 MS-based vertical-type RS devices  may have
multiple HRS states that can be managed by different voltage biases.
Based on these observations, we evaluated the multistate transition
characteristics based on the amplitude of the reset voltage pulse.

Figure 4(f) shows the cycle endurance of the reset voltage-driven
multistate  operation,  confirming reproducible  transition from LRS
(state1)  to  HRS1  (state2),  HRS2  (state3),  and  HRS3  (state4)  by
applied  voltage  pulses  of –0.7, –1.0,  and –1.2  V  (100  ms),
respectively.  Additionally,  each of  the  four  states  could  maintain  a
resistance  level  for  at  least  300  s  without  any  degradation,  with  a
large  on/off  ratio  of  approximately  102 as  shown in Fig.  4(g).  This
multistate  operation  with  a  large  on/off  resistance  ratio  between
each  state,  which  could  be  controlled  only  by  the  voltage,  could
accelerate  practical  applications  by  reducing  the  need  for  an
additive-specific  circuit  for  multistate  operation  or  lowering  the
complexity  of  the  circuit.  Moreover,  through  the  temperature
dependence  of  the  resistance  in  LRS,  it  is  possible  to  determine
whether the component of the conductive path (CP) formed inside
the RS layer is metallic or ionic [29−31]. In general, the temperature
coefficient  of  resistance  (TCR, α)  can  be  expressed  as R = R0[1  +
α(T – T0)], where R0 is the resistance at T0. As depicted in Fig. 4(h),
the LRS resistance of the fabricated SC CsPb2Br5 MS-based vertical-

 

Figure 4    Typical electrical characteristics of fabricated CsPb2Br5 MS-based vertical-type RS devices with (a) Au TE or (b)–(f) Cu TE. (a) and (b) I–V loops, (c) set and
reset voltage distribution, (d) resistance retention time in LRS and HRS, (e) sweep cycle endurance extracted from I–V loops, (f) reset voltage driven multistates cycles
endurance, (g) each state retention time, and (h) LRS resistance depending on temperature of fabricated CsPb2Br5 MS-based vertical-type RS devices.
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type  device  exhibited  a  positive  proportional  relationship  with  the
temperature,  and  the  TCR  obtained  according  to  the  above
equation  was  approximately  5.35  ×  10–3 1/K,  which  was  almost
consistent with the reported TCR of copper [26, 30]. Furthermore,
given the relatively high magnitude of the TCR value in comparison
to  the  typically  low  TCR  of  ionic  CP  (under  2  ×  10–3 1/K)  [30,
32−34],  it  is  anticipated  that  the  cause  of  RS  in  the  fabricated  SC
CsPb2Br5 MS-based  vertical-type  RS  device  was  predominantly
attributed to copper. A more detailed discussion of the behavior of
Cu,  which  is  a  component  of  the  CP  inside  SC  CsPb2Br5 will  be
discussed in later sections.

To evaluate the anisotropic RS phenomenon of the SC CsPb2Br5-
based RS device, planar-type RS devices with inert (Au) and active
metal (Ag) electrodes were fabricated using the fabrication process
shown in Fig. S3 in the ESM. The planar-type RS device had an RS
active layer of approximately 2 μm in directions parallel to the (001)
plane, which was different from the RS active layer thickness of the
vertical-type device. Consequently, the measured RS characteristics
with the electrical field along the x-axis were used for comparative
analysis between the two structures. Figure 5(a) compares the I–V
loop  characteristics  of  the  SC  CsPb2Br5 MS-based  planar  and
vertical-type RS devices with inert electrodes. As mentioned earlier,
in  the  vertical-type  RS device  with  inert  electrodes  used as  the  TE
and BE, the RS phenomenon did not occur, even at a high electric
field of approximately 180 kV/cm. However, in the planar-type RS
device,  a  clear  RS  phenomenon  occurred,  even  at  a  relatively  low
electric  field  of  100  kV/cm.  This  could  be  attributed  to  the
migration  of  VBr,  which  is  widely  present  in  CsPb2Br5 crystals,
depending  on  the  electric  field.  This  observation  suggests  that  the
migration  of  VBr is  significantly  impeded  in  the  vertical  direction
(perpendicular to the (100) plane), whereas migration in the planar
direction (parallel to the (001) plane) is feasible. Nonetheless, the SC
CsPb2Br5-based  planar-type  RS  device  with  an  inert  electrode
exhibits  volatile  RS characteristics. Figure 5(b) shows the I–V loop
characteristics  of  the  SC  CsPb2Br5 MS-based  vertical- and  planar-
type  RS  devices  with  active  electrodes.  The  planar-type  RS  device
with  an  active  electrode  still  exhibited  volatile  RS  characteristics,
such as  when an inert  electrode was used,  but  the set  electric  field
required  for  the  transition  from  the  HRS  to  LRS  was  only
approximately 13 kV/cm, which was significantly smaller than that
of the inert electrode. The collaboration between VBr and the active
metal within CsPb2Br5 suggests that a discernible RS phenomenon
is likely to occur even at relatively low electric-field levels. As shown
in Fig.  5(c),  even after  applying  a  high electric  field  of  100  kV/cm
for  the  set,  the  planar-type  device  had  a  shorter  retention  time  of
544.9  s  compared  to  the  vertical-type  device  and  had  volatile
memory characteristics.  Based on these findings, it  is hypothesized

that  the  volatile  characteristics  observed  in  planar-type  RS  devices
stem primarily from the crystal structure along the CsPb2Br5 (001)
plane and are independent of the migration behavior of the mobile
defects  or  active  metal  ions.  A  more  in-depth  examination  of  this
phenomenon is discussed in the following section, drawing insights
from the DFT and CI-NEB calculation results.

Generally,  in vertical-type RS devices,  the component of the CP
formed from the internal mobile defects or active metal ions from
the  TE  can  be  affected  by  the  thickness  of  the  active  layer,  which
ultimately  affects  the  RS  characteristics  [35, 36].  To  confirm  the
changes  in  the  RS characteristics  according to  the  thickness  of  the
SC  CsPb2Br5 active  layer,  the  SC  CsPb2Br5 based  vertical-type  RS
device  was  fabricated  using  SC  CsPb2Br5 with  a  thickness  of
approximately 110 nm, as shown in the cross-sectional SEM image
in Fig.  S9  in  the  ESM, which is  much thinner  than the  previously
proposed 500 nm. Figure  6(a) depicts  a  typical I–V loop of  a  thin
SC  CsPb2Br5-based  vertical-type  RS  device  with  an  inert  top  TE.
Similar to the device with 500 nm SC CsPb2Br5,  no discernible RS
phenomenon  was  observed  according  to  the  electric  field.  These
results indicate that defects like VBr in (002)-oriented CsPb2Br5 are
constrained  from  moving  along  the  perpendicular  to  (001)  plane,
preventing  them  from  forming  CPs,  regardless  of  the  active  layer
thickness.  However,  it  is  worth  noting  that  the  HRS  current
magnitude  of  the  device  was  higher  than  that  of  the  500  nm  SC
CsPb2Br5-based  one.  This  is  likely  because  the  resistance  increases
with the thickness of CsPb5Br5,  serving as the active and resistance
layer  simultaneously  [35−37].  However,  as  shown in Fig.  6(b),  the
thin  SC  CsPb5Br5-based  vertical-type  RS  device  with  an  active  TE
exhibited  bipolar  non-volatile  RS  characteristics,  such  as  a  device
with  a  thickness  of  500  nm,  and  was  also  confirmed  to  have
different HRS states in the first and second loops. In other words, it
was  confirmed  that  there  was  no  significant  difference  in  the
migration  behavior  of  the  mobile  defects  or  active  metal  ions
according  to  the  thickness  of  the  SC  CsPb2Br5 contrary  to  the
reported  results  [35, 36].  This  phenomenon  is  attributed  to  the
sustainability  of  the  crystallinity  and  crystal  direction  of  SC
perovskites,  regardless  of  the layer thickness,  owing to the absence
of grain boundaries.

To  determine  the  exact  composition  of  the  CPs,  the  depth
profiles  of  the  LRS  and  HRS  of  the  fabricated  RS  devices  were
measured using AES. The depth profile analysis of the RS layer has
often been carried out for the analysis of the RS mechanism by ion
migration such as halogen and metal elements; however, AES depth
profile  analysis  of  the  GB-free  SC  HP-based  RS  device  was
conducted  in  this  study  [35, 38].  Ion  sputtering  for  the  etching  of
the sample was performed at an incident angle of 45° for the sample
using  an  Ar+ ion  of  0.5  keV,  and  AES  analysis  was  conducted  by

 

Figure 5    (a) and (b) Typical I–V loops characteristics of vertical and planar type structure devices with (a) inert TE and (b) active TE. (c) Retention times of vertical and
planar type structure devices with active TE.
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placing an electron gun of 10 keV with 10 nA at a reflection angle
of 30° for the sample. The SC CSsPb2Br5 was found to have an etch
rate  of  approximately  15.7  nm/min  under  the  corresponding  ion
sputtering  conditions.  Unfortunately,  as  shown  in  Fig.  S10  in  the
ESM,  the  degradation  of  SC  CsPb2Br5 was  evident  in  the  SEM
image  captured  during  ion  etching.  Electron  beam  analysis  was
conducted in the middle of  the AES depth profile  analysis  process
of the 500 nm SC CsPb2Br5-based vertical-type device. In particular,
the  Auger  electron  scan  area  rapidly  deteriorated  from  the  two-
thirds point owing to the electron beam, thereby compromising the
reliability of the AES depth profile analysis of the sample. However,
considering that no notable degradation was identified in the SEM
image  at  the  A-third  point,  depth  profile  analysis  using  the  AES
technique on the relatively thin 110 nm SC CsPb2Br5-based vertical-
type  device  is  likely  to  be  reliable. Figures  6(c) and 6(d) show  the
depth profiles of the thin SC CsPb2Br5-based vertical-type RS device
in  the  LRS  and  HRS  states,  respectively.  First,  the  atomic
concentration distribution of  the  Br  atom is  slightly  higher  on the
Cu TE layer side in the LRS, which could indicate that the VBr

+ ion
has  migrated  in  response  to  the  electric  field.  However,  the
distinction  of  the  Br  atom  concentration  distribution  between  the
LRS and HRS has not  been clearly  delineated.  These results  imply
that  VBr ion  migration  perpendicular  to  the  (001)  plane  of  SC
CsPb2Br5 is  undesirable,  as  expected  from  the  previous I–V
characterization  results,  even  if  it  cannot  form CPs  that  can  cause
the RS phenomenon. However, it  should be noted that the atomic
concentration  distribution  of  Cu  varies  significantly  between  the
LRS and HRS states.  In the LRS state,  the atomic concentration of
Cu  is  present  with  a  concentration  gradient  across  the  CsPb2Br5
region, whereas in the HRS state, the atomic concentration of Cu is

generally  low  in  the  overall  CsPb2Br5 region,  and  partially  absent.
This result indicates that the Cu ions may sufficiently migrate in a
direction  perpendicular  to  the  (001)  plane,  depending  on  the
direction of the electric field, and the migrated Cu ions are reduced
by electrons  supplied from the  BE to  form CPs,  which is  essential
for RS operation [39]. Moreover, the active participation of Cu ions
from active TE is also evidenced by the distinct I–V characteristics
and retention performance  compared to  inert  electrodes  in Fig.  5.
Meanwhile,  despite  the  CPs  destruction  by  the  electric  field,  some
Cu  element  was  not  completely  removed,  and  remained  in  the
CsPb2Br5 layer  in  the  HRS.  The  residual  Cu  elements  in  the
CsPb2Br5 layer  were  not  independent  of  the  reset  voltage-driven
multistate RS operation of the fabricated SC CsPb2Br5-based vertical-
type RS devices.

The  behavior  of  the  VBr and  Cu  ion  in  the  SC  CsPb2Br5 was
predicted  by  calculation  through  the  CI-NEB  technique  [39, 40].
The  Cu+ and  VBr

+ ions  were  moved  inside  the  CsPb2Br5 lattice,
because Cu and VBr are ionized through redox reactions such as Cu
→  Cu+ +  e– and  Br  →  VBr

+ +  e–,  the  CI-NEB  calculation  was
performed by considering the total charge within the entire system
to compensate for the charge generated by the reaction. To predict
the  migration behavior  of  Cu+ ions  in  the  SC CsPb2Br5 lattice,  the
migration barrier energy (MBE) was calculated by setting the path
as  an  image  that  could  be  moved  in  directions  perpendicular  and
parallel  to  the  (001)  plane  within  the  supercell.  As  shown  in Fig.
7(a), the calculated MBEs of Cu+ ions perpendicular (black line) and
parallel  (red  line)  to  the  (001)  planes  are  displayed.  As  mentioned
above, it should be noted that CsPb2Br5 has a 2D-layered structure
in  which  the  Cs  and  Pb2Br5 polyhedron  layers  are  repeatedly
stacked [19, 20]. When Cu+ ion moves in a direction perpendicular

 

Figure 6    Typical I–V loops of thin CsPb2Br5 MS-based vertical-type RS devices with (a) Au and (b) Cu TE. AES depth profiles of thin MS CsPb2Br5-based vertical-type
RS devices with Cu TE in (c) LRS and (d) HRS.
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to  the  (001)  plane,  the  Cu+ ion  has  the  lowest  energy  of  the  total
system energy, which indicates a stable state when passing through
the Cs layer. A more detailed description of the positions of the Cu+

ions  is  shown  in  Fig.  S11  in  the  ESM.  The  MBE  increased  as  it
passed  through  the  Pb2Br5 polyhedron  layer,  with  an  MBE  of
approximately  1.194  eV  when  passing  through  the  Pb  layer.
Meanwhile,  to  predict  the  movement  of  Cu+ ions  in  a  direction
parallel  to the (001) plane,  the MBE was calculated from the most
stable position, as shown above, Cu+ ion in the Cs layer, to the [100]
direction (same as [010] in the tetragonal structure). The red line in
Fig.  7(a),  representing  movement  parallel  to  the  (001)  plane,
significantly  differs  from  the  black  line,  indicating  perpendicular
movement, and it has a low MBE of up to approximately 0.216 eV.
In addition, when there was one VBr in the supercell, the MBEs for
the  VBr

+ ion  migration  were  meticulously  computed  based  on  the
direction toward the adjacent atomic positions of Br.  As shown in
Fig. 7(b), the MBE calculated as v-c (0.129 eV), v-d (0.269 eV), v-e
(0.160  eV),  and  v-f  (0.203  eV)  within  the  Pb2Br5 polyhedral  layer
exhibited relatively  low values  compared to  the  v–a and v-b paths
across the Cs layer of up to 1.022 eV. The calculated low MBEs of
both  the  Cu+ and  VBr

+ ions  in  the  direction  parallel  to  the  (001)
plane  could  explain  the  occurrence  of  the  RS  phenomenon
regardless  of  whether  the electrodes  were inert  or  active  in the SC
CsPb2Br5 based  planar-type  RS  devices.  Simultaneously,  MBEs  as
low  as  approximately  0.157  eV  (Cu+ ion)  and  0.217  eV  (VBr

+ ion)
could  cause  the  thermally  activated  spontaneous  collapse  of  CPs,
regardless of whether the electrode was inert or active, resulting in
very  short  retention  times  and  volatile  RS  characteristics  [41−43].
Whereas  appropriately  high  MBEs  of  Cu+ ions  migrating
perpendicular  to  the  (001)  plane  can  cause  non-volatile  RS
characteristics with an excellent resistance retention capability of the
SC CsPb2Br5-based vertical-type device with active Cu TE, as shown
in Fig.  4(d).  Almost  the  same  trend  was  observed  when  Cu  was
replaced with Ag and calculated using the same CI-NEB technique
as  shown  in  Fig.  S12  in  the  ESM.  However,  the  calculated  MBEs
were slightly higher than the MBEs of Cu+ ions, which may be the
cause of the VSET and VRESET being slightly higher than the use of Cu
TE  in  SC  CsPb2Br5 based  qualitative-type  devices  with  Ag  TE,  as
described above.

h̄

However,  to  demonstrate  the  anisotropic  RS  characteristics
according to  the  crystal  orientation of  the  CsPb2Br5,  the  electronic
structure and charge density of CsPb2Br5 were calculated using first-
principle  DFT  [39]. Figure  7(d) shows  the  calculated  electronic
structure of bulk CsPb2Br5,  and the calculated details can be found
in the experimental section. Because the heavy metal Pb element is
significantly affected by the spin-orbit coupling (SOC) effect, it was
calculated  in  consideration  of  the  SOC  effect  through  the
generalized  gradient  approximation  Perdew–Burke–Ernzerhof
(GGA-PBE)  method  [44, 45].  From  this  electronic  structure,  bulk
CsPb2Br5 has  an  indirect  bandgap  of  2.39  eV,  and  has  been
underestimated  compared  to  the  actual  bandgap  as  an  inherent
feature of GGA and SOC calculations [46, 47].  A low slope that is
almost  flat  in  the A-M, Γ-Z,  and R-X directions  and  emphasized
with  reddish  color  indicates  a  very  low  group  velocity  of  the
electrons  as  a  quasi-particle  to  those  directions  by  the Vgroup (k)  =
1/ [dE(k)/dk] relationship, which indicates that the interaction and
electron  movement  between  the  (001)  planes  that  were  related  to
those directions are significantly restricted [48].  Conversely,  owing
to its relatively steep E-k slope in other directions, an interaction in
those directions is permissible. These results indicate that the overall
resistance  of  the  planar-type device  is  significantly  lower  than that
of the vertical-type device in the SC CsPb2Br5-based RS device with
an inert  electrode,  which is  free from the influence of  active metal
ions,  as  shown  in Fig.  5(a).  Meanwhile,  the  charge  density  in  the
conduction band minimum (CBM) is directly related to the carrier
concentration,  which  is  the  number  of  electron  charge  carriers
available  for  conduction  [49].  Therefore,  it  is  a  crucial  factor  in
predicting  electrical  properties. Figure  7(b) shows  the  electron
charge  density  distribution  in  the  (010)  and  (001)  planes  of  the
CBM  (Γ-point).  Notably,  the  charge-density  distribution  in  the
(001) plane of CsPb2Br5 was relatively uniform, whereas that in the
(010)  plane  was  strongly  localized  in  each  Cs  layer.  This  suggests
that there was little charge in the Cs layers, predominantly residing
in  the  Pb2Br5 polyhedral  layer.  This  phenomenon  significantly
hinders charge transport in the direction perpendicular to the (001)
plane, which explains the extremely low HRS current in the vertical-
type  RS  device.  In  contrast,  the  charge  density  was  additionally
calculated when Cu atoms were present in the Cs layer, which was

 

Figure 7    Calculated MBEs of (a) Cu+ and (b) and (c) VBr ions in the CsPb2Br5 lattice by CI-NEB method, (b) E-k band structure with SOC effect, (e) electron charge
density of pristine bulk CsPb2Br5 crystal at CBM with different viewpoints (001) and (010), and (f) caused by Cu+ ion in CsPb2Br5 crystal at the Γ-point.
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the  most  stable  position  revealed  during  the  CI-NEB  calculation
process  mentioned  above. Figure  7(e) shows  the  calculated  typical
charge  density  distribution  at  the  Γ-point  caused  by  the  Cu atom,
which  is  present  in  the  corresponding  position.  From  the  (010)
plane view in Fig.  7(e),  it  is  evident  that  a  newly generated charge
density  around  the  Cu  atom  is  present  at  the  corresponding
position, potentially facilitating restricted charge transport between
the Cs layers.

Based on these  theoretical  and experimental  analysis  results,  we
suggest  a  possible  mechanism  for  the  observed  RS  behavior  with
voltage-driven  multistate  operation  of  an  SC  CsPb2Br5-based
vertical-type  device  with  a  Cu  TE,  as  shown  in Fig.  8.  In  this
description,  only  one  CP  was  considered  an  effective  explanation.
The as-fabricated devices contained some intrinsic VBr defects that
were  randomly  distributed  [13, 28, 50].  When  a  positive  electric
field is applied to the Cu TE, Cu+ ions generated from the Cu TE at
the  interface  between  the  Cu  TE  and  SC  CsPb2Br5 by  a  redox
reaction can migrate  toward the  BE along  the  electric  field,  which
corresponds to the direction perpendicular to the (001) plane. The
migrated  Cu+ ions  that  are  mostly  present  in  the  Cs  layer,  which
were  confirmed  as  the  most  stable  state  through  CI-NEB
calculations,  were  likely  to  be  reduced  around  the  Cs  layer  by
electrons from the BE.  The CPs formed in this  manner eventually
transitioned to the LRS state. The initial formation of CP required a
high  electric  field  owing  to  its  passage  through  multiple  Pb2Br5
layers  oriented  perpendicular  to  the  (001)  plane,  which  was
associated with the high electrochemical forming voltage of the SC
CsPb2Br5-based vertical-type device with a Cu TE. When a positive
electric field was applied to the BE, the Cu atom was ionized again
and migrated toward the TE. The electric field provided energy to
ionize  Cu and crossed the  MBE of  the  Pb2Br5 layer  depending on
the  strength  of  the  electric  field.  Consequently,  it  induced  partial
annihilation of the CP, resulting in an SC CsPb2Br5-based vertical-
type  device  with  an  active  Cu  TE  that  exhibited  voltage-driven
multistate  characteristics.  After  the  occurrence  of  this  partial
annihilation  of  CP,  a  significant  number  of  Cu  elements  were
already present throughout the Cs layers of CsPb2Br5,  allowing the
complete  CP  to  be  reformed  with  only  a  very  low  electric  field
applied to the TE.

Before concluding, a detailed comparison of previously reported
inorganic bromidic-MHPs-based RS devices is provided in Table S1
in the ESM. It is clear that the SC CsPb2Br5-based RS device in this
study has an improved on/off ratio and environmental stability,  as
well  as  a  relatively  low  operating  voltage  (electric  field),  which  is
advantageous  for  implementing  low-power  operating  memory
devices.  Furthermore,  multi-level  operation  with  large  on/off  ratio
was  achieved  by  adjusting  the  reset  voltage  rather  than  adjusting

CC or using additional light irradiation, as seen in previous reports.
This  can  facilitate  the  realization  of  multi-bit  non-volatile  storage
system. 

3    Conclusions
In  conclusion,  we  successfully  fabricated  SC  CsPb2Br5-based  RS
devices free from the influence of GBs with a high on/off resistance
ratio  (~  108)  and  low operating  voltage  (<  0.32  V)  in  vertical-type
structures.  In  addition,  the  fabricated  device  exhibited  voltage-
driven multistate characteristics with a substantially high resistance
difference  between  each  state  (~  102).  Our  study  into  the  RS
mechanism  involved  a  comparative  analysis  of  the  RS
characteristics  across  device  structures  (vertical  and  planar-type)
and  electrodes  (inert  and  active),  complemented  by  AES  depth
profiles and DFT with CI-NEB calculations.  Our findings revealed
that  the  main  factor  affecting  the  RS  characteristics  was  the
migration  of  active  metal  ions,  which  confirmed  that  the  main
causes of RS could strongly vary depending on the crystal structure.
Furthermore,  we  identified  the  2D  structural  features  of
alternatively  stacked  Cs  layers,  and  the  Pb2Br5 layer  was  the  main
reason for the multistate operation with a low operating voltage of
the  SC  CsPb2Br5-based  vertical-type  RS  device.  These  results
complemented  the  current  understanding  that  the  movement  of
halogen defects such as halogen vacancies is the major cause of HP-
based RS devices. 

4    Experimental
 

4.1    Preparation of SC CsPb2Br5 MSs
SC  CsPb2Br5 MSs  were  synthesized  using  a  simple  and
environmentally friendly deionized (DI) water-based crystallization
process, as shown in Fig. S1 in the ESM [21, 51]. At first, 0.025 M
CsBr  (99.999%,  Sigma-Aldrich)  and  0.05  M  of  PbBr2 (99.998%,
Sigma-Aldrich) were mixed in DI water in a vial. The temperature
of  the  mixed  solution  was  set  at  90  °C  under  vigorous  stirring.
When  the  vial  approached  the  set  temperature  and  the  solution
became  completely  clear,  it  was  removed  from  the  double-boiler
system and allowed to cool down naturally at ~ 25 °C without any
stirring.  After  35  min,  a  large  number  of  CsPb2Br5 overgrown
crystals  sank  to  the  bottom  of  the  vial  (labile  zone),  and  a  few
CsPb2Br5 MSs  started  to  form  on  the  upper  side  of  the  solution
(metastable zone).  At this time, a portion of 150 μL of the up-side
solution was quickly dropped on the prepared substrate  to form a
droplet-shaped  growing  zone.  As  shown  in  Fig.  S13  in  the  ESM,
particles  grown  in  the  metastable  zone  had  a  sheet  shape  without
impurities,  whereas  those  grown  in  the  labile  zone  had

 

Figure 8    Schematic illustrations of proposed RS mechanism within CsPb2Br5-based vertical-type RS devices.
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heterogeneous particles and shapes [52]. After a few minutes, when
the  micro-sized  sheets  grown  in  the  solution  were  adhered  to  the
substrate surface, the solution on the substrate was removed by N2
blowing and briefly washed with anhydrous methyl alcohol (99.5%,
Daejung) to remove impurities from the surface. 

4.2    Fabrication of resistive switching devices
To fabricate vertical-type SC CsPb2Br5 MS-based RS devices, Au BE
pre-patterned  Al2O3 substrates  were  prepared  using  a  thermal
evaporation  technique  with  a  shadow  mask.  The  CsPb2Br5 MSs
were grown as described above. TE metals such as Cu, Au, and Ag
were deposited by thermal evaporation with deposit  rate of  0.3Å/s
under  ~  10–6 torr  vacuum  level  chamber  using  the  same  shadow
mask rotated 90° horizontally. In the case of the planar type device,
interdigitated  type  electrodes  with  an  interval  of  about  2  μm were
deposited  on  the  cleaned  Al2O3 substrates,  through
photolithography with 365 nm ultraviolet (UV) exposure, and lift-
off  processes.  Finally,  planar-type  devices  were  fabricated  by
growing CsPb2Br5 MSs on an electrode-patterned substrate. 

4.3    Characterizations and measurements
The surface morphology and thickness of the synthesized CsPb2Br5
MSs  were  measured  using  a  field-emission  scanning  electron
microscopy  (FESEM;  Verios  G4  UC,  FEI),  an  alpha  step  (Dektak
XT, Bruker), and AFM (NX20, Park systems). The crystal structure
was analyzed by XRD (Flex600, Bruker) with Cu Kα (λ = 1.5406 Å)
and  a  HRTEM  (JEM-2010,  JEOL).  Additionally,  XRC  was
measured by HR-XRD (Xpert  Pro,  PANalytical)  with Cu Kα (λ =
1.5406  Å).  The  Raman  spectra  of  the  synthesized  CsPb2Br5 MSs
were  obtained  using  a  micro-Raman  spectrometer  (DXR-3xi,
Thermo  Fisher  Scientific).  Elemental  analysis  of  the  synthesized
materials  was  conducted  using  EDS  using  a  SEM  (SU-8010,
Hitachi).  The elemental  depth profiles of the fabricated RS devices
for each LRS and HRS state were measured using AES (PHI700Xi,
Ulvac-phi).  All  the electrical  characteristics  were measured using a
Keithley  2635b  source  meter  module  at  room  temperature  and
< 40% humidity. 

4.4    Computational details
The  plane  wave  method  in  the  framework  of  the  DFT  as
implemented  in  the  Material  Square  was  carried  out  using  the
Quantum  ESPRESSO  code  [53].  The  projected  augmented  wave
(PAW) was used for  describing interactions  between the core  and
valence  electron  [54].  The  GGA  with  the  PBE  functional  was
employed  for  the  exchange-correlation  effects,  and  the  kinetic
energy  cut-off  of  the  wave  function  was  set  to  approximately
625 eV [55]. The non-defective super-cell, which consisted of a 2 ×
1  ×  2  repetition  of  a  primitive  unit  cell  with  64  atoms  (8  formula
units) of the tetragonal phase CsPb2Br5 was used for the electronic
structure and ionic migration calculations. The cell parameters and
atomic  positions  of  all  the  structures  were  optimized  with  a
convergence threshold of 1.3 × 10–5 eV. All atomic coordinates were
fine-tuned,  with  a  maximum  force  exerted  on  each  atom  below
0.02  eV/Å.  Spin-orbit  coupling  was  considered  in  the  electronic
structure  calculations,  including  the  band  structure  and  electron
charge  density  distribution.  A  calculation  using  the  CI-NEB
method  was  carried  out  to  predict  the  ionic  transitions  along  the
minimum energy path with saddle points [56]. The alteration in the
total  charge within the system was taken into account,  while spin-
orbit coupling was not considered during the CI-NEB calculations. 

Electronic  Supplementary  Material: Supplementary  material
(schematic  illustrations  of  synthesis  and  fabrication  process  of
CsPb2Br5 based  RS  devices,  HRTEM  analysis  results,  electrical
characteristics of CsPb2Br5 based RS devices with different TE, cross-
section SEM images of thin CsPb2Br5 based RS device, SEM images
captured  during  ion  etching  with  AES  scanning,  schematic
illustration  of  specific  Cu  ion  location  in  CsPb2Br5 cell  with  the
most stable state,  calculated MBEs of  Ag ion in the CsPb2Br5,  and
optical  images  of  being  synthesized  materials  during  the  natural
cooling  process)  is  available  in  the  online  version  of  this  article  at
https://doi.org/10.26599/NR.2025.94907023. 
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