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ABSTRACT
In  spite  of  the  explosive  rise  of  research  on  memristive  switching,  more  improvements  in  tunability,  versatility,  and  hetero-
integration are required through the discovery and application of novel materials. Herein, we report resistance switching in nano-
thick two-dimensional (2D) crystals of bismuth selenium (BiSe). The BiSe devices exhibit nonvolatile bipolar resistance switching,
volatile switching, and electrical bistable behavior in different conditions. The different memristive behavior of BiSe devices may
be  related  to  the  concentration  of  Bi  ions  in  this  Bi-rich  structure,  which  directly  affects  the  capability  of  filaments  forming.
Furthermore, the external  mechanical  strain is applied in modulation of multi-layer BiSe devices. The memristive BiSe devices
show a large on/off ratio of ~ 104 and retention time of ~ 104 s. The discovery of memristive switching behavior in multi-layer BiSe
is  attributed  to  the  forming  of  Bi  filaments.  The  resistance  switching  behavior  in  multi-layer  BiSe  demonstrates  the  potential
application in the flexible memories and functional integrated devices.
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1    Introduction
Memristors, the fourth electrical elements, are switchable resistors
that  vary  their  internal  resistance  state  based  on  previously
supplied  electrical  signals  [1–3].  Since  Chua  et  al.  theoretically
proposed  the  concept  in  1971,  memristors  have  been  attracting
great  attention  as  a  novel  model  for  traditional  data
processing/storage and advanced neuromorphic learning [1, 4–6].
The  ability  of  massive  parallel  computing  is  promising  to  exceed
the  restrictions  of  the  current  von  Neumann  computing
architectures  based  on  the  inefficient  series  connection  of
processing/storage units [4, 7–9].

Recently,  memristive  materials,  such  as  metal  oxides  [10],
halides [11, 12], chalcogenides [13], and organic polymers [14, 15],
have  been  widely  studied.  Among  them,  two-dimensional  (2D)
materials,  including  graphene  and  h-BN,  have  attracted
considerable  interests  as  an  emerging  material  platform  for
memristive  switching  with  low  power  consumption  and  high
performance  [4, 16–19].  Compared  to  bulk  materials,  2D
materials provide special properties like electrostatic gate tunablity
[20],  and  low-power  switching  capability  [21].  Additionally,  2D
materials  allow  for  the  creation  of  devices  with  diverse
functionality  [19, 22, 23],  and  exhibit  the  mechanical  flexibility
[24, 25], which fulfills the large requirement for flexible integrated
devices in portable and wearable electronics [26].  However,  most
memristor  devices  of  2D  materials  concentrate  on  much  design
and  modification  such  as  oxidation  [27, 28],  ionic  modulation

[29, 30],  grain-boundary  engineering  [31],  polycrystalline  design
[32],  and  electrode  design  [33],  etc.  At  present,  only  few  reports
have  attempted  to  implement  intrinsic  2D  materials  directly  in
memristors. And there is even less work on clearly illustrating the
regulatory  function  of  strain  in  memristors  [28, 34].  Hence,  it  is
vital  to  investigate  new 2D material  with  intrinsically  memristive
property  and  uncover  its  origin.  To  design  novel  materials  with
distinctive  structural  properties  and  intrinsically  ionic  migration,
identification  of  the  correlations  between  formation  of  filaments
and  memristive  performance  has  been  a  significant  issue  in  this
field  [35].  In  addition,  strain  engineering  in  2D memristors,  as  a
novel  field,  will  provide  functional  integration  of  devices  in  the
future [36].

Bismuth  selenium  (BiSe),  a  member  of  the  homologous
(Bi2)m(Bi2Se3)n heterostructures  (where m =  1, n =  2)  [37],  has
been  discovered  as  a  weak  topological  insulator  [38].  Compared
with  Bi2Se3,  BiSe  shows  n-type  electrical  conduction,  superior
electronic  transport,  and  thermoelectric  properties  [35].  Herein,
the  multi-layer  2D  BiSe  single  crystal  is  synthesized  by  a  simple
method of  chemical  vapor deposition (CVD).  This  Bi-rich Bi2Se3
structure may have the potential to form Bi-conducting filaments
for  memristor  performance.  Similar  metal  filaments  have  also
occurred  in  previous  reports.  Pandian  et  al.  reported  that
filamentary  resistance  switching  in  Ge2Sb2Te5 (GST)  is  attributed
to  an  excessive  amount  of  Sb  elements  [39–41].  Yoo  et  al.
observed  the  Te  filament  in  an  amorphous  GST  thin  films  [42].
Additionally,  Koza  et  al.  reported  the  superconducting  filaments
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in  δ-Bi2O3,  where  the  observation  of  superconductivity  only
occurred when the Bi nanofilaments are formed [43]. Thus, metal
ion  from  2D  material  can  also  lead  to  memristive  bahavior
compared to filaments induced by vacancies [44]. In this case, the
formation  of  Bi  filaments  and  the  modulation  of  the  strain  in
multi-layer BiSe devices are investigated systematically. 

2    Experimental section
 

2.1    Synthesis of BiSe nanoflakes
The BiSe nanoflakes were grown via a CVD method using a tube
furnace. Commercial Bi2Se3 powder was placed in the center of the
furnace tube,  which was heated up to 610 °C to offer vapor.  The
fluorophlogopite  mica  substrate  was  positioned  downstream,
where visible deposition (induced by vapor of Bi2Se3) appeared on
the quartz tube. Pure Ar gas with flow rate of 60 sccm was used as
the  carrier  gas.  The  vapor  of  Bi  and  Se  atoms  was  deposited  on
mica substrates and grown into two types of shapes, triangles, and
hexagons.  After maintaining 10 min at  a  pressure of  0.3 kPa,  the
temperature  of  the  furnace  was  naturally  cooled  down  to  room
temperature under a constant Ar flow. Moreover, according to the
previous  report  [45],  due  to  preferential  selenium  evaporation,
after several hours of outgassing, a rather stable flux composition
of approximately Bi1Se1 was obtained.  The Bi2Se3 phase might be
prepared under excess Se condition. 

2.2    Transfer of BiSe nanoflakes
The  10  wt.%  solution  of  polystyrene  (PS)  was  prepared  by
dissolving PS in toluene. The PS solution was spin-coated onto the
mica substrate with BiSe nanoflakes.  After heating on a hot plate
at 95 °C for 15 min, the mica substrate was immersed in water for
30  min  (or  longer),  and  then  the  PS  layer  with  BiSe  samples
floated on the water  surface.  Subsequently,  the  PS-BiSe layer  was
picked  up  with  a  polyethylene  terephthalate  (PET)  substrate  and
transferred  onto  PET  with  the  assistance  of  tweezers.  After  air
drying  at  room temperature  for  several  hours,  the  PET substrate
adhered  with  PS-BiSe  layer  was  soaked  in  N,N-
dimethylformamide  (DMF)  for  20  min  to  remove  the  PS  layer,
and  finally  the  BiSe  nanoflakes  were  transferred  onto  the  PET
substrate. 

2.3    Fabrication of BiSe devices
The  multi-layer  BiSe  samples  were  transferred  onto  a  PET
substrate.  The  BiSe  terminals  were  patterned  by  electron-beam
lithography (EBL) process followed by electron-beam evaporation
of Cr (10 nm) and Au (40 nm). Afterwards,  in order to measure
the data under strain, silver paste was applied on both ends of the
electrodes  and  the  conductive  wires  were  connected  to  the  BiSe
devices.  Finally,  the  BiSe  devices  were  packed  inside  a  layer  of
hardened epoxy resin. 

2.4    Characterization and electrical measurements
The  X-ray  diffraction  (XRD,  PANalytical  X’Pert3),  atomic  force
microscopy  (AFM,  MFP-3D-SA),  and  field-emission  scanning
electron microscopy (FE-SEM, Quanta 450 equipped with energy
dispersive X-ray spectroscopy (EDS) and EBL) were employed to
characterize  the  as-synthesized  and  transferred  BiSe  samples.
Raman  measurement  was  carried  out  on  Laser  Confocal  Micro-
Raman system (LabRAM HR Evolution) with a 532 nm laser. All
electrical  measurements  were  carried  out  in  the  dark  with  a
Keithley  4200  Parameter  Analyzer.  The  current–voltage  (I–V)
curves were measured at a fast sweep mode of Keithley 4200. The
static  strain  applied  on  BiSe  flakes  was  manipulated  by  a  one-
dimensional  manual  displacement  stage  presented  in  Figs.  S7(b)
and S7(c) in the Electronic Supplementary Material (ESM). 

3    Results and discussion
 

3.1    Growth  and  characterization  of  multi-layer  BiSe
flakes

P3̄m1

The  synthesis  procedure  of  samples  is  shown  in Fig. 1(a).  Few-
layer  BiSe  flakes  were  synthesized  on  fluorophlogopite  mica
(KMg3(AlSi3O10)F2)  substrates  at  0.3  kPa  and  610  °C  via  a  CVD
method  (see  the  Experimental  section  for  more  details). Figures
1(b) and 1(c) show typical optical microscopy images of the multi-
layer  BiSe  flakes  prepared  on  a  mica  substrate.  It  is  remarkable
that these BiSe nanoflakes show two types of shapes, triangles, and
hexagons. The side lengths of synthesized triangle flakes are up to
10–40  μm.  And  BiSe  nanoflakes  are  randomly  distributed  on  a
mica  substrate.  The  hexagon  flakes  are  thicker  than  the  triangle
flakes.  The  well-defined  shapes  indicate  the  good  crystallinity  of
BiSe  flakes.  In Fig. 1(d),  the  layer  thickness  measured by  AFM is
shown,  confirming  a  thickness  of  10  nm  for  the  BiSe  flake.  The
XRD  pattern  (Fig. 1(e))  can  be  identified  as  that  of  the  layered
BiSe structure  (space group: )  [35, 46].  It  is  noteworthy that
two characterization results  of  X-ray diffraction in the same BiSe
sample have appeared with different measured mode in Figs. S1(a)
and S1(b) in the ESM. The XRD pattern can be identified as that
of  the  BiSe  phase  with  the  2θ mode,  while  the  XRD pattern  was
identified  as  Bi2Se3 phase  with  the  Gonio  mode,  because  the
structure of BiSe contains the Bi2Se3. 

3.2    Flexible BiSe device and Raman spectrum
Figure  2(a) demonstrates  the  schematic  diagram  of  BiSe-based
memristive device on a flexible PET substrate. The few-layer BiSe
flakes with thicknesses ranging from 10 to 40 nm were transferred
to  the  PET  substrates.  And  then  two  electrodes  consisting  of
chromium  and  gold  (Cr/Au:  10/40  nm  thick;  5  μm  width)  were
deposited  on  the  as-transferred  BiSe  flake.  Finally,  a  flexible  BiSe
 

(a)

(b) (c)

(d) (e)

Figure 1    Synthesis,  morphology,  and  structural  characterization  of  BiSe
nanoflakes. (a) Schematic diagram of the preparation of BiSe crystals. (b) and (c)
Optical  micrograph  of  the  multi-layer  BiSe  samples  grown  on  the  mica
substrate,  in  which  2D  BiSe  flakes  show  triangle  and  hexagon  shapes.  (d)
Typical AFM image and height profile of as-grown BiSe flakes. (e) XRD pattern
of the multi-layer BiSe.
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memristive  device  was  prepared.  During  all  electrical
measurements,  the voltages are applied on the electrode A, while
the  electrode  B  is  always  grounded,  as  shown in Fig. 2(a). Figure
2(b) demonstrates  an  optical  microscopy  image  of  single  BiSe
device inserted with a photo of bent PET. The Raman spectrum of
multi-layer  BiSe  shown  in Fig. 2(c) contains  four  characteristic
Raman modes at 70, 96, 125, and 166 cm−1 on Si substrate, which
agrees well  with the results  of  the previous report [47].  However,
the  Raman  spectrum  of  BiSe  on  the  PET  substrate  shows  three
characteristic Raman modes of Bi2Se3 assigned to the A , E , and
A  modes  (Fig. S1(d)  in  the  ESM).  Also,  different  Raman
spectrum in the same BiSe sample appears on different substrates.
The  E  mode  corresponds  to  the  in-plane  vibrations  of  Bi-Se
atoms and the A , A  modes represent the out-of plane vibrations
[27, 48, 49].  As  the  tensile  strain  was  applied,  the  A  and  E
modes  remain  unchanged,  whereas  the  redshift  of  A  mode
appears,  as  shown  in Fig. 2(d).  The  change  of  the  out-of-plane
vibrations implies the existence of Bi2 between Bi2Se3 layers. 

3.3    Memristive performance of BiSe flakes
In Fig. 3(a),  typical I–V characteristics  of  a  BiSe  flake  over  a
voltage sweep cycle of 0→−7→+4→0 V are plotted at 30 °C, which
exhibits bipolar resistance switching behavior. During the negative
bias  scan,  the  high  resistance  state  (HRS)  is  switched  to  the  low
resistance state (LRS), which is considered to be the SET process,
while  during  the  positive  bias  scan,  the  RESET  process  switches
the  device  from  LRS  to  HRS.  The I–V curves  of  a  BiSe  device
show  repeatable  threshold  switching  between  the  HRS  and  LRS
for  31th cycles  shown  in Fig. 3(a).  Additionally,  volatile  and  non-
volatile  resistive  switching  can  be  realized  by  using  controlled
compliance  currents.  Without  limiting  compliance  current,  the
I–V curve  shows  a  non-volatile  switching  behavior  between  −4
and −5 V with an on/off ratio as high as ~ 104.  As shown in Fig.
3(b), when applying compliance current < 0.1 μA, the nonvolatile
resistive switching transforms into the volatile switching. The BiSe
device  will  spontaneously  relax  back  to  the  HRS  in  the  volatile
state.  The  volatile  state  can  be  attributed  to  Rayleigh  instability.
The spontaneous diffusion of Bi atoms leads to the dissolution of
the  filament  [50].  However,  the  initial  BiSe  samples  always  keep
the high current state without forming of filaments. And the BiSe
memristor requires the forming process before measurement. The
BiSe  sample  is  first “formed” by  gradually  increasing  the
compliance  current  to  break  the  natural  Bi  bilayer  and  produce
the new conducting filaments (Fig. S2(a) in the ESM). In general,

memristive  behavior  of  BiSe  devices  should  be  related  to  the
appropriate  concentration  of  Bi  ions.  In  addition,  repeated
measurements  are  applied  among  the  negative  region  (Fig. S2(b)
in  the  ESM).  With  increasing  measurements,  pinched  hysteresis
loops  do  not  rise,  suggesting  that  2D  BiSe  devices  are  not  the
mechanism of analog switching function.

Figure 3(c) shows the temperature-dependent I–V plots. When
the  temperature  rises  to  38  and  40  °C,  the  on/off  ratio  of  a  BiSe
device  drops  dramatically.  With  the  temperature  of  30–35  °C,  a
steep  current  rise  occurred  in  this  BiSe  device.  The  appropriate
temperature  can  promote  the  better  memristive  behavior.  A
retention properties (15,000 s) of both the HRS and LRS of −2 V
at 30 °C were shown in Fig. 3(d). The on/off ratio decays from ~
104 to ~ 102,  but the HRS and LRS can still  be distinguished. The
bending cycle test was performed under ~ 0.6% compressive strain
and both the  HRS and LRS exhibited some variation during 200
bending  cycles  (Fig. S3  in  the  ESM),  which  demonstrates  the
potential application of the BiSe nanoflakes for flexible electronics.
The  decay  of  the  device  may  be  caused  by  changes  of  contact
between  the  electrode  and  sample  under  compressive  strain,
which is worth further optimization and exploration in the future. 

3.4    Switching mechanism of BiSe flakes
To explain the resistive switching phenomenon of BiSe flakes, the
mechanism  in Fig. 4 is  proposed.  BiSe  has  a  layered  crystal
structure  composed  of  a  bismuth  bilayer  (Bi2)  sandwiched
between  two  Bi2Se3 quintuple  layers  of  Se-Bi-Se-Bi-Se,  which  is
fundamentally  a  natural  heterostructure  (Fig. 4(a)).  The  existence
of an additional bismuth bilayer (Bi2 layer) is predicted to play an
essential  role  in  electron  conduction  and  the  formation  of
filament.  Koza et  al.  reports  the  observation of  superconductivity
in δ-Bi2O3 due to the existence of Bi nanofilaments [43]. Also, the
Bi2Se3 structure  allows  the  storage  and  migration  of  ions  and  is
commonly  used  as  anode  of  lithium-ion  batteries  and
supercapacitors [51–54], which provides the platform for forming
of  filaments.  After  the  electroforming and measuring at  the  LRS,
dark  contrast  areas  appear  in  BiSe  (Fig. 4(b)),  which  remain
almost unchanged as the device is switched to the HRS. When this
device  was  washed  in  acetone,  the  color  changed  slightly.  Then
this  device was placed for 1 month in air  with the less  change of
color (Fig. S4 in the ESM). And this dark-contrast region is similar
with  Ag  filaments  [28, 55].  This  observation  indicates some
significant composition changes in the formation of a conduction
channel.  Additionally,  EDS mapping  is  utilized  to  investigate  the
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Figure 2    The BiSe memristor and Raman spectrum. (a) Schematic diagram of
a  BiSe  memristive  device  on  a  flexible  PET  substrate.  (b)  Optical  microscopy
image  of  flexible  multi-layer  BiSe  device.  Inset:  photo  of  the  flexible  PET
substrate. (c) Raman spectrum of a BiSe flake on Si substrate. (d) Raman spectra
of A , E , and A  modes shown on the PET substrate under different strain.
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Figure 3    Electrical  characteristics  of  BiSe  memristors.  (a)  Typical I–V
characteristics  of  a  BiSe  device.  The  dark  blue  line  corresponds  to  the  31th

switching process from the LRS to the HRS. (b) I–V characteristics of this BiSe
device  with  the  different  compliance  current.  (c)  Temperature-dependent I–V
plots. (d) Retention performance of the BiSe device at −2 V.
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elemental distribution of the BiSe layer for the HRS, as depicted in
Figs.  4(c) and 4(d).  Many  Bi  elements  are  distributed  on  Au
electrode, verifying the migration of Bi ion in resistance switching
process. This observation is consistent with the decreasing contrast
in  the  channel  area  (Fig. 4(b)).  Therefore,  the  switching
mechanism is mainly arisen from the migration of Bi ions. So the
change of channel area is considered to be the main reason for the
observed  high  switching  performance.  When  electrode  A  is
probed  with  negative  voltage  bias,  a  number  of  Bi  conductive
filaments are established between the two electrodes, resulting in a
consequent transition of the device from the HRS to LRS. Because
of the high electrochemical activity, Bi is prone to ionize into Bi3+

cations, which migrate to the other electrode under external bias.
At  the  same time,  the  neutral  Bi  atoms can be reduced from the
Bi3+ cation,  and  bridging  a  conductive  path  between  the  two
terminals (as shown in Fig. 4(e)). On the contrary, the Bi metallic
filaments are dissolved during the reset process when the positive
voltage  bias  is  applied.  The  partial  dissolution  of  the  conductive
filament  at  the  thinner  position  leads  to  the  appearance  of  the
HRS. The remnant conductive bridge can be visualized in Fig. 4(f)
[55].

Few reports  have attempted to  illustrate  the  strain modulation
for memristors, because of its low impact on the LRS. In our case,
the efficient regulation of BiSe devices was achieved using external
mechanical strain. In Fig. S6(a) in the ESM, a good retention can
be obtained in  some BiSe  samples  without  forming under  0.71%
tensile  strain,  whereas  the  long-term  memory  appears  at  110th

cycle. And the good memristive properties can be regulated by the
compressive  strain  in  some  decaying  BiSe  devices  (Fig. S6(b)  in
the  ESM).  Generally,  tensile  strain  will  achieve  small  current  of
BiSe devices, while compressive strain will lead to large current of
BiSe devices. As the high current is shown in BiSe samples before
forming  (high  Bi  concentration),  tensile  strain  is  required  to
reduce  the  current  for  easier  recovery  to  a  high  resistance  state.
When  the  low  current  is  shown  in  decayed  devices  (low  Bi
concentration),  compressive  strain  is  required  to  enhance  the
current to obtain the better switching performance. 2D BiSe is like
an electrode. Under tensile strain, the small-sized Bi filaments will
crack,  leading  to  a  breaking  of  the  connection,  while  the  larger
conductive filaments remain and do not break easily. So, the strain
can regulate the probability of cracking of all  filaments. Similarly,
under the tensile strain,  the forming of Bi filaments may become
more  difficult  due  to  the  requirement  of  the  higher  Bi
concentration. The applied tensile/compressive strain is related to

the forming probability of filaments, where the compressive strain
can promote the formation of filaments and the tensile strain will
decrease the formation of filaments. 

3.5    Write-once-read-many-times  (WORM)  memory
regulated by strain
Figure 5(a) presents the I–V characteristic of a BiSe device without
forming process (compliance current: 1.0×10−5 A). Before forming
process,  the  BiSe  devices  exhibit  the  electrical  bistable  behavior,
and  the  WORM memory  effect.  This  observation  is  similar  with
the previous reports [56–58]. Starting from the HRS of the device,
the  current  increases  sharply  from  3.2×10−9 to  1.0×10−5 A  as  the
applied  voltage  increases  to  2.2  V,  suggesting  that  the  electrical
performance  is  converted  to  the  LRS.  In  the  following  positive
scan  (step  2),  the  device  remains  in  a  high  conductivity  state.
Following  the  reverse  sweep  to  −3.5  V  (step  3),  the  BiSe  sample
remains in the high conductivity state. And the off resistive state is
not  recovered  (step  4),  which  demonstrates  the  inerasable  data
memory  characteristics.  In  addition,  the  high  conductivity  state
remains  in  step  5,  indicating  the  nonvolatile  WORM  memory
characteristics of the BiSe device. This observation can be ascribed
to  the  existence  of  Bi2 bilayer.  Few  reports  have  attempted  to
illustrate  the  recovery  of  the  WORM  behavior,  because  the
memory device  cannot  be  electronically  rewritten [16].  Wu et  al.
reported that the high conductivity state was restored by a simple
heat  treatment  in  the  graphene  device  [59].  Here,  we  provide  a
new  approach  to  recover  the  WORM  device  of  the  BiSe
nanoflakes.  The  applied  compressive  strain  (and  release)  can
recover the LRS of  2D BiSe as  shown in Figs.  5(b) and 5(c).  The
I–V characteristic  is  measured  within  ±0.1  V.  As  0.71%
compressive  strain  was  applied,  high  current  (LRS)  was  still
remained. However, when the compressive strain was released to
0%,  the  low  current  (HRS)  was  obtained.  Thus,  the  HRS  was
recovered  from  the  LRS  by  applying  strain.  During  this  process,
the measurement within ±0.1 V will cause the rearrangement of Bi
atom,  then  the  cracks  of  Bi  filaments  will  appear  in  released
process,  and  leading  to  the  reduction  of  the  current.  This  HRS
obtained by the strain can remain as high as ±1.5 V (shown in Fig.
5(d)). And the HRS obtained by the strain can be maintained over
104 s (shown in Fig. 5(e)). The BiSe-based WORM devices exhibit
a  superior  stability  in  both  HRS  and  LRS  with  no  significant
degradation,  which  was  examined  by  means  of  continuous
retention measurement at −1 V for 104 s (Fig. 5(f)). Before forming
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Figure 4    Switching  mechanism.  (a)  A crystal  structure  schematic  diagram of  the  BiSe.  (b)  Optical  microscopy  image  of  a  BiSe  device  after  being  programmed to
resistance states. (c) SEM image of a BiSe device after switching measurement. (d) EDS elemental mapping of this BiSe device for the elements of Bi, distributed on the
Au electrode. (e) and (f) Schematic model of resistive switching at the Bi filaments formation and ruption states.
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process,  the  conductive  bridges  are  easily  formed  in  Bi-rich
structure,  and  demonstrating  the  unerase  phenomenon.  The
compressive strain and release operated in BiSe devices may break
the  Bi  filaments,  which  overcomes  this  unerase  phenomenon.  In
the process, the reduced current in Figs. 5(a), 5(d), and 5(f) can be
induced by the strain (corresponding to Fig. S3 in the ESM). The
recoverable  electrical  transition  makes  the  BiSe-based  device
applicable in flexible nonvolatile memories. 

4    Conclusions
In summary,  we have succeeded in preparing the 2D multi-layer
BiSe single crystal through a simple method of CVD. The triangles
and  hexagons  shapes  of  BiSe  nanoflakes  showed  the  good
crystallinity.  Memory  performance  and  the  modulation  of  the
strain were investigated in multi-layer BiSe flexible devices for the
first  time.  The  BiSe  devices  can  exhibit  nonvolatile  bipolar
resistance  switching,  volatile  switching,  and  electrical  bistable
behavior  (nonvolatile  WORM  memory  effect),  which  is  ascribed
to  the  intrinsic  Bi  bilayer  in  BiSe  structure.  The  different
memristive behavior of BiSe devices is related to the concentration
of  Bi  ions  in  this  Bi-rich  structure,  which  directly  affects  the
capability of filaments forming. The BiSe devices can be evidently
regulated  by  strain,  which  demonstrates  the  compressive  strain
will  promote  the  formation  of  filaments  while  the  tensile  strain
will  decrease  the  formation  of  filaments.  And  the  compressive
strain  and  release  operated  in  BiSe  devices  may  break  the  Bi
filaments,  which  overcomes  the  unerase  phenomenon.  The
memristive  BiSe  device  shows  a  large  on/off  ratio  of  ~  104 and
retention  time  of  ~  104 s.  The  resistance  switching  behavior  in
multi-layer  BiSe  presents  superior  opportunities  to  fabricate
parallel  computing/storage  devices,  electromechanical  sensors,
flexible memories, and functional integrated devices. 
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