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Abstract: With  the  atomically  sharp  interface  and  stable  switching  channel,  van  der  Waals  (vdW)  heterostructure  memristors
have attracted extensive interests for the application of high-density memory and neuromorphic computing. Here, we demon-
strate  a  new  type  of  vdW  heterostructure  memristor  device  by  sandwiching  a  single-crystalline  h-BN  layer  between  two  thin
graphites. In such a device, a stable bipolar resistive switching (RS) behavior has been observed for the first time. We also charac-
terize  their  switching  performance,  and  observe  an  on/off  ratio  of  >103 and  a  minimum  RESET  voltage  variation  coefficient  of
3.81%. Our work underscores the potential  of  2D materials  and vdW heterostructures for emerging memory and neuromorph-
ic applications.
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1.  Introduction

The  hexagonal  boron  nitride  (h-BN)  with  a  large  band
gap  and  excellent  thermal  conductivity[1−3] has  been  widely
used as a protective layer to enhance the reliability and insula-
tion of electronic devices[4−7]. Memristors using h-BN as the res-
istive switching (RS) layer (active layer) have shown outstand-
ing  performance,  including  the  coexistence  of  bipolar  and
threshold  RS[8],  ultra-low  power  consumption[9, 10],  resistance
multi-states[11],  and  large  switching  ratio[12].  However,  metal
electrodes  used  in  these  memristors  can  be  harmful  to  the
device  performance[13−15],  resulting  in  high  contact  resist-
ance and unreliable RS[16],  due to the non-atomically flat con-
tact  interface  and  defect  doping  introduced  during  the  elec-
trode  deposition  processes[17, 18].  Utilizing  layered  electrode
materials  in  vdW  heterostructures  rather  than  normal  metals
are expected to solve these challenges[19−26].

In  this  work,  we  use  a  polymer  touch-free  transfer  meth-
od  and  fabricate  a  high-quality  single-crystalline  graphite/h-
BN/graphite (Gra/h-BN/Gra) heterostructure. In such a hetero-
structure,  we observe reliable  bipolar  RS,  with  an on/off  ratio
larger  than  103 and  low  variation  coefficients  (6.21%  and
3.81% for SET and RESET voltages, respectively). Our work pro-
poses  a  new  type  of  single-crystalline  vdW  heterostructure
for future memristor applications. 

2.  Results and discussion

The  mechanical  exfoliation  method  is  adopted  to  obtain

the  thin  graphite  and  h-BN  films.  The  typical  thickness  is
around 4.5  nm for  h-BN film (Fig.  1(a))  and around 55 nm for
graphite  film  (Fig.  1(b)).  We  use  a  standard  e-beam  litho-
graphy  process  followed  by  plasma  etching  to  obtain  the
graphite strips. Firstly, graphite flakes are mechanically exfoli-
ated  on  the  SiO2(300  nm)/Si  substrate.  Secondly,  the  PMMA
(620  nm  thickness)  is  spin-coated  on  the  surface  of  graphite
flakes  and  dried  at  170  °C  for  5  min.  Thirdly,  the  standard  e-
beam lithography is  applied to acquire electrode patterns on
the PMMA layer, followed by the oxygen plasma treatment us-
ing  an  inductively  coupled  plasma  (ICP)  system.  The  plasma
etching  power  and  duration  are  strictly  controlled  according
to  the  graphite  thickness  to  avoid  excessive  etching.  Finally,
the  PMMA  is  removed  by  the  acetone  solution,  and  the  pre-
pared  graphite  electrodes  are  annealed  at  350  °C  in  the  ar-
gon atmosphere for 2 h to get a clean electrode surface.

The  Raman  spectra  of  the  h-BN  and  graphite  layer  are
shown in Figs. 1(c) and 1(d), in which the E2g mode of h-BN at
1365 cm–1 exhibited a full  width at  half  maximum (FWHM) of
8  cm–1 and no defective  D-peak was observed for  the graph-
ite.  Besides,  the  thickness  and  morphology  of  the  materials
were  characterized  by  the  atomic  force  microscopy  (AFM)
(Fig.  1(a)  and 1(b)).  The  flat  surfaces  of  graphite  and  h-BN
offered the possibility for an atomically sharp interface.

Figs. 2(a) and 2(b) show the schematic structure and optic-
al  microscope  image  of  the  Gra/h-BN/Gra  memristive  device.
The  red  dashed  box  indicates  the  protective  layer  (thick  h-
BN)  on  the  top  of  the  device.  The  white  dashed  box  repres-
ents  the  outline  of  the  h-BN  RS  layer.  The  blue  arrows  indic-
ate  the  graphite  top  electrode  (TE)  and  bottom  electrode
(BE).  The heterostructure fabrication is  conducted based on a
polymer touch-free transfer method. The protective h-BN lay-
er is first picked up by the PC film, followed by the exfoliated
graphite  strips  (as  the  TE)  and  the  h-BN  RS  layer.  The  whole
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PC  film  is  then  released  on  top  of  the  BE  graphite  and  re-
moved by soaking in the CHCl3 solution for 20 min. Since the
stacking process of different layers is polymer-free, this meth-
od  guarantees  the  interfaces  of  the  heterostructure  are  very
clean. Finally, metal electrodes (5 nm Ti/45 nm Au) are depos-
ited for connecting the graphite electrodes.

In order to explore the electrical  behavior of the memris-
tor  devices，Cascade  Summit  Series  Probe  Systems  and  an
Agilent  B1500A  semiconductor  device  analyzer  are  em-
ployed  for  electrical  measurements.  All  the  measurements
were carried out in the nitrogen atmosphere at room temperat-
ure.  The  bias  voltage  was  applied  on  the  top  graphite  elec-
trode  and  the  bottom  graphite  electrode  was  always  groun-
ded. The RS behavior observed is shown in Fig. 2(b). With the
applied bias  voltage increasing from 0 V  toward the positive,
a sudden current change was observed at ~ 7 V, showing the
first  transition  from  the  high-resistance  state  (HRS)  to  the
low-resistance  state  (LRS).  This  phenomenon  is  attributed  to
the  first  dielectric  breakdown  (also  called  electroforming)  of
h-BN and the threshold voltage of this process is called form-
ing  voltage[27].  After  the  forming  event,  stable  bipolar  RS
cycles  were  realized  in  the  range  below  the  forming  voltage,
and  the  black  arrows  indicated  the  switching  directions  of  a
stable bipolar I–V curve. When the DC voltage sweep was ap-
plied from 0 to  4  V  and then back  to  0  V,  the  device  exhibits
an HRS in the “1” stage and a LRS in the “2” stage.  The trans-
ition from “1” to “2” is  called the SET process and the voltage
at  the  upward  jumping  point  is  called  the  SET  voltage  (Vset).

When the DC voltage sweep was  applied from 0 to  –4  V  and
then  back  to  0  V,  the  LRS  of  “2”  stage  continues  to  be  main-
tained  in  the  “3”  stage  and  reverted  to  the  HRS  in  the  “4”
stage.  The  transition  from  “3”  to  “4”  is  called  the  RESET  pro-
cess  and  the  voltage  at  the  downward  jumping  point  is
called the RESET voltage (Vreset). A complete cycle has been per-
formed during the process from “1” to “4”. The current compli-
ance  (Icc)  of  800 μA  was  applied  to  the  SET  process  and  the
voltage  compliance  of  –4  V  was  used  for  the  RESET  process.
The distribution of I–V curves for all cycles is relatively concen-
trated.

We  further  analyzed  the  cycle-to-cycle  variability  of  the
device with results shown in Fig. 3. In order to explore the res-
istance  variation  of  different  cycles,  we  counted  the  resist-
ance  value  (read  at  0.8  V)  of  the  HRS  and  the  LRS  over  40
cycles (Fig. 3(a)). Fig. 3(b) shows that the cumulative probabil-
ity  of  high/low  resistance  is  limited  in  a  minimum  region,
which  indicates  the  low  cycle-to-cycle  dispersion  resistance.
A  large  on/off  ratio  around  103 is  also  clearly  observed  from
the results, which suggests the HRS may correspond to an elec-
tron tunneling process[14].

The Vset/Vreset distribution  is  another  important  figure  of
merit  for  analyzing  the  electrical  performance  of  memristor
devices  (Fig.  4).  The Vset and Vreset variabilities  were  obtained
from the coefficient of variation (Cv), which is the ratio of stand-
ard  deviation  (σ)  and  mean  value  (μ)  of  cycle-to-cycle Vset/
Vreset. Here, for Vset, the σ and μ are equal to 0.183 and 2.955 V,
respectively;  whilst  for Vreset,  the σ and μ are  equal  to  0.142

 

 

Fig. 1. (Color online) The characterization of Gra/h-BN/Gra heterostructure. (a, b) The AFM characterization of the h-BN and graphite layer with
the thickness and appearance displayed. (c, d) The Raman spectra of h-BN and the graphite layer.
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 and  –3.732  V,  respectively.  As  a  result,  the Cv value  of Vset

and Vreset are  obtained  to  be  6.21%  and  3.81%,  respectively.
The small values of Cv indicate the low cycle-to-cycle variabil-
ity of the device. As discussed above, the prominent perform-
ances of the fabricated memristors are derived from full 2D ma-
terial  vdW  heterostructures  endowed  with  an  atomically
sharp  interface  between  the  electrode  and  the  active  layer,
which  could  be  beneficial  to  the  forming  of  a  well-confined
conduction channel[23, 24].

Finally, we propose a potential model based on the forma-
tion  of  carbon  conductive  filaments  which  could  explain  the

switching  behaviors  we  observed[27−30].  According  to  previ-
ous  reports,  the  first  breakdown  process  could  create  a  de-
fect path in the h-BN film. Such a path is more likely to be com-
posed of boron vacancies[31−33], and attributed to the lower dif-
fusion activation energy of boron vacancies/ions[34]. In the pos-
itive  bias  voltage  and  defect  charge  induction,  the  carbon
atoms  turn  into  carbon  ions  with  positive  charge,  and  mi-
grate  along  the  defect  path  to  form  the  localized  C–N  bond-
ing  served  as  the  carbon  conductive  filaments  which  con-
nect the TE and BE[34],  and trigger the SET process.  With a re-
verse  voltage  applied,  the  carbon  ions  migrate  back  to  the

 

 

Fig. 2. (Color online) The image and switching curves of the Gra/h-BN/Gra device. (a, b) The schematic diagram and optical microscope image of
the memristive device. The scale bar is 10 μm. (c) Typical I–V curves of the Gra/h-BN/Gra device during the DC voltage sweep. The process of the
DC voltage sweep is 0 → 4 → 0 → –4 → 0 V.

 

 

Fig. 3. (Color online) The switching performances of a Gra/h-BN/Gra device. (a) The stable RS behavior. (b) The cumulative distribution plot of the
high and low resistance measured over 40 cycles.
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graphite electrode, resulting in the rupture of the carbon con-
ductive filaments and therefore the RESET process. 

3.  Conclusions

In  conclusion,  we  have  fabricated  a  single-crystalline
Gra/h-BN/Gra  vdW  heterostructure  memristor  with  atomic-
ally sharp interface. The device exhibits a stable bipolar RS be-
havior,  with  an  on/off  ratio  of  around  103,  and  a  low  coeffi-
cient  of  variation  for  both Vset (Cv =  6.21%)  and Vreset (Cv =
3.81%).  We  also  propose  a  possible  model  which  could  ex-
plain  the  observed  switching  behavior.  Our  work  demon-
strates  a  new  type  of  vdW  heterostructure  memristor  for  fu-
ture memory and neuromorphic applications. 

Acknowledgements

This work was supported by Laboratory of Solid State Mi-
crostructures,  Nanjing  University  (M34049)  and  the  Jiangsu
Postdoctoral  Research  Funding  Program  under  Grant  No.
2021K451C.

References

Wang  J,  Ma  F,  Liang  W,  et  al.  Electrical  properties  and  applica-
tions  of  graphene,  hexagonal  boron  nitride  (h-BN),  and
graphene/h-BN heterostructures. Mater Today Phys, 2017, 2, 6

[1]

Ranjan A, Raghavan N, O'Shea S J, et al. Conductive atomic force
microscope study of bipolar and threshold resistive switching in
2D hexagonal boron nitride films. Sci Rep, 2018, 8, 2854

[2]

Qian K,  Tay R Y,  Nguyen V C,  et al.  Hexagonal boron nitride thin
film for  flexible  resistive memory applications. Adv Funct  Mater,
2016, 26, 2176

[3]

Roy S, Zhang X, Puthirath A B, et al. Structure, properties and ap-
plications of two-dimensional hexagonal boron nitride. Adv Ma-
ter, 2021, 33, 2101589

[4]

Ahmed F, Heo S, Yang Z, et al. Dielectric dispersion and high field
response of multilayer hexagonal boron nitride. Adv Funct Mater,
2018, 28, 1804235

[5]

Gani  Y  S,  Abergel  D  S  L,  and  Rossi  E.  Electronic  structure  of
graphene  nanoribbons  on  hexagonal  boron  nitride. Phys  Rev  B,
2018, 98, 205415

[6]

Lee G H, Yu Y J,  Lee C, et al.  Electron tunneling through atomic-
ally  flat  and  ultrathin  hexagonal  boron  nitride. Appl  Phys  Lett,
2011, 99, 243114

[7]

Pan  C,  Ji  Y,  Xiao  N,  et  al.  Coexistence  of  grain-boundaries-as-[8]

sisted  bipolar  and  threshold  resistive  switching  in  multilayer
hexagonal boron nitride. Adv Funct Mater, 2017, 27, 1604811
Yuan  B,  Liang  X,  Zhong  L,  et  al.  150  nm  ×  200  nm  cross-point
hexagonal  boron  nitride-based  memristors. Adv  Electron  Mater,
2020, 6, 1900115

[9]

Zhao H, Dong Z, Tian H, et al. Atomically thin femtojoule memrist-
ive device. Adv Mater, 2017, 29, 1703232

[10]

Zhu  K,  Liang  X,  Yuan  B,  et  al.  Graphene-boron  nitride-graphene
cross-point memristors with three stable resistive states. ACS Ap-
pl Mater Interfaces, 2019, 11, 37999

[11]

Wu X, Ge R, Chen P A, et al.  Thinnest nonvolatile memory based
on monolayer h-BN. Adv Mater, 2019, 31, 1806790

[12]

Zhao  Q,  Xie  Z,  Peng  Y  P,  et  al.  Current  status  and  prospects  of
memristors  based  on  novel  2D  materials. Mater  Horiz,  2020,  7,
1495

[13]

Wang C Y, Wang C, Meng F, et al. 2D layered materials for memrist-
ive and neuromorphic applications. Adv Electron Mater,  2019, 6,
1901107

[14]

Shi T, Wang R, Wu Z, et al. A review of resistive switching devices:
Performance  improvement,  characterization,  and  applications.
Small Struct, 2021, 2, 2000109

[15]

Huh W, Lee D, and Lee C H. Memristors based on 2D materials as
an  artificial  synapse  for  neuromorphic  electronics. Adv  Mater,
2020, 32, 2002092

[16]

Tao  Q,  Wu  R,  Li  Q,  et  al.  Reconfigurable  electronics  by  disas-
sembling  and  reassembling  van  der  waals  heterostructures. Nat
Commun, 2021, 12, 1825

[17]

Li S, Pam M E, Li Y, et al. Wafer-scale 2D hafnium diselenide based
memristor crossbar array for energy-efficient neural network hard-
ware. Adv Mater, 2021, 33, 2103376

[18]

Sun L, Zhang Y, Han G, et al. Self-selective van der waals hetero-
structures  for  large scale  memory array. Nat  Commun,  2019,  10,
3161

[19]

Wang  S,  Wang  C  Y,  Wang  P,  et  al.  Networking  retinomorphic
sensor with memristive crossbar for brain-inspired visual percep-
tion. Nat Sci Rev, 2021, 8, 172

[20]

Jain N, Yang F, Jacobs-Gedrim R B, et al. Extenuated interlayer scat-
tering in double-layered graphene/hexagonal boron nitride het-
erostructure. Carbon, 2018, 126, 17

[21]

Wang  H,  Yu  T,  Zhao  J,  et  al.  Low-power  memristors  based  on
layered  2D  SnSe/graphene  materials. Sci  China  Mater,  2021,  64,
198

[22]

He  H  K,  Yang  F  F,  and  Yang  R.  Flexible  full  two-dimensional
memristive  synapses  of  graphene/WSe2 –  xOy/graphene. Phys
Chem Chem Phys, 2020, 22, 20658

[23]

Wang M, Cai S, Pan C, et al. Robust memristors based on layered[24]

 

 

Fig. 4. (Color online) The distributions of cycle-to-cycle (a) Vset and (b) Vreset.

4 Journal of Semiconductors    doi: 10.1088/1674-4926/43/5/052003

 

 
Y F Deng et al.: Observation of resistive switching in a graphite/hexagonal boron nitride......

 

https://doi.org/10.1016/j.mtphys.2017.07.001
https://doi.org/10.1038/s41598-018-21138-x
https://doi.org/10.1002/adfm.201504771
https://doi.org/10.1002/adfm.201504771
https://doi.org/10.1002/adma.202101589
https://doi.org/10.1002/adma.202101589
https://doi.org/10.1002/adma.202101589
https://doi.org/10.1002/adfm.201804235
https://doi.org/10.1002/adfm.201804235
https://doi.org/10.1103/PhysRevB.98.205415
https://doi.org/10.1103/PhysRevB.98.205415
https://doi.org/10.1063/1.3662043
https://doi.org/10.1063/1.3662043
https://doi.org/10.1002/adfm.201604811
https://doi.org/10.1002/aelm.201900115
https://doi.org/10.1002/aelm.201900115
https://doi.org/10.1002/adma.201703232
https://doi.org/10.1021/acsami.9b04412
https://doi.org/10.1021/acsami.9b04412
https://doi.org/10.1021/acsami.9b04412
https://doi.org/10.1002/adma.201806790
https://doi.org/10.1039/C9MH02033K
https://doi.org/10.1039/C9MH02033K
https://doi.org/10.1002/aelm.201901107
https://doi.org/10.1002/aelm.201901107
https://doi.org/10.1002/sstr.202000109
https://doi.org/10.1002/adma.202002092
https://doi.org/10.1002/adma.202002092
https://doi.org/10.1038/s41467-021-22118-y
https://doi.org/10.1038/s41467-021-22118-y
https://doi.org/10.1002/adma.202103376
https://doi.org/10.1038/s41467-019-11187-9
https://doi.org/10.1038/s41467-019-11187-9
https://doi.org/10.1093/nsr/nwaa172
https://doi.org/10.1016/j.carbon.2017.09.074
https://doi.org/10.1007/s40843-020-1358-5
https://doi.org/10.1007/s40843-020-1358-5
https://doi.org/10.1039/D0CP03822A
https://doi.org/10.1039/D0CP03822A
https://doi.org/10.1016/j.mtphys.2017.07.001
https://doi.org/10.1038/s41598-018-21138-x
https://doi.org/10.1002/adfm.201504771
https://doi.org/10.1002/adfm.201504771
https://doi.org/10.1002/adma.202101589
https://doi.org/10.1002/adma.202101589
https://doi.org/10.1002/adma.202101589
https://doi.org/10.1002/adfm.201804235
https://doi.org/10.1002/adfm.201804235
https://doi.org/10.1103/PhysRevB.98.205415
https://doi.org/10.1103/PhysRevB.98.205415
https://doi.org/10.1063/1.3662043
https://doi.org/10.1063/1.3662043
https://doi.org/10.1002/adfm.201604811
https://doi.org/10.1002/aelm.201900115
https://doi.org/10.1002/aelm.201900115
https://doi.org/10.1002/adma.201703232
https://doi.org/10.1021/acsami.9b04412
https://doi.org/10.1021/acsami.9b04412
https://doi.org/10.1021/acsami.9b04412
https://doi.org/10.1002/adma.201806790
https://doi.org/10.1039/C9MH02033K
https://doi.org/10.1039/C9MH02033K
https://doi.org/10.1002/aelm.201901107
https://doi.org/10.1002/aelm.201901107
https://doi.org/10.1002/sstr.202000109
https://doi.org/10.1002/adma.202002092
https://doi.org/10.1002/adma.202002092
https://doi.org/10.1038/s41467-021-22118-y
https://doi.org/10.1038/s41467-021-22118-y
https://doi.org/10.1002/adma.202103376
https://doi.org/10.1038/s41467-019-11187-9
https://doi.org/10.1038/s41467-019-11187-9
https://doi.org/10.1093/nsr/nwaa172
https://doi.org/10.1016/j.carbon.2017.09.074
https://doi.org/10.1007/s40843-020-1358-5
https://doi.org/10.1007/s40843-020-1358-5
https://doi.org/10.1039/D0CP03822A
https://doi.org/10.1039/D0CP03822A


two-dimensional materials. Nat Electron, 2018, 1, 130
Liu C, Chen H, Wang S, et al. Two-dimensional materials for next-
generation computing technologies. Nat Nanotechnol, 2020, 15,
545

[25]

Hao Y, Wu H, Yang Y, et al. Preface to the special issue on beyond
moore:  Resistive  switching  devices  for  emerging  memory  and
neuromorphic computing. J Semicond, 2021, 42, 010101

[26]

Shen Y, Zheng W, Zhu K, et al. Variability and yield in h-BN-based
memristive  circuits:  The  role  of  each  type  of  defect. Adv  Mater,
2021, 33, 2103656

[27]

Zhou Z, Zhao J, Chen A P, et al. Designing carbon conductive fila-
ment memristor devices for memory and electronic synapse ap-
plications. Mater Horiz, 2020, 7, 1106

[28]

Standley  B,  Bao  W  Z,  Zhang  H,  et  al.  Graphene-based  atomic-
scale switches. Nano Lett, 2008, 8, 3345

[29]

Hattori  Y,  Taniguchi  T,  Watanabe  K,  et  al.  Layer-by-layer  dielec-
tric  breakdown  of  hexagonal  boron  nitride. ACS  Nano,  2015,  9,
916

[30]

Ranjan A, Raghavan N, Puglisi F M, et al. Boron vacancies causing
breakdown  in  2D  layered  hexagonal  boron  nitride  dielectrics.
IEEE Electron Device Lett, 2019, 40, 1321

[31]

Jin C, Lin F, Suenaga K, et al. Fabrication of a freestanding boron
nitride  single  layer  and  its  defect  assignments. Phys  Rev  Lett,
2009, 102, 195505

[32]

Weston  L,  Wickramaratne  D,  Mackoit  M,  et  al.  Native  point  de-
fects and impurities in hexagonal boron nitride. Phys Rev B, 2018,
97, 214104

[33]

Zobelli A, Ewels C P, Gloter A, et al. Vacancy migration in hexagon-
al boron nitride. Phys Rev B, 2007, 75, 094104

[34]

Yafeng Deng got his BS degree from Henan Ag-
ricultural University in 2019. Now he is a MS stu-
dent at Mechanical & Electrical Engineering Col-
lege  of  Henan  Agricultural  University.  His  re-
cent  research  interests  focus  on  memristive
devices based on two-dimensional materials.

Yixiang  Li got  his  PhD  degree  in  2019  at  Uni-
versity  of  Science  and  Technology  of  China.
Then  he  joined  Feng  Miao  Group  at  Nanjing
University  as  a  postdoctor.  His  research  fo-
cuses  on  two-dimensional  materials  memris-
tors and information devices.

Dong  Wang received  his  BS  degree  from
Shenyang University  in  1995,  and received his
MS  degree  from  Southeast  University  in  2005.
Then  he  joined  Henan  Agricultural  University
as  a  Professor.  His  research  interests  focus  on
electrical properties and applications of two-di-
mensional materials.

Journal of Semiconductors    doi: 10.1088/1674-4926/43/5/052003 5

 

 
Y F Deng et al.: Observation of resistive switching in a graphite/hexagonal boron nitride......

 

https://doi.org/10.1038/s41928-018-0021-4
https://doi.org/10.1038/s41565-020-0724-3
https://doi.org/10.1038/s41565-020-0724-3
https://doi.org/10.1088/1674-4926/42/1/010101
https://doi.org/10.1002/adma.202103656
https://doi.org/10.1002/adma.202103656
https://doi.org/10.1039/C9MH01684H
https://doi.org/10.1021/nl801774a
https://doi.org/10.1021/nn506645q
https://doi.org/10.1021/nn506645q
https://doi.org/10.1109/LED.2019.2923420
https://doi.org/10.1103/PhysRevLett.102.195505
https://doi.org/10.1103/PhysRevLett.102.195505
https://doi.org/10.1103/PhysRevB.97.214104
https://doi.org/10.1103/PhysRevB.97.214104
https://doi.org/10.1103/PhysRevB.75.094104
https://doi.org/10.1038/s41928-018-0021-4
https://doi.org/10.1038/s41565-020-0724-3
https://doi.org/10.1038/s41565-020-0724-3
https://doi.org/10.1088/1674-4926/42/1/010101
https://doi.org/10.1002/adma.202103656
https://doi.org/10.1002/adma.202103656
https://doi.org/10.1039/C9MH01684H
https://doi.org/10.1021/nl801774a
https://doi.org/10.1021/nn506645q
https://doi.org/10.1021/nn506645q
https://doi.org/10.1109/LED.2019.2923420
https://doi.org/10.1103/PhysRevLett.102.195505
https://doi.org/10.1103/PhysRevLett.102.195505
https://doi.org/10.1103/PhysRevB.97.214104
https://doi.org/10.1103/PhysRevB.97.214104
https://doi.org/10.1103/PhysRevB.75.094104

	1 Introduction
	2 Results and discussion
	3 Conclusions
	Acknowledgements

