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Single-molecule optoelectronic devices: physical
mechanism and beyond
Peihui Li1, Yijian Chen1, Boyu Wang1, Mengmeng Li1, Dong Xiang1*,
Chuancheng Jia1* and Xuefeng Guo 1,2*

Single-molecule devices not only promise to provide an alternative strategy to break through the miniaturization and func-
tionalization bottlenecks faced by traditional semiconductor devices, but also provide a reliable platform for exploration of
the  intrinsic  properties  of  matters  at  the  single-molecule  level.  Because  the  regulation  of  the  electrical  properties  of
single-molecule devices will be a key factor in enabling further advances in the development of molecular electronics, it is
necessary to clarify the interactions between the charge transport occurring in the device and the external fields, particu-
larly  the  optical  field.  This  review  mainly  introduces  the  optoelectronic  effects  that  are  involved  in  single-molecule
devices, including photoisomerization switching, photoconductance, plasmon-induced excitation, photovoltaic effect, and
electroluminescence. We also summarize the optoelectronic mechanisms of single-molecule devices, with particular em-
phasis on the photoisomerization, photoexcitation, and photo-assisted tunneling processes. Finally, we focus the discus-
sion on the opportunities and challenges arising in the single-molecule optoelectronics field and propose further possible
breakthroughs.
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Introduction
Single-molecule electronic devices, which use single mo-
lecules  or  molecular  monolayers  as  their  conductive
channels, offer a new strategy to resolve the miniaturiza-
tion  and  functionalization  bottlenecks  encountered  by
traditional  semiconductor  electronic  devices1−6.  These
devices have  many  inherent  advantages,  including  ad-
justable  electronic  characteristics,  ease  of  availability,
functional  diversity  and so  on.  To  date,  single-molecule
devices with a variety of functions have been realized, in-

cluding  switches7,8,  field-effect  devices9,10, and  optoelec-
tronic devices11,12. In addition to their important applica-
tions  in  the  functional  device  field,  single-molecule
devices also provide a unique platform to enable explora-
tion of the chemical and physical laws of molecules at the
single-molecule level.

Regulation  of  the  electrical  properties  of  single-mo-
lecule devices  remains  the  key  step  toward  further  ad-
vancement in the development of  molecular electronics.
To  adjust  the  molecular  properties  of  the  device 
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efficiently,  it  is  necessary  to  clarify  the  interactions
between  the  electron  transport  in  single-molecule
devices and external fields, such as the external temperat-
ure13,14, and the magnetic15, electric16−18, and light fields7,19

etc.  Among  these  fields,  regulation  of  the  electronic
properties of  single-molecule  devices  using  light  repres-
ents one of the most important fields, which is known as
"single-molecule  optoelectronics".  This  interaction  not
only refers to the effects of light on the electrical proper-
ties  of  molecular  devices,  i.e.,  control  of  the  electron
transport  through  the  molecules  using  light,  but  also
refers  to  the  luminescence  generated  by  the  molecules
during charge transfer.  Understanding the  photoelectric
interaction mechanism in single-molecule devices will be
of major significance for the development of single-mo-
lecule optoelectronics.

In  this  paper,  we  introduce  the  optoelectronic  effects
involved in  single-molecule  optoelectronic  devices,  in-
cluding photoisomerization  switching,  photoconduct-
ance,  plasmon-induced  excitation,  photovoltaic  effect,
and  electroluminescence.  The  mechanisms  of  light  in
single-molecule functional devices are summarized, with
particular emphasis on the photoisomerization, photoex-
citation  and  photo-assisted  tunneling  processes.  Finally,
we  analyze  the  potential  challenges  in  the  development
of  single-molecule  optoelectronics  and  propose  further
research directions that may achieve the required break-
throughs in this field. 

Single-molecule optoelectronic switches
Molecular switches have attracted considerable attention
in the molecular electronics field because of their unlim-
ited potential  applications  in  areas  including  informa-
tion storage,  logical  data  manipulation  and  signal  pro-
cessing20−22.  A  typical  molecular  switch  consists  of  a
bistable  molecular  functional  core  and  the  anchoring
groups  required  for  covalent  insertion  of  the  functional
molecule  into  metal  or  carbon  electrodes23.  Therefore,
the  design  and  synthesis  processes  of  these  switchable
functional  molecules  have  major  research  significance.
Depending  on  the  switching  mechanism  of  the  specific
functional  molecule,  molecular  switches  can  be  divided
into  two  types:  conformation  switches  and
charging/redox switches. In conformation switches, mo-
lecular  conformational  isomerization  occurs  as  a  result
of  changes  in  the  chemical  bonds.  This  conformational
isomerization  can  be  triggered  reversibly  using  light,
mechanical  force,  electric  fields,  temperature  changes,

and chemical reactants. One of the most commonly used
triggering  methods  is  light  excitation,  which  provides  a
sensitive,  convenient,  and  noninvasive  way  to  control
these switches.  Photochromic  molecules  such  as  diary-
lethene,  azobenzene,  and  spiropyran  derivatives  have
been  studied  widely  in  single-molecule  devices.  These
photochromic molecules  have  been  shown  to  be  prom-
ising as potential building blocks for molecular electron-
ics.  In  general,  single-molecule  switches  based  on  the
break junction technologies have relatively poor stability,
while  switches  based  on  single  molecules  connected  to
carbon-based  electrodes  through  amide  bonds  can  be
stable for more than one year in the atmosphere. On the
one hand, the Au-S bond is weaker than the amide bond.
On the  other  hand,  most  switches  based on break junc-
tions are  formed during the stretching process.  In addi-
tion,  for  switches  based  on  self-assembled  monolayers
(SAMs),  the  stability  is  promising  due  to  the  effective
protection  of  SAMs  between  the  electrodes.  Here,  we
highlight  the  important  progress  made  based  on  use  of
these  molecules  as  classical  light-driven  molecular
switches and  provide  basic  discussions  of  their  photo-
physical mechanisms. 

Single-molecule diarylethene switches
In general,  diarylethene  derivatives  undergo  a  6π  elec-
tron  cyclization  in  the  triene  system  under  ultraviolet
(UV)  light  stimulation  and  decyclization  under  visible
(Vis)  light  irradiation,  as  shown in Fig. 1(a). Figure 1(b)
shows the  paths  for  ring  opening  and  closing  of  the  di-
arylethene  molecule.  The  general  structure  for  single-
molecule  devices  is  shown  in Fig. 1(c), where  the  struc-
ture consists of metal or carbon electrodes and single di-
arylethene derivatives  acting  as  the  molecular  conduct-
ive channels. These diarylethene derivatives exhibit pho-
toelectric  switching  behaviors  from  an  insulating  state
(the off state) to a highly conjugated state (the on state),
which occurs because the cyclization generates a conjug-
ated pathway for charge transfer through the molecules.
Diarylethene  derivatives  are  particularly  attractive  for
applications  in  single-molecule  junctions  and molecular
tunneling  devices  with  SAMs  because  of  their  thermal
stability,  their  high  fatigue  resistance  and  the  sub-ang-
strom length differences between isomers. 

Switching properties of single diarylethenes
Use  of  the  technique  of  scanning  tunneling  microscope
break junctions (STM-BJs) makes it possible to detect the
specific  conductance  of  individual  photo-switchable
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diarylethene  molecules  in  both  their  conductive  closed
configuration and their non-conductive open configura-
tion. In general, the closed configuration of diarylethene
molecules has a  higher conductance than the open con-
figuration24. It should be noted here that individual mo-
lecules connected  to  the  STM  tip  and  to  the  gold  sub-
strate through  pyridine  groups  have  a  fixed  configura-
tion  and  cannot  undergo in  situ configuration conver-
sion.  In  addition,  the  effects  of  anchoring  groups  and
bridging  chains  on  the  interface  coupling  strength  and
the conductance  switching  characteristics  have  been  in-
vestigated using  a  mechanically  controlled  break  junc-

tion (MCBJ) technology25. Specifically,  the charge trans-
port characteristics of molecules with various anchoring
groups  and  bridging  chains  have  been  studied.  In  all
cases,  the  single-molecule  conductivity  of  the  closed
form  molecule  is  higher  than  that  of  the  open  form.
However, their conductance switching ratios (i.e., the ra-
tio  of  the  conductance  of  the  closed  form to  that  of  the
open  form  of  the  single  molecule)  are  different.  When
the molecular π functional core is conjugated directly to
the surfaces  of  the  metal  electrodes,  a  higher  conduct-
ance  switching  ratio  can  then  be  achieved.  In  contrast,
when  the  bridging  chain  and  the  anchoring  group  are
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separated electronically, an effective potential barrier and
voltage  drop  will  be  generated  between  the  molecular
functional  core  and  the  electrode,  thus  reducing  the
switching ratio significantly. 

Single-molecule devices with diarylethene
Based on  the  switching  characteristics  of  photoisomer-
ized diarylethene  molecules,  a  one-way  molecular  opto-
electronic switch between gold electrodes has been con-
structed using the MCBJ technology26. Because the pres-
ence  of  the  gold  electrode  quenches  the  excited  state  of
the  diarylethene  molecule  in  the  open  form,  switching
from  a  high-conductance  state  (closed  form)  to  a  low
conductance  state  (open  form)  under  visible  light  (546
nm)  illumination  was  observed.  However,  the  reverse
process  under  ultraviolet  (UV)  illumination  (313  nm)
failed. Specifically,  the  energy  level  of  the  excited  mo-
lecule involved in the ring-closing process is close to the
Fermi level  of  the  gold  electrode,  which  promotes  en-
ergy  transfer  between  the  molecule  and  the  electrodes,
thereby quenching the molecular excited state.

In  order  to  overcome  the  quenching  caused  by  the
metal electrodes, single-molecule devices have been pre-
pared with single-walled carbon nanotube electrodes and
thiophene-based or pyrrole based diarylethenes acting as
the  functional  molecules27.  However,  although  the
thiophene-based molecules can be photo-cyclized under
UV  irradiation,  resulting  in  an  increase  in  current  and
allowing  a  high  level  of  conductance  to  be  maintained
without  continuous  UV  irradiation,  the  ring-opening
process  is  not  available.  In  addition,  the  pyrrole-based
device  can  be  switched  on  under  UV  irradiation  and
switched back  thermally  under  dark  conditions.  To  en-
able further tailoring of the electronic structural charac-
teristics of the single-molecule device, particularly at the
molecule –electrode  interface,  the  electrode  material  has
been  changed  to  graphene.  A  diarylethene  derivative
with a single methylene group (CH2) located between the
terminal amine group and the functional center on each
side  has  been  covalently  bonded  with  graphene  point
contacts  to  form a single-molecule  device28.  Because  the
CH2 group can  cut  off  the  delocalization  of  the  π  elec-
trons,  the  electronic  interaction  between  the  molecule
and  the  electrode  is  decoupled.  Therefore,  this  type  of
device can be switched from the off state to the on state.
However,  the  reversible  configuration  change  between
the  open  and  closed  states  of  the  diarylethene  molecule
still  could  not  be  realized  in  this  device  (Fig. 1(d)).

Through  further  introduction  of  three  non-conjugated
CH2 groups between  the  diarylethene  core  and  the  an-
choring  amine  group  (Fig. 1(e)),  the  molecule-electrode
interface  coupling  has  been  fully  optimized7. The  prob-
lem of one-way switching of diarylethene molecular elec-
tronics has also been solved. Specifically, a stable and re-
versible  single-molecule  photoelectric  switch  device  has
been  constructed  that  has  demonstrated  outstanding
performance  in  terms  of  accuracy  (on/off  ratio  of  100),
stability  (operation  for  over  a  year),  and  reproducibility
(46  devices  with  more  than  100  cycles  of  photo-switch-
ing). Based on this realization of in situ reversible switch-
ing between the open and closed states, the temperature-
dependent  charge  transport  mechanism  of  the  single-
molecule  switching  devices  and  the  other  factors  that
regulate  the  device  have  been  investigated.  In  both  the
open  and  closed  forms,  the  device  shows  a  transition
from  low-temperature  coherent  tunneling  to  high-tem-
perature  incoherent  transport14.  This  occurs  because  of
the thermally activated torsional vibration of the phenyl
ring on  each  side  of  the  molecule,  which  leads  to  in-
creased vibrational coupling and also provides addition-
al  conductance  channels.  Because  of  the  subtle
electron –phonon  coupling  effect  related  to  the  energy
difference  between  the  Fermi  level  of  the  electrode  and
the energy level of the dominant transport molecular or-
bital,  the  incoherent  transport  activation energies  of  the
device in the open and closed forms show different bias-
dependent  trends.  In  addition,  the  dependence  of  the
conductivity  characteristics  on  the  molecule –electrode
coupling  strength  has  also  been  investigated.  Through
theoretical  calculations,  it  has  been  found that  the  large
conductivity  difference  between  the  open  and  closed
states is mainly dependent on the electronic structure of
the molecule itself,  and has nothing to do with the elec-
trode materials used in the devices29. 

SAM devices with diarylethene
In  addition  to  the  single-molecule  devices,  molecular
tunneling devices  formed  using  SAMs  have  also  exhib-
ited certain  properties  of  functional  molecules.  For  ex-
ample, a  molecular  tunneling  device  based  on  diary-
lethene  SAMs,  a  gold  substrate,  and  a  multilayer
graphene  top  electrode  has  been  constructed,  as  shown
in Fig. 1(f).  It  is  possible  to  observe  the  distinguishable
differences in conductivity between the closed and open
states  of  the  diarylethene  film30.  However,  in  real-time
measurements,  only  one-way  switching  behavior  from
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the open state to the closed state could be realized. By in-
troducing  reduced  graphene  oxide  to  replace  the
multilayer graphene as the electrode, the device success-
fully  realized the  reversible  switching function,  which is
based on  the  switching  state  of  the  diarylethene  mo-
lecules  under  alternate  irradiation  by  UV  and  visible
light sources31.

In addition, a diarylethene molecular tunneling device
based on  nano-gapped  gold  electrodes  has  been  con-
structed  based  on  a  monolayer  of  functional  molecules
with diarylethene photochromic units and electro-active
carbon-rich ruthenium complexes on both sides. The Ru
bridging  group  can  adjust  the  electronic  coupling
between  the  diarylethene  unit  and  the  Au  electrode  to
realize  the  reversible  switching  function32.  Based  on  the
unique  orthogonally  modulable  characteristics  of  this
device, light  and  electrochemical  stimuli  are  used  as  in-
puts and the conductance of the molecules is regarded as
the  output.  This  combination  of  on/off  radiation  and
electrolysis provides  four  possible  outcomes  and  a  ra-
tionally  designed  logic  gate  can  thus  be  realized
(Fig. 1(g)). 

Single-molecule azobenzene switches
In  addition  to  diarylethene,  azobenzene  is  also  used
widely  to  construct  single-molecule  optoelectronic
switches  because  of  its  photoinduced cis-trans isomer-
ism effect,  as  illustrated in Fig. 2(a).  For example,  single
molecules  with  azobenzene  units  have  been  covalently
assembled into nano-gapped graphene point contacts to
construct  single-molecule  optoelectronic  switches.  In
this  device  type,  the  configurational  change  in  the
azobenzene unit  occurs  directly  in  its  molecular  back-
bone33 (Fig. 2(c)).  In  another  device  that  contained  a
single  peptide  molecule  (Fig. 2(b)),  an  azobenzene  unit
with  interconversion  between  the  well-defined cis and
disordered trans isomers was used as the macromolecule
core  unit34.  Because  of  the  configurational  changes  in
azobenzene, three  different  conductivity  states  were  ob-
served that corresponded to a specific range of hydrogen
bond lengths  in  the cis isomer  and  the  specific  dihedral
angles  in  the trans isomer.  In  addition  to  forming  the
backbone of the bridging molecule, azobenzene can also
be used as the side group of the bridging molecule, which
undergoes configurational  changes  under  light  stimula-
tion, as illustrated in Fig. 2(d). By connecting single mo-
lecules  with  an  azobenzene  side  group  to  nanogapped
graphene  electrodes,  different  dipole  characteristics  can

be  observed,  which are  in  the  direction opposite  to  that
of  the  terphenyl  backbone  with  values  of  ~6.59  D  and
~1.22  D  for  the cis and trans forms  (Fig. 2(e)), respect-
ively35. In  addition,  when  the  azobenzene  unit  is  intro-
duced as a side group into the central ring of the terph-
enyl,  the  polymorphism  of  the  stereoelectronic  effect  of
the  terphenyl  is  further  enriched36.  As  a  result  of  the
asymmetry caused by introduction of the additional con-
figurations  into  the  terphenyl  backbone,  four  different
conformational states appear for the azobenzene in trans
or cis form,  as  shown in Fig. 2(f). Furthermore,  the  dif-
ferent azobenzene configurations will  affect the dihedral
angle  between  the  phenyl  ring  close  to  the  substituent
and the central ring, and the corresponding rotation bar-
riers. In addition to serving as the bridging molecules in
single-molecule  devices,  azobenzene  molecules  can  also
be  used  in  vertical  tunneling  SAM  devices  to  achieve
electrical  conductance  changes,  which  are  caused  by
changes  between  their  photoisomers.  For  example,  a
photo-switchable molecular  monolayer  has  been  con-
structed (Fig. 2(g)), in which one side of the monolayer is
chemically covalently fixed and the other side is in phys-
ical  contact  between  two  graphene  electrodes37.  In  this
device,  because  of  the  photoinduced  conformational
change in  azobenzene,  the  lengths  of  the  molecular  iso-
mers change, thereby enabling realization of a stable mo-
lecular  optical  switch.  Similar  to  the  single-molecule
devices,  because the azobenzene unit  that  is  fixed in the
lateral ring undergoes photochemical trans-cis isomeriz-
ation, azobenzene, which acts as the core of the bridging
molecules  (Fig. 2(h)),  can  also  be  used  to  modify  the
electronic properties of the oligothiophene chains revers-
ibly in monolayer molecular devices38. 

Single-molecule switches with other photochromic
molecules
In addition,  several  other  photochromic  molecules,  in-
cluding  dimethyldihydropyrene,  dihydroazulene,  and
spiropyran derivatives, can also be used as bridging mo-
lecules in  single-molecule  devices.  Because  of  the  pho-
toinduced  configurational  changes  in  these  materials,
conductance  switching  can  be  realized.  For  example,
when using  the  MCBJ  technique,  single-molecule  junc-
tions  with  dimethyldihydropyrene  molecules  have  been
fabricated successfully39 (Fig. 3(a)). A very high ON/OFF
ratio (>104) and excellent conductance reversibility were
achieved. Among the  photochromic  dihydroazulene  de-
rivatives  used  in  the  single-molecule  break  junction,
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photothermal reaction  processes  between  the  di-
hydroazulene  and  vinylheptafulvene  isomers  have  also
been  observed40 (Fig. 3(b)).  Specifically,  because  of  the
introduction  and  shifting  of  the  interference  features
during molecular conduction,  both the reaction kinetics
and reversibility  can  be  detected,  including  the  occur-
rence of isomerization during the reaction. Similarly,  by
isomerizing  bifunctional  spiropyran  derivatives  through
either  light  or  chemical  stimulation,  single-molecule
devices  can  be  switched  quickly  and  reversibly  between
their  low-  and  high-conductance  states41 (Fig. 3(c)).
Spiropyran  derivatives  can  be  used  not  only  in  single-
molecule junctions, but also in vertical molecular tunnel-
ing devices with SAMs to realize optical switching func-
tions.  Using  eutectic  Ga –In  as  the  top  contact  layer  to
construct  these  devices,  which  contain  a  SAM  of  the
spiropyran moiety,  photoinduced  switching  of  the  con-
ductance  in  the  tunnel  junction  has  been  investigated42,
as  shown  in Fig. 3(f).  As  the  distance  of  the  long  alkyl

chain that supports the spiropyran moiety increases, the
conductance  switching  of  the  spiropyran  moiety  is  not
accompanied  by  a  significant  change.  Furthermore,
when compared with the original spiropyran monolayer,
the mixed monolayer increases  the conductance switch-
ing amplitude over a range from 8 times to 35 times. This
occurs because  delocalization  brings  the  positive  reson-
ances  closer  to  the  Fermi  energy  and  broadens  them,
which  results  in  higher  conductivity.  When  a  reduced
graphene oxide (rGO) film was used as the interface lay-
er between the molecule and the top metal electrode, sol-
id-state optical switches based on monolayers composed
of  photo-switchable  molecules  have  been  fabricated,  as
shown in Fig. 3(d). In these devices, because of the struc-
tural  changes  in  the  dihydroazulene/vinylheptafulvene
isomer,  the  conductance  changes  with  an  average
ON/OFF  ratio  of  5−743. In  addition,  when  these  mo-
lecules  are  replaced  with  chiral  molecules,  a  solid-state
spin filter device can also be realized (Fig. 3(e)), in which
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the  spin  polarization  direction  can  be  switched  using
either  light  irradiation  or  thermal  treatment44.  In  this
device, because  of  the  chiral-induced  spin  selectivity  ef-
fect,  the  chirality  inversion  of  the  molecular  motor  is
used as a light-driven reconfigurable spin filter. 

Photoconductance of single-molecule
devices
In addition to  photoisomerization of  the  molecules,  op-
tically  modulated  conductance  of  single-molecule
devices can also be achieved using excitons generated in
the molecules under light irradiation, which does not in-
volve changes in the molecular structures. Generally, be-
cause  the  photoinduced  exciton  generation  process  is
faster  than  isomerization45,46,  the  response  times  of  the
corresponding  devices  are  much  shorter  than  those  of
devices with isomerization, which can reach the ~ns level
in theory. This is because the response time depends on
the exciton dynamics.  In the devices  with the photo-ex-
citons, light-excited electrons and holes are generated. As
a result  of  Coulomb interaction,  they  will  also  form ex-
citon  binding  in  the  molecular  bridge,  which  results  in
regulation  of  the  conductance  of  the  single-molecule
devices.  For  example,  for  single-molecule  junctions  that
contain  symmetrical  perylene  tetracarboxylic  diimide
molecules, an  increase  in  photoconductance  can  be  ob-
served that is related to exciton binding formation in the
molecules47 (Fig. 4(a, c)). Specifically, when electrons are
excited to move from the highest occupied molecular or-
bital (HOMO) to the lowest unoccupied molecular orbit-
al  (LUMO)  under  illumination,  the  holes  that  tunnel
from  the  electrode  toward  the  HOMO  experience  the
Coulomb  interaction  generated  by  the  excited  electrons
present  in  the  LUMO.  As  a  result,  the  HOMO  level  is
pushed toward the Fermi level of the electrodes, thus res-
ulting in an increase in the conductance. To improve the
control  of  the  photo-excitons  on  the  performance  of
these  single-molecule  devices,  the  triplet  excited  states
with long-lived excitation lifetimes of  specific  molecules
have also been introduced into the devices. For example,
in  a  three-terminal  molecular  transistor  composed  of  a
zinc  phthalocyanine (ZnPc)  functional  center  with  alkyl
chain  bridging  groups  on  both  sides,  the  photo-excited
triplet  state  can  adjust  the  field-effect  characteristics  of
the  device  within  the  incoherent  limit48.  In  addition,  by
specifically  designing  molecules  with  a  donor-acceptor

structure, separation of the photogenerated electrons and
holes can be promoted,  thereby enhancing the ability of
the  photo-excitons  to  control  the  device  performance.
For  example,  single-molecule  junctions  with  porphyrin-
C60 donor-acceptor  molecules  were  fabricated as  shown
in Fig. 4(d).  Improved  separation  of  the  photo-excited
charge states was found to increase the junction conduct-
ivity under light irradiation49.

In  addition  to  the  single-molecule  junctions,  optical
gating  of  molecular  tunnel  devices  with  SAMs  has  also
been  observed,  thus  demonstrating  modulation  of  the
photoconductivity under illumination. For example, tun-
neling  devices  containing  hemicyanine  dye  monolayers
between two Au nanowires have been constructed50 (Fig.
4(b)). Because the conjugated portion of the SAM reson-
ates  with  the  Au  electrode,  energy  transfer  occurs  from
the plasmon of the Au electrode to the SAM, which then
excites a fraction of the molecules, causing them to enter
an excited state.  When compared with the ground state,
the  delocalization  of  the  molecular  orbitals  near  the
Fermi  energy  in  the  excited  state  and  the  cation  states
can  effectively  reduce  the  tunneling  barrier  width,
thereby  increasing  the  device  conductance.  To  improve
the photocurrent generation efficiency further, a well-de-
signed  bilayer  donor-acceptor  molecular  junction  has
been  proposed  that  offers  enhanced  charge  separation.
Unlike  the  tunnel  junctions  with  a  symmetrical  single
layer,  this  double-layer  structure  consists  of  covalently
bonded donor  and  acceptor  layers  that  allow  simultan-
eous  absorption  and  charge  separation  to  occur  on  the
covalent heterojunction.  For  example,  in  a  tunnel  junc-
tion composed  of  anthraquinone  and  biphenylene  ben-
zene  bilayers,  enhanced  photoconductivity  and  other
special properties, e.g., changes in the rectification direc-
tion  and  photocurrent  polarity,  can  be  observed51 (Fig.
4(e, f)). To exclude the contribution of the plasmons in-
duced by the metal  electrode to the enhancement of the
photoconductance, carbon materials are used as the elec-
trodes  to  form  the  molecular  tunnel  junctions.  In  these
junctions,  the  overall  photoconductance  enhancement
originates  from  the  molecular  structures  and  the
orbitals52.  In  addition,  the  effect  of  the  molecular  film
thickness  on  the  photoconductivity  of  the  devices  must
also  be  clarified.  Specifically,  as  the  molecular  layer
thickness  increases,  the  attenuation  of  the  photocurrent
intensity  becomes  very  weak,  which  differs  significantly
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from the exponentially decayed electronic characteristics
of the same device that occur under dark conditions53. 

Plasmon-induced effects in single-
molecule devices
 

Plasmonic effects of vacuum tunneling junctions
In single-molecule optoelectronic devices, in addition to
molecular  excitation,  electrode  excitation,  in  particular
the generation of plasmons through interactions between
the  photons  and  free  electrons  on  the  metal  electrode,
can  be  used  to  regulate  the  charge  transport  in  the
devices. For example, because of the nonlinear tunneling
conduction  that  occurs  in  the  sub-nanometer  gaps
between  the  gold  electrodes  (Fig. 5(a)), optical  rectifica-
tion  occurs54.  Interestingly,  a  DC  photocurrent  will  be

generated when  the  gap  is  illuminated,  even  in  the  ab-
sence of  any molecule.  This  further  verifies  the effect  of
the surface  plasmons  generated  by  metal  electrodes  un-
der light illumination on the charge transport properties
of these  devices.  In  these  systems,  the  plasmons  gener-
ally  regulate  the  charge  transport  properties  of  the
devices  via  two  mechanisms:  a  photo-assisted  transport
mechanism and a hot-electron mechanism. 

Photo-assisted transport mechanism of single-
molecule devices
The  term  photo-assisted  transport  mechanism  means
that  a  relative  position  change  in  the  electrode  energy
level caused  by  plasmon  excitation,  resulting  in  the  en-
hancement  of  the  conductance  or  the  generation  of  the
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photocurrent,  which  thus  leads  to  the  change  in  the
charge transport. It is believed that this mechanism con-
tributes to single-molecule junction devices based on mol-
ecules  for  which  the  excitation  wavelength  is  not  in  the
visible  light  range,  e.g.,  alkyl  chain  molecules.  Gilad  et
al.57 fabricated  “suspended-wire ”  molecular  junctions
that  were  constructed  from  a  SAM  composed  of  either
1,9-nonanedithiol (C9) or decanethiol (C10) on lithogra-
phically  defined Au electrodes.  In the 1,9-nonanedithiol
molecular junctions, photon-assisted tunneling enabled a
two-time enhancement of the current to be realized (Fig.
5(b)).  Similarly,  using  a  set  of  junctions  based  on  alkyl
thiolated molecules with different lengths and an identic-
al HOMO-LUMO  energy  gap,  photocurrents  were  ob-
served under laser irradiation, and the magnitude of the
rectification  can  be  used  further  to  provide  an  accurate
evaluation  of  the  enhancement  effect  of  the  plasmonic
field on gaps of  different sizes55.  In addition to the alkyl
chain molecules,  the  photocurrent  generation  mechan-
ism in  other  single-molecule  devices  with  smaller  mo-
lecules  that  are  difficult  to  excite  under  corresponding
light  irradiation  is  also  considered  to  be  photo-assisted

tunneling.  For  example,  Xiang  et  al.56 creatively de-
veloped  a  method  in  which  fiber  waveguides  were  used
to irradiate a single-molecule device with light based on a
mechanically  controllable  break  junction  technique  to
investigate  the  electron  transport  properties  of  single
molecular junctions (Fig. 5(c) and 5(d)). They found that
the  strong  shift  in  the  electrode  energy  level  caused  by
photon absorption led to light-induced conductance en-
hancement  in  imidazole  single-molecule  junctions,  and
proposed that the photon-assisted tunneling mechanism
is strongly dependent on the transmission function char-
acteristics of  the junction.  In addition,  coupling of  plas-
mon  field  enhancement  with  molecular  excitation  will
also  affect  the  conductance  of  single-molecule  devices
under  laser  irradiation  at  the  corresponding  optical
frequency58. 

“Hot electron” mechanism of single-molecule
devices
Although several  pioneering  experiments  have  attrib-
uted the  optically  induced  current  enhancements  ob-
served  in  molecular  junctions  to  photon-assisted
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tunneling, the mechanism for this conductance enhance-
ment or  photocurrent  generation  process  remains  con-
troversial. Recently,  studies  have  shown  that  hot  elec-
trons make  the  dominant  contribution  to  the  conduct-
ance enhancement59.  Through a  comparative  analysis  of
photon-assisted tunneling with the hot electron mechan-
ism,  it  was  verified  that  the  light-enhanced  transport  in
4,4′-bipyridine single-molecule junctions was predom-
inantly due to hot-electron transport (Fig. 6(a)). In addi-
tion, the difference between the photon-assisted tunnel-
ing and hot-electron transport mechanisms was clarified.

Specifically,  when  the  lifetime  of  the  hot  electrons  is
much  shorter  than  the  charge  transfer  time  or  the  hot
electron distribution  is  not  generated,  the  optical  re-
sponse  of  the  device  is  then  caused  by  photon-assisted
tunneling,  while  the  hot  electron  emission  makes  the
dominant contribution when the lifetime of the hot elec-
trons is sufficiently long. Similarly, in large-area aliphat-
ic and  aromatic  molecular  tunnel  junctions  with  par-
tially  transparent  copper  top  electrodes,  photocurrents
have also been observed when molecular absorption has
not  occurred60.  In  this  system,  the  molecules  only
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modulate  the tunneling barrier,  and the photocurrent  is
thus generated because of the hot electron excitation and
emission  of  the  copper  electrode.  In  addition  to  these
photoexcited  hot  electrons  with  high  energy  states,  the
thermally  relaxed  state  after  excitation  also  affects  the
charge  transport  through  the  molecules.  Because  of  the
thermal relaxation of the hot electrons (e−) and holes (h+)
caused by  Landau  damping  of  the  surface  plasmon  po-
laritons (SPPs), the thermal effect of the electrodes, par-
ticularly  at  the interface  between  the  molecules  and  the
electrodes,  can  then  alter  the  conductance  properties  of
the  molecular  junctions.  Charge  transport  changes  of
this type  in  molecules  within  nanoscale  metal  gaps  un-
der illumination correspond to the temperatures of plas-
monic  hot  spots61.  Therefore,  the  plasmonic  hot  carrier
distribution  through  single-molecule  junctions  can  also
be  measured  with  spatial  accuracy.  For  example,  based
on  the  transport  mechanisms  of  the  hot  electrons  and
holes  in  the  biased  or  unbiased  junctions  shown in Fig.
6(b) and 6(c),  single-molecule  junctions  between  a  Au
film and the Au tip of an STM setup were designed and
fabricated62,  in  which  carefully  selected  molecules  with
different transmission characteristics were dominated by
the  LUMO  or  the  HOMO.  The  plasmonic  hot  carriers
were  generated  by  the  Au  film  with  integrated  grating
couplers  and produced different  spatial  distributions,  as
illustrated in Fig. 6(d).  A major  difference was  observed
in  the  current-voltage  characteristics  of  the  single-mo-
lecule  junctions  with  and  without  plasmon  excitation,
and thus the spatial distribution of the hot carriers can be
determined based on this difference. 

Other effects of plasmons in single-molecule
devices
In addition to the photo-assisted tunneling and hot elec-
tron mechanisms, SPPs generated from metal electrodes
under illumination can also affect the charge transport of
the tunneling junctions via other effects. For example, in
the chemical  reaction of a single dimethyl disulfide mo-
lecule, the intramolecular excitation can be enhanced by
plasmons (Fig. 6(e)). This enhanced reaction process can
be  monitored  directly  using  an  STM  in  real  space  and
real  time63.  In  addition,  the  thermal  expansion  effect  of
the gold electrode caused by the thermal relaxation of the
plasmon, rather than by the hot electron effect,  can also
affect  the  junction  tunneling  current  by  changing  the
morphology  of  the  metal  electrodes.  This  conductance
adjustment  caused  by  plasmonic  heating  occurs  in  bare

metallic  quantum  contacts,  thus  indicating  that  atomic
switches can be realized using the expansion of nanoelec-
trodes caused by plasmonic heating64. 

Photovoltaic effect in single-molecule
devices
Although the noble metals are the most widely used con-
tact  electrode  materials,  nonmetallic  electrodes  such  as
semiconductor electrodes  have  also  attracted  consider-
able interest in single-molecule devices.  Because of their
specific advantages, both the molecule itself and the elec-
trode  can  provide  the  final  single-molecule  junction
structure  with  the  required  functions,  particularly  the
photovoltaic  function.  Using  the  STM-BJ  approach,  a
1,8-nonadiene  single-molecule  junction  with  a  Si-mo-
lecule-Au structure was constructed65, and a controllable
rectification  function  was  achieved.  In  particular,  when
low-doped  silicon  electrodes  were  used,  the  single-mo-
lecule  junction  exhibited  a  very  high  rectification  ratio,
which  then  provided  the  basis  for  the  photovoltaic
effect65.  Similarly,  the  photovoltaic  properties  of  the
GaAs-molecule-Au  molecular  junction  have  also  been
investigated.  When  a  lower-doped  GaAs  electrode  was
used, the junction exhibited a higher rectification ratio, a
lower dark  current  and  higher  photocurrents  under  ap-
plication  of  a  reverse  bias  voltage66 (Fig. 7(a, b)).  This  is
caused  by  the  larger  space  charge  region  that  occurs  in
the low-doped GaAs, which in turn provides a fairly high
tunnel  barrier  to  reduce  the  reverse  bias  dark  current,
and thus creates a larger volume to provide carriers that
then contribute  to  the photocurrent.  In response to this
phenomenon, a reverse-biased junction charge transport
mechanism  has  been  proposed,  in  which  photo-gener-
ated  holes  in  the  semiconductor  tunnel  into  the  metal
through the molecular orbitals to produce the current. It
should be noted here that this light response comes from
the photogenerated  electron-hole  pairs  in  the  semicon-
ductor  and  is  completely  different  from  the  molecular
photoisomerization  mechanism.  In  addition,  through
systematic  alteration  of  the  properties  of  the  molecular
bridges, the type and the doping density of the semicon-
ductors,  and  the  light  intensity  and  wavelength,  the
photovoltaic behavior of the metal-molecule-GaAs junc-
tion can  be  finely  controlled.  Specifically,  when  com-
pared with nonconjugated molecules, the introduction of
conjugated  moieties  and  the  corresponding  enhanced
ohmic  characteristics  mean  that  the  junctions  with  the
saturated  molecular  bridges  have  larger  rectification
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characteristics and thus demonstrate better photovoltaic
performance. In addition, as the voltage applied between
the Au and n-GaAs electrodes increases, the rectification
ratio will also increase67 (Fig. 7(c)). 

Single-molecule electroluminescence
Studies  of  photoelectric  interactions  on  the  molecular
scale can provide a scientific basis for development of in-
formation and energy technologies in the future68,69.  For
single-molecule  devices,  photoelectric  interaction  is  not
only used to regulate the electrical properties of a device
under illumination;  the electricity can also be converted
into light,  which  is  known  as  single-molecule  electrolu-
minescence.  Controllable  realization  of  this  single-mo-
lecule electroluminescence  process  serves  as  the  experi-
mental  basis  for  study of  the laws that  govern processes
such  as  single-molecule-level  photoelectric  conversion
and the interactions between the molecules and fields. In
addition, controllable regulation of this process is a diffi-
cult  problem  that  researchers  are  determined  to
overcome. 

Electroluminescence of plasmons
When  electrons  tunnel  through  a  tunnel  junction
without  molecules,  the  electroluminescence  that  can  be
observed  is  mainly  derived  from  radiative  decay  of  the
surface  plasmons  excited  by  inelastic  tunneling
electrons70.  Because  the  plasmon  excitation  process  can
be  modulated  by  varying  the  topography  of  the  metal
surface, appreciable electroluminescence can be found if
one  of  the  electrode  surfaces  is  rough.  In  addition,  this
luminescence induced  by  the  inelastic  tunneling  elec-
trons can be enhanced further by performing additional
laser irradiation. This is due to the increase in the num-
ber  of  hot  electrons  caused  by  laser  irradiation,  which

have energies just above the Fermi level,  and the radiat-
ive decay of  the hot electrons via the inelastic  tunneling
plasmon  mode  causes  increased  light  emission71 (Fig.
8(a)). In addition, generation of hot electrons causes the
nanoscale  tunnel  junctions  to  have  high  reactivity  and
thus enables strongly confined chemical reactions, which
in  turn  can  modulate  the  electron  tunneling  processes
and  thereby  vary  the  electroluminescence72 (Fig. 8(b)).
For  example,  Wang  et  al.  designed  and  fabricated  a
device containing  an  array  of  electrically  driven  plas-
monic  nanorod  metamaterials  with  a  poly-l-histidine
molecule tunneling layer that demonstrated hot-electron
activation  of  oxidation/reduction  reactions  with  O2/H2

molecules  in  its  junctions72.  The  radiative  decay  of  the
surface  plasmons  caused  by  electron  tunneling  can  also
be used to monitor the reaction kinetics in situ. Further-
more,  the  plasmon  intensity  can  be  controlled  via  the
molecular  electronic  properties.  For  example,  using  on-
chip molecular electronic plasmon sources consisting of
tunnel  junctions  based  on  SAMs  sandwiched  between
two  metal  electrodes  (Fig. 8(c)),  localized  plasmons  and
SPPs  can  be  excited  by  the  tunneling  electrons  (Fig.
8(d)).  By  varying  the  chemical  structures  of  molecules
with  or  without  the  molecular  diode  characteristics,  the
bias-dependent emission of  the plasmons can be modu-
lated73 (Fig. 8(e)). 

Electroluminescence of molecules in a STM
nanocavity
In addition to the electrical excitation of SPPs, excitation
of  the  molecules  in  a  STM  nanocavity  can  also  lead  to
light  emission.  In  experimental  studies,  the  single-mo-
lecule  electroluminescence  process  has  gradually  been
improved. For example, in early research, C60 molecules
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assembled on gold substrates were found to emit light in-
tensely as a result of the excitation of the tunneling elec-
trons  generated  by  the  STM  tip74. To  improve  the  effi-
ciency of the electroluminescence process and undertake
further investigations  of  the  interactions  between  mo-
lecules and  the  surrounding  environment,  the  quench-
ing of  the fluorescence by metal  substrates  must first  be
overcome. Various methods have been proposed to solve
this  problem.  For  example,  in  a  system  composed  of
multiple layers of molecules, because the bottom layer of
molecules  separates  the upper layers  from the substrate,
the  molecules  on  the  metal  substrates  can  be  excited  to
emit  light75.  When individual  porphyrin molecules  were
adsorbed on an ultrathin alumina film grown on the sur-
face of NiAl(110) rather than via direct deposition on the
metal  substrate,  suppressed  fluorescence  quenching  was
also  achieved76. In  addition,  a  method  in  which  mo-
lecules are placed on Au(111) substrates coated with so-
dium  chloride  to  overcome  fluorescence  quenching  has
also been used (Fig. 9(a) and 9(b)), and has now become
a commonly used strategy77. In these systems, the intens-

ity  of  the  electroluminescence  can  be  enhanced  further
using  the  nanocavity  plasmons.  Based  on  the  same
device  design,  by  integrating  the  tip-enhanced  Raman
spectroscopy  (TERS)  strategy  into  the  STM  system,  the
structure and the chemical heterogeneity can also be cor-
related clearly at the single-molecule level78. 

Electroluminescence from intrinsic molecules
During  single-molecule  electroluminescence,  direct
charge transfer  and  energy  transfer  between  the  mo-
lecules and the substrate will cause quenching of the mo-
lecular  fluorescence.  To  suppress  this  fluorescence
quenching,  decoupling  methods  have  been  developed
that weaken the direct charge transfer and energy trans-
fer processes  between  the  molecules  and  the  metal  sub-
strates.  Additionally,  when  the  plasmons  are  controlled
to match the intrinsic energy level gap of the molecules,
the  electroluminescence  intensity  of  a  single  molecule
can be enhanced further by the nanocavity plasmon res-
onance that  occurs  in  the STM tunnel  junction.  For  ex-
ample, using  the  decoupling  effect  of  the  sodium chlor-
ide  film  and  the  enhancement  effect  of  the  nanocavity
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plasmon  on  an  electrode  composed  of  silver  metal,  the
electroluminescence of phthalocyanine molecules depos-
ited  on  NaCl/Ag  (111)  has  been  observed79.  Using  the
electroluminescence  spectroscopy  approach,  vibrational
modes80 (Fig. 9(c)),  neutral  and  oxidized  states77,  and
even spin-triplet-mediated  up-conversion  and crossover
behaviors81 can  be  finely  probed.  When  a  3,4,9,10-
perylenetetracarboxylicdianhydride  (PTCDA)  molecule
was adsorbed on a three-monolayer NaCl film on top of

Ag(111), spin- triplet excitons were also observed during
the electroluminescence process82 (Fig. 9(d−f)).
 

Coupling of molecular electroluminescence and
plasmon nanocavity
For the molecules in the nanocavity,  direct excitation of
nanocavity plasmons by the tunneling electrons can not
only  enhance  the  molecular  electroluminescence75,  but
also  can  induce  interactions  between  the  single
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molecules  and  the  nanocavity  plasmons,  which  then
causes  the  corresponding  spectral  characteristics  of  the
electroluminescence to change. When the molecular illu-
minator interacts  resonantly  with  the  nanocavity  plas-
mons,  the coherent  coupling between the discrete  states
of  the  illuminator  and  the  continuous  states  of  the
nanocavity plasmons leads to the occurrence of Fano res-
onance caused by quantum interference, which results in
changes  in  the  spectral  lines  of  the  plasmons  (Fig. 10(a,
b)).  For example, when an isolated and decoupled ZnPc
molecule is located in the vicinity of a plasmon nanocav-
ity  that  is  being  excited  by  tunneling  electrons,  the
plasmons will interact with the molecule, resulting in oc-
currence of the Fano resonance effect83. This Fano reson-
ance effect can also be achieved when the ZnPc molecule
is  replaced  by  other  molecules  (e.g.,  polycyclic  aromatic
hydrocarbon  molecules)84.  In  addition,  when  the  STM
tip is located near the molecule, as a result of the energy

transfer between the plasmon and the molecular exciton
and the  quantum  mechanical  interference  effect,  asym-
metric  dips  can  be  observed  in  the  broad  luminescence
spectrum of the plasmon85. 

Intermolecular coupling during electroluminescence
If  an  interaction  occurs  between  individual  molecules
adsorbed on the substrate,  the spectral  characteristics  of
the  corresponding  single-molecule  electroluminescence
will differ significantly from the characteristics of the in-
dependent single  molecules.  For  example,  highly  local-
ized  excitations  of  the  molecules  can  be  produced  by
electrons tunneling from the STM tip. Because of the in-
teractions between the molecules, the resulting electrolu-
minescence is very different at different positions, which
meant  that  electroluminescence  imaging  could  be  used
to clarify  the  spatial  distribution  of  the  excitonic  coup-
ling  within  a  well-defined  arrangement  of  several  ZnPc
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molecules87 (Fig. 10(e)).  Furthermore,  intramolecular
Coulomb interactions  can  change  the  electrolumines-
cence  properties  of  the  single  molecules.  Therefore,
single-molecule electroluminescence based on the many-
body state of the molecule can be observed88. In addition,
as illustrated in Fig. 10(c, d), energy transfer from a mag-
nesium phthalocyanine (MgPc) molecule to a metal-free
phthalocyanine  (H2Pc)  molecule  has  been  observed  in
real  space,  which  then  leads  to  the  electroluminescence
of the H2Pc molecule86. It should be mentioned here that,
in  addition  to  dimers,  as  a  result  of  the  dipole-dipole
coupling  of  more  than  two  molecules,  interactions
among multiple molecules can also lead to electrolumin-
escence  through  single-exciton  superradiant  states.  In
this system, both the intermolecular interactions and the
interactions  between  the  plasmon  nanocavity  and  the
molecules exist  simultaneously.  The  nanocavity  plas-
mons  generated  by  the  STM  tip  can  modify  the  line

width and  the  emission  intensity  of  the  electrolumines-
cence of the molecular chains dramatically89. 

Electroluminescence in single-molecule junctions
Although  many  works  have  reported  on  the  single-mo-
lecule electroluminescence  excited  by  tunneling  elec-
trons in a STM nanocavity,  control  of  the electrolumin-
escence of the single molecules that bridge the electrodes
directly remains challenging. To realize this control, two
important  difficulties  need  to  be  overcome:  the  first
problem is to determine how to cause the individual mo-
lecules to connect firmly to the electrodes and the second
problem is  to  determine how to avoid quenching of  the
excited  state  of  the  molecule.  For  example,  single-mo-
lecule  junctions,  in  which  the  molecule  was  suspended
between  a  metallic  Au(111)  surface  and  the  STM  tip,
were designed as shown in Fig. 11(a). The electrolumin-
escence of a polythiophene molecular wire could then be
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realized90.  Furthermore,  using  junctions  composed  of
different molecular emitting chromophore units suspen-
ded between a similar  Au(111) surface and the STM tip
by organic oligothiophene bridges (Fig. 11(b)), the color
of  the  molecular  luminescence,  i.e.,  the  molecular  light
emission wavelength, can be selected accurately within the
750−1000 nm  range  without  modifying  any  other  spec-
tral properties91. When the molecule in the junction is re-
placed  with  a  graphene  nanoribbon  (GNR)  (Fig. 11(c)),
the  electroluminescence  properties  of  individual  GNRs
can  be  realized,  particularly  with  a  bright  narrow-band
red  light  emission.  In  addition,  the  electroluminescence
can be tuned using the bias  voltage applied to  the junc-
tion,  which  results  in  emission  of  different  colors92.  In
addition to the vertical tunneling junctions fabricated in
the STM, horizontal devices with carbon electrodes have
also  been  proposed.  As  the  electrodes,  carbon  materials
offer  advantages  because  of  their  highly  tunable  band
gaps, atomically  precise  edges,  and delocalized conduct-
ive  electrons.  For  example,  when  a  rod-like  molecule  is
connected to  two  metallic  single-walled  carbon  nan-
otube  electrodes  to  form  a  rigid  junction  (Fig. 11(d, f)),
an electrically triggered luminescence signal can then be
obtained from the junction93. In addition to these single-
molecule junctions,  vertical  molecular  tunneling  junc-
tions  with  Au/carbon/SAM/carbon/Au  structures  have
also been designed to  produce electroluminescence.  Us-
ing this  system, robust  bipolar  bright  light  emission has
been observed94. Because the wavelength of the spectrum
corresponds to  the  energy  level  difference  of  the  elec-
tronic transition, the charge transfer mechanism between
the molecules can be clarified based on the emitted light
spectrum. 

Summary and outlook
In  conclusion,  the  optoelectronic  properties  of  single-
molecule  devices  are  clarified  in  this  review.  The  paper
not  only  discusses  the  effects  of  light  on  the  electrical
properties  of  molecular  devices,  but  also  considers  the
luminescence generated  during  molecular  charge  trans-
fer.  The  optoelectronic  mechanisms  of  single-molecule
functional devices are summarized, with particular focus
on the processes of photoisomerization, photoexcitation,
and photo-assisted tunneling. In addition, the use of op-
toelectronic  mechanisms  to  realize  the  corresponding
functions of  these  single-molecule  devices  has  also been
proposed  and  implemented.  For  example,  based  on  the
photoisomerization  of  the  molecules,  single-molecule

optoelectronic switches have been realized. Other effects,
including photoconductance,  plasmon-induced  excita-
tion, photovoltaic effects,  and electroluminescence, have
also  been  used  to  construct  single-molecule  functional
devices.

Although significant achievements have been made in
the  development  of  single-molecule  functional  devices
with different light-matter interactions, it will still be ne-
cessary  to  improve  the  research  techniques  used  in  the
field,  expand  the  current  research  systems,  and  explore
the working mechanisms in depth to allow new applica-
tions  to  be  realized.  Specifically,  infrared,  terahertz  or
microwave  band  light  should  be  introduced  to  explore
the  photoelectric  interaction  processes.  To  observe  the
ultra-fast  photoelectron  processes  and  chemical  bond
change processes of the single molecules in these devices,
it will  be  necessary  to  develop  a  measurement  techno-
logy  that  combines  femtosecond  laser  techniques  with
electrical  testing.  Furthermore,  polarized  light  can  be
used to control specific physical properties of single-mo-
lecule devices, e.g., spin. In addition to improving the re-
search  techniques,  the  existing  research  systems  should
also be expanded. For example, the photoelectron trans-
fer  processes  in  biological  protein  systems  such  as
chlorophyll should be explored.

Based on  these  improved  techniques  and  new  re-
search systems, the mechanisms of the optoelectronic ef-
fects in these single-molecule devices should be explored
further.  For  example,  the  processes  of  photoexcitation,
photoisomerization,  and  plasmon-induced  excitation  all
need to be clarified further.  It  will  be necessary to study
the interaction  mechanisms  between  the  charge  trans-
port occurring in the single-molecule devices and the in-
frared,  terahertz,  and/or  microwave  fields.  With  regard
to  practical  applications,  it  will  be  necessary  to  develop
faster  photoisomerization  switches,  photoconductive
devices  with  higher  efficiency,  and  environmentally
stable  single-molecule  electroluminescent  devices.  In
particular,  if  single-molecule  electroluminescent  devices
can  be  encapsulated  to  satisfy  sufficient  stability,  it  is
possible  to  be  used  in  cells  for  biological  applications.
Furthermore, control of the light-excited quantum states
in  single-molecule  devices  must  also  be  explored  to
achieve applications in fields including quantum sensing,
quantum computing,  and quantum communications.  In
addition, a breakthrough single-molecule device prepar-
ation  technology  with  efficient  molecule  and  electrode
connection, precise nano-gap electrode preparation, and
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high-density array  device  integration  should  be  de-
veloped to implement integrated applications.
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