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Abstract   Organic solar cells are a current research hotspot in the energy field because of their advantages of lightness, translucency, roll to roll

printing and building integration.  With the rapid development of  small  molecule acceptor  materials  with high-performance,  the efficiency of

organic  solar  cells  has  been  greatly  improved.  Further  improving  the  efficiency  and  stability  of  device  and  reducing  the  cost  of  active  layer

materials will contribute to the industrial development of organic solar cells. As a novel type of carbon nanomaterials, carbon dots gradually show

great application potential in the field of organic solar cells due to their advantages of low preparation cost, non-toxic and excellent photoelectric

performance. Firstly, the synthesis and classification of carbon dots are briefly introduced. Secondly, the photoelectric properties of carbon dots

and their adjusting, including adjustable surface energy level structure, good film-forming performance and up/down conversion characteristics

are  summarized.  Thirdly,  based  on  these  intrinsic  properties,  the  feasibility  and  advantages  of  carbon  dots  used  in  organic  solar  cells  are

discussed.  Fourthly,  the  application  progress  of  carbon  dots  in  the  active  layer,  hole  transport  layer,  electron  transport  layer,  interface

modification  layer  and  down-conversion  materials  of  organic  solar  cells  is  also  reviewed.  Finally,  the  application  progress  of  carbon  dots  in

organic solar cells are prospected. Several further research directions, including in-depth exploration of the controllable preparation of carbon

dots and their application in the fields of interface layer and up/down conversion for improving efficiency and stability of device are pointed out.
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INTRODUCTION

With  the  depletion  of  ore  energy  and  the  increasing
environmental problems, the demand for renewable and clean
energy is particularly urgent. The conversion of solar energy into
electricity  offers  the  possibility  of  sustainable  development  for
mankind.  Silicon-based cells,  perovskite solar  cells,  and organic
solar  cells  (OSCs)  are  all  devices  that  convert  solar  energy  into
electrical  energy.  Among  them,  OSCs  stand  out  with  many
unique  advantages,  such  as  non-toxic,  lightweight,  flexible,
translucent,  and  roll-to-roll  processing  compatible,  showing
great  promise  for  commercial  applications.[1,2] Although  OSCs
have irreplaceable advantages over other new generation cells,
their practical implementation still faces great challenges. Their
low  photoelectric  conversion  efficiency  and  poor  stability  are
important  bottlenecks  to  their  development.[3,4] The  efficiency
and  stability  of  OSCs  depend  on  many  factors,  such  as  the
structure,  composition  and  contact  of  functional  layers.[5,6]

Usually,  researchers  mainly  improve  the  performance  of  solar
cells  through  structural  design  and  morphology  control  of
active layer materials,[7,8] interface layer material modification or
replacement.[9]

As a nanomaterial with stable physical and chemical prop-
erties and excellent electrical properties,  carbon nanomateri-
als,  such  as  graphene,[10] carbon  nanotubes[11] and
fullerenes,[12] have  been  widely  used  as  transparent  elec-
trodes,[13] charge  transport  layers,[14] interface  modification
layers[15] and active layer materials[16] in OSCs. As a novel type
of  carbon  nanomaterials  developed  in  recent  years,  carbon
dots  (CDs),  which  are  a  kind  of  zero-dimensional  spherical
nanomaterials  with  diameters  less  than  10  nm,  mainly  are
composed of carbon, hydrogen, nitrogen and oxygen, with a
large number of carboxyl, hydroxyl and amino groups on the
surface,  mainly  hybridized  by  sp2 carbon  hybridization.[17,18]

They gradually show great potential for application in organ-
ic  solar  cell  field  because  of  their  advantages,  including  tun-
able  surface  state,  excellent  photovoltaic  properties,  simple
and  green  preparation,  and  so  on.[19,20] Currently,  CDs  have
been used in OSCs for active layer, interfacial layer and optic-
al down-conversion materials.  In this paper,  we will  summar-
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ize  the  progress  of  CDs  in  the  field  of  OSCs  from  three  as-
pects:  synthesis  and classification of  CDs,  photovoltaic  prop-
erties and their applications in OSCs, and an outlook on their
subsequent research and applications.

SYNTHESIS AND CLASSIFICATION OF CDS

Synthesis
The  main  synthesis  methods  of  CDs  can  be  divided  into  top-
down method and bottom-up method. The top-down method
refers to the physical or chemical method to peel off the nano-
carbon materials  from the large-sized carbon skeleton (such as
carbon  target).  This  method  mainly  uses  laser  ablation,[21] arc
discharge,[22] electrochemical  oxidation[23] and  other  methods
to  prepare  CDs  from  large-sized  carbon-based  materials.  For
example,  CDs  can  be  synthesized  from  graphene,  carbon
nanotubes, and biomass[24] by the top-down method. Biomass,
such as leaves,  fruits,  vegetables,  can be as a dominant carbon
source  for  the  top-down  synthesis  of  CDs  because  of  their
unique  advantages,  including  wide  selection  of  materials  and
low price.[25,26] The bottom-up method refers to the preparation
of  CDs  from  some  organic  molecules  as  precursors  through
a  series  of  chemical  reactions,  which  are  mainly  used  to
synthesize  CDs  by  carbonization  of  small  molecules  (such  as
citric  acid  and  ethylenediamine[27])  using  solvent  thermal
method/hydrothermal  method,[28] microwave  synthesis
method,[29] combustion/pyrolysis  method,[30] and  so  on.  In
general,  this  method  requires  small  organic  molecules  as
precursors  under  controlled  conditions,  and  these  small
molecules  generally  include  unsaturated  double  bonds  and
reactive  sites  (functional  groups).[31,32] The  formation  of  CDs
usually  requires  high  temperature  and  pressure  to  coordinate
the  polymerization  and  carbonization  of  small  molecules  to
form  CDs,  which  have  good  biocompatibility  and  solvent
dispersibility because they can carry the same functional groups
as  the  raw  material  on  their  surface.[33] For  example,  Li et  al.
synthesized  CDs  with  good  biocompatibility  for  promising
biomedical  applications  using  citric  acid  and  urea  at  160  °C
under high pressure.[34] The top-down method is limited by the
disadvantages,  such as  uncontrollable  reaction results  and low
fluorescence quantum yields of the products. In the bottom-up
process,  microwave  synthesis  and  solvothermal/hydrothermal
methods  are  widely  used  due  to  the  advantages  of  high
fluorescence  quantum  yield,  high  light  transmission,  low
equipment  requirements,  simple  reaction  conditions,  low  cost
and environmental friendliness of the products.

Classification
The CDs synthesized from different  raw materials  and reaction
conditions have different structures and properties. CDs can be
subdivided into graphitized CDs (GQDs),  carbon quantum dots
(CQDs),  and  polymer  CDs  (PDs).[35] In  general,  GQDs  have  a
typical  carbon  lattice  structure  with  different  chemical  groups
bonded to their edges, also known as graphene quantum dots.
CQDs do not have an obvious lattice structure, but their edges
are  still  bonded  to  different  chemical  groups,  also  known  as
carbon  nanodots.  PDs  are  non-conjugated  polymers  or  small
molecules formed by polymerization, cross-linking, dehydration
and  carbonization  processes  to  form  cross-linked  flexible
aggregates,  whose  surface  with  a  large  number  of  polymer

chains, also known as carbonized polymer dots.[35]

PHOTOELECTRIC PROPERTIES OF CDS

Optical Absorption
CDs have strong absorption in  the ultraviolet-visible  (UV-Vis)
region (200–400 nm) and their optical absorption can extend
to  the  near-infrared  region.[36,37] Yang et  al.[27] prepared  blue-
emitting  CQDs  by  hydrothermal  method  using  citric  acid  and
ethylenediamine as  carbon sources  (Fig.  1a),  which had strong
optical  absorption  broad  peaks  at  250  and  340  nm,
corresponding  to π→π* transition  of  C＝C  bond  and n→π*

transition of  C＝O/C＝N bond,  respectively.  In  addition,  Radek
et al.[38] prepared a series of red-emitting CQDs using citric acid
and  urea,  which  not  only  had  the  typical  C＝C  characteristic
absorption  peaks  (250  and  340  nm),  but  their  absorption
bands  extended  to  the  infrared  region,  some  of  them  could
reach  400–600  nm  and  even  600–800  nm  (Fig.  1b),  which  is
attributed to the presence of aromatic ring structures in CQDs.
Tang et  al.[39] used glucose  and ammonia  as  raw materials  to
prepare  N-doped  CQDs  (N-CQDs)  using  microwave-assisted
thermal method, the prepared CQDs showed obvious optical
absorption  in  the  deep  ultraviolet  to  near  infrared  region
(200–900  nm)  (Fig.  1c).  It  can  be  seen  that  the  controlled
synthesis of CDs with specific absorption spectral range can be
achieved by modulating the type of synthetic raw materials and
reaction  conditions.  Generally,  CDs  synthesized  using  carbon
source rich in C＝O/C＝C groups will exhibit strong absorption
in  the  ultraviolet  region,[40,41] while  synthesized  using  carbon
source containing aromatic ring structures or heteroatoms such
as  sulfur  or  nitrogen  will  have  long-wave  absorption.[38]

Therefore,  when  CDs  are  applied  to  OSCs,  CDs  has  optical
absorption in the near infrared region, which can be adjusted to
broaden  the  optical  absorption  range  of  the  active  layer  of
OSCs. Moreover, CDs as the interface layer can block ultraviolet
light to avoid its damage to the active layer material.

Energy Level Tunability
Numerous researches have shown that the band gap of CDs is
influenced  by  the  carbon  core  size,[42] surface  state[43] and
concentration.[44] The  surfaces  of  CDs  are  rich  in  a  large
number  of  —OH,  —COOH,  —NH2 and  other  groups  (Fig.  2).
Their  carbon  core  size,  surface  groups  and  solution
concentration  can  be  regulated  by  controlling  the  reaction
materials and reaction conditions, and finally their energy level
can be adjusted.

In  most  cases,  the  band  gap  of  CDs  is  decreased  with  the
increased  size.[45] Li et  al.[45]sliced  graphite  into  1.2–3.8  nm
GQDs. By testing the photoluminescent (PL) spectra of GQDs
with different sizes,  they found that when the size increases,
the emission peak red shifted, indicating that the band gap of
GQDs decreased. They further obtained the same conclusion
by simulating the energy level difference between the lowest
unoccupied  molecular  orbital  (LUMO)  and  the  highest  occu-
pied  molecular  orbital  (HOMO)  of  GQDs.  Tian et  al.[46] found
that  increasing  the  amount  of  C—OH  and  C—N  groups  on
the surface of CQDs could reduce the band gap bending de-
gree and accelerate the recombination of electron-hole pairs.
The introduction of C—Cl group on the surface of CQDs could
form  a  micro  electric  field  with  C—O  group  to  promote  the
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separation of electrons and holes, so as to realize the tunable
energy level of CQDs. Su et al.[44] prepared CQDs by pyrolysis
using  citric  acid  and  thiourea,  which  not  only  had  fluores-
cence  emission-dependent  properties  but  also  change  the
energy gap width of CQDs by adjusting the raw material con-
centration.  As  shown in Fig.  3,  the  band gap decreases  from
2.18  eV  to  1.56  eV  when  the  concentration  of  CQDs  was  in-
creased  from  0.002  mg/mL  to  1.0  mg/mL,  and  they  specu-
lated  that  this  might  be  due  to  the  aggregation  of  CQDs
caused  by  the  increase  in  their  concentration,  which  in  turn
affects  their  surface  states  to  change  the  band  gap.  In  addi-
tion,  Ran et  al.[47] prepared  CQDs  with  an  optical  band  gap
ranging  from  3.1  eV  to  4.2  eV  by  redox  method  to  tune  the
surface  structure  of  CQDs  for  adjusting  the  mutual  jump
between  the  single  and  triplet  excitons.  The  tunable  energy
level of CDs can be used in the functional layer of OSCs to ad-
just the energy level of each layer,  and finally reduce the en-
ergy  loss  and  improve  the  photoelectric  conversion  effi-
ciency of the cells.

Up/Down-conversion Fluorescence Properties
CDs absorb short-wavelength photons to the excited state, and
emit long-wavelength light when photons return to the ground
state,  a  phenomenon  known  as  the  down-conversion
fluorescence  property  of  CDs,  which  follows  the  Stokes  effect,
i.e.,  the  emission  wavelength  is  larger  than  the  excitation
wavelength. The redshift of the fluorescence spectrum emission
wavelength  compared  to  the  absorption  spectrum  is  called
the  Stokes  shift.  The  larger  the  Stokes  shift,  the  larger  the
difference  between  the  emission  wavelength  and  the  absor-
ption  wavelength.  In  OSCs,  it  is  expected  the  Stokes  shift  is  as
large  as  possible,  because  too  small  Stokes  shift  can  produce
internal  conversion,  which  will  reduce  the  photoelectric
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Fig. 1    (a) UV-Vis absorption spectra of typical CQDs. (Reproduced with permission from Ref. [27]; Copyright
(2013) Wiley);  (b) UV-Vis absorption spectra of CQDs with red light absorption (The different curves represent
CQDs  that  emit  different  colors  (blue,  green,  yellow,  red)).  (Reproduced  with  permission  from  Ref.  [38];
Copyright (2017) American Chemical Society); (c) UV-Vis absorption spectra of CQDs with deep ultraviolet-near
infrared light absorption (the different curves represent different sizes of CQDs). (Reproduced with permission
from Ref. [39]; Copyright (2014) American Chemical Society).

Carbon core

Functional group

COOH, NH
2
, OH, C=N …

< 10 nm
 
Fig. 2    Schematic diagram of the carbon core and functional groups
of typical CDs.

 
Fig. 3    Schematic diagram of CQDs synthesis and their energy level
adjustability  by  adjusting  concentration.  (Reproduced  with
permission from Ref. [44]; Copyright (2020) Elsevier).
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conversion  efficiency  of  OSCs,  and  the  larger  Stokes  shift  is
beneficial  for  converting  the  ultraviolet  absorption  part  of  the
solar  light  into  visible  light  or  even  near-infrared  light,  which
improves  the  spectral  response  ability  of  the  device  in  the
ultraviolet  band  and  increases  the  photoelectric  conversion
efficiency  of  OSCs.[15,48] It  has  been well  reported that  CDs  can
emit  longer  wavelengths  of  light  under  UV  excitation  with
significant  Stokes  shifts,[49−52] and  they  exhibit  fluorescence
excitation  wavelength  dependence[49,50] or  independence,[51,52]

respectively.  Most  researchers  suggest  that  the  fluorescence
excitation  wavelength  dependence  of  CDs  is  related  to  the
quantum  size  effect  of  carbon  core,  surface  states,  and
molecular fluorescence induced by large π-bonds. For example,
Zhang et  al.[53] prepared CQDs from citric  acid  and cysteine by
hydrothermal  method  to  emit  blue  light  with  fluorescence
excitation wavelength dependence and fluorescence quantum
yield  of  31%.The  wavelength  independence  of  fluorescence
emission  of  CDs  also  were  reported.  For  example,  Lu et  al.[52]

synthesized CQDs from dopamine and o-phenylenediamine by
hydrothermal  method  at  200  °C  with  significant  excitation
wavelength  independence,  as  evidenced  by  their  emission
center of 710 nm under white light excitation, and these CQDs
also  had  near-infrared  luminescence  properties  and  possess
two-photon fluorescence properties. CDs with down-conversion
fluorescence properties can convert ultraviolet light into visible
light  that  can be absorbed by the active layer  of  OSCs.  On the
one hand, it  broadens the spectral  absorption of OSCs,  and on
the other hand, it prevents ultraviolet light from damaging the
active  layer,  resulting  in  enhanced  efficiency  and  stability  of
OSCs.

In  recent  years,  the  unique  up-conversion  luminescence
mechanism  possessed  by  CDs  was  successively  repor-
ted.[52,54−56] The  essence  of  up-conversion  luminescence  is
the anti-Stokes effect,  which is  widely  believed to be caused
by  the  successive  absorption  of  two  or  more  low-energy
photons  leading  to  high-energy  luminescence.[57] According
to  Molaei et  al.,[58] CQDs  had  strong  visible  emission  under
the  excitation  of  argon  ion  laser  (458  nm)  and  femtosecond
pulsed  laser  (800  nm),  and  the  quadratic  relationship
between  excitation  laser  power  and  luminescence  intensity
confirms  that  the  visible  luminescence  was  caused  by  the
excitation  of  two  near-infrared  photons.  For  example,  He et
al.[59] prepared CQDs by hydrothermal method with citric acid
and ethanolamine at 180 °C and emitted blue light under red
light excitation, which confirmed that the up-conversion per-
formance of CQDs is due to two-photon excitation.

More  interestingly,  Jia et  al.[54] prepared  CQDs  by  direct
heating of ascorbic acid at 90 °C with both down-conversion
and  excellent  up-conversion  properties.  CQDs  emitted  blue
light  under  UV  excitation  and  green  light  at  540  nm  under
near-infrared (NIR) excitation at 800–1000 nm, which may be
due  to  the  absorption  of  multiple  photons  by  CQDs.  Al-
though  most  researchers  believe  that  the  up-conversion
properties of CQDs should be attributed to multiphoton pro-
cesses,[60,61] Shen et  al.[55] speculated  that  the  up-conversion
of CQDs cannot only be explained by multiphoton processes
because the emission and excitation have a constant energy
difference  corresponding  to  the  energy  difference  between
π and σ orbitals  (1.1  eV).  They suggested that  the π-electron

(in  the intermediate  energy level)  is  excited by a  low-energy
photon to the LUMO and thereafter  relaxed to the σ-orbitals
of  HOMO,  leading  to  the  emission  of  a  shorter  wavelength
photon. Fig.  4 is  the  schematic  diagram  of  the  electron  leap
process  of  CQDs. Figs.  4(a) and 4(b) show  the  fluorescence
emission  at  excitation  wavelengths  for  CQDs  with  large  and
small  sizes  without  anti-Stokes  shift  property,  respectively.
The  band  gap  of  CQDs  (difference  between  LUMO  and
HOMO) depends on the size  of  CQDs,  and the band gap be-
comes smaller as the size of CQDs increases. And the up-con-
version  fluorescence  performance  of  CQDs  with  anti-Stokes
shift  property is  shown in Figs.  4(c) and 4(d).  Shen et  al.  sug-
gested that when a beam of low-energy photons excites elec-
trons in a π orbital (Figs. 4c and 4d), the π electrons transition
to a high-energy state (LUMO energy level) and then to a low-
energy state. Thus, when the electrons jump back to the σ or-
bital,  up-conversion  fluorescence  is  emitted.  Although  the
electrons  in  the σ orbital  can  also  leap,  it  can  only  emit  nor-
mal  PL  (Figs.  4a and 4b),  which  can  explain  a  phenomenon
that the excited and emitted light is a constant energy differ-
ence.

The  unique  up/down-conversion  fluorescence  properties
of CDs can be used to broaden the light absorption range of
OSCs,  thus  enhancing  the  photogenerated  current  and  ulti-
mately  improving  the  device  performance.  According  to  the
theoretical calculations by Shockley-Queisser et al.,[62] the the-
oretical photoelectric conversion limit efficiency of solar cells
is 33.7%, which is due to the energy loss in the photoelectric
conversion  process,  as  shown  in Fig.  5.[63] Among  them,  the
lattice thermal vibration and transmission loss (①, ②) caused
by spectral mismatch account for more than 70% of the total
loss, which is the main source of energy loss. The absorption
spectra  of  the  active  layer  materials  of  most  fullerene-based
OSCs are in the visible region, and the light conversion rate is
almost 0 below 400 nm and above 800 nm. Even the recently
developed non-fullerene acceptor  materials  have absorption
spectra only up to about 1000 nm. The spectral mismatch has
limited the further  improvement in  photoelectric  conversion
efficiency  of  OSCs.  Therefore,  if  the  up/down-conversion
fluorescence  property  of  CDs  can  be  effectively  utilized,  the
sunlight  in  the  IR/UV  region  will  be  utilized  to  increase  the
number  of  absorbed  photons  in  the  active  layer  and  gener-

CQDs CQDs

CQDs

 
Fig.  4    Schematic  diagrams  of  various  typical  electronic  transition
processes  of  CQDs.  (a)  Normal  PL  mechanism  in  small-size  and  (b)
large-size CQDs; up-conversion PL mechanism in (c) large-size and (d)
small-size  CQDs.  (Reproduced  with  permission  from  Ref.  [55];
Copyright (2011) the Royal Society of Chemistry).
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ate  more  excitons,  finally  improve  the  photoelectric  conver-
sion  efficiency  of  the  cell.  At  present,  the  down-conversion
fluorescence property of CDs has been initially tried in OSCs,
the details as seen in Section 3.2.4,[64] but the up-conversion
property has rarely been reported.

Solution Processing Properties of CDs
Most  of  the  CDs  with  rich  functional  groups  are  mainly
synthesized  in  bulk  by  microwave  and  solvothermal  methods,
and have excellent dispersion properties in solvents. It is worth
emphasizing that in order to achieve good dispersion properties
of  CDs  in  the  target  solvent,  the  surface  pro/hydrophobic
properties  of  CDs  need  be  controlled  by  modulating  the
reaction  solvent,  leading  to  their  good  solution  processing
properties  and  excellent  film-forming  properties.  The  future
development trend of OSCs is bound to be large-scale printing
by  solution  method.[65] The  solution  dispersibility  and  stability
of  CDs  are  positively  correlated  with  the  film-forming
performance, i.e.,  the  stronger  the  solvent  dispersion  and
stability,  the  higher  the  formed  film  quality.  Mao et  al.[66]

successfully  prepared  CQDs  fluorescent  membrane  sensors  by
molecular self-assembly method and suggested the preparation
conditions  including  concentration,  solvent  and  assembly
temperature  have  a  great  influence  on  the  film-forming
performance of CQDs. The results showed that CDs fluorescent
membrane  sensors  with  high  fluorescence  intensity  and
uniform  and  dense  membrane  coverage  was  prepared  when
the  CQDs  content  was  10%,  the  solvent  was  trichloromethane
and the assembly temperature was 50 °C. The large number of
functional groups on the surface of CDs gives them the ability to
control their concentration, disperse the solvent type and finally
achieve  guided  film  formation.  Generally,  by  controlling  the
number of hydrophilic and hydrophobic groups on the surface
of  the  CDs,  the  dispersion  performance  in  water  or  organic
solvents can be respectively controlled, and finally high-quality
film-forming performance control can be achieved.

In  conclusion,  CDs  have  excellent  optical  properties,  suit-
ably matched and tunable energy level structures,  up/down-
conversion  characteristics  and  good  solution  processing
properties,  which  are  conducive  to  improving  the  perform-
ance of OSCs and promoting their commercialization.

APPLICATION OF CARBON DOTS IN ORGANIC
SOLAR CELLS

The  main  structures  of  single-junction  OSCs  are  divided  into

conventional  and  inverted  structures,[67] where  the  latter  has
higher  stability  compared  to  the  former.[68] In  both  types  of
structures, in addition to the cathode and anode electrodes that
collect  electrons and holes,  they include the electron transport
layer  (ETL)  and  the  hole  transport  layer  (HTL)  that  transport
electrons  and  holes,  respectively,  and  the  active  layer  that
generates photogenerated charges. At present, CDs have been
gradually applied in the field of OSCs for excellent performance,
and  the  current  main  used  as  active  layer  materials,  interfacial
layer materials and down-conversion materials for OSCs.

Active Layer
The  active  layer  is  the  most  important  part  of  an  organic  solar
cell. Theoretically, the active layer material determines the limit
of  the  photoelectric  conversion  efficiency  of  OSCs.  The  active
layers  in  OSCs  include  donors  and  acceptors,  which  usually
exist  as  bulk  heterojunctions  with  interpenetrating  network
structure.  In  the  running  process,  the  donors  and  acceptors
absorb photons and generate excitons,  which are separated at
the  donor/acceptor  interface  to  generate  charges.  Then  the
charges  are  collected  by  the  electrodes,  resulting  in  potential
difference and current.

CDs are used in the active layer of OSCs due to their excel-
lent  photovoltaic  properties. Table  1 summarizes  the  device
performance  of  CDs  used  as  active  layers  for  OSCs  in  recent
years.  It  can be seen that CDs alone as acceptors is not com-
parable  to  fullerene-based  acceptors,  however,  they  can  fur-
ther enhance the device performance of  OSCs when used as
active layer doping materials. For example, Kwon et al.[69] pre-
pared  CQDs  with  tunable  particle  size  by  a  soft  template
method.  Using  them  as  acceptors,  an  organic  solar  cell  with
ITO/PEDOT:PSS/P3HT:CQDs/Al  structure  with  an  efficiency  of
0.23% was prepared.  Sharma et  al.[70] prepared three accept-
or materials: CQDs, ZnO-decorated graphene (Zn@G) and car-
bon quantum dots modified ZnO (Zn@CQDs),  which were as
acceptor,  respectively,  and  PFO-DBT  as  donor  to  prepare
OSCs (Table  1).  It  can be seen that  the introduction of  CQDs
largely  improved  the  short-circuit  current  (Jsc)  and  open-cir-
cuit  voltage  (Voc)  of  the  cells,  in  which  the  cell  performance
was  significantly  improved  when  Zn@CQDs  are  used  as  the
acceptor,  which may be due to  the fact  that  Zn@CQDs were
more  likely  to  form  good  contact  with  the  donor  materials
(generally polymers).

Further,  researchers  found  that  doping  CDs  in  the  active
layer  is  an  effective  and  convenient  method  to  enhance  the
performance of OSCs. Zhang et al.[73] prepared inverted OSCs
with  the  structure  of  ITO/PEI/P3HT:ICBA:CQDs/MoO3/Ag  by
doping CQDs into the active layer of P3HT:ICBA, and the res-
ults  showed  that  the  device  efficiency  was  improved  by
43.20%  (from  4.12%  to  5.90%)  when  the  CQDs  doping  con-
centration  was  only  3  wt%,  which  was  mainly  because  the
uniform dispersion of CQDs in the active layer could improve
the charge carrier transport and reduce charge complexation,
meanwhile,  the  introduction of  CQDs could  increase  the  op-
tical  path  scattering  to  increases  the  light  absorption  of  the
device.  by  doping  carbon  nitride  quantum  dots  (C3N4)  into
the active layer,  Chen et  al.[64] prepared OSCs with P3HT,  PB-
DTTT-C,  PTB7-Th  as  the  donor  and  PC71BM  as  the  acceptor
materials.  The  efficiency  of  the  devices  was  improved  by
17.5%, 11.6% and 11.8%, respectively, compared with the ref-

 
Fig.  5    Energy  loss  process  of  single  junction  solar  cell: ① lattice
heat  loss ② transmission  loss ③composite  loss ④ heterojunction
loss ⑤ contact  voltage  loss.  (Reproduced  with  permission  from  Ref.
[63]; Copyright (2006) Elsevier).
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erence  devices,  due  to  the  improved  contact  between  the
active layer and hole transport layer by doping C3N4 and the
down-conversion performance of C3N4.

Interface Layer
In  OSCs,  the  interfacial  layer  includes  ETL  and  HTL,  which  are
responsible  for  transporting  electrons  and  holes  generated  by
the  active  layer  to  the  cathode  and  anode,  respectively,  finally
generating  a  potential  difference.  The  low  efficiency  and  poor
stability of OSCs, to a large extent, originate from the instability
of  the  interfacial  layer  materials.[75] For  example,  PEDOT:PSS  is
well-matched  with  most  anode  materials  and  active  layer
materials  in  terms  of  work  function,  but  it  is  very  sensitive  to
water  and  oxygen,  which  results  in  the  poor  stability  of  OSCs.
Furthermore,  the  materials  used  as  the  interface  layers  require
the  high  light  transmission,  otherwise  it  will  reduce  the
absorption  of  the  active  layer  to  sunlight.  Therefore,  CDs  as
interface  layer  materials  have  a  large  potential  due  to  their
high  stability,  adjustable  work  function,  and  high  light
transmission.[15] In  addition,  some  researchers  have  developed
the  composite  interface  layers  by  combining  CDs  with

conventional  interface  layers  to  improve  performance  of
OSCs.[76]

Electron transport layer
For  the ETL materials,  the low work function and high stability
are  the  most  basic  requirements,  and  their  low  sensitivity  to
thickness,  and stronger light transmission is the priority for the
preparation  of  future  high-efficiency  OSCs.  The  modulation  of
the surface functional groups on CDs, which makes energy level
structure  more  compatible  with  other  layers,  is  a  common
method to enhance the performance of OSCs. The performance
of single electron transport layers constructed by CDs for OSCs
is comparable to or even better than those of ordinary ETLs. For
example,  Xu et  al.[77] deposited  GQDs  with  ammonium  iodide
(GQDs-NI)  on  the  surface  of  Ag,  which  reduced  the  work
function  from  4.8  eV  to  3.8  eV,  and  the  work  function  of  Al
electrode  after  GQDs-NI  deposition  is  even  reduced  to  3.6  eV.
The  lower  cathode  work  function  was  conducive  to  the
formation  of  ohmic  contact  between  the  active  layer  and
cathode,  which  can  reduce  the  energy  loss  in  the  process.
Ding et  al.[78] used  the  GQDs-TMA  prepared  by  grafting
tetramethylammonium  (TMA)  with  CQDs  for  the  ETL  of  PTB7-
Th:PC71BM-based  OSCs  (as  shown  in Fig.  6a).  The  device
efficiency reached 7.01%, while the other devices using Ca, ZnO,
LiF  were  under  6.5%  at  the  same  conditions,  which  was
attributed to the fact that GQDs-TMA can effectively reduce the
cathode work function (Figs. 6b and 6c) to induce the formation
of ohmic contact between the Al electrode and the active layer,
finally reducing energy loss.

Our  group has also explored the application of  CDs in  the
ETL  of  OSCs.  For  example,  Yan et  al.[79] used  chemical  vapor
deposition  to  synthesize  CQDs  with  an  average  diameter  of
3.5  nm  and  hydrophobic ―CH3 groups  on  their  surface,
which  exhibited  good  dispersion  in  organic  solvents.  Using
these CQDs instead of LiF and Ca as the ETL in OSCs, the res-
ults  showed  that  the  efficiency  of  CQDs-based  OSCs  is  com-
parable  to  that  of  LiF  devices,  but  the  thermal  stability  is
greatly improved.

From the above-mentioned examples, it can be concluded
that  CDs  have  great  potential  for  application  in  the  field  of
ETL  of  high-performance  OSCs,  which  can  replace  unstable
materials (e.g., LiF, Ca, etc.) and be used as ETL materials alone
to compensate for the disadvantages of other materials.

Hole transport layer
CDs  can  be  used  not  only  as  ETL,  but  also  as  an  ideal  HTL
material  for  high-performance  OSCs  because  of  their  good
electrical  conductivity,  tunable  work  function  and  dispersion.
Table 2 summarizes the device performance parameters of CDs
used as ETL and HTL for OSCs in recent years. As reported by Li
et  al.,[80] the  efficiency  of  OSCs  based on CQDs as  the  HTL and
P3HT:PC61BM  as  the  active  layer  reached  3.51%,  which  was
comparable  to  that  of  PEDOT:PSS.  And  the  device  maintained
45% of the initial  efficiency after  exposure to air  for  more than
8000 min, but the efficiency of PEDOT:PSS-based devices under
the  same  conditions  decayed  to  0  (Fig.  6d).  In  addition,  CQDs-
based cells exhibited low thickness sensitivity, and the efficiency
of CQDs-based devices was almost unaffected when the CQDs
film  thickness  increases  to  7  nm  (Fig.  6e).  Ding et  al.[81] used
surface  carboxyl-rich  CQDs  as  HTL  to  prepare  OSCs  with  PTB7
and  PCDTBT  as  donor  materials  and  PC71BM  as  acceptor

Table  1    Summary  of  photovoltaic  parameters  of  OSCs  using  CDs  as
acceptor  or  doped  materials.(The  photovoltaic  parameters  are
compared  to  those  measured  for  a  reference  cell  (values  in
parentheses).)

Device structure Jsc(mA/cm2) Voc(V) FF PCE(%) Refs.

ITO/PEDOT:PSS/P3HT:
CQDs/Al 0.29 1.59 0.49 0.23 [69]

ITO/PEDOT:PSS/PFO-
DBT:CQDs/Al 12.00 0.88 0.26 2.75 [70]

ITO/PEDOT:PSS/PFO-
DBT:Z@G/Al 12.50 0.76 0.32 3.04 [70]

ITO/PEDOT:PSS/PFO-
DBT:Z@CQDs/Al 14.80 0.82 0.32 3.88 [70]

ITO/PEDOT:PSS/PTB7:
PC71BM:GQDs/TiOx/Al 15.20 0.74 0.68 7.60

[10]
(ITO/PEDOT:PSS/PTB7:

PC71BM/TiOx/Al) (15.20) (0.74) (0.60) (6.70)

ITO/PEIE/P3HT:PC60BM:
CQDs/MoO3/Al 8.00 0.65 0.67 3.48

[71]
(ITO/PEIE/P3HT:PC60BM/

MoO3/Al) (6.90) (0.64) (0.62) (2.74)

ITO/TiO2/PCDTBT:PCBM:
CQDs/MoO3/Ag 13.61 0.87 0.60 7.05

[72]
(ITO/TiO2/PCDTBT:PCBM/

MoO3/Ag) (12.86) (0.87) (0.49) (5.50)

ITO/PEI/P3HT:ICBA:CQDs/
MoO3/Ag 11.31 0.85 0.61 5.90

[73]
(ITO/PEI/P3HT:ICBA/

MoO3/Ag) (8.93) (0.84) (0.55) (4.12)

ITO/ZnO/C3N4:P3HT:PC61
BM/MoO3/Ag 11.44 0.61 0.60 4.56

(ITO/ZnO/P3HT:PC61BM/
MoO3/Ag) (10.09) (0.60) (0.60) (3.80)

ITO/ZnO/C3N4:PBDTTT-
C:PC71BM/MoO3/Ag 15.90 0.70 0.57 6.62

(ITO/ZnO/PBDTTT-
C:PC71BM/MoO3/Ag) (14.30) (0.72) (0.55) (5.83)

ITO/ZnO/C3N4:PTB7-
Th:PC71BM/MoO3/Ag 16.74 0.78 0.70 9.20

(ITO/ZnO/PTB7-
Th:PC71BM/MoO3/Ag) (15.91) (0.77) (0.67) (8.39) [64]

ITO/ZnO/P3HT:CQDs/
MoO3/Al 0.77 0.62 0.60 0.29

[74]
(ITO/ZnO/P3HT/MoO3/Al) (0.27) (0.55) (0.52) (0.08)
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material,  respectively.  The  device  efficiencies  (7.91%,  6.30%)
were  higher  than  those  of  the  PEDOT:PSS  materials  (7.46%,
6.02%)  and  the  hole-free  transport  layer  materials  (5.27  %,
3.03%),  which  was  because  the  higher  work  function  of  the
surface carboxyl-rich CQDs can reduce the potential  difference
with the anode.

Interface modification layer
CDs can be used not only as the active layer and electron/hole
transport  layer,  but  also  can  modify  the  interface  layers,
including the electron/hole transport layer, cathode and anode,
to  adjust  the  work  function  for  enhancing  the  device
performance  of  OSCs. Table  3 lists  the  device  performance  of
CDs  modifying  electron/hole  transport  layers  in  recent  years.
Because  the  abundant  variety  of  functional  groups  on  the
surface  of  CDs  give  them  good  dispersion  in  various  solvents,
they can be mixed with other HTLs such as PEDOT:PSS without
severe aggregation. Hasani et al.[83] prepared OSCs by co-doping
CQDs  with  tetra(4-sulfonatophenyl)porphyrin  (Fe(III)tetra(4-
sulfonatophenyl)porphyrin, FeTSPP) with PEDOT:PSS as the hole
transport  layer.  The  device  performance  was  improved  from
3.17% to 4.68% and the stability was also significantly improved.
The  analysis  showed  that  the  doping  of  CQDs  with  FeTSPP
jointly adjusted the work function of PEDOT:PSS to better match
the active layer and anode, which enhanced the hole transport

capability.  Kim et  al.[84] reported  a  CQDs:PEDOT:PSS  composite
HTL. They found that the addition of CQDs induced the increase
of grain size of PEDOT:PSS, which may be due to the interaction
between  negatively  charged  CQDs  and  positively  charged
PEDOT, resulting in a significant increase in the current density
of the device, and the photoelectric conversion efficiency of the
device  was  increased  from  7.52%  to  8.17%.  In  addition,  the
better results were obtained by compounding CQDs with other
conventional HTL materials. Dang et al.[85] prepared G-MoO3 by
compounding  prepared  GQDs  with  molybdenum  oxide  as
HTL  and  conventional  structured  OSCs  with  device  structure
of  ITO/G-MoO3/PCDTBT:PC71BM/LiF/Al.  The  device  efficiency
reached  7.07%,  while  the  MoO3-based  device  efficiency  was
only  5.72%,  which  was  attributed  to  the  higher  optical
transmission  of  G-MoO3 and  the  improved  energy  level
matching  with  the  anode  and  active  layer.  From Fig.  6(f),  the
optical  transmittance  of  G-MoO3 is  significantly  stronger  than
that of MoO3 between 400−600 nm, which is the main band of
visible  light,  suggesting  that  the  use  of  G-MoO3 HTL  is  more
beneficial  for  the  active  layer  to  absorb  more  photon.  The
matching degree of G-MoO3 with ITO and active layer (Fig.  6g)
showed that the work function of  G-MoO3 (−5.32 eV) matched
better with the HOMO (−5.5 eV) of the donor, which was more
favorable for the formation of ohmic contact between the active

Table 2    Summary of  photovoltaic parameters of  OSCs with CDs as electron transport layer or  hole transport layer.  (The photovoltaic parameters are
compared to those measured for a reference cell (values in parentheses).)

Device structure Jsc(mA/cm2) Voc(V) FF PCE(%) Refs.

ETL

ITO/PEDOT:PSS/PCDTBT:PC71BM/GQD-Ni/Al(ITO/PEDOT:PSS/PCDTBT:PC71BM/Al) 10.98(10.31) 0.93(0.86) 0.73(0.61) 7.45(5.41) [77]
ITO/PEDOT:PSS/PTB7-Th:PCBM/GQD-TMA/Al(ITO/PEDOT:PSS/PTB7-Th:PCBM/Al) 17.39(17.28) 0.76(0.74) 0.67(0.59) 8.85(7.54) [78]
ITO/PEDOT:PSS/PTB7-Th:PC71BM/GQDs/Al(ITO/PEDOT:PSS/PTB7-Th:PC71BM/Al) 9.49(8.76) 0.63(0.59) 0.51(0.31) 3.05(1.60) [79]

ITO/PEDOT:PSS/DR3TBDTT:PC71BM/CQDs/Al(ITO/PEDOT:PSS/DR3TBDTT:PC71BM/Al) 13.32(12.88) 0.90(0.90) 0.64(0.61) 7.67(7.07) [82]
ITO/GQDs/P3HT:PC71BM/LiF/Al(ITO/P3HT:PC71BM/LiF/Al) 10.20(8.15) 0.52(0.44) 0.66(0.56) 3.51(2.02) [80]

HTL
ITO/GQDs/PTB7:PC71BM/LiF/Al(ITO/PTB7:PC71BM/LiF/Al) 15.20(13.51) 0.75(0.64) 0.69(0.61) 7.91(5.27)

[81]
ITO/GQDs/PCDTBT:PC71BM/LiF/Al(ITO/PTB7:PC71BM/LiF/Al) 10.65(9.92) 0.89(0.52) 0.67(0.59) 6.30(3.03)

（a） （c）

（b）

(a) (b) (c)

(d) (e) (f) (g)

 
Fig.  6    (a)  Device  structure  of  OSCs  based  on  GQD-TMA  as  ETL  and  structural  formula  of  GQD-TMA,  PCDTBT,  PCBM;  (b)  Ultraviolet
photoelectron spectroscopy of  GQD-TMA/Au,  GQD-TMA/Al  and GQD-TMA/Ag;  (c)  Work  function schematic  diagrams of  energy levels.
(Reproduced with permission from Ref. [78]; Copyright (2016) the Royal Society of Chemistry); (d) Degradation curves of OSCs based on
PEDOT:PSS and CQDs as the hole transport layer and (e) current-voltage curves of OSCs with different thicknesses of CQDs. (Reproduced
with permission from Ref. [80]; Copyright (2013) the Royal Society of Chemistry). (f) Optical transmittance curves of G-MoO3 and MoO3;
(g) Schematic diagram of the work function of each layer of the organic solar cell. (Reproduced with permission from Ref. [85]; Copyright
(2019) Elsevier).
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layer and the anode with less energy loss.
CDs  can  be  used  not  only  as  HTL  modification  materials,

but also as ETL modification materials. Wang et al.[76] used co-
blended  mixture  of  N,S-doped  CQDs  (N,S-CQDs)  and  ZnO  as
the ETL in OSCs, and found the introduction of N,S-CQDs pas-
sivated the surface defects of  ZnO and suppressed the "light
soaking"  phenomenon.  Zhao et  al.[86] prepared  amino-con-
taining  CQDs  by  hydrothermal  method  with  citric  acid  and
ethylenediamine,  and in  situ synthesized  CQDs@ZnO  core-
shell  dots,  which improved the crystallization of  ZnO and ef-
fectively inhibited the aggregation of ZnO. At the same time,
the  introduction  of  CQDs  could  adjust  the  work  function  of
ZnO,  which  made  it  more  compatible  with  the  active  layer
and cathode, forming a good ohmic contact. The final device
performance was improved from 11.26% to 12.23%. Zhang et
al.[87] used  CQDs  modifying  ZnO  to  prepare  inverted  OSCs
with P3HT:PC61BM and PTB7:PC71BM as active layers, respect-
ively, and the device structures are shown in Fig. 7(a). The res-
ults  showed  that  modifying  ZnO  with  CQDs  could  increase
the  contact  between  the  active  layer  and  ZnO  as  well  as  re-
duce  the  exciton  recombination,  and  the  final  device  effi-
ciency  was  improved.  In  addition,  CQDs  can  also  be  applied
to  multi-junction  OSCs.  Kang et  al.[88] used  CQDs  to  modify
the  PEI  and  prepared  single-  and  multi-junction  OSCs,  re-
spectively, as shown in Figs. 7(c) and 7(d). The device efficien-
cies reached 9.49% and 12.13%, respectively, with 10.9% and
15.1%  performance  improvement  compared  to  pure  PEI
devices. From the impedance plots in Figure 7e and f, the im-
pedance  of  the  organic  solar  cell  was  significantly  reduced
after the doping of CQDs, and had the less compound at the
interface.

Interestingly, CDs are also used to modify the electrodes. Li
et al.[89] used the prepared onion-like carbon dots (OLCNs) to
modify the Ag to prepare OSCs with PTB7:PC71BM as the act-
ive  layer,  and  the  efficiency  increased  from  7.76%  to  9.81%.
OLCNs  could  not  only  increase  the  work  function  of  Ag,  but
also increased the absorption of  sunlight by the active layer.
Specifically,  the  work  function  of  Ag  is  4.26  eV,  which  has  a
large  potential  barrier  with  the  HTL  to  induce  energy  loss.
While  when  OLCNs  modified  the  Ag,  the  work  function  in-
creased to 4.40 eV, which could effectively reduce the energy
loss (Figs. 8a and 8b). Meanwhile, the uniform distribution of
OLCNs  on  the  interfacial  layer  enhanced  the  optical  electric

field distribution (Figs. 8c and 8d), which improved the optic-
al absorption of the active layer. In addition, OLCNs captured
near-infrared light and transfer the photo-generated charges
to  the  inherent  interface  traps  at  the  interface  of  MoO3 and
OLCNs,  which  could  overcome  the  high  activation  barrier  of
charges  and  the  inherent  defects  of  semiconductor  oxide,
and  the  schematic  diagram  was  given  in Fig.  8(e).  Based  on
the combined effect of the above, both the interfacial charge
transfer  channel  and  the  optical  absorption  were  enhanced,
which led to a significant improvement in the performance of
OSCs.

Down conversion materials
CDs  have  great  potential  to  be  used  as  up/down-conversion
materials  for  OSCs  due  to  their  Stokes  and  anti-Stokes  shift
properties, which can broaden the spectral absorption range of
the active layer and further improve the device performance. It
is well known that the insufficient utilization of sunlight is one of
the  primary  reasons  for  the  low  efficiency  of  OSCs.  CDs  have
strong  absorption  in  the  ultraviolet  region,  in  which  short-
wavelength  photons  can  converted  to  longer-wavelength
photons,  which are emitted in the visible region and absorbed
by  the  active  layer  material.  Therefore,  CDs  can  also  be  as  an
ideal down-conversion material.

Cai et  al.[90] prepared  CQDs  with  down-conversion  charac-
teristics  by  microwave  method  with  citric  acid  and  urea  as
raw  materials,  and  doped  with  P3HT:PC61BM  active  layer  to
improve  the  device  efficiency  from  3.18%  to  4.31%.  Yang et
al.[48] synthesized CQDs using glucose and 4,7,10-trioxy-1,13-
tridecanediamino  as  raw  materials  by  microwave  method,
and used them as the ETL to reduce the work function of ITO.
At the same time, CQDs could convert near ultraviolet light to
visible  light  with  lower  energy,  which  increased  the  optical
absorption  intensity  of  the  active  layer,  and  the  device  per-
formance  increased  from  4.14%  to  8.13%.  Chen et  al.[64]

prepared  the  g-C3N4 with  down-conversion  performance
(Fig. 9a),  and prepared the OSCs with the device structure of
ITO/ZnO/g-C3N4:active  layer/PEDOT:PSS/MoO3/Ag  (Fig.  9b).
From Figs. 9(c), 9(d) and 9(e), the EQE spectra, which were ob-
tained  by  doping  g-C3N4 into  three  different  active  layers
(P3HT:PC61BM,  PBDTTT-C:PC71BM,  PTB7-Th:PC71BM),  respect-
ively,  showed  that  the  introduction  of  g-C3N4 enhanced  the
photoelectric  response  intensity  of  the  active  layer  material
below  400  nm,  thereby  increasing  the  photocurrent  as  a

Table 3    Summary of photovoltaic parameters of OSCs with CDs modified electron transport layer or hole transport layer. (The photovoltaic parameters
are compared to those measured for a reference cell (values in parentheses).)

Device structure Jsc(mA/cm2) Voc(V) FF PCE(%) Refs.

ITO/G-MoO3/PCDTBT:PC71BM/LiF/Al(ITO/MoO3/PCDTBT:PC71BM/LiF/Al) 12.83(11.02) 0.86(0.86) 0.64(0.61) 7.07(5.72) [85]
ITO/ZnO:CQDs/PTB7-Th:PC71BM/MoO3/Al(ITO/ZnO/PTB7-Th:PC71BM/MoO3/Al) 17.20(16.88) 0.80(0.80) 0.68(0.68) 9.36(9.18) [76]

ITO/CD@ZnO/PM6:IT-4F/MoO3/Al(ITO/ZnO/PM6:IT-4F/MoO3/Al) 20.75(20.44) 0.83(0.81) 0.71(0.68) 12.23(11.26) [86]
ITO/CQD@PEI/PTB7:PC71BM/MoO3/Ag(ITO/PEI/PTB7:PC71BM/MoO3/Ag) 18.37(16.46) 0.73(0.73) 0.71(0.61) 9.52(7.33) [92]
ITO/ZnO:CQDs/PTB7:PC71BM/MoO3/Al(ITO/ZnO/PTB7:PC71BM/MoO3/Al) 17.78(16.65) 0.76(0.75) 0.75(0.70) 10.13(8.74) [93]

ITO/ZnO:CND/PTB7-Th:PC71BM/MoO3/Ag(ITO/ZnO/PTB7-Th:PC71BM/MoO3/Ag) 17.00(15.60) 0.77(0.79) 0.73(0.68) 9.56(8.38) [94]
ITO/ZnO:CND/PBDB-T:ITIC/MoO3/Ag(ITO/ZnO/PBDB-T:ITIC/MoO3/Ag) 15.80(15.20) 0.91(0.91) 0.64(0.61) 9.20(8.44) [94]

ITO/AZO:CQDs/PTB7-Th:PC71BM/MoO3/Al(ITO/AZO/PTB7-Th:PC71BM/MoO3/Al) 18.12(16.63) 0.80(0.79) 0.71(0.68) 10.29(8.93) [15]
ITO/AZO:CQDs/PTB7:PC71BM/MoO3/Al(ITO/AZO/PTB7:PC71BM/MoO3/Al) 17.65(16.19) 0.75(0.73) 0.70(0.67) 9.27(7.92) [15]

ITO/TiO2:CQD/PCDTBT:PC71BM/MoO3/Ag(ITO/TiO2/PCDTBT:PC71BM/MoO3/Ag) 15.02(14.58) 0.85(0.85) 0.57(0.55) 7.28(6.82) [95]
ITO/PEI:CQDs/PTB7-Th:PC71BM/MoO3/Ag(ITO/PEI:CQDs/PTB7-Th:PC71BM/MoO3/Ag) 17.24(16.43) 0.77(0.77) 0.71(0.67) 9.49(8.56) [88]
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whole  and  effectively  improving  the  device  performance.  In
addition, Huang et al.[91] coated CQDs with down-conversion
properties  on  ITO,  which  increased  the  absorption  of  active
layer  materials  to  the  ultraviolet  and  blue  light,  and  the  effi-
ciency increased by 12% compared with the reference device
efficiency.  However,  there are few reports on the application
of CDs as up-conversion materials in OSCs, which is worthy of
further exploration.

SUMMARY AND OUTLOOK

CDs  show  a  great  application  potential  in  the  development  of
low-cost,  high-efficiency  and  large-area  printed  OSCs  due  to
their  advantages  of  low  toxicity,  excellent  photoelectric
performance,  excellent  solution  processing  and  up/down
conversion. At present, CDs are mainly used as three materials in
OSCs.  (1)  Active  layer  materials.  Because  CDs  have  broader

spectral  absorption  and  matching  energy  level  structure  than
fullerenes  and  their  derivatives,  their  introduction  into  the  ac-
tive  layer  of  OSCs  is  conducive  to  broadening  the  spectral
absorption  of  the  active  layer  and  lowering  the  energy  level
barrier  of  the  active  layer,  effectively  enhancing  the
photoelectric  conversion  efficiency  of  OSCs.  (2)  Interface  layer
materials.  Because  of  the  tunable  energy  level  structure,
excellent  solution  processing  performance  and  strong
ultraviolet  absorption  capability  of  CDs,  they  can  be  used  as
electron/hole  transport  layer  or  interface  modification  layer,
which can facilitate the adjustment of the energy level structure
at  the  interface  of  the  cell  and  reduce  the  energy  loss  of  the
device, and block the damage caused by ultraviolet light to the
active  layer  materials  to  improve  the  stability  of  the  cell.  (3)
Up/down  conversion  materials.  The  up/down  conversion
characteristics  of  CDs  is  favorable  for  broadening  the  spectral
absorption range of OSCs to further enhance the performance,

(a)

(c)

(b)

(d)

(f)(e)

 
Fig. 7    (a) Device structure of inverted OSCs based on CQDs; (b) Molecular structures of P3HT,
PTB7,  PC61BM  and  PC71BM.  (Reproduced  with  permission  from  Ref.  [87];  Copyright  (2018)
American Chemical Society); Device structures of (c) single and (d) multi junction organic solar
cell with CQDs doped PEI as the ETL; Impedance diagrams of (e) single and (f) multi junction
organic solar cell. (Reproduced with permission from Ref. [88]; Copyright (2018) Wiley).
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which is worthy of attention in a new application area of OSCs.
However,  CDs  still  have  obvious  shortcomings  when  ap-

plied  to  OSCs:  (1)  The  complex  purification  process  and  low
yield limit  the large-scale  produce of  CDs for  the application

in  OSCs.  (2)  CDs  with  narrow  absorption  range  and  low  ab-
sorbance limit their up/down conversion fluorescence capab-
ility, which has an influence on the performance of CDs based
OSCs.  (3)  The  mechanism  of  the  physical-chemical,  optical
and  electrical  interactions  between  CDs  and  the  functional
layers of OSCs is not clear, which cannot effectively guide the
preparation of high-performance CDs-based OSCs.

Aiming  at  the  above-mentioned  problems,  researchers
should pay more attention to the following investigation. On
the one hand, establishing and improving the theoretical sys-
tem to guide the controllable synthesis of CDs with excellent
photoelectric  properties  and  up/down  conversion  property,
which  can  compensate  for  the  deficiency  of  non-fullerene
materials in OSCs that cannot fully utilize the solar spectrum,
and enhance their performance to an advanced level. On the
other  hand,  CDs  should  be  widely  used  in  various  high-per-
formance  OSCs,  and  the  interaction  mechanism  of  the  sur-
face states of CDs and the functional layers of OSCs should be
established through systematic investigation, so as to provide
the experimental and theoretical guidance for improving the
efficiency and stability of CDs-based OSCs.

In summary, CDs have a great potential for commercial ap-
plication of OSCs as the interfacial layer and up/down conver-
sion  materials.  Moreover,  their  advantages,  including  low
cost,  low  toxicity  and  good  solution  processability,  not  only
can facilitate the realization of the roll-to-roll printing of OSCs,
but  also  effectively  reduce  their  manufacturing  costs.  The
continuous  development  of  advanced  high-performance
CDs and CDs-based composite  interface materials  is  of  great
significance  to  improve  the  photoelectric  conversion  effi-
ciency and stability of  OSCs.  It  is  believed that CDs is  worthy
of further development and will play a greater role in the field
of OSCs in future.

（c）

（d）

（e）

（a） （b）

 
Fig. 8    The charge transfer process of device structure with (a) active
layer/MoO3/Ag  and  (b)  active  layer/MoO3/OLCNs:Ag;  the
photoelectric  field  distribution  of  (c)  a  simple  OLCNs  layer  and  (d)
OLCNs  bilayers;  (e)  Charge  transfer  of  electron  acceptor,  donor  and
OLCNs. (Reproduced with permission from Ref. [89]; Copyright (2017)
American Chemical Society).

（b）

（c） （d） （e）

（a）

 
Fig.  9    (a)  PL  spectra  of  g-C3N4 under  340−440  nm  excitation;  (b)  Device  structure  of  organic  solar  cell  doped  with  g-C3N4.  The  EQE
spectra of OSCs based on (c) P3HT: PC61BM, (d) PBDTTT-C:PC71BM and (e) PTB7-Th:PC71BM. (Reproduced with permission from Ref. [64];
Copyright (2016) Wiley).
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