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Enhancing the power conversion efficiency (PCE) is the ma-
jor  task  in  the  development  of  solar  cells[1−5].  In  1961,  Willi-
am  Shockley  and  Hans  J.  Queisser  pointed  out  that  the
highest  PCE  for  a  single-junction  solar  cell  is  limited  to  31%
due to the thermalization and transmission losses[6]. Singlet fis-
sion  (SF)  is  an  appealing  carrier-multiplication  approach  to
break the Shockley-Queisser  limit,  since it  converts  one high-
energy  singlet  exciton  into  two  low-energy  triplet  excitons.
Thus,  one  absorbed  photon  generates  two  electron–hole
pairs.

SF  phenomenon  was  first  observed  in  anthracene  single
crystals in 1965[7]. It attracted attention again in 2006[8, 9]. In or-
ganic semiconductors, a singlet exciton (S1) forms after the ab-
sorption  of  a  photon.  If  the  energy  of  this  singlet  exciton  is
greater than twice of that for triplet exciton (T1), namely E(S1) >
2E(T1),  then  spin-allowed  fission  (S1 → 2T 1)  could  occur[10].
The general kinetic model for SF process is: 

S + S →
(TT) → T + T, (1)

where  S0 is  the  ground  state,  S1 is  the  excited  singlet  state,
1(TT)  is  the intermediate  state  of  a  correlated triplet  pair,  and
T1 + T1 are two independent triplet states (Fig. 1(a)).

The  application  needs  materials  with  high  fission  effi-
ciency,  suitable  bandgap  for  capturing  high-energy  photons,
appropriate  triplet  energy  and  high  chemical  stability[11, 12].
Owing to  the  existence  of  competitive  pathways  (i.e.  S1 to  S0

relaxation in picosecond–nanosecond timescale; excimer form-
ation  in  femtosecond  timescale;  charge  transfer  (CT)  process
in  femtosecond  timescale[10]),  SF  needs  to  occur  in  pico-
second or sub-picosecond timescale. Thus, SF requires strong
intermolecular  coupling.  The  intermolecular  coupling  can  be
realized via Van  der  Waals  force,  weak  non-bonded  interac-
tions  and  so  on[13].  The  coupling  distance  not  only  affects  SF
rate and triplet yield, but also influences the lifetime and diffu-
sion length of triplet excitons.

Acenes  with  ordered  packing  are  the  most  studied  SF
materials[14−17].  Tetracene  (Fig.  1(b),  M1)  has  gained  great
attention  due  to  extremely  high  fission  yield  (η ≈  200%)  and
slow  dynamics  (≈10–100  ps),  although  its  SF  activation  en-

ergy  is  high[18].  For  pentacene  (Fig.  1(b),  M2),  the  singlet  ex-
citon  (S1)  energy  is  1.83  eV,  which  is  more  than  twice  the
triplet (T1) energy (2 × 0.86 = 1.72 eV), making pentacene one
of the most promising candidates for SF application[19]. Unfor-
tunately,  tetracene  and  pentacene  show  poor  solubility,  and
they  are  instable  in  the  presence  of  light  and  oxygen[20].  To
solve  these  problems,  scientists  introduced  4-pentyl-
phenylethynyl groups[21] (Fig. 1(b), M3), halogens[22] (Fig. 1(b),
M4), cyano groups[23] (Fig. 1(b), M5), etc. to the frameworks of
tetracene and pentacene to improve their solubility and stabil-
ity.  Among  them,  5,12-diphenyl  tetracene  (DPT)  (Fig.  1(b),
M6) reported by Bradforth et al.  is  the first  molecule showing
high  SF  efficiency  in  amorphous  film.  They  thought  that  the
configuration  of  DPT  pairs  facilitated  SF[24].  Besides,  the  crys-
tals of 1,3-diphenylisobenzofuran[25] (Fig. 1(b), M7), benzophen-
one[26] (Fig. 1(b), M8), rubrene[27] (Fig. 1(b), M9) and perylene[28]

(Fig. 1(b), M10) have also shown high SF efficiency.
In  the  above  cases,  the  triplet  excitons  are  generated

through  intermolecular  packing  within  molecular  aggregates
or  crystals.  In  this  regard,  materials  capable  of  intramolecular
SF  could  be  more  conducive  for  photovoltaic  application.
There  are  two  advantages  for  intramolecular  SF:  (1)  the  dis-
tance  between  two  chromophores  is  limited  inside  one  mo-
lecule, leading to strong coupling of the chromophores and en-
hanced generation of 1(TT)  state;  (2)  it  excludes the influence
of intermolecular packing, making SF an inherent property of
the molecule. Intramolecular SF is useful for kinetics and mech-
anism studies.

Covalently  linked  dimers  are  typical  materials  that  could
undergo intramolecular SF. In a covalently linked dimer, the or-
bitals of the chromophore can overlap with that of the linker.
This  is  more remarkable  when possessing conjugated linkers,
where  the  π  orbitals  of  the  linker  are  effectively  mixed  with
that  of  the  chromophore.  Therefore,  in  addition  to  the
through-space  coupling,  the  through-bond  electronic  coup-
ling provided by the linker facilitates intramolecular SF[11]. An-
other  advantage  is  the  easy  control  of  the  dielectric  environ-
ment around the dimer, which is particularly useful for determ-
ining  CT  state.  A  number  of  studies  have  proposed  a  step-
wise mechanism for SF, in which the CT state would temporar-
ily  appear  in  the  formation  of 1(TT)[29].  In  crystals  or  aggreg-
ates,  it’s  almost  impossible  to  analyze  the  dielectric  environ-
ment.  For  covalently  linked  dimers,  the  dielectric  environ-
ment can be easily adjusted by changing the solvents with dif-
ferent  polarities  (or  dielectric  constants),  which  helps  to  de-
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Fig. 1. (a) Jablonski diagram with SF process. Reproduced with permission[10], Copyright 2017, Springer Nature. (b) Chemical structures for inter-
molecular SF materials. (c) Chemical structures for intramolecular SF materials.
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termine CT state energy[30]. Wasielewski et al. found that chan-
ging  solvent  polarity  led  to  different  CT  state  energy,  which
can  either  promote  or  inhibit  the  SF  for  terrylenediimide  di-
mers[31] (Fig. 1(c), M11–M14). Furthermore, changing the com-
bination  of  chromophores  in  dimers  could  also  systematic-
ally  adjust  the  singlet  and  triplet  energies,  thereby  con-
trolling intramolecular  SF process.  Campos et  al.  developed a
series  of  heterodimers  comprising  a  pentacene  and  another
acene[32] (Fig. 1(c), M15–M17). They found that the singlet ener-
gies  in  these  molecules  are  determined  by  the  lower-energy
chromophore,  and  the  recombination  of  triplet  pairs  follows
the energy gap law. Besides the dimer, longer oligomers with
three  or  more  chromophores  also  bring  new  insights  on  the
mechanism of  intramolecular  SF.  Xiao et  al.  designed a series
of covalently linked tetracene oligomers (dimer, trimer and tet-
ramer)  (Fig.  1(c),  M18–M20).  They  proposed  that  longer  oli-
gomers  would  experience  a  spatially  separated  TT  state  (de-
noted as  by  suppressing spin-exchange interaction of
the  TT  state  and  the  triplet-triplet  annihilation  (TTA,  includ-
ing  the  fusion  of  correlated  triplet  pair  and  free  triplets)[33].
Compared  to 1(TT)  state,  the  generation  dynamics  of 
state  is  strongly  correlated  to  the  magnetic  field.  Owing  to
the  weaker  inter-triplet  interaction,  triplet  pair  dissociation
from  state is  much more efficient than that from 1(TT)
state.  Thus,  the  yield  of  free  triplets  enhanced  from  21%  for
the dimer to 124% for the tetramer.

Polymers  could  also  make  intramolecular  SF.  In  2015,
Sfeir et  al.  reported “donor–acceptor” (D–A) conjugated poly-
mers  with  strong-acceptor  and strong-donor  building blocks.
When  changing  thiophene  unit  in  PBT2  (Fig.  1(c),  M21)  to
thiophene-1,1-dioxide  (TDO)  unit  with  high  electron  affinity
and  relatively  low  triplet  energy,  the  resulting  PBTDO1  poly-
mer (Fig.  1(c),  M22) showed a high fission yield of  173 ± 10%
and  fast  formation  of  triplets[34].  For  the  polymers  with  low
CT  character,  the  singlet  state  decays  without  forming  a
triplet  state.  However,  strong  CT  character  can  yield  charge
separate  state  (CS)  and  reduction  of  SF.  Therefore,  electronic
factors need to be fully considered for achieving high SF effi-
ciency in polymers. In 2018, Xia et al. demonstrated a D–A poly-
mer  IIDDT-Me  with  high  triplet  yields  of  160%–200%[35]

(Fig.  1(c),  M23).  The  quinoidal  resonance  structure  of  the
strong  electron-withdrawing  unit  isoindigo  effectively  re-
duces  bond  length  alternation  and  leads  to  low-energy  elec-
tronic states.  No parasitic process in competition with SF was
observed.

The application of SF in organic solar cells  (OSCs) was in-
vestigated. Musgrave et al. suggested that 1(TT) is a dark sing-
let state with multi-exciton character because absorption of a
photon  from  the  ground  state  to  this  state  is  dipole-forbid-
den[36].  Thus,  SF  itself  could  not  enhance  the  PCE.  Compared
with an OSC material with the same Eg,  the SF material might
double  the  photocurrent  (Iph)  but  lose  half  of  the  open-cir-
cuit  voltage (Voc)[10, 37].  On the other  hand,  low-bandgap OSC
materials are often required to enhance the PCE[38, 39].  Ideally,
Eg of low-bandgap OSC material is half of that for SF material.
Thus, the high-energy photons can be absorbed by SF materi-
al  and  produce  two  low-energy  triplet  excitons,  meanwhile
the  low-energy  photons  can  be  absorbed  by  low-bandgap
OSC  material  and  produce  more  excitons.  As  a  result,  the
thermalization  losses  can  be  reduced.  In  2010,  Friend et  al.
used transient absorption spectroscopy to investigate SF pro-

cess  in  pentacene/C60 bilayer  system.  After  light  striking,  the
triplet excitons were generated within 200 fs, and charge carri-
ers  were  generated  within  2–10  ns.  These  results  indicated
that the charge generation occurred after  the triplet  excitons
diffusing to the interfaces, thus confirming the feasibility of ap-
plying SF  to  OSCs[40].  In  2011,  Baldo et  al.  first  reported OSCs
combined  with  SF.  A  layer  of  copper  phthalocyanine  (CuPC)
was inserted between tetracene and C60 layers (Fig. 2(a)). Tetra-
cene  absorbs  <550  nm  photons.  After  singlet  fission  in  tetra-
cene,  two  triplet  excitons  with  energy E(T1)  =  1.2  eV  diffuse
through CuPC (triplet energy 1.1 eV) and reach CuPC/C60 inter-
face  to  dissociate.  This  result  proved  that  OSC  materials  with
a lower E(T1) and a similar HOMO level as compared to SF ma-
terial  could effectively  use the multiplied excitons,  which can
be  effectively  converted  into  current[41].  In  2013,  they  intro-
duced  poly(3-hexylthiophene)  (P3HT)  as  exciton-confine-
ment  layer  between  pentacene  and  PEDOT:PSS  (Fig.  2(b)).
When  using  C60 as  the  acceptor,  external  quantum  efficiency
(EQE)  of  109  ±  1%  and  internal  quantum  efficiency  (IQE)  of
160 ± 10% at 670 nm were observed. The IQE of pentacene is
about  twice  of  that  for  other  systems,  since  singlet  excitons
produced  in  P3HT  could  transfer  to  pentacene  and  turn
into  triplet  excitons.  In  contrast,  the  highest  EQE  is  only
24%  for  the  device  without  P3HT.  P3HT  prevents  triplet  ex-
citons  in  pentacene  from  contacting  the  anode  and  assists
hole extraction in pentacene[37].  They also incorporated tetra-
cene into the device (Fig.  2(c)).  A peak triplet yield of 153% ±
5%  with  an  IQE  of  127%  ±  18%  was  obtained.  Because  of
the  slower  SF  process,  tetracene  shows  a  lower  triplet  yield
than  pentacene.  This  indicates  that  materials  with  an  exo-
thermic  SF  process  are  more  favorable[42].  In  most  π-conjug-
ated systems, E(T1) is higher than E(S1). It was found that E(T1)
could  be  lowered  by  increasing  the  biradicaloid  character  of
the  molecules[43].  In  2016,  Kido et  al.  reported  three  non-
polycyclic  SF  materials  (ThQs, Fig.  2(d))  with  a  biradicaloid
character.  These  materials  were  used  as  donors  in  solar  cells
to  match  with  acceptors  with  different  LUMO  levels.  EQE
spectra  indicated  that  the  excitons  dissociated  into  charge
carriers  with  the  acceptor  PDIF-CN2  but  not  with  C60,  as ECT

for  ThQs/C60 is  higher  than E(T1)  of  ThQs[44].  Two  9,9-bi-
fluorenylidene  derivatives,  p-type  material  MOBF  and  n-type
material  CNBF  (Fig.  2(e)),  were  also  synthesized  and  applied
in OSCs[45]. In MOBF and CNBF, two fluorene units are connec-
ted  through  a  double  bond  and  display  a  twisted  angle  of
31°.  The  twisted  structure  endows  the  compounds  a  biradic-
aloid character, and T1 is about half of S1 energy level (E(S1) =
2.16  eV, E(T1)  =  0.91  eV).  Solar  cells  based  on  MOBF  showed
positive dependence of  photocurrent  on magnetic  field,  sug-
gesting that SF took place.

In short,  SF-enhanced OSCs face issues like the lack of SF
materials  and the  instability  of  them.  To  improve the  PCEs,  it
is necessary to develop more suitable SF materials and to un-
derstand  the  mechanism  associated  to  the  extraction  of
triplet excitons. Acceptors with suitable energy levels, high-per-
formance  triplet  diffusion  blocker  and  effective  charge  carri-
er extractors are desired. 

Acknowledgements

H.  Zhang  thanks  the  National  Key  Research  and  Deve-
lopment  Program  of  China  (2017YFA0204903),  National
Natural  Science  Foundation  of  China  (51733004,  22005128,

Journal of Semiconductors    doi: 10.1088/1674-4926/43/8/080201 3

 

 
Y M Zhang et al.: Singlet fission and its application in organic solar cells

 



 

Fig. 2. (a) The first OSC with SF and the energy diagram. Reproduced with permission[41], Copyright 2011, American Chemical Society. (b) Chemic-
al  structures  and  the  energy  diagram  for  the  solar  cell  with  pentacene  (Pc)  and  a  P3HT  exciton-confinement  layer.  Reproduced  with
permission[37], Copyright 2013, AAAS. (c) Chemical structures and the energy diagram for the solar cell with tetracene (Tc). Reproduced with per-
mission[42], Copyright 2014, AIP. (d) Chemical structures for thienoquinoidal compounds (ThQs). (e) Chemical structures of MOBF and CNBF.

4 Journal of Semiconductors    doi: 10.1088/1674-4926/43/8/080201

 

 
Y M Zhang et al.: Singlet fission and its application in organic solar cells

 



22075117,  22073038),  111  Project  and  the  Fundamental  Re-
search  Funds  for  the  Central  Universities  (lzujbky-2020-44,
lzujbky-2021-sp59).  L.  Ding thanks  the  open research fund of
Songshan Lake Materials Laboratory (2021SLABFK02),  the Na-
tional  Key  Research  and  Development  Program  of  China
(2017YFA0206600)  and  the  National  Natural  Science  Founda-
tion of China (51922032, 21961160720).

References

Tong Y, Xiao Z, Du X, et al. Progress of the key materials for organ-
ic solar cells. Sci China Chem, 2020, 63, 758

[1]

Jin K, Xiao Z, Ding L. D18, an eximious solar polymer!. J Semicond,
2021, 42, 010502

[2]

Meng X, Jin K, Xiao Z, et al. Side chain engineering on D18 poly-
mers  yields  18.74%  power  conversion  efficiency. J  Semicond,
2021, 42, 100501

[3]

Cao J, Yi L, Ding L. The origin and evolution of Y6 structure. J Semi-
cond, 2022, 43, 030202

[4]

Cao  J,  Nie  G,  Zhang  L,  et  al.  Star  polymer  donors. J  Semicond,
2022, 43, 070201

[5]

Shockley W, Queisser H J. Detailed balance limit of efficiency of p-
n junction solar cells. J Appl Phys, 1961, 32, 510

[6]

Singh  S,  Jones  W  J,  Siebrand  W,  et  al.  Laser  generation  of  ex-
citons  and  fluorescence  in  anthracene  crystals. J  Chem  Phys,
1965, 42, 330

[7]

Paci I, Johnson J C, Chen X, et al. Singlet fission for dye-sensitized
solar  cells:  Can  a  suitable  sensitizer  be  found? J  Am  Chem  Soc,
2006, 128, 16546

[8]

Hanna M C, Nozik A J. Solar conversion efficiency of photovoltaic
and photoelectrolysis cells with carrier multiplication absorbers. J
Appl Phys, 2006, 100, 074510

[9]

Rao A, Friend R H. Harnessing singlet exciton fission to break the
Shockley–Queisser limit. Nat Rev Mater, 2017, 2, 17063

[10]

Smith M B, Michl J. Singlet fission. Chem Rev, 2010, 110, 6891[11]
Wang L, Lin L, Yang J, et al. Singlet fission in a pyrrole-fused cross-
conjugated skeleton with adaptive aromaticity. J  Am Chem Soc,
2020, 142, 10235

[12]

Smith M B,  Michl J.  Recent advances in singlet fission. Annu Rev
Phys Chem, 2013, 64, 361

[13]

Wilson M W B, Rao A, Clark J, et al. Ultrafast dynamics of exciton fis-
sion  in  polycrystalline  pentacene. J  Am  Chem  Soc,  2011,  133,
11830

[14]

Jundt C, Klein G, Sipp B, et al. Exciton dynamics in pentacene thin
films  studied  by  pump-probe  spectroscopy. Chem  Phys  Lett,
1995, 241, 84

[15]

Groff  R  P,  Merrifield  R  E,  Avakian  P.  Singlet  and  triplet  channels
for triplet-exciton fusion in anthracene crystals. Chem Phys Lett,
1970, 5, 168

[16]

Geacintov N E, Binder M, Swenberg C E, et al. Exciton dynamics in
α-particle  tracks  in  organic  crystals:  Magnetic  field  study  of  the
scintillation in tetracene crystals. Phys Rev B, 1975, 12, 4113

[17]

Chan W L, Ligges M, Zhu X Y. The energy barrier in singlet fission
can be overcome through coherent coupling and entropic gain.
Nat Chem, 2012, 4, 840

[18]

Chan W L, Ligges M, Jailaubekov A, et al. Observing the multiex-
citon  state  in  singlet  fission  and  ensuing  ultrafast  multielectron
transfer. Science, 2011, 334, 1541

[19]

Liang Z, Zhao W, Wang S, et al. Unexpected photooxidation of H-
bonded tetracene. Org Lett, 2008, 10, 2007

[20]

Li Y, Wu Y, Liu P, et al. Stable Solution-processed high-mobility sub-
stituted pentacene semiconductors. Chem Mater, 2007, 19, 418

[21]

Okamoto T, Senatore M L, Ling M M, et al. Synthesis, characteriza-
tion, and field-effect transistor performance of pentacene derivat-
ives. Adv Mater, 2007, 19, 3381

[22]

Katsuta S, Miyagi D, Yamada H, et al. Synthesis, properties, and am-
bipolar organic field-effect transistor performances of symmetric-
ally cyanated pentacene and naphthacene as air-stable acene de-
rivatives. Org Lett, 2011, 13, 1454

[23]

Roberts  S T,  Mcanally  R E,  Mastron J  N,  et  al.  Efficient singlet  fis-
sion discovered in a disordered acene film. J Am Chem Soc, 2012,
134, 6388

[24]

Johnson J C, Nozik A J, Michl J. High triplet yield from singlet fis-
sion in a thin film of 1, 3-diphenylisobenzofuran. J Am Chem Soc,
2010, 132, 16302

[25]

Eaton S  W,  Shoer  L  E,  Karlen S  D,  et  al.  Singlet  exciton fission in
polycrystalline thin films of a slip-stacked perylenediimide. J  Am
Chem Soc, 2013, 135, 14701

[26]

Katoh R, Kotani M, Hirata Y, et al. Triplet exciton formation in a ben-
zophenone single crystal studied by picosecond time-resolved ab-
sorption spectroscopy. Chem Phys Lett, 1997, 264, 631

[27]

Najafov  H,  Lee  B,  Zhou  Q,  et  al.  Observation  of  long-range  ex-
citon diffusion in highly ordered organic semiconductors. Nat Ma-
ter, 2010, 9, 938

[28]

Greyson E C, Vura-Weis J, Michl J, et al. Maximizing singlet fission
in organic dimers: theoretical investigation of triplet yield in the re-
gime of localized excitation and fast coherent electron transfer. J
Phys Chem B, 2010, 114, 14168

[29]

Monahan N, Zhu X Y. Charge Transfer–mediated singlet fission. An-
nu Rev Phys Chem, 2015, 66, 601

[30]

Margulies E A, Miller C E, Wu Y, et al. Enabling singlet fission by con-
trolling intramolecular charge transfer in π-stacked covalent terry-
lenediimide dimers. Nat Chem, 2016, 8, 1120

[31]

Sanders S N, Kumarasamy E, Pun A B, et al. Intramolecular singlet
fission in oligoacene heterodimers. Angew Chem Int Ed, 2016, 55,
3373

[32]

Wang Z, Liu H, Xie X, et al. Free-triplet generation with improved
efficiency  in  tetracene  oligomers  through  spatially  separated
triplet pair states. Nat Chem, 2021, 13, 559

[33]

Busby  E,  Xia  J,  Wu  Q,  et  al.  A  design  strategy  for  intramolecular
singlet fission mediated by charge-transfer states in donor–accept-
or organic materials. Nat Mater, 2015, 14, 426

[34]

Hu J, Xu K, Shen L, et al. New insights into the design of conjug-
ated  polymers  for  intramolecular  singlet  fission. Nat  Commun,
2018, 9, 2999

[35]

Zimmerman P M, Zhang Z, Musgrave C B. Singlet fission in penta-
cene through multi-exciton quantum states. Nat  Chem,  2010,  2,
648

[36]

Congreve D N, Lee J, Thompson N J, et al. External quantum effi-
ciency  above  100%  in  a  singlet-exciton-fission-based  organic
photovoltaic cell. Science, 2013, 340, 334

[37]

Lee J, Jadhav P, Reusswig P D, et al. Singlet exciton fission photo-
voltaics. Accounts Chem Res, 2013, 46, 1300

[38]

Ehrler B, Wilson M W B, Rao A, et al. Singlet exciton fission-sensit-
ized infrared quantum dot solar cells. Nano Lett, 2012, 12, 1053

[39]

Rao  A,  Wilson  M  W  B,  Hodgkiss  J  M,  et  al.  Exciton  fission  and
charge generation via triplet excitons in pentacene/C60 bilayers.
J Am Chem Soc, 2010, 132, 12698

[40]

Jadhav P J, Mohanty A, Sussman J, et al. Singlet exciton fission in
nanostructured organic solar cells. Nano Lett, 2011, 11, 1495

[41]

Wu  T  C,  Thompson  N  J,  Congreve  D  N,  et  al.  Singlet  fission  effi-
ciency  in  tetracene-based  organic  solar  cells. Appl  Phys  Lett,
2014, 104, 193901

[42]

Minami T, Nakano M. Diradical character view of singlet fission. J
Phys Chem Lett, 2012, 3, 145

[43]

Kawata S, Pu Y J, Saito A, et al. Singlet fission of non-polycyclic aro-
matic  molecules  in  organic  photovoltaics. Adv  Mater,  2016,  28,
1585

[44]

Minaki H,  Kawata S,  Furudate J,  et al.  Donor- or acceptor-type 9,
9’-bifluorenylidene derivatives for attaining singlet fission charac-
ter in organic photovoltaics. Chem Lett, 2017, 46, 1126

[45]

Journal of Semiconductors    doi: 10.1088/1674-4926/43/8/080201 5

 

 
Y M Zhang et al.: Singlet fission and its application in organic solar cells

 

https://doi.org/10.1007/s11426-020-9726-0
https://doi.org/10.1088/1674-4926/42/1/010502
https://doi.org/10.1088/1674-4926/42/1/010502
https://doi.org/10.1088/1674-4926/42/10/100501
https://doi.org/10.1088/1674-4926/42/10/100501
https://doi.org/10.1088/1674-4926/43/3/030202
https://doi.org/10.1088/1674-4926/43/3/030202
https://doi.org/10.1088/1674-4926/43/3/030202
https://doi.org/10.1088/1674-4926/43/7/070201
https://doi.org/10.1088/1674-4926/43/7/070201
https://doi.org/10.1063/1.1736034
https://doi.org/10.1063/1.1695695
https://doi.org/10.1063/1.1695695
https://doi.org/10.1021/ja063980h
https://doi.org/10.1021/ja063980h
https://doi.org/10.1063/1.2356795
https://doi.org/10.1063/1.2356795
https://doi.org/10.1038/natrevmats.2017.63
https://doi.org/10.1021/cr1002613
https://doi.org/10.1021/jacs.0c00089
https://doi.org/10.1021/jacs.0c00089
https://doi.org/10.1146/annurev-physchem-040412-110130
https://doi.org/10.1146/annurev-physchem-040412-110130
https://doi.org/10.1021/ja201688h
https://doi.org/10.1021/ja201688h
https://doi.org/10.1016/0009-2614(95)00603-2
https://doi.org/10.1016/0009-2614(95)00603-2
https://doi.org/10.1016/0009-2614(70)80033-1
https://doi.org/10.1016/0009-2614(70)80033-1
https://doi.org/10.1103/PhysRevB.12.4113
https://doi.org/10.1038/nchem.1436
https://doi.org/10.1126/science.1213986
https://doi.org/10.1021/ol800620s
https://doi.org/10.1021/cm062378n
https://doi.org/10.1002/adma.200700298
https://doi.org/10.1021/ol200145r
https://doi.org/10.1021/ja300504t
https://doi.org/10.1021/ja300504t
https://doi.org/10.1021/ja104123r
https://doi.org/10.1021/ja104123r
https://doi.org/10.1021/ja4053174
https://doi.org/10.1021/ja4053174
https://doi.org/10.1016/S0009-2614(96)01389-9
https://doi.org/10.1038/nmat2872
https://doi.org/10.1038/nmat2872
https://doi.org/10.1038/nmat2872
https://doi.org/10.1021/jp907392q
https://doi.org/10.1021/jp907392q
https://doi.org/10.1146/annurev-physchem-040214-121235
https://doi.org/10.1146/annurev-physchem-040214-121235
https://doi.org/10.1038/nchem.2589
https://doi.org/10.1002/anie.201510632
https://doi.org/10.1002/anie.201510632
https://doi.org/10.1038/s41557-021-00665-7
https://doi.org/10.1038/nmat4175
https://doi.org/10.1038/s41467-018-05389-w
https://doi.org/10.1038/s41467-018-05389-w
https://doi.org/10.1038/nchem.694
https://doi.org/10.1038/nchem.694
https://doi.org/10.1126/science.1232994
https://doi.org/10.1021/ar300288e
https://doi.org/10.1021/nl204297u
https://doi.org/10.1021/ja1042462
https://doi.org/10.1021/nl104202j
https://doi.org/10.1063/1.4876600
https://doi.org/10.1063/1.4876600
https://doi.org/10.1021/jz2015346
https://doi.org/10.1021/jz2015346
https://doi.org/10.1002/adma.201504281
https://doi.org/10.1002/adma.201504281
https://doi.org/10.1246/cl.170437
https://doi.org/10.1007/s11426-020-9726-0
https://doi.org/10.1088/1674-4926/42/1/010502
https://doi.org/10.1088/1674-4926/42/1/010502
https://doi.org/10.1088/1674-4926/42/10/100501
https://doi.org/10.1088/1674-4926/42/10/100501
https://doi.org/10.1088/1674-4926/43/3/030202
https://doi.org/10.1088/1674-4926/43/3/030202
https://doi.org/10.1088/1674-4926/43/3/030202
https://doi.org/10.1088/1674-4926/43/7/070201
https://doi.org/10.1088/1674-4926/43/7/070201
https://doi.org/10.1063/1.1736034
https://doi.org/10.1063/1.1695695
https://doi.org/10.1063/1.1695695
https://doi.org/10.1021/ja063980h
https://doi.org/10.1021/ja063980h
https://doi.org/10.1063/1.2356795
https://doi.org/10.1063/1.2356795
https://doi.org/10.1038/natrevmats.2017.63
https://doi.org/10.1021/cr1002613
https://doi.org/10.1021/jacs.0c00089
https://doi.org/10.1021/jacs.0c00089
https://doi.org/10.1146/annurev-physchem-040412-110130
https://doi.org/10.1146/annurev-physchem-040412-110130
https://doi.org/10.1021/ja201688h
https://doi.org/10.1021/ja201688h
https://doi.org/10.1016/0009-2614(95)00603-2
https://doi.org/10.1016/0009-2614(95)00603-2
https://doi.org/10.1016/0009-2614(70)80033-1
https://doi.org/10.1016/0009-2614(70)80033-1
https://doi.org/10.1103/PhysRevB.12.4113
https://doi.org/10.1038/nchem.1436
https://doi.org/10.1126/science.1213986
https://doi.org/10.1021/ol800620s
https://doi.org/10.1021/cm062378n
https://doi.org/10.1002/adma.200700298
https://doi.org/10.1007/s11426-020-9726-0
https://doi.org/10.1088/1674-4926/42/1/010502
https://doi.org/10.1088/1674-4926/42/1/010502
https://doi.org/10.1088/1674-4926/42/10/100501
https://doi.org/10.1088/1674-4926/42/10/100501
https://doi.org/10.1088/1674-4926/43/3/030202
https://doi.org/10.1088/1674-4926/43/3/030202
https://doi.org/10.1088/1674-4926/43/3/030202
https://doi.org/10.1088/1674-4926/43/7/070201
https://doi.org/10.1088/1674-4926/43/7/070201
https://doi.org/10.1063/1.1736034
https://doi.org/10.1063/1.1695695
https://doi.org/10.1063/1.1695695
https://doi.org/10.1021/ja063980h
https://doi.org/10.1021/ja063980h
https://doi.org/10.1063/1.2356795
https://doi.org/10.1063/1.2356795
https://doi.org/10.1038/natrevmats.2017.63
https://doi.org/10.1021/cr1002613
https://doi.org/10.1021/jacs.0c00089
https://doi.org/10.1021/jacs.0c00089
https://doi.org/10.1146/annurev-physchem-040412-110130
https://doi.org/10.1146/annurev-physchem-040412-110130
https://doi.org/10.1021/ja201688h
https://doi.org/10.1021/ja201688h
https://doi.org/10.1016/0009-2614(95)00603-2
https://doi.org/10.1016/0009-2614(95)00603-2
https://doi.org/10.1016/0009-2614(70)80033-1
https://doi.org/10.1016/0009-2614(70)80033-1
https://doi.org/10.1103/PhysRevB.12.4113
https://doi.org/10.1038/nchem.1436
https://doi.org/10.1126/science.1213986
https://doi.org/10.1021/ol800620s
https://doi.org/10.1021/cm062378n
https://doi.org/10.1002/adma.200700298
https://doi.org/10.1021/ol200145r
https://doi.org/10.1021/ja300504t
https://doi.org/10.1021/ja300504t
https://doi.org/10.1021/ja104123r
https://doi.org/10.1021/ja104123r
https://doi.org/10.1021/ja4053174
https://doi.org/10.1021/ja4053174
https://doi.org/10.1016/S0009-2614(96)01389-9
https://doi.org/10.1038/nmat2872
https://doi.org/10.1038/nmat2872
https://doi.org/10.1038/nmat2872
https://doi.org/10.1021/jp907392q
https://doi.org/10.1021/jp907392q
https://doi.org/10.1146/annurev-physchem-040214-121235
https://doi.org/10.1146/annurev-physchem-040214-121235
https://doi.org/10.1038/nchem.2589
https://doi.org/10.1002/anie.201510632
https://doi.org/10.1002/anie.201510632
https://doi.org/10.1038/s41557-021-00665-7
https://doi.org/10.1038/nmat4175
https://doi.org/10.1038/s41467-018-05389-w
https://doi.org/10.1038/s41467-018-05389-w
https://doi.org/10.1038/nchem.694
https://doi.org/10.1038/nchem.694
https://doi.org/10.1126/science.1232994
https://doi.org/10.1021/ar300288e
https://doi.org/10.1021/nl204297u
https://doi.org/10.1021/ja1042462
https://doi.org/10.1021/nl104202j
https://doi.org/10.1063/1.4876600
https://doi.org/10.1063/1.4876600
https://doi.org/10.1021/jz2015346
https://doi.org/10.1021/jz2015346
https://doi.org/10.1002/adma.201504281
https://doi.org/10.1002/adma.201504281
https://doi.org/10.1246/cl.170437
https://doi.org/10.1021/ol200145r
https://doi.org/10.1021/ja300504t
https://doi.org/10.1021/ja300504t
https://doi.org/10.1021/ja104123r
https://doi.org/10.1021/ja104123r
https://doi.org/10.1021/ja4053174
https://doi.org/10.1021/ja4053174
https://doi.org/10.1016/S0009-2614(96)01389-9
https://doi.org/10.1038/nmat2872
https://doi.org/10.1038/nmat2872
https://doi.org/10.1038/nmat2872
https://doi.org/10.1021/jp907392q
https://doi.org/10.1021/jp907392q
https://doi.org/10.1146/annurev-physchem-040214-121235
https://doi.org/10.1146/annurev-physchem-040214-121235
https://doi.org/10.1038/nchem.2589
https://doi.org/10.1002/anie.201510632
https://doi.org/10.1002/anie.201510632
https://doi.org/10.1038/s41557-021-00665-7
https://doi.org/10.1038/nmat4175
https://doi.org/10.1038/s41467-018-05389-w
https://doi.org/10.1038/s41467-018-05389-w
https://doi.org/10.1038/nchem.694
https://doi.org/10.1038/nchem.694
https://doi.org/10.1126/science.1232994
https://doi.org/10.1021/ar300288e
https://doi.org/10.1021/nl204297u
https://doi.org/10.1021/ja1042462
https://doi.org/10.1021/nl104202j
https://doi.org/10.1063/1.4876600
https://doi.org/10.1063/1.4876600
https://doi.org/10.1021/jz2015346
https://doi.org/10.1021/jz2015346
https://doi.org/10.1002/adma.201504281
https://doi.org/10.1002/adma.201504281
https://doi.org/10.1246/cl.170437


Yamin  Zhang received  her  BS  from  Lanzhou
University in 2014 and PhD from Nankai Uni-
versity in 2019 under the supervision of Prof.
Yongsheng Chen and Prof. Xiangjian Wan. In
2019,  she joined the State  Key Laboratory  of
Applied  Organic  Chemistry  of  Lanzhou  Uni-
versity  as  an  assistant  professor.  Her  re-
search  focuses  on  organic  small  molecule
semiconductors and devices.

Zuo Xiao got his BS and PhD from Peking Uni-
versity  under  the  supervision  of  Prof.  Liang-
bing Gan. He did postdoctoral research in Eii-
chi Nakamura Lab at the University of Tokyo.
In March 2011, he joined Liming Ding Group
at National Center for Nanoscience and Tech-
nology  as  an  associate  professor.  In  April
2020,  he  was  promoted  to  be  a  full  profess-
or.  His  research  focuses  on  organic  solar
cells.

Liming  Ding got  his  PhD  from  University  of
Science  and  Technology  of  China  (was  a
joint  student  at  Changchun  Institute  of  Ap-
plied  Chemistry,  CAS).  He  started  his  re-
search  on  OSCs  and  PLEDs  in  Olle  Inganäs
Lab in 1998.  Later  on,  he worked at  National
Center  for  Polymer  Research,  Wright-Patter-
son  Air  Force  Base  and  Argonne  National
Lab (USA). He joined Konarka as a Senior Sci-
entist in 2008. In 2010, he joined National Cen-
ter  for  Nanoscience and Technology as a  full
professor.  His  research  focuses  on  innovat-
ive  materials  and  devices.  He  is  RSC  Fellow,
the nominator for Xplorer Prize, and the Asso-
ciate Editor for Journal of Semiconductors.

Hao-Li  Zhang received  his  BS  and  PhD  de-
grees  from  Lanzhou  University,  then  he
worked  in  the  University  of  Leeds  and  Ox-
ford  University  as  a  postdoc.  In  2004,  he
joined the State Key Laboratory of Applied Or-
ganic  Chemistry  of  Lanzhou  University,  and
became  a  full  professor.  His  works  focus  on
organic  semiconductors  and  nano-devices.
He  is  currently  a  Fellow  of  Royal  Society  of
Chemistry  (FRSC).  He  is  the  board  member
for several academic journals.

6 Journal of Semiconductors    doi: 10.1088/1674-4926/43/8/080201

 

 
Y M Zhang et al.: Singlet fission and its application in organic solar cells

 


	Acknowledgements

