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Abstract: Recently, polymer solar cells developed very fast due to the application of non-fullerence acceptors. Substituting asym-
metric  small  molecules  for  symmetric  small  molecule  acceptors  in  the  photoactive  layer  is  a  strategy  to  improve  the  perform-
ance of polymer solar cells.  The asymmetric design of the molecule is very beneficial for exciton dissociation and charge trans-
port and will  also fine-tune the molecular energy level to adjust the open-circuit voltage (Voc)  further. The influence on the ab-
sorption range and absorption intensity will cause the short-circuit current density (Jsc) to change, resulting in higher device per-
formance. The effect on molecular aggregation and molecular stacking of asymmetric structures can directly change the micro-
scopic morphology, phase separation size, and the active layer's crystallinity. Very recently, thanks to the ingenious design of act-
ive layer materials and the optimization of devices, asymmetric non-fullerene polymer solar cells (A-NF-PSCs) have achieved re-
markable  development.  In  this  review,  we  have  summarized  the  latest  developments  in  asymmetric  small  molecule  acceptors
(A-NF-SMAs) with the acceptor–donor–acceptor (A–D–A) and/or acceptor–donor–acceptor–donor–acceptor (A–D–A–D–A) struc-
tures,  and the advantages of asymmetric small  molecules are explored from the aspects of charge transport,  molecular energy
level and active layer accumulation morphology.

Key words: polymer solar cells; non-fullerene acceptors; small asymmetric molecules

Citation: L Ye, W Y Ye, and S M Zhang, Recent advances and prospects of asymmetric non-fullerene small molecule acceptors for
polymer solar cells[J]. J. Semicond., 2021, 42(10), 101607. http://doi.org/10.1088/1674-4926/42/10/101607

 

1.  Introduction

Owing to the flexibility, portability, transparency, and low
manufacturing cost,  polymer solar cells  (PSCs) have great po-
tential for commercial production and application[1–6]. The act-
ive  layer  of  PSCs  mainly  adopts  a  bulk  heterojunction  struc-
ture  with  a  blend of  polymer  donors  and non-fullerene small
molecule acceptors (NF-SMAs)[7]. Compared with fullerene ac-
ceptors,  the  advantages  of  non-fullerene  small  molecule  ac-
ceptors  include[8−12]:  (1)  Structural  modularity  facilitates  mo-
lecular  tailoring  and  property  regulation;  (2)  Strong  in-
tramolecular charge transfer (ICT) enhances the absorption of
visible light; (3) The planar molecular skeleton is conducive to
charge  transport;  (4)  Side  chains  prevent  molecules  excess-
ive  aggregation;  (5)  Non-spherical  configuration  is  conducive
to morphological  stability.  In addition,  PSCs have the advant-
ages  of  good film-forming properties,  so  their  power  conver-
sion  efficiencies  (PCEs)  are  relatively  high,  so  PSCs  are  cur-
rently the mainstream research direction of organic solar cells
(OSCs)[13, 14].  Until  now,  the  highest  energy  conversion  effi-
ciency of  PSCs has reached 18.22%[13],  far  exceeding the 10%
PCE commercial bottleneck.

From  2011–2014,  plenty  of  NF-SMAs  have  been  desig-
ned with various electron-withdrawing groups such as indane-
dione[1],  dicyannovinyl[2−4],  benzothiadiazole[5, 6],  diketopyro-
lopyrrole[7, 15],  and  arylene  diimide[16, 17].  With  the  unremit-

ting  efforts  of  Zhan  Xiaowei's  group,  2,2'-[[6,6,12,12-tetrakis
(4-hexylphenyl)-s-indacenodithieno[3,2-b]thiophene]methyli-
dyne(3-oxo-1H-indene-2,1(3H)-diylidene)]]bis(propanedini-
trile)  (ITIC)  and  2,2'-2,2'-[(4,4,9,9-tetrahexyl-4,9-dihydro-s-in-
daceno[1,2-b:5,6-b']dithiophene-2,7-diyl)bis[methylidyne(3-
oxo-1H-indene-2,1(3H)-diylidene)]]bis[propanedinitrile]  (IDIC)
(Fig.  1(b))  were  reported  in  2015  and  2017  respectively,
which  opened  a  new  chapter  in  the  research  of  PSCs[14, 18].  A
series  of  works  have  been  reported,  and  the  related  research
results  are  greatly  conducive  to  the  in-depth  understanding
of  PSCs,  thus  promoting  the  rapid  development  of  industrial
research. According to structural characteristics,  NF-SMAs can
divide  into  symmetrical  and  asymmetrical  structures.  Thanks
to  the  researchers  for  their  continuous  exploration  and  re-
search,  many  research  results  and  breakthroughs  have  been
made  in  symmetric  non-fullerene  small  molecule  acceptors
(S-NF-SMAs) and asymmetric non-fullerene small molecule ac-
ceptors (A-NF-SMAs) in recent years.

The  asymmetric  design  of  the  molecule  helps  increase
the  dipole  moment  and  dielectric  constant  and  reduces  the
exciton  binding  energy,  which  is  very  beneficial  to  exciton
dissociation  and  charge  transport[19–21].  Simultaneously,
compared  with  the  S-NF-SMAs,  the  asymmetric  design  of  A-
NF-SMAs  will  finely  regulate  the  molecular  energy  level,
thereby  further  adjusting  the  open-circuit  voltage  (Voc).
Changes  in  the  absorption  range  and  absorption  intensity
will  cause  the  short-circuit  current  density  (Jsc)  to  change
accordingly.  The  influence  of  molecular  aggregation  and
molecular  accumulation  can  directly  change  the  microsco-
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pic  morphology,  phase  separation,  and  trap  degree  of  the
active layer[22, 23].

Generally speaking, Voc and Jsc are two iconic device per-
formance  parameters,  and  the  increase  of  the  value  of Voc ×
Jsc generally  shows  the  improvement  of  device  performance.
Further optimize the value of Voc × Jsc through asymmetric mo-
lecular  design  to  obtain  higher  device  performance,  which
provides  the  latest  research  ideas  and  unique  insights  for
PSCs research[22].  So far,  the maximum power conversion effi-
ciency (PCEmax) of PSCs based on asymmetric non-fullerene ac-
ceptors  has  gradually  increased  from  0.73%  in  2011  to  more
than  17%  in  2020.  The  development  of  A-NF-SMAs  can  be
traced  back  to  2011.  Paul  Meredith's  research  group  pub-
lished  asymmetric  donor–acceptor  typed  small  molecule  ac-
ceptor K12 and John E. Anthony's research group published a
series  of  asymmetric  electron-deficient  pentacene  acceptors
(Fig.  1(a)).  K12  and  these  deficient  pentacene  acceptors  are
blended  with  P3HT  as  the  polymer  donor  to  fabricate  binary
PSCs,  and  the  highest  PCE  of  PSCs  obtained  reaches  0.73%
and 1.27%, respectively[25, 26].  In 2012, Pei's research team de-
signed  and  synthesized  an  A-NF-SMA  (FFI-1)  (Fig.  1(a))[27],
with polymer donor P3HT and fullerene acceptor PCBM to pro-
duce  a  ternary  system  PSC.  This  device  produced  a  break-
through  PCE  of  4.1%.  In  2014,  Cao  and  coworkers  developed
an asymmetric  non-fullerene SMA,  Cor-NI,  by introducing the
electron-withdrawing  n-hexylnaphthalimide  moiety  part  into
the  C5-symmetric  corannulene  core[28].  PSCs  with  P3HT:Cor-
NI  as  the  active  layer  material  achieved  a  PCE  of  1.03%.
However,  during  the  three  years  from  2014  to  2017,  there
was  no  research  related  to  A-NF-SMAs.  Until  2017,  Tang et
al.[29] designed and synthesized three new A-NF-SMAs (ITBC, IT-
BR,  ITBRC)  by  incorporating  indenothiophene  as  the  central
core.  Inverted  structure  PSCs  using  ITBR  (Fig.  1(a))  as  the  ac-
ceptor  and  PTB7-Th  as  the  donor  material  (Fig.  4)  afford  a

PCEmax of 7.49%.
There  have been related review articles  summarizing the

latest development of A-NF-SMAs, but its research content fo-
cused  on  the  PSCs  with  a  five-membered  indaceno[1,2-b:5,6-
b']dithiophene (IDT) series of A-NF-SMAs[28].  The newly repor-
ted "Y series" NF-SMAs, especially Y6 (Fig. 1(b)),  have brought
PSCs into a new golden age [30, 31]. Fully applying the asymmet-
ric  structural  design  concept,  researchers  have  studied  many
A-NF-SMAs based on the "Y series" structure to achieve a fur-
ther  breakthrough in PCEmax.  The highest  PCE of  binary blen-
ded  PSCs  based  on  the  acceptor–donor–acceptor–donor–ac-
ceptor  (A–D–A–D–A)  typed  A-NF-SMAs  has  reached  17.06%,
and  the  highest  PCE  of  ternary  blended  PSCs  has  reached
17.43%[32].  Therefore,  there  is  no  doubt  that  the  high-effi-
ciency A-NF-SMAs have had a profound significance in the de-
velopment of PSCs in the past ten years[30].

This  review  summarizes  asymmetric  non-fullerene  poly-
mer  solar  cells  (A-NF-PSCs)-related  content  from  three  as-
pects:  the  structural  advantages  of  the  asymmetric  system,
the  development  history,  and  the  research  results  in  recent
years.  Meanwhile,  we have also made a particular  outlook on
future research prospects, hoping to provide some guiding in-
sights on the development of PSCs in the future.

2.  Photophysical properties of OSCs

The  structure  and  mechanism  of  photovoltaic  devices
have  been  discussed  and  studied  in  many  excellent
studies[10−12].  Here,  we will  briefly  mention the  photophysical
mechanism of  OSCs  and discuss  the necessary  photophysical
performance parameters. The structure of the bulk heterojunc-
tion OSCs is composed of a metal cathode, an electron trans-
port  layer,  an  active  layer,  a  hole  transport  layer  and  a  glass
substrate as shown in Figs. 2(b) and 2(c). The photovoltaic ef-

 

 

Fig. 1. Chemical structures of (a) early reports of A-NF-SMAs, (b) early reports of small molecule acceptors.

2 Journal of Semiconductors    doi: 10.1088/1674-4926/42/10/101607

 

 
L Ye et al.: Recent advances and prospects of asymmetric non-fullerene small molecule ......

 



fect  is  the  theoretical  basis  for  the  photoelectric  conversion
process  of  OSCs.  This  process  mainly  occurs  in  the active lay-
er, including the following processes (Fig. 3)[33]: (1) exciton gen-
eration,  transport,  and  dissociation;  (2)  charge  carrier  trans-
port; (3) charge carrier collected by electrodes.

The  photophysical  characteristics  of  OSCs  are  generally
represented  by  current  density–voltage  curves  (J–V)[34].  As
shown in Fig. 2(a), the main parameters are as follows:

(1) Voc

Under light conditions, Voc is the voltage at which the pos-
itive  and  negative  poles  of  the  OSCs  are  in  an  open  circuit
state,  that  is,  the maximum output  voltage of  the OSCs[27, 28].
In  the  OSCs  composed  of  donor/acceptor, Voc is  directly  re-
lated  to  the  extreme  difference  between  the  donor’s  highest
occupied  molecular  orbital  (HOMO)  energy  level  and  accept-
or’s  lowest  unoccupied  molecular  orbital  (LUMO)  energy.
Therefore,  the  value  of Voc can  be  increased  either  by  redu-
cing  the  HOMO  level  of  the  donor  or  increasing  the  LUMO
level of the acceptor[34].

(2) Jsc

Jsc is the current per unit area when the positive and neg-
ative  electrodes  of  the  OSCs  are  in  a  short-circuit  state,  that
is,  the  maximum  output  current  density  of  the  OSCs  in  the
light  environment.  As  the  band-gap  of  the  material  de-
creases,  the  value  of Jsc increases  and can be  affected by  the
electron  and  hole  transport  efficiency  of  the  active
material[22, 23].

(3) Fill factor (FF)
FF  is  a  dimensionless  physical  quantity,  which  is  the  ra-

tio  of  the  maximum  output  power  (Pmax)  of  the  OSCs  device
to  the  product  of Voc and Jsc,  which  can  be  expressed  by  Eq.
(1). 

FF =
VmaxJmax
VocJsc

=
Pmax
VocJsc

. (1)

FF  is  mainly  related  to  the  transfer  and  collection  pro-
cess  of  charge  carriers.  The  balance  of  hole/electron  mobility
in  the  active  layer,  the  degree  of  recombination  during  carri-
er  transport,  and the  collection efficiency  of  carriers  reaching
the buffer layer will all affect the FF value of OSCs. The FF sug-
gests  how swiftly  the charges  can be removed from the cells
and  the  ideal  value  is  1.0.  Several  factors  can  affect  the  FF  of
OSCs and they often interact in intricate ways[35].

(4) Power conversion efficiency (PCE)
PCE is  the percentage of  incident  light  energy converted

into  effective  electric  energy,  which  can  be  expressed  by  the
ratio  of Pmax of  OSCs  to  incident  power  (Pin).  In  this  case,  the
current  density  and  applied  bias  voltage  are  expressed  by
Jmax and Vmax respectively,  the  calculation  formula  of  PCE  is
as follow[36]: 

PCE =
Pmax
Pin

=
VmaxJmax

Pin
=
VocJscFF

Pin
. (2)

It  can  be  seen  that  the  PCE  is  jointly  determined  by Voc,
Jsc,  and  FF,  and  represents  the  ability  of  OSCs  to  convert  sol-
ar energy into electrical energy.

(5) External quantum efficiency (EQE)
The  ratio  of  the  number  of  electrons  that  can  be  collec-

ted under a certain wavelength of radiation to the number of
incident photons at that wavelength can be expressed by the
following Eq. (3): 

EQE =
Jsc
λPin

. (3)

Among  them, λ is  the  wavelength  of  the  incident  light,
and Pin is  the  power  of  the  incident  light.  EQE  is  the  product
of  light  absorption  efficiency,  exciton  diffusion  and  dissoci-
ation  efficiency,  charge  transfer  efficiency,  and  charge  collec-
tion  efficiency  in  the  photoelectric  conversion  process.  The
EQE and Jsc can be mutually verified, and high EQE is the pre-
requisite for realizing high-efficiency OSCs[24].

 

 

Fig. 2. (a) A typical current–voltage J–V characteristics of solar cells. (b) Standard architecture of bulk-heterojunction (BHJ) and (c) inverted struc-
ture. Reproduced with the permission of Ref. [34].

 

Fig. 3. Simplified schematic of photoconversion in OSCs with the pro-
cesses  of  photon  absorption,  exciton  diffusion,  exciton  dissociation
by  charge  transfer,  and  charge  carrier  collection  denoted.  Repro-
duced with permission from Ref. [33].
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3.  Asymmetric non-fullerene acceptors based on
A–D–A structures

Previous  studies  on  A-NF-PSCs  have  been  reviewed  and
published[28]. This review will only introduce some relevant act-
ive  layer  materials  with  high-efficiency  device  performance.
Fig. 4 shows the related polymer donors.

3.1.  A-NF-SMAs with asymmetric cores

The  structure  of  A-D-A  is  usually  composed  of  one  elec-
tron-donating  unit  and  two  electron-withdrawing  units.  This
push–pull  electron  behavior  in  the  molecule  contributes  to
ICT  so  that  the  molecule  has  a  strong  transition  dipole  and
wide spectral absorption range[8]. Generally speaking, molecu-
lar  asymmetry  features  mainly  include  core  unit  asymmetry,
terminal  group  asymmetry,  and  side-chain  asymmetry.  The
asymmetry of all parts will cause changes in the intra-molecu-
lar  dipole  moment  and  intermolecular  binding  energy,
thereby  affecting  the  charge  transport  and  exciton  dissoci-
ation[21, 28].

In  the  related  research  on  the  asymmetry  of  the  core
unit,  the  dipole  moment  and  arrangement  of  the  molecule
can  be  adjusted  by  changing  the  number  of  asymmetric
thiophene  units  and  introducing  heavy  atoms.  In  the  core
unit of electron donation, the IDT core and the heptacyclic in-
dacenodithieno[3,2-b]thiophene  (IDTT)  core  play  an  import-
ant foundational role in the design of high-performance non-
fullerene  receptors,  a  new  type  of  asymmetric  ladder-type
thiophene-phenylenethieno[3,2-b]thiophene-fused  (TPTT)
core combines the structural  features  of  IDT and IDTT.  At  the

same  time,  the  π  conjugate  length  of  TPTT  and  the  electron-
donating  capacity  are  all  between  IDT  and  IDTT.  TPTT-IC  (its
structure  is  the  same  as  T-TT),  TPTT-2F,  T-TT-4F,  T-TT-4Cl,
IDT6CN  and  IDT6CN-M  are  all  molecules  designed  based  on
the  TPTT  core  (Fig.  5).  They  have  terminal  groups  which  are
different  from  each  other.  Their  maximum  absorption
wavelengths  range from 693 nm to  808 nm,  and their  LUMO
energy  levels  range  from  –3.37  to  –4.04  eV[37−40].  Finally,  the
device based on PBDB-T:IDT6CN-M blended film achieved the
highest  PCE  of  11.23%,  with  a Voc of  0.92  V,  a Jsc of  15.97
mA/cm2, and a FF of 76.1%, by using 0.5% diiodooctane (DIO)
as a solvent additive and thermal annealing at 100 ℃. Li et al.
designed the asymmetric molecule TTPT-T-2F by cutting IDTT
fragments  and  synthesized  symmetric  molecule  IT-2F  and  T-
TPT-T-2F.  TTPT-T-2F,  IT-2F  and  T-TPT-T-2F  were  respectively
blended  with  the  donor  PBT1-C  to  fabricate  PSCs.  Thanks  to
the TTPT-T-2F-based PSCs with the highest Jsc value (18.50%),
a  promising  PCEmax of  12.71%  is  achieved  for  TTPT-T-2F-
based PSCs, which outperforms those of devices based on IT-
2F  (PCE  =  10.54%)  and  T-TPT-T-2F  (PCE  =  10.71%)[41].  Gao et
al.  realized the optimization of  the molecular  morphology by
introducing the thioenyl side chain, which promoted BHJ act-
ive  layer  to  have  good  characteristics,  such  as  higher  and
more  balanced  carrier  mobility,  tiny  bimolecular  reorganiza-
tion, and orderly structure. Finally, the PBDB-T:IDT6CN-Th sys-
tem  achieved  a  very  high  FF  of  76.72%  and  a  PCE  of
10.41%[42, 43].  By  further  adjusting  the  terminal  groups,
IDT6CN-TM  has  a  more  significant  dipole  moment.  Com-
pared with  IDT6CN-Th and IDT6CN-4F,  the strong dipole  mo-

 

 

Fig. 4. Chemical structures of polymer donors.
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ment  contributes  more  substantial  π–π  stacking  and  higher
electron  mobility  of  IDT6CN-TM.  The  devices  based  on
PM6:IDT6CN-TM  obtained  PCE  of  12.4%  (Voc =  0.95  V, Jsc =
17.40  mA/cm2,  FF  =  74.7%),  which  is  currently  the  highest
PCE among non-fullerene PSCs with thienyl side chains.

In  the  combination  of  monothiophene  and  trithiophene,
extending  the  IDT  nuclear  conjugation  length  can  expand
the  spectral  absorption,  shift  the  LUMO  energy  level  up,  and
improve  electron  mobility.  At  the  same  time,  it  can  also  en-
hance  the  π–π  stacking  between  molecules.  Compared  with
PSCs containing dithiophene-based molecules,  the PSCs con-
taining these trithiophene NF-SMAs TPTTT-2F, α-IT and MeIC1
(Fig.  5)  have  improved  PSC  performance  parameters,  includ-
ing Voc, Jsc and FF[38, 44, 45].  PBDB-T:MeIC1 blended film has an
area  of  3.8  mm2 as  the  active  layer,  and  its  device  has  ob-
tained  the  best  PCE  of  12.58%,  with  a Voc of  0.93  V, Jsc of
18.32 mA/cm2 and FF of 74.1%. These results indicate that ex-
tending  the  conjugation  length  of  the  IDT  core  is  an  effect-
ive  way  to  improve  photovoltaic  parameters  and  achieve
high PCEs.

The  asymmetric  structures  of  4,4,9,9-tetrakis(4-hexyl-
phenyl)-4,9-dihydro-s-indaceno[1,2-b]thiophene[3,2-
b]thiophenealt-[5,6-d]dithieno[3,2-b:2’,3’-d]thiophene  (IDT8)

core  give  full  play  to  extended  conjugation  and  asymmetric
core  advantages.  This  asymmetric  structure  can  not  only  ex-
pand  the  spectral  absorption  and  shift  the  LUMO  energy
level  up  but  also  increase  the  dipole  moment  and  fine-tunes
relevant parameters. Gao et al. designed and synthesized two
asymmetrical  small  molecule  acceptors  (IDT6CN-M  and
IDT8CN-M)  (Fig.  5).  The  pure  film  for  IDT8CN-M  and  IDT6CN-
M comparable absorption coefficient of 1.35 × 105 and 1.29 ×
105 cm–1 with  distinguishing  maximum  absorption  wave-
length  values  of  699  vs.  693  nm.  It  can  be  seen that  IDT8CN-
M has a long conjugation length and a large maximum absorp-
tion  wavelength[43].  After  using  0.5%  DIO  as  a  solvent  addit-
ive  and  thermal  annealing  at  100  °C,  the  coherence  length
and  domain  purity  are  improved.  In  the  end,  the  PCE  of  the
device  based  on  IDT8CN-M  was  further  improved  to  12.43%,
mainly  due  to  the  increase  in  the Jsc value  from  15.97  to
17.11  mA/cm2,  and  the  increase  in  the  FF  value  from  76.1%
to 78.9%. To further optimize the molecular structure and ob-
tain  a  better  balance  between Voc and Jsc,  Li et  al.  synthes-
ized  three  A-NF-SMAs  (TTPTTT-IC,  TTPTTT-2F  and  TTPTTT-4F)
(TT-IC,  TTPTTT-2F  and  TTPTTT-4F)  (Fig.  5)  by  introducing
three-terminal  groups  with  different  electron  withdrawing
properties and using an asymmetric TTPTTT building block as

 

 

Fig. 5. Chemical structures of A–D–A asymmetric non-fullerene acceptors without nitrogen.
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the  central  core  unit.  For  TTPTTT-4F,  the  addition  of  fluorin-
ated  2-(3-oxo-2,3-inden-1-ydenne)  malononitrile  (IC)  terminal
groups  will  cause  a  red  shift  in  light  absorption  and  reduce
the  LUMO  energy  level.  TTPTTT-4F  also  has  improved  elec-
tron mobility and intramolecular solid or intermolecular inter-
actions[46]. PSCs based on fluorinated NF-SMAs showed signific-
antly  higher Jsc and  FF  than  their  non-fluorinated  TTPTTT-IC
counterparts.  The  device  achieved  a  PCE  of  12.05%  with
PBT1-C  as  polymer  donor  and  TTPTTT-4F  as  acceptor,  thanks
to  more  coordinated  performance  parameters,  especially  the
significant improvement in Jsc.

Compared  with  thiophene-based  NF-SMA,  selenophene-
based NF-SMA has received much less attention, and the per-
formance of the related device is also poor. To promote the ab-
sorption  of  non-fullerene  acceptor  small  molecules,  reduce
their  bandgap,  and  increase  their  LUMO  energy  level,  Sun's
research group designed an asymmetric small molecule acce-
ptor  SePT-IN by introducing a single-sided selenium atom in-
to  the  core  unit  of  the  symmetric  small  molecule  acceptor
TPT-IN  (Fig.  5)[47].  When  blended  with  polymer  donor  PBT1-C
(Fig.  4),  the  SePT-IN  finally  obtained  10.20%  PCE  higher  than
that  of  TPT-IN,  mainly  due  to  the  significantly  improved
Jsc.  Then,  Li et  al.  designed  and  synthesized  two  selen-
ophene-containing  A-NF-SMAs  SePTT-2F  and  SePTTT-2F
(Fig.  5)  with  the  same  terminal  group[48].  Moreover,  Com-
pared with SePTT-2F, SePTTT-2F has a larger conjugation area
in the main chain, and SePTTT-2F exhibits a higher LUMO en-
ergy  level  and  higher  electron  mobility.  Both  SePTTT-2F  and
SePTT-2F  have  similar  band  gaps  and  red-shifted  absorption
peaks. Pairing it with the polymer donor PBT1-C, the perform-
ance of  PSCs based on SePTTT-2F reached an impressive PCE
of 12.24% with an outstanding FF of  75.9%, which was much
higher  than  that  of  PSCs  based  on  SePTT-2F.  Since  the
SePTTT-2F  system  has  a  higher  and  more  balanced  charge
transfer  than  SePTT-2F,  SePTTT-2F  has  more  effective  exciton
dissociation  and  charge  collection.  Among  selenophene-
based  NF-SMAs,  this  is  the  highest  value  reported  in  the  lite-
rature.

Wang et  al.  and  Gao et  al.  designed  and  synthesized  A-
NF-SMAs  with  the  thienobenzodithiophene  structure  as  the
core TBDB-Na, TBDB-Ph, and a-BTTIC (Fig. 5)[49, 50].  The ultravi-
olet-visible  absorption  redshift  of  TBDB-Na  relative  to  TBDB-
Ph  made  the  LUMO  energy  level  decrease  from  –3.74  to
–3.77 eV, while the Jsc of the device based on PTBD-BZ:TBDB-
Na  increase  from  17.50  to  19.60  mA/cm2.  PTBD-BZ:TBDB-Na-
based  devices  achieved  a  PCEmax of  12.47%,  which  is  superi-
or  to  that  of  the  PTBD-BZ:TBDB-Ph-based  devices  (11.06%).
The LUMO energy level  of  a-BTTIC is  –3.83 eV,  which is  lower
than  TBDB-Na  and  TBDB-Ph,  while  its  HOMO  energy  level  is
–5.45  eV,  which  is  similar  to  that  of  TBDB-Na  and  TBDB-Ph.
Therefore,  the  a-BTTIC  has  a  very  narrow  bandgap,  and  the
Jsc of  the  device  based on PBDB-T:a-BTTIC blend film reaches
up  to  20.31  mA/cm2,  resulting  in  a  high  PCE  of  13.60%.  The
high  performance  of  these  molecules  is  due  to  the  appropri-
ate  energy  level  matching the  donor,  the  excellent  crystallin-
ity of the active layer, and the balanced miscibility.

The  electronegativity  of  nitrogen  and  sulfur  atoms  are
3.04 and 2.58,  respectively.  Compared with non-N-functional-
ized  molecules  in  an  asymmetric  system,  the  introduction  of
nitrogen can further adjust the molecules' dipole moment. As

shown  in Fig.  6,  the  change  of  the  sulfur  atom  to  a  nitrogen
atom  in  the  middle  of  the  trithiophene  unit  determines  the
design of the dithieno[3,2-b:2',3'-d]pyrrole (DTP) unit. The abil-
ity to take advantage of sp2 hybrid nitrogen is the most prom-
inent  feature  of  the  DTP  unit.  Besides,  the  lone  pair  of  elec-
trons on the vertical π orbital can delocalize along the π orbit-
al  of  the  molecule.  Extending  the  delocalized  π-electron  sys-
tem  can  narrow  the  optical  energy  bandgap  (Eg

opt)  and
strengthen  the  π–π  stacking  between  molecules[51, 52].  PCEs
of  the device based on those relevant materials  are all  above
10%[53−60].  Gao et  al.  designed  and  synthesized  N7IT  (Fig.  6)
by introducing nitrogen into the molecule[44]. It has a red-shif-
ted  absorption  of  more  than  50  nm  and  an  improved  LUMO
energy  level  compared  to α-IT.  These  features  provide  N7IT-
based PSCs higher Voc, Jsc, and PCE (13.8%) than α-IT.  In addi-
tion,  by  combining  electron-rich  N  and  molecular  conforma-
tional features, the molecule for N8IT and N7IT comparable di-
pole moment of 12 and 5 Debye. The high dipole moment of
N8IT is the root cause of excessive crystallization and poor mor-
phology of N8IT molecule. The device based on N8IT has relat-
ively  low Jsc,  FF,  and  PCE  (11.92%).  To  fully  explore  the  influ-
ence of molecular conformation on molecular packing and ag-
gregation characteristics, Yang et al. designed molecules with
different numbers of thiophene extension rings and used S∙O
interactions to fine-tune the molecular conformation[53].

In  contrast  to  C-type  IPTT-2F,  S-type  IPT-2F  and  IPTTT-2F
(Fig. 6) mixed membranes have fewer traps to avoid recombin-
ation,  conducive  to  proper  phase  separation  and  formation
of  better  active  layer  morphology.  When  using  PBDB-T  as  a
polymer  donor,  the  PCEs  of  PSCs  based  on  IPT-2F  and  IPTTT-
2F  were  14%  and  12.3%,  respectively,  which  were  higher
than  those  of  PSCs  based  on  C-type  molecule  IPTT-2F.  Later,
Yang et al. designed and synthesized four molecules with dif-
ferent  aggregation  characteristics  IPT-4F,  IPT-4Cl,  IPTBO-4F,
and  IPTBO-4Cl  (Fig.  6)  by  introducing  different  N-alkyl  chains
and  terminal  groups[54].  The  inherent  characteristics  of  larger
Cl  atoms  and  longer  C–Cl  bonds  significantly  extend  the
main chain's  stacking area,  thereby enhancing molecules'  ag-
gregation. In contrast, the larger BO chain exerts a more signi-
ficant  spatial  shielding  effect  on  the  main  chain's  accumula-
tion. Both IPT-4F and IPTBO-4Cl showed outstanding perform-
ance  when  blended  with  PM6.  It  is  worth  noting  that  the
PCEmax of  PM6:IPTBO-4Cl-based PSCs is  15%,  which is  slightly
higher than that of 14.96% of PM6:IPT-4F-based PSCs. Consider-
ing  the  2-ethylhexyl  branch's  significance,  Ma et  al.  and  Li et
al. introduced the 2-ethylhexyl branch on the N atom while us-
ing  different  terminal  electron-withdrawing  groups  to  care-
fully adjust the energy level, absorption, crystallinity, and mis-
cibility  of  molecules[55, 56].  Electron-withdrawing  ability  of
TPIC,  TPIC-4Cl,  TPIC-4F,  and  TPIC-2Cl  (Fig.  6)  gradually  in-
creased when the  atom type was  introduced by  the  terminal
group  from  1  H  to  4  Cl  to  4  F,  leading  to  a  gradual  decrease
in  LUMO  energy  level  and Voc.  In  the  thin-film  state,  due  to
the relatively high ICT intensity and the unique atomic proper-
ties of Cl, the absorption of TPIC-4Cl has a significant redshift,
and  the  maximum  absorption  peak  is  at  804  nm.  Moreover,
when  blended  with  PM6,  PM6:TPIC-4Cl-based  film  maintains
the  most  comprehensive  absorption  range  and  the  narrow-
est  bandgap.  Besides,  the  most  suitable  miscibility  and  the
most favorable morphology resulted in balanced charge trans-
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port, favorable phase separation, and effective exciton dissoci-
ation  and  extraction,  so  that  the  device  based  on  PM6:TPIC-
4Cl obtained the highest PCE of 15.31%.

After introducing the N atom, Cao et al.  combined selen-
ophene  and  DTP  building  blocks  to  prepare  an  asymmetric
heptacyclic  electron-donating  core  DTPPSe[57].  Compared  to
thiophene,  selenophene  has  lower  aromaticity,  improved
planarity, increased conjugation length, and lower Eg

opt. Mean-
while, selenide has a larger size and higher polarizability com-
pared to  sulfur.  Therefore,  selenene can induce the tendency
of  intermolecular  Se–Se  (chalcogen  interaction)  or  selenium-
aromatic  interaction  in  the  corresponding  selenium-based
NF-SMA. To systematically study the effect of fluorine-contain-
ing terminal  groups  on the photoelectric  properties  of  selen-
ophene-containing  A-NF-SMAs,  Cao et  al.  synthesized  three
new  types  of  acceptors  (DTPPSe-IC,  DTPPSe-2F,  and  DTPPSe-
4F)  with  IC  unit,  monofluorinated  IC  unit,  or  double  fluorin-
ated  IC  unit  as  showed  in Fig.  6.  With  the  increasing  fluorine
atoms, the Eg

opt of the three types of A-NF-SMAs gradually nar-
rowed,  LUMOs and HOMOs levels  decreased,  and the  ultravi-
olet-visible  absorption  red  shifted.  These  changes  can  pro-
mote the role of ICT and help to obtain better device perform-
ance.  Simultaneously,  great  nano-fibrous  and ordered phase-
separated  morphology  are  also  conducive  to  charge  trans-
port  and  exciton  dissociation.  Therefore,  the  optimized
devices  for  PBDB-T:DTPPSe-2F,  PBDB-T:DTPPSe-IC  and  PBDB-
T:DTPPSe-4F  blends  yield  comparable  PCEs  of  13.76%,  9.88%
and  12.03%.  The  PCE  of  the  device  based  on  PDBBT:DTPPSe-

2F blend film is  one of  the highest  values  among A-NF-SMAs
containing selenium in the literature.

Guo et  al.  and  Luo et  al.  synthesized  S-type  seven-ring
IDTP-4F and C-type eight-ring IDTTP-4F based on DTP and real-
ized  the  adjustment  of  molecular  conformation  by  changing
the  number  of  thiophenes  on  the  right  side  (Fig.  6).  IDTP-4F
and IDTTP-4F both have good planar  backbone conducive to
intermolecular  π–π  packing[58, 59].  Both  IDTP-4F  and  IDTTP-4F
exhibit  redshift  absorption from solution to film,  which indic-
ates strong intermolecular interactions in the solid state. Com-
pared  with  IDTP-4F,  IDTTP-4F  exhibits  slight  redshift  absorp-
tion and a more pronounced shoulder peak. Three highly effi-
cient  polymer  donors  and  two  NF-SMAs  IDTP-4F  and  IDTTP-
4F are blended one-to-one to fabricate devices. The device per-
formance  test  results  show  that  the  performance  of  the  S-
type  IDTP-4F  device  is  significantly  better  than  that  of  the  C-
type  IDTTP-4F  device.  The  PCE  based  on  PM7:IDTP-4F  device
reached  15.2%,  a  remarkable  achievement  among  all  binary
systems.  Zhang et  al.  designed  a  series  of  IPT-based  A-NF-
SMAs  IN-4F,  INO-4F,  IPT-4F  and  IPCl-4F  (Fig.  6)  by  adopting  a
corresponding side-chain of 2-ethylhexyl, 2-ethylhexyloxy, hy-
drogen  or  chloro  onto  thieno[2'',3'':5',6']-s-indaceno[2',1':
4,5]dithieno[3,2-b:2’,3’-d]pyrrole  (IPT)  core.  The  charge  dens-
ity modulation of the IPT core was to systematically study its in-
fluence  on  the  electronic  structure,  molecular  stacking  and
photovoltaic  performance  of  A-NF-SMAs[60].  According  to  the
order  of  2-ethylhexyloxy,  2-ethylhexyl,  hydrogen,  and  chlor-
ine, the electric traction ability of these four molecules gradu-

 

 

Fig. 6. Chemical structures of A–D–A asymmetric non-fullerene acceptors with nitrogen.
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ally  increases.  The Eg
opt gradually  shrinks  and  the  LUMO  en-

ergy  level  is  reduced,  making Jsc and Voc achieve  a  good bal-
ance.  When  they  were  paired  with  polymer  donor  PM6,  IPT-
4F-based  devices  showed  a  high  PCE  of  14.62%.  Compared
with IPT-4F, PCEs of devices with INO-4F, IN-4F, or IPCl-4F as ac-
ceptors all decrease to different degrees.

Cao et  al.  introduced  two-dimensional  (2D)  conjugated
side  chains  into  IPT  core.  They  developed  a  2D  conjugated
fused  ring  core  semiconductor  IPT2F-TCl  (Fig.  6)  as  an  elec-
tron  acceptor  for  high-efficiency  PSCs.  The  extended  conjug-
ate  length  in  the  ring  core  can  optimize  device
performance[21].  IPT2F-TCl  has  a  lower  HOMO  energy  level  of
–5.59  eV  and  a  wider  absorption  range,  which  leads  to  the
asymmetric  molecule  IPT2F-TCl  with  a  high  PCE  value  of
13.74%. The 2D conjugated fused ring core asymmetric accept-
or  is  expected  to  enhance  interaction  between  molecules
through  a  larger  dipole  moment  so  that  PSCs  have  a  higher
FF and PCE.

In addition to changing the number of thiophene and in-
troducing  nitrogen  and  selenium  atoms,  the  asymmetric
design of  the molecules  can also be achieved by flipping the
configuration  for  A–D–A-based  non-fullerene  acceptors.  Luo
et al. developed a novel NF-SMA ITCNTC (Fig. 7) with an asym-
metric  core  by  adjusting  the  configuration  of  thiophene[61].
Compared with the symmetrical molecule ITCPTC, the absorp-
tion  spectrum  of  ITCNTC  is  blue-shifted,  and  the  LUMO  en-
ergy  level  rises.  J71:ITCNTC-based  devices  have  a  PCEmax

value of  8.52%,  which is  much lower than the 11.63% PCEmax

value  of  J71:ITCPTC-based  devices.  The  blue  absorption  shift
and  poor  morphology  of  ITCNTC  resulted  in  a  sharp  drop  in
both Jsc and  FF,  which  led  to  a  rapid  decrease  in  PCE,  al-
though Voc increased to some extent due to the rising LUMO
level.  This discovery confirmed that changing the direction of
thiophene units to design asymmetric structures may not suc-
ceed sometimes.

Jiao et  al.  designed and synthesized an A–D–A typed ac-
ceptor CC10 with asymmetric donor units by introducing alkyl-
benzene units into CC5 (Fig. 7)[62]. The ground state dipole mo-
ments of  CC5 and CC10 are 2.48 and 2.52 Debye,  the excited
state  dipole  moments  of  CC5  and  CC10  are  2.37  and  6.80
Debye, the change in the dipole moment from the ground to
the excited state for CC5 and CC10 is 0.11 and 7.97 Debye, re-
spectively. The ground state dipole moment of the asymmet-
ric  molecule CC10 is  slightly  larger  than that  of  CC5,  which is
conducive to enhancing the intermolecular interaction and in-
tramolecular charge transfer characteristics. The stacking geo-
metric  configurations  of  CC5  dimer  and  CC10  dimer  are
shown  in Fig.  8(b).  CC5  dimer  only  exhibits  one  stacking
form, while asymmetric CC10 dimer has three stacking forms.
In addition, compared with the CC5 dimer, the CC10 dimer ex-
hibits stronger intermolecular binding energy and stable geo-
metric  configuration,  indicating  that  CC10  exhibits  stronger
π–π stacking and higher electron mobility in density function-
al theory (DFT). In contrast to symmetric molecule CC5, asym-
metric molecule CC10 achieves better π–π stacking with a sim-
ilar  absorption  range  and  energy  level.  Therefore,  the  PCE  of
CC10-based  PSCs  is  as  high  as  11.78%,  which  is  higher  than
that  of  CC5-based  devices  (6.91%).  Wei  Hu  et  al.  synthesized
N65-IC  and  N65-2FIC  based  on  the  naphthalene  dithiophene
core (Fig. 7). N65-2FIC composed of fused eight rings[63]. Com-

pared with the S-NF-SMAs N66-IC and N66-2FIC with two six-
ring  bridges,  their  asymmetric  constitutional  isomers  N65-IC
and  N65-2FIC  with  one  six-ring  bridge  and  one  five-ring
bridge both possessed red-shift  absorption,  better  π–π stack-
ing,  and  higher  crystallinity.  The  LUMO  energy  levels  of  N66-
IC  and  N65IC  are  –3.85  and  –3.89  eV,  respectively.  The
LUMO  energy  levels  of  N66-2FIC  and  N65-2FIC  are  –4.00  and
–4.03  eV,  respectively.  The  significant  reduction  of  LUMO  en-
ergy levels  results  in a  narrow bandgap.  PBDB-T-2F:N65-2FIC-
based  devices  have  a  PCEmax value  of  10.19%,  which  is  three
times  higher  than  the  PCEmax value  of  PBDB-T-2F:N66-2FIC-
based  devices  (3.46%).  PBDB-T:N65-IC-based  devices  have  a
PCEmax value of 9.03%, which is higher than the 5.45% PCEmax

value of PBDB-T:N66-IC-based devices.
Among  various  core  transformation  engineering  meth-

ods for designing asymmetric core units based on symmetric-
al analogs, the simplest method is to construct structural asym-
metry  by  cutting  off  the  side  chains  of  the  symmetric  core.
Many  studies  have  been  conducted  on  acceptors  (ITOTC,
ITUTC, ITUIC, IEPC, IOPC, IETC, IOTC, PhITBD, MeITBD, ITDI and
CDTDI)  that  match  to  donor  PBDB-T,  and  acceptors  (PhITBD,
TIDT-BT-R2, TIDT-BT-R6, ITBR, ITBRC and ITBC) match to donor
PTB7-Th  (Fig.  7).  Zhang et  al.  synthesized  three  A–D–A  type
A-NF-SMAs  (ITOTC,  ITUTC  and  ITUIC)[64].  There  are  only  two
side chains in the indenothiophene unit of ITUIC, limiting the
solubility  and  crystallinity  of  the  corresponding  NF-SMAs,
which  lead  to  poor  miscibility  with  PBDB-T.  According  to  the
absorption onsets  of  the acceptors  in  thin films,  optical  band
gaps of ITOTC, ITUTC and ITUIC are calculated to be 1.61, 1.60
and  1.64  eV,  respectively.  Under  the  condition  that  the  poly-
mer  donor  is  PBDB-T,  compared  with  the  symmetric  mo-
lecule  ITIC,  the  asymmetric  molecule  ITUIC  has  less  absorp-
tion  complementarity  with  the  donor,  so  the  band  gap
between  ITUIC  and  the  donor  is  wider.  Therefore,  under  the
same  device  fabricating  conditions,  ITUIC-based  devices
show worse device performance than ITIC-based devices. The
optimized  devices  for  PBDB-T:ITUIC  and  PBDB-T:ITIC  blends
yield  comparable  PCEs  of  6.45%  and  8.66%[65].  Similar  to
ITUIC,  the  ITUTC-based  PSCs  (7.68%)  and  the  ITUTC-based
PSCs  (8.35%)  all  showed  reduced  PCEs  than  that  of  symmet-
ric ITCPTC-based PSCs (11.92%)[95].  By shearing the side chain
of  the  central  core  of  the  symmetrical  IEIC  molecule,  Kang et
al.  synthesized  four  different  A-NF-SMAs  (IOTC,  IETC,  IOPC,
and IEPC) to investigate the effect of different terminal accept-
or  units  on  photovoltaic  properties[66, 67].  Compared  with  the
IOPC and IEPC, IOTC and IETC both exhibit remarkable red-shif-
ted absorption,  smaller Eg

opt,  higher hole and electron mobil-
ity,  which is consistent with that the enhanced electron-with-
drawing  ability  from  IC  to  2-(6-oxo-5,6-dihydro-4H-cyclo-
penta[c]thiophen-4-ylidene)malononitrile (TC). Hence, with PB-
DB-T  as  the  donor,  the  best  performance  binary  devices
based  on  IOTC  and  IETC  exhibited  PCEs  of  7.94%  and  7.40%,
which  are  higher  than  that  of  binary  devices  based  on  IOPC
and  IEPC  (4.86%  and  5.26%).  Kim et  al.  designed  a  new  type
of  A-NF-SMAs  (PhITBD)  with  an  indole  thiophene  nucleus[69].
The  twist  angle  between  the  linearly  connected  thiophene
and  the  end  group  of  PhITBD  is  22°,  which  is  shown  in Fig.
8(c).  It was found that the asymmetric molecule PhITBD has a
twisted  structure,  while  the  symmetrical  molecule  IDT-2BM
has a trapezoidal shape structure. As shown in Fig. 8(b), the cal-
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culated LUMO energy levels of IDT-2BM and PhITBD are –3.65
and –3.69 eV,  and the calculated HOMO energy levels  of  IDT-
2BM  and  PhITBD  are  –5.56  and  –5.74  eV,  respectively.  The
asymmetric molecule PhITBD has a lower HOMO energy level
and  a  larger  calculated  band  gap  energy  than  IDT-2BM.  The
asymmetric  structure  of  PhITBD  enhances  internal  morpho-
logy  and  the  effective  regulation  of  energy  levels.  Compared
with symmetrical molecule IDT-2BM, the film formed by blend-
ing  PhITBD  and  donor  PTB7-Th  has  higher  molar  absorption,
more  balanced  charge  transport  and  well-defined  nano-
phase separation. Due to effective morphology control and ab-
sorption enhancement, PTB7-Th:PhITBD-based devices have a
PCEmax value of  6.57%, which is  higher than the PCEmax value
of  PTB7-Th:IDT-2BM-based devices (3.97%).  It  reveals  that  the

molecular  cutting  strategy  has  a  specific  practical  meaning
for  the  design  of  asymmetric  cores.  Jeong et  al.  synthesized
the asymmetric molecule MeITBD by introducing a methyl sub-
stituent  at  the  7-position  of  indenothiophene  into  the  mo-
lecule  PhITBD[97].  The  methyl  substitution  makes  MeITBD
have  a  more  twisted  structure  than  PhITBD,  which  reduces
the  self-association  capability  of  whole  molecules,  resulting
in better  miscibility  between MeITBD and PBDB-T,  thus form-
ing  a  smoother  surface  morphology.  PBDB-T:Me-ITBD-based
devices  have  a  PCEmax value  of  5.75%,  which  is  higher  than
the  1.78%  PCEmax value  of  PBDB-T:Ph-ITBD-based  devices.
This  is  attributed  to  the  side-group  engineering  by  placing  a
methyl  group  on  the  bay  side  of  PhITBD,  forming  an  accept-
able form that is conducive to the performance of PSCs.

 

 

Fig. 7. Chemical structures of other asymmetric non-fullerene acceptors based on the A–D–A structure and the molecules that are associated.
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The  molecules  (TIDT-BT-R2  and  TIDT-BT-R6)  with  the
same  molecular  core  and  different  terminal  groups  to  PhIT-
BD were reported by Bai et  al.[68].  TIDT-BT-R2 and TIDT-BT-R6,
as  compared  to  the  symmetrical  molecules  (IDT-BT-R  and
IDT-BT-R-CN),  both  have  a  reduced  fused-ring  central  core
thiophene-indenothiophene  (TIDT)[68, 70, 71].  Although  the
large side chains of  the sp3 hybridization of  central  core TIDT
are reduced, TIDT-BT-R2 and TIDT-BT-R6 (Fig. 7) can still main-
tain close molecular packing. On one hand, this TIDT core can
obtain  a  higher  molar  extinction  coefficient,  more  substan-
tial  thermal  stability,  and  better-regulated  energy  levels  than
the fully fused-ring central core IDT. On the other hand, TIDT-

BT-R2  has  good  crystallinity  and  high  carrier  mobility  due  to
the short-chain length of the substituents of terminal groups.
Therefore,  PTB7-Th:TIDT-BT-R2-based  devices  have  a  PCEmax

value  of  8.7%,  which  is  higher  than  that  of  PTB7-Th:IDT-BT-
R2-based  devices  (8.3%).  However,  the  longer  the  chain
length of the substituents, the weaker the effect of the asym-
metric  core  in  reducing  molecular  self-association.  Therefore,
the molecular self-association ability of TIDT-BT-R6 is stronger
than  that  of  TIDT-BT-R2.  The  optimized  devices  for  PTB7-
Th:TIDT-BT-R6 and PTB7-Th:IDT-BT-R-CN blends yield compar-
able PCEs of 5.6% and 5.7%. The above results indicate that re-
ducing  the  fusion  of  core  units  is  an  effective  strategy  to

 

 

Fig. 8. (a) Chemical structure of CC5 and CC10. (b) Optimized geometries and the corresponding intermolecular binding energies by DFT calcula-
tions  of  CC5 and CC10 dimers.  Reproduced with  the permission of  Ref.  [62].  (c)  The molecular  structures,  (d)  DFT calculated geometries  (side
view), and the HOMO/LUMO (top view) structures of IDT-2BM and PhITBD. Reproduced with the permission of Ref. [69].
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achieve high-performance functions. The PCEs of other asym-
metric  core  molecules  (ITBC  4.26%,  ITBRC  6.27%,  ITBR  7.49%,
ITDI 8.0% and CDTDI 2.75%) were reported earlier  by Tang et
al.  and  Kang et  al.[29, 72].  The  bandgaps  and  energy  levels  of
these  A-NF-SMAs  (ITBC,  ITBRC,  ITBR,  ITDI  and  CDTDI)  can  be
easily  adjusted  by  changing  terminal  groups'  electron-with-
drawing  ability.  Besides,  the  highest  PCE  of  these  acceptors-
based  PSCs  can  achieve  up  to  8%,  indicating  that  small  mo-
lecules with asymmetric indenothiophene as the core can be-
come a new type of non-fullerene acceptor for PSCs.

3.2.  A-NF-SMAs with asymmetric terminal groups

Different  terminal  groups  can  induce  the  permanent  di-
pole moment of A–D–A typed A-NF-SMAs molecules to regu-
late intermolecular interactions, leading to a more diverse ag-
gregation tendency of  the molecules affecting the π–π stack-
ing,  crystallization  characteristics,  and  final  photovoltaic  per-
formance[73].  Simultaneously,  combining two-terminal groups
with  different  polarities  in  a  single  molecule  can  fine-tune
the  absorption  and  energy  level,  making  the  asymmetric
A1–D–A2 strategy for energy level tuning possible[74, 75].

ITIC is a typical NF-SMA with the advantages of easy syn-
thesis,  strong  absorption  in  the  visible  light  region,  ad-
justable  energy  level  and  good  stability.  Adjusting  terminal
group  substituents  is  a  recent  research  hotspot  in  asymmet-
ric  terminal  group  strategy.  Lai et  al.,  Aldrich et  al.,  Li et  al.,
and Gao et al. used ITIC as the main body and changed the ter-
minal  substituents  (chlorine,  fluorine,  hydrogen,  and  meth-
oxy) to synthesize four different asymmetric molecules α-ITIC-
2Cl,  ITIC-2F  (its  structure  is  the  same  as  a-IT-2F),  ITIC-3F  (its
structure is the same as IT-3F), and a-IT-2OM (Fig. 9)[76–79]. The
position  of  the  chlorine  substitution  of  the  asymmetric  mo-
lecule α-ITIC-2Cl was changed, and a completely different crys-
tal structure of the symmetric molecule ITIC-2Cl-β (Fig. 9) was
constructed.  Compared  with  the  linear  stacking  structure  of
the symmetric molecule ITIC-2Cl-β, the three-dimensional inter-
penetrating network structure of the asymmetric molecule α-
ITIC-2Cl  changes  the  stacking  method  of  molecules,  en-
hances  the  interaction  between  molecules,  and  shortens  the
π–π  stacking  distance.  The  molecules  ITIC-2Cl-β and α-ITIC-

2Cl  showed comparable  electron mobilities  of  1.1  ×  10–4 and
2.9  ×  10–4 cm2/(V∙s)  hole  mobilities  of  2.4  ×  10–4 vs.  4.2  ×
10–4 cm2/(V∙s),  with  hole/electron  mobility  ratios  of  1.4  and
2.2,  respectively.  Higher  electron  mobilities,  hole  mobilities,
and balanced mobility ratios indicate faster charge transfer in
the α-ITIC-2Cl  based  devices[76].  Higher  charge  mobility  can
be  realized  in  the α-ITIC-2Cl  compared  with  ITIC-2Cl-β,  lead-
ing to a  higher Jsc in  the PSCs.  Finally,  a  high PCE of  12.2% is
obtained by α-ITIC-2Cl,  which is 10% higher than that of ITIC-
2Cl-β.  Asymmetric  chlorine  substitution  is  beneficial  to  in-
crease  charge  mobility,  thereby  promoting  device  efficiency.
Asymmetric chlorine substitution improves the stacking meth-
od between molecules, which helps increase the charge mobil-
ity,  thereby promoting the increase of the PCEs of PSCs.  Both
ITIC-2F  and  ITIC-3F  (Fig.  9)  are  A-NF-SMAs  with  one  fluorin-
ated terminal group and one non-fluorinated terminal group.
Compared  with  molecules  with  symmetrical  A–D–A  struc-
tures,  ITIC-2F  and  ITIC-3F  increase  molecular  order  and  elec-
tron  transport  in  informative  ways.  With  PBDB-TF  (its  struc-
ture  is  the  same  as  PM6)  as  the  donor,  the  performance  bin-
ary  devices  based  on  ITIC-2F  and  ITIC-3F  exhibited  PCEs  of
10.38% and 11.44%, respectively[77].  a-IT-2F,  which is  synthes-
ized by Li et al.,  has the same molecular structure as the ITIC-
2F  (Fig.  9)  synthesized  by  Aldrich et  al.[77, 78].  The  ITIC-3F  has
the same molecular structure as the IT-3F (Fig.  9)  synthesized
by  Gao et  al.[77, 79].  When  PBDB-T  or  PBDB-TF  (its  structure  is
the same as PM6) was used as the donor, the performance of
binary devices based on a-IT-2F (its structure is the same as IT-
IC-2F)  and  IT-3F  (its  structure  is  the  same  as  ITIC-3F)  exhib-
ited  PCEs  of  10.28%  and  13.83%,  respectively[78, 79].  a-IT-2OM
has  methoxy  substitutions  different  from  the  F  substitutions
of  a-IT-2F  (Fig.  9).  The  methoxy  group  causes  a  stronger  ter-
minal  dipole  moment,  effectively  regulating  the  molecular
binding  energy,  crystalline  properties,  and  microscopic mor-
phology  of  the  blended  films,  promoting  close  molecular
packing  and  effective  charge  transfer.  The  improved  charge
transfer  characteristics  support  the  improved  device  per-
formance  of  a-IT-2OM  (PCEmax =  12.07%,  FF  =  71.52%, Jsc =
18.11 mA/cm2, Voc = 0.93 V), which are better than those of a-

 

 

Fig. 9. The chemical structures of asymmetric non-fullerene acceptors are based on asymmetric terminal groups and their molecules.
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IT-2F (PCEmax = 10.28%, FF = 68.84 %, Jsc = 0.78 mA/cm2, Voc =
0.78 V).

Ye et  al.  synthesized an A-NF-SMA,  named IDTT-2F-Th[80].
Lai et  al. synthesized  three  chlorine-substituted  asymmetric
non-fullerene acceptors,  named ITIC-Cl-δ-Th, ITIC-Cl-γ-Th, and
ITIC-2Cl−Th (Fig. 9)[81].  One terminal group of this kind of mo-
lecule is  the fluorinated or chlorinated IC group, and the oth-
er  is  the  2-(6-oxo-5,6-dihydro-4H-cyclopenta[c]thiophen-4-
ylidene)malononitrile  (TIC)  group[80, 81].  Since  IDTT-2F-Th  has
two  different  terminal  groups,  the  ultraviolet-visible  maxim-
um absorption wavelength (731 nm) of  the film of  the asym-
metric  molecule  IDTT-2F-Th  is  red-shifted  a  bit  compared
with that  of  the symmetric  molecule ITCPTC (725 nm).  Simul-
taneously,  the  IDTT-Th HOMO energy level  of  2F-Th is  higher
than that of ITCPTC, and the bandgap (1.69 eV) of IDTT-2F-Th
energy  level  is  smaller  than  that  of  ITCPTC  (1.74  eV).  Al-
though the asymmetry structure caused by two different  ter-
minal  groups  leads  to  a  slight  decrease  in  the  order  of  IDTT-
2F-Th  molecular  stacking,  the  carrier  mobility  of  IDTT-2F-
Th:PBT1-C-2Cl  mixture  can  still  reach  53%  the  above.  Ulti-
mately,  the PBT1-C-2Cl:IDTT-2F-Th device can obtain a PCE of
12.01%,  higher  than  the  10.9%  of  the  PBT1-C-2Cl:ITCPTC
device.  Among  the  three  molecules  of  ITIC-2Cl-Th,  ITIC-Cl-γ-
Th  and  ITIC-Cl-δ-Th,  ITIC-2Cl-Th  has  the  largest  number  of
chlorine  atoms,  the  lowest  LUMO,  and the  lowest Voc,  which
is the reason for hindering the improvement of PCE. Compar-
ing to the two chlorines ITIC-2Cl-Th and single chlorine at the
δ-position  of  ITIC-Cl-δ-Th,  the  single  chlorine  at  the γ-posi-
tion of the ITIC-Cl-γ-Th terminal group can lead to the best mo-
lecule  flatness  and  the  lowest  dimer  energy,  which  is  condu-
cive  to  the  charge  transfer  between  molecules.  Simultan-
eously,  the  monochlorination  of γ-position  helps  to  improve
the  mobility  of  electrons  and  holes.  Simultaneously,  the  in-
verse structure device PBDB-TF:ITIC-Cl-γ-Th achieves the most
effective exciton dissociation and the weakest bimolecular re-
combination  so  that  the  ITIC-Cl-γ-Th-based  best  device  ob-
tains an excellent PCE of 12.25%.

With  dithienocy-clopentaindenoindene  (ZIT)  as  the  core,
Zhang et al.,  through one-pot Knoevenagel reaction, synthes-
ized  ZITI-m,  a  mixture  of  A-NF-SMA  ZITI-3F  and  S-NF-SMA
ZITI-4F  (Fig.  9)[82].  Compared  with  ZITI-3F  and  ZITI-4F,  the
one-pot  synthesis  of  mixed  material  ZITI-m  is  easier.  In  the
film, ZITI-m shows a higher molar extinction coefficient and a
more  red-shifted  ultraviolet-visible  absorption  than  ZITI-3F
and  ZITI-4F,  resulting  in  ZITI-m  forming  the  narrowest Eg

opt

(1.48  eV).  Using  J71  as  the  donor,  the  optimized  devices  of
J71:ZITI-3F and J71:ZITI-4F produced 12.97% and 13.02% effi-
ciencies.  In  contrast,  J71:ZITI-m-based  PSC  shows  a  very  high
PCE  of  13.65%,  which  shows  that  compositing  asymmetric
molecular  with  symmetric  molecular  has  great  potential  in
developing PSCs.  Duan et  al.  combined two different  termin-
al  groups,  rhodanine-flanked  benzo[c][1,2,5]thiadiazole  (BR)
and  2-(5,6-difluoro-3-oxo-2),3-dihydro-1H-inden-1-ylidene)
malononitrile  (IM2F),  connected  to  IDT  core,  constructing  a
new A-NF-SMA IDTBF (Fig. 9)[83]. The device's hole/electron mo-
bility ratio (1.19) based on polymer donor PM6 and asymmet-
ric molecule IDTBF is close to 1, ensuring effective charge trans-
fer and collection. PM6:IDTBF devices show a satisfactory pho-
tocurrent  response  in  the  350  to  750  nm  range,  and  devices
based on polymer donor PM6 and IDTBF show promising PCE
of  10.43%.  Zhao et  al.  designed  and  synthesized  two

fullerene/non-fullerene  hybrids  as  small  molecule  acceptors
A1  and  A2  (Fig.  9)  for  PSCs[84].  These  two  hybrids  introduce
fused-ring  IDT  and  IDTT  as  the  core,  respectively,  and  con-
nect  to  the  linear  conjugate  unit  of  C60,  aiming  to  combine
the  photoelectric  properties  of  PCBM  and  ITIC.  A1  and  A2
show UV–Vis absorption in 300–500 and 500–800 nm, respect-
ively.  The absorption in the high-energy region can be attrib-
uted to fullerenes,  while the absorption in the low-energy re-
gion  comes  from  intramolecular  interaction  between  the  in-
ner  core  and  IDM.  Acceptor  A2  combines  the  characteristics
of  PCBM  and  ITIC.  This  combination  increased  the  PCE  to
4.52% when the device's Voc (J71 as donor) is close to 1.0 V.

These  great  performances  of  PSCs  based  on  molecules
with  asymmetric  terminal  groups  reveal  that  it  is  meaningful
to  adjust  the  molecular  polarity  and  stack  morphology
through asymmetric modification of the terminal groups.

3.3.  A-NF-SMAs with asymmetric side chains

Side-chain  engineering  is  crucial  for  device  performance,
which can alter crystallinity, miscibility, and intermolecular in-
teractions.  A suitable side chain can endow the acceptor mo-
lecules with good solubility so that the blended film has an ap-
propriate  nanoscale  phase  separation.  It  can  also  prevent
small  molecules  from  forming  hydrogen  aggregates  and  in-
crease the charge transport rate.

Alkyl and alkaryl groups are generally used as side chains
of  A-NF-SMAs.  Compared to  acceptors  with  alkyl  aryl  groups,
alkyl-substituted acceptor molecules have a shorter π–π stack-
ing  distance  than  alkyl  aryl  groups.  Feng et  al.  synthesized
two  A-NF-SMAs  IDT-OB  and  IDTT-OB  (Fig.  10)  through  side-
chain  engineering[85, 86].  The  introduction  of  asymmetric  side
chains in the asymmetric molecule IDT-OB increases the solu-
bility of the acceptor molecule and forms stereoisomers, effect-
ively  reducing  the  crystallinity.  Compared  with  symmetrical
molecules  IDT-2O  and  IDT-2B,  IDT-OB  (Fig.  10)  obtains  a
closer  packing  between  molecules  in  a  dislocation  manner
and forms a better phase separation when mixed with PBDB-
T. As expected, the IDT-OB-based PSCs (10.12%) showed high-
er  PCE  than  those  of  IDT-2O-based  PSCs  (9.68%)  and  IDT-2B-
based PSCs (6.42%). When the central core of the IDT-OB mo-
lecule  extended  from  the  five-heterocyclic  IDT  core  to  the
seven-heterocyclic  indacenodithieno[3,2-b]thiophene  (IDTT)
core, while the side chain remains unchanged, a new asymmet-
ric molecule IDTT-OB was synthesized. The extended conjuga-
tion  length  makes  IDTT-OB  have  wider  UV–Vis  absorption
and higher HOMO energy level than IDT-OB. Therefore, when
mixed  with  PBDB-T,  the  blended  film  shows  strong  molecu-
lar  packing  and  high  crystallization  behavior,  with  strong
plane  orientation.  The  optimized  devices  for  PBDB-T:IDTT-OB
and PBDB-T:IDTT-OB blends yield comparable PCEs of 11.19%
and 10.12%.

Lee et  al.  synthesized  A-D-A-type  side-chain  asymmetric
small molecules p-IO1 and o-IO1 (Fig. 10)[87]. By introducing al-
koxy  groups  to  form  asymmetry  to  manipulate  photoelec-
tron properties and intermolecular organization, o-IO1 and p-
IO1  acceptors  obtained  better  photovoltaic  performance
than  the  symmetrical  molecules  o-IO2  and  p-IO2.  Simultan-
eously,  the  two  A-NF-SMAs  (o-IO1  and  p-IO1)  and  donor
PTB7-Th formed a suitable bandgap and favorable PSC photo-
active  layer  morphology.  Hence,  PTB7-Th:o-IO1-based  PSCs
(26.3  mA/cm2)  and  PTB7-Th:p-IO1-based  PSCs  (22.3  mA/cm2)
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all  have  high Jsc and  low  energy  loss  of  about  0.54  eV.  The
PSCs  based  on  PTB7-Th:o-IO1  and  PTB7-Th:p-IO1  showed
PCEs  (13.1%  and  10.8%)  higher  than  those  of  PSCs  based  on
PTB7-Th:o-IO2 and PTB7-Th:p-IO2 (10.8% and 9.30%).

Chen et al.  designed an A-NF-SMA TOBDT (Fig. 10) based
on  the  benzo[1,2-b:4,5-b']dithiophene  (BDT)  fused  central
core with asymmetrical  alkoxy and thienyl side chains[88].  The
molecular  dipole  moment  generated  by  the  asymmetric  side
chain  and  the  S–S  interaction  of  the  thienyl  unit  all  leads  to
the  enhancement  of  the  intermolecular  interaction.  The  al-
koxy group's electron-donating property can help narrow the
bandgap  by  improving  the  HOMO.  Moreover,  the  other  side
chain  can  be  used  to  precisely  adjust  the  energy  levels.  As  a
result,  TOBDT  shows  a  low  optical  band  gap  of  1.41  eV  and
a  suitable  energy  level,  matching  the  donor  PM6  well.  The
best  binary PSCs based on PM6:TOBDT showed PCE of  11.3%
(Jsc = 18.7 mA/cm2, Voc = 0.89 V, FF = 0.68).

It  can  be  seen  that  the  introduction  of  asymmetric  side
chains  can  increase  the  solubility  of  acceptor  molecules,
make  the  acceptor  molecules  densely  packed  in  a  disloca-
tion  manner,  and  form  good  phase  separation  and  good
device performance.

Table 1 covers the performance parameters of the accept-
or–donor–acceptor (A–D–A) typed A-NF-PSCs.

4.  Asymmetric non-fullerene acceptors based on
A–D–A–D–A structures

A  molecule  with  an  A–D–A–D–A  structure  as  the  main
body  has  two  donor  units  and  three  acceptor  units,  which
will cause this type of molecule to have a wider ultraviolet-vis-
ible  absorption  range  than  the  A–D–A  type  structure.
A–D–A–D–A type molecule has more donor units and accept-
or  units  than  the  A–D–A  type  molecule,  which  can  provide
more frontier  molecular  orbitals  to receive electrons from ex-
cited donors[89].  Moreover,  as  the most popular  non-fullerene
acceptor molecule at present, Y6 has a broad application pro-
spect.  Therefore,  the  following  content  (1)  summarizes  a
series of  adjustments and designs of  Y6 by scientific  research
scholars  so  far;  (2)  discusses  the  advantages  of  asymmetric
small  molecules  in  terms  of  charge  transfer,  molecular  en-
ergy levels, and active layer accumulation morphology; (3) re-
cords  the  device  performance  parameters  of  subsequent  op-
timization-related devices.

4.1.  A-NF-SMAs with asymmetric cores

Imitating  the  design  idea  of  A–D–A  molecules,  Cai et  al.
designed and synthesized two new Y-series non-fullerene ac-
ceptors  Y21  and  Y22  (Fig.  11),  with  asymmetric  cores  and
used  them  in  the  study  of  PSCs[93, 94].  Both  acceptors  have
good solubility,  strong UV–Vis  absorption,  and good molecu-
lar  stacking.  Due to the nanofilament morphology of  the act-
ive  layer  after  mild  thermal  annealing,  PM6:Y21/Y22-based
devices'  PCEmax with inverted structure is  up to 15.4%, with a
Jsc over  24  mA/cm2.  Two  new  A1–D–A2–D–A1  typed  Y-series
A-NF-SMAs  (c-type  BDTP-4F  and  s-type  BTDTP-4F),  and  two
new  A–D–A  typed  A-NF-SMAs  (c-type  IDTTP-4F  and  s-type
IDTP-4F),  were  designed  and  synthesized  by  Luo et  al.  (Fig.
11)[59].  The  PCE  of  BDTP-4F  based  PSCs  with  PM6  as  the
donor was 15.24%, significantly higher than that of BTDTP-4F
based  devices  (13.12%).  For  the  A–D–A  structure,  IDTP-4F
with  the  s-shaped  conformation  is  better  than  IDTTP-4F  with
the c-shaped conformation. At the same time, the better-per-
forming binary mixture has similar morphological characterist-
ics. Zhang et al. designed and synthesized a new type of asym-
metric  molecule  TB-4Cl  (Fig.  11)[92].  This  molecule  obtains  a
1.98  Debye  dipole  moment  by  changing  the  Y6  (dipole  mo-
ment  =  1.07  Debye)  structure  to  TB-4Cl,  further  enhancing
the  intermolecular  dipole-dipole  interaction.  At  the  same
time, TB-4Cl has more dipole moments along with the molecu-
lar framework. With a more balanced positive and negative po-
tential  distribution  on  the  terminal  group,  a  positive  poten-
tial  is  conducive  to  charge  transfer  and  J-aggregation.  As
shown  in Fig.  12(a),  TB-4Cl  contains  dihedral  angles  of  0.74°
and  0.61°,  so  TB-4Cl  has  a  planar  structure  that  is  conducive
to π–π packing and electron mobility.  Due to the asymmetric
structure,  TB-4Cl  has  two  anti-parallel  packing  methods  (TB-
4Cl-1T1,  TB-4Cl-2T2)  (Figs.  12(c) and 12(d)),  while  Y6  has  only
one type. Under DFT calculations, the stacking distance of TB-
4Cl-2T2  and  TB-4Cl-1T1  are  11.03  and  13.99  Å,  respectively,
which is longer than that of the Y6 dimer. Compared with the
Y6  dimer,  TB-4Cl-2T2  and  TB-4Cl-1T1  bind  stronger,  which  is
conducive  to  limiting  the  thermal  movement  of  molecules
and  improving  stability.  The  binding  energy  of  TB-4Cl  and
the  donor  is  greater  than  the  binding  energy  of  Y6  and  the
donor,  so the binding of  TB-4Cl  and the donor is  tighter,  and
the  active  layer  is  more  stable.  Its  superior  thermal  stability
makes  PM6:TB-4Cl-based  devices  more  efficient  without

 

 

Fig.  10.  Chemical  structure  of  asymmetric  non-fullerene  acceptors  based  on  asymmetric  branched  chains  and  the  molecules  associated  with
them.
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Table 1.   Device parameters for A–D–A typed A-NF-SMA PSCs.

A-NF-SMA Eg
opt (eV) HOMO/LUMO (eV) Donor Voc (V) Jsc (mA/cm2) FF (%) PCEmax (%) Ref.

IPT2F-TCl 1.48 –5.59/–4.00 PBDB-T 0.860 20.59 77.51 13.74 [21]
TPTT-IC 1.63 –5.78/–3.95 PBT1-C 0.960 15.60 70.00 10.50 [37]
TPTT-2F 1.58 –5.75/–4.04 PBT1-C 0.881 15.82 73.00 10.17 [38]
TPTTT-2F 1.56 –5.69/–4.01 PBT1-C 0.916 17.63 74.50 12.03 [38]
T-TT 1.64 –5.43/–3.47 PM6 0.966 16.00 62.70 9.70 [39]
T-TT-4F 1.58 –5.44/–3.51 PM6 0.859 18.48 66.10 10.49 [39]
T-TT-4Cl 1.53 –5.48/–3.59 PM6 0.813 19.00 65.70 10.16 [39]
IDT6CN-M 1.63 –5.62/–3.90 PBDB-T 0.924 15.97 76.10 11.23 [40]
IDT8CN-M 1.58 –5.54/–3.91 PBDB-T 0.920 17.11 78.90 12.43 [40]
TPTT-T-2F 1.54 –5.60/–4.00 PBT1-C 0.915 18.50 75.10 12.71 [41]
IDT6CN 1.63 –5.68/–3.97 PBDB-T 0.830 15.14 73.77 9.27 [42]
IDT6CN-Th 1.61 –5.71/–4.01 PBDB-T 0.810 16.75 76.72 10.41 [42]
IDT6CN-M 1.65 –5.60/–3.87 PBDB-T 0.910 16.02 76.83 11.20 [42]
IDT6CN-TM 1.60 –5.70/–3.96 PM6 0.953 17.40 74.70 12.40 [43]
IDT6CN-4F 1.58 –5.78/–4.12 PM6 0.859 18.34 69.10 10.88 [43]
α-IT 1.54 –5.65/–3.99 PM6 0.907 16.60 76.20 11.46 [44]
N7IT 1.42 –5.47/–3.93 PM6 0.932 21.04 70.50 13.82 [44]
N8IT 1.42 –5.41/–3.90 PM6 0.943 18.53 68.20 11.92 [44]
MeIC1 1.54 –5.59/–3.89 PBDB-T 0.927 18.32 74.10 12.58 [45]
TTPTTT-IC 1.60 –5.64/–3.87 PBT1-C 0.996 12.47 63.70 7.91 [46]
TTPTTT-2F 1.54 –5.67/–4.04 PBT1-C 0.920 16.78 73.60 11.52 [46]
TTPTTT-4F 1.52 –5.69/–4.12 PBT1-C 0.863 19.36 72.10 12.05 [46]
SePT-IN 1.54 –5.77/–4.00 PBT1-C 0.850 16.37 73.30 10.20 [47]
SePTT-2F 1.50 –5.71/–4.00 PBT1-C 0.830 17.51 75.00 10.90 [48]
SePTTT-2F 1.50 –5.66/–3.97 PBT1-C 0.895 18.02 75.90 12.24 [48]

TBDB-Ph 1.46 –5.44/–3.74
PBDT-BZ
PTBD-BZ
PDTBDT-BZ

0.926
0.925
0.913

9.93
18.13
13.41

43.90
65.90
51.80

4.04
11.06
6.20

[49]

TBDB-Na 1.41 –5.45/–3.77
PBDT-BZ
PTBD-BZ
PDTBDT-BZ

0.905
0.906
0.879

13.14
19.61
11.24

53.20
70.20
54.40

6.32
12.47
5.38

[49]

a-BTTIC 1.43 –5.45/–3.83 PBDB-T 0.904 20.31 74.00 13.60 [50]
IPT-2F 1.44 –5.51/–3.96 PBDB-T 0.860 22.40 72.40 14.00 [53]
IPTT-2F 1.42 –5.46/–4.04 PBDB-T 0.874 19.70 66.20 11.40 [53]
IPTTT-2F 1.43 –5.40/–4.07 PBDB-T 0.894 20.00 69.30 12.30 [53]
IPT-4F 1.42 –5.57/–4.08 PM6 0.914 22.08 74.15 14.96 [54]
IPTBO-4F 1.41 –5.57/–4.07 PM6 0.917 22.08 72.45 14.67 [54]
IPT-4Cl 1.39 –5.58/–4.11 PM6 0.883 23.18 70.37 14.40 [54]
IPTBO-4Cl 1.39 –5.64/–4.08 PM6 0.893 23.15 72.57 15.00 [54]
TPIC – – PM7 1.003 18.51 71.10 13.20 [55]
TPIC-4F – – PM7 0.901 22.35 74.20 14.90 [55]
TPIC-4Cl – – PM7 0.885 22.89 75.70 15.40 [55]
TPIC 1.50 –5.30/–3.85 PM7 1.002 18.77 70.90 13.33 [56]
TPIC-2Cl 1.45 –5.36/–3.92 PM7 0.941 21.37 72.20 14.53 [56]
TPIC-4Cl 1.40 –5.35/–3.97 PM7 0.881 23.03 75.50 15.31 [56]
DTPPSe-IC 1.46 –5.38/–3.84 PBDB-T 0.900 17.32 63.36 9.88 [57]
DTPPSe-2F 1.40 –5.52/–4.05 PBDB-T 0.840 22.16 73.70 13.76 [57]
DTPPSe-4F 1.39 –5.53/–4.10 PBDB-T 0.780 21.18 72.84 12.03 [57]

IDTP-4F – –5.54/–3.98
PM6
S1
PM7

0.871
0.892
0.903

22.30
22.40
22.50

73.40
73.20
74.60

14.30
14.60
15.20

[58]

IDTTP-4F – –5.53/–3.97
PM6
S1
PM7

0.874
0.897
0.908

20.50
21.40
21.20

70.30
70.20
71.60

12.60
13.50
13.80

[58]

IN-4F 1.45 –5.59/–3.94 PM6 0.920 19.50 69.65 12.50 [60]
INO-4F 1.46 –5.64/–3.93 PM6 0.930 20.46 71.95 13.69 [60]
IPT-4F 1.41 –5.56/–4.05 PM6 0.880 22.15 75.01 14.62 [60]
IPCl-4F 1.39 –5.60/–4.08 PM6 0.830 21.18 61.38 10.79 [60]
ITCNTC 1.68 –5.66/–3.92 J71 0.942 14.16 63.80 8.52 [61]
CC10 1.38 –5.72/–4.07 PM6 0.771 22.70 67.30 11.78 [62]
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thermal annealing, reached a PCE of 14.67%.

4.2.  A-NF-SMAs with asymmetric terminal groups

Different  terminal  groups are  applied to  the A–D–A–D–A
structure  molecules,  and  Liu et  al.  developed  three  kinds  of
A-NF-SMAS  by  replacing  the  fluorine  atoms  on  the  terminal
groups of Y6 with chlorine atoms (Fig. 11), namely SY1 (two F
atoms and one Cl atom), SY2 (two F atoms and two Cl atoms)
and  SY3  (three  Cl  atoms).  Meanwhile,  Y6  with  four  fluorine
atoms substituted terminal groups and Y6-4Cl with four chlor-
ine  atoms  substituted  terminal  groups  were  synthesized  as
control  molecules[90].  Among  all  acceptors,  SY1  has  the  low-
est  LUMO  energy  level  and  the  weakest  crystallinity.  The  res-
ults  showed  that  PSCs  based  on  PM6:SY1  blended  film  yield
the  champion's  PCE  was  16.83%,  with Voc  of  0.871  V, Jsc of
25.41  mA/cm2,  and  FF  of  76.0%.  Simultaneously,  the  PCE  of
devices based on PM6:Y6, PM6:SY2, PM6:SY3, and PM6:Y6-4Cl
was  16.19%,  16.01%,  16.23%,  and  16.06%,  respectively.

PM6:SY1-based devices have the best PCEs due to the lowest
LUMO  energy  level  of  SY1.  Besides,  more  balanced  charge
transfer, higher charge dissociation and charge collection effi-
ciency,  and  better  morphological  characteristics  of  PM6:SY1-
based  devices  also  play  an  essential  role  in  determining  the
highest  device  performance.  This  contribution  indicates  that
the  systematic  structure  of  A-NF-SMAs  with  different  termin-
al groups can further improve PSCs' PCE.

Luo et  al.  developed  a  new  asymmetric  small  molecule
with one terminal group of BTP-4F and one terminal group of
BTP-2ThCl, namely BTP-2F-ThCl (Fig. 11)[91].  In terms of optics,
electrochemistry,  and  crystallinity,  BTP-2F-ThCl  has  similar
properties to BTP-4F.  BTP-2F-ThCl fine-tunes the acceptor en-
ergy level by forming asymmetric terminal groups, so BTP-2F-
ThCl  achieves  a  minimal  HOMO  energy  offset  and  sufficient
charge  separation.  Devices  based  on  BTP-2F-ThCl  obtained
the  best  performance  of  devices  based  on  these  three  mo-
lecules  (PCE  is  17.06%, Voc  is  0.869  V, Jsc is  25.38  mA/cm2,

Continued
A-NF-SMA Eg

opt (eV) HOMO/LUMO (eV) Donor Voc (V) Jsc (mA/cm2) FF (%) PCEmax (%) Ref.

N65-IC 1.48 –5.52/–3.89 PBDB-T
PBDB-T-2F

0.870
0.870

18.94
15.07

55.00
51.00

9.03
6.67 [63]

N65-2FIC 1.40 –5.60/–4.03 PBDB-T
PBDB-T-2F

0.720
0.820

19.11
21.49

62.00
58.00

8.51
10.19 [63]

ITOTC 1.61 –5.66/–3.87 PBDB-T 0.940 15.10 58.82 8.35 [64]
ITUTC 1.60 –5.66/–3.85 PBDB-T 0.940 14.54 56.37 7.68 [64]
ITUIC 1.64 –5.65/–3.83 PBDB-T 0.970 13.64 48.58 6.45 [64]
IOTC 1.69 –5.70/–4.01 PBDB-T 0.950 15.04 55.52 7.94 [66]
IETC 1.72 –5.72/–4.00 PBDB-T 0.960 14.53 53.21 7.40 [66]
IOPC 1.76 –5.71/–3.95 PBDB-T 1.010 10.69 44.90 4.86 [66]
IEPC 1.76 –5.72/–3.96 PBDB-T 1.000 11.55 45.54 5.26 [66]
TIDT-BT-R2 1.68 –5.25/–3.65 PTB7-Th 1.040 13.10 63.90 8.70 [68]
TIDT-BT-R6 1.70 –5.28/–3.67 PTB7-Th 1.030 10.30 52.30 5.60 [68]

PhITBD –
1.64

–5.74/–3.69
–5.69/–3.99

PTB7-Th
PBDB-T

0.757
0.890

14.07
4.560

62.00
44.00

6.57
1.79

[69]
[96]

ITBR 1.71 –5.55/–3.71 PTB7-Th 1.020 14.46 51.02 7.49 [29]
ITBRC 1.63 –5.60/–3.82 PTB7-Th 0.790 13.34 59.49 6.27 [29]
ITBC 1.59 –5.64/–3.94 PTB7-Th 0.910 9.21 51.04 4.26 [29]
ITDI 1.36 –5.75/–4.26 PBDB-T 0.940 14.23 60.34 8.00 [72]
CDTDI 1.53 –5.89/–4.18 PBDB-T 0.860 8.16 38.25 2.75 [72]
ITIC-2Cl-β – –5.30/–3.71 PBDB-T-2F 0.940 18.47 64.63 11.21 [76]
α-ITIC-2Cl – –5.29/–3.77 PBDB-T-2F 0.880 18.91 73.50 12.23 [76]
ITIC-2F 1.56 –5.76/–4.07 PBDB-TF 0.920 17.30 65.70 10.38 [77]
ITIC-3F 1.54 –5.73/–4.12 PBDB-TF 0.890 19.40 66.50 11.44 [77]
a-IT-2OM 1.63 –5.61/–3.92 PBDB-T 0.930 18.11 71.52 12.07 [78]
a-IT-2F 1.56 –5.67/–4.07 PBDB-T 0.780 19.06 68.84 10.28 [78]
IT-3F – – PBDB-TF 0.910 20.33 75.70 13.83 [79]
IDTT-2F-Th 1.55 –5.78/–4.09 PBT1-C-2Cl 0.912 17.82 73.90 12.01 [80]
ITIC-2Cl−Th – –5.31/–3.70 PM6 0.860 18.58 72.09 11.45 [81]
ITIC-Cl-γ-Th – –5.30/–3.66 PM6 0.910 18.30 73.15 12.25 [81]
ITIC-Cl-δ-Th – –5.31/–3.74 PM6 0.890 17.27 72.56 11.13 [81]
ZITI-3F 1.50 –5.64/–3.76 J71 0.900 20.67 71.53 13.15 [82]
IDTBF 1.58 –5.64/–3.80 PM6 0.940 16.98 65.14 10.43 [83]
A1 1.55 –5.15/–3.73 J71 0.970 5.71 29.57 1.63 [84]
A2 1.61 –5.37/–3.67 J71 0.980 11.63 39.63 4.52 [84]
IDT-OB 1.66 –5.77/–3.87 PBDB-T 0.880 16.18 71.10 10.12 [85]
IDTT-OB 1.59 –5.59/–3.88 PBDB-T 0.910 16.19 75.10 11.19 [86]
p-IO1 1.34 –5.46/–4.13 PTB7 0.780 22.30 62.00 10.80 [87]
o-IO1 1.28 –5.44/–4.15 PTB7 0.740 26.30 67.00 13.10 [87]
TOBDT – – PM6 0.890 18.70 68.00 11.30 [88]
MeITBD 1.69 –5.74/–3.95 PBDB-T 0.890 11.10 58.00 5.75 [96]
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and  FF  is  77.4%),  which  is  attributed  to  the  fact  that  the
Voc × Jsc value (22.06) of devices based on BTP-2F-ThCl is great-
er  than  that  of  devices  based  on  BTP-4F  (21.18)  and  BTP-
2ThCl  (20.76).  In  the  meantime,  the  PCEmax values  of  BTP-4F-
based  devices  and  BTP-2ThCl-based  devices  are  16.37%  and

14.49%, respectively. Li et al. introduced halogenated indandi-
one  (A1),  3-dicyanomethylene-1-indanone  (A2)  as  two  differ-
ent  terminal  groups  and  central  core  of  Y6  to  design  BTP-S1
and BTP-S2 (Fig. 11)[32]. When the polymer donor PM6 was re-
spectively  blended  with  BTP-S1  and  BTP-S2,  the  blended

 

 

Fig. 11. Chemical structures of asymmetric non-fullerene acceptors based on A1–D–A2–D–A1 structure and the molecules that are associated
with them.

 

 

Fig.  12.  (a)  Molecular  conformation  of  TB-4Cl  and  Y6.  (b)  Chemical  structures  of  TB-4Cl  and  Y6.  Models  of  (c)  TB-4Cl-2T2,  (d)  TB-4Cl-1T1,
and (e) Y6-dimer in front view and side view. Reproduced with the permission of Ref. [92].
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films  showed  excellent  photovoltaic  performance.  Energy
loss analysis shows that device corresponding to the asymmet-
ric molecule BTP-S2 with six chlorine atoms at the end has bet-
ter  electroluminescence  quantum  efficiency  (2.3  ×  10–2 %)
than the device corresponding to the symmetric molecule Y6
(4.4 × 10−3 %),  which results  in  BTP-S2-based device with low
non-radiation loss of 0.22 eV. Besides, asymmetric BTP-S1 and
BTP-S2  with  multiple  halogen  atoms  at  the  end  can  lead  to
more  efficient  charge  separation.  The  optimized  devices  for
PM6:Y6:BTP-S2, PM6:BTP-S2 and PM6:Y6 blends yield compar-
able  PCEs  of  17.43%,  16.37%  and  15.79%,  this  result  proves
that  the  ternary  hybrid  strategy  can  improve  the  perform-
ance  of  PSCs  more  than  the  binary  hybrid  strategy.  Ulti-
mately,  the  PCE  of  PSCs  based  on  PM6:BTP-S2  was  16.37%,
which  was  higher  than  that  of  PSCs  based  on  PM6:Y6
(15.79%),  which  showed  the  effectiveness  of  the  asymmetric
design.

4.3.  A-NF-SMAs with asymmetric side chains

The  branched  alkyl  chain  has  a  significant  influence  on
the  solubility  of  the  molecule  and  morphology  of  the  mixed
film,  which  will  make  the  final  device  have  different  proper-
ties. Chen et al.  applied asymmetric alkyl and alkoxy substitu-
tion strategies to the most advanced y-series non-fullerene ac-
ceptors  and obtained a  type of  A-NF-SMA named Y6-1O (Fig.
11)[36]. If an alkoxy chain symmetrically modifies Y6, the result-
ing molecule  will  show low solubility  and excessive  aggrega-
tion  due  to  its  conformational  locking  effect.  Y6-1O  chooses
asymmetric  alkyl  and  alkoxy  substituents,  which  can  balance
the harmful  effects  of  the alkoxy chain while maintaining the
beneficial  electronic  effects  of  the  alkoxy  group.  It  can
achieve quite  a  good solubility  (20 mg/mL)  and morphology.
Y6-1O  can  maintain  the  positive  effect  of Voc  improvement
and  obtain  quite  a  good  solubility,  which  helps  Y6-1O-based
devices  to  obtain  high Voc (0.89  V), Jsc (23.2  mA/cm2)  and  FF
(78.3%).  Therefore,  the  best  PCE  of  PM6:Y6-1O-based  devices
is  as  high as  16.1%.  Further  addition of  PC71BM to  the  binary
blend will result in a higher PCE of the device (17.6%).

The  study  of  A–D–A–D–A  typed  asymmetric  non-
fullerene  small  molecules  thoroughly  explored  the  critical
role  of  molecular  conformation  regulation  on  morphology
and  device  efficiency,  which  has  important  guiding  signific-
ance for the molecular design of NF-SMAs.

Table  2 shows  the  performance  parameters  of  A–D–
A–D–A typed A-NF-PSCs.

5.  Conclusion and future outlook

For  A–D–A  typed  asymmetric  non-fullerene  small  mo-
lecules:

a)  In  the  asymmetry  of  the  core,  molecules  with  DTP
units show great potential. The device fabricated based on A-
NF-SMA  TPIC-4Cl  with  DTP  unit  obtained  a  PCEmax  of
15.31%, which is the highest PCEmax in the A–D–A-type A-NF-
PSCs  so  far.  b)  The  "one-pot  synthesis  of  mixed  materials"
strategy  provides  new  ideas  for  molecular  design,  which  can
significantly  reduce  the  device  complexity  of  the  traditional
ternary  strategy.  ZITI-m is  a  mixture  of  A-NF-SMA ZITI-3F  and
S-NF-SMA ZITI-4F synthesized by the "one-pot Knoevenagel re-
action". Compared with ZITI-3F and ZITI-4F, the PSC of the hy-
brid  materials  ZITI-m  and  J71  shows  a  very  high  PCEmax

(13.65%). c) Side-chain asymmetric molecules are expected to
further  improve  device  performance,  and  research  in  this
area  should  receive  more  attention.  So  far,  reports  on  side-
chain  asymmetry  only  include  6  molecules  IDT-OB,  IDTT-OB,
P-IO1,  O-IO1,  TOBDT  and  Y6-1O.  Relative  to  core  asymmetry
and  terminal  group  asymmetry,  the  number  of  studies  re-
lated to these molecules is very small. However, the PCEmax val-
ues  of  these  molecular-related  devices  are  10.12%,  11.19%,
10.80%,  13.10%,  and  11.30%,  which  are  all  greater  than  10%,
showing great potential in the field of PSCs.

For  A–D–A–D–A  typed  asymmetric  non-fullerene  small
molecules:

a) Substituting thiophene for the benzene ring at the fluor-
inated  IC  terminal  to  form  a  new  terminal  T-IC,  and  using
both  the  fluorinated  IC  terminal  and  the  T-IC  terminal  group
in  the  asymmetric  A  unit  in  A-NF-SMA  has  broad  application
prospects. The BTP-2F-ThCl synthesized by this move and the
PSC  fabricated  after  blending  with  the  donor  PM6  have
reached the best PCEmax (17.06%) of the recent binary device.
b) Fabrication of ternary PSCs also is a promising strategy fur-
ther to improve the photovoltaic performance of binary PSCs.
This  article  refers  to  the  PCEmax of  PSCs  of  the  ternary  blend
(PM6:Y6:BTP-S2)  was  17.43%,  which  improved  the  binary
device's  performance  of  PSCs  based  on  PM6:BTP-S2  and
PM6:Y6 (PCEmax = 16.37%, 15.79%).

In  short,  the  asymmetric  design  of  the  molecule  has  the
following advantages:

1) It helps increase the dipole moment and dielectric con-
stant  of  the  molecule  and  reduces  the  binding  energy  of  ex-
citons,  which  is  very  beneficial  for  exciton  dissociation  and

Table 2.   Device parameters for A–D–A–D–A Typed NF-SMA PSCs.

A-NF-SMA Eg
opt (eV) HOMO/LUMO (eV) Donor Voc (V) Jsc (mA/cm2) FF (%) PCEmax (%) Ref.

BTP-S1 – – PM6 0.934 22.39 72.69 15.21 [32]
BTP-S2 – – PM6 0.945 24.07 72.02 16.37 [32]
Y6-1O 1.43 –5.71/–3.84 PM6 0.890 23.20 78.30 16.10 [36]
BDTP-4F 1.36 –5.61/–3.90 PM6 0.895 22.54 75.50 15.24 [59]
BTDTP-4F 1.30 –5.56/–3.93 PM6 0.866 21.25 71.30 13.12 [59]
SY1 – –5.68/–3.95 PM6 0.871 25.41 76.00 16.83 [90]
SY2 – –5.67/–3.99 PM6 0.852 25.29 74.30 16.01 [90]
SY3 – –5.69/–3.98 PM6 0.858 25.54 74.10 16.23 [90]
BTP-2F-ThCl 1.34 –5.70/–3.99 PM6 0.869 25.38 77.40 17.06 [91]

TB-4Cl – –5.70/–4.10 PM6
PM7

0.848
0.862

22.16
21.67

75.20
71.78

14.67
13.67 [92]

Y21 1.35 –5.65/–3.90 PM6 0.830 24.90 74.40 15.40 [93]
Y22 1.38 –5.69/–3.94 PM6 0.853 24.37 74.12 15.40 [94]
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charge transport. 2) The asymmetric structure design will also
fine-tune the molecular energy level to adjust the Voc further.
The influence on the absorption range and absorption intens-
ity will  cause the Jsc to change. The Voc × Jsc value can be fur-
ther optimized through the asymmetric molecular design, res-
ulting in higher device performance. 3) The effect on molecu-
lar  aggregation  and  molecular  stacking  can  directly  change
the  microscopic  morphology,  phase  separation  size,  and  the
active layer's crystallinity.

However,  the  synthesis  of  A-NF-SMAs  is  more  complic-
ated  and  costly,  which  is  a  big  problem  that  scientists  will
face in the future.  The box chart of PCE distribution for A-NF-
SMAs  is  shown  in Fig.  13,  which  records  the  latest  develop-
ments  in  A-NF-SMAs based on different  structures.  The struc-
tural modularity of small molecules facilitates molecular tailor-
ing  and  property  regulation.  This  advantage  can  enable  the
continuous development of A-NF-SMAs in interface engineer-
ing,  shape  control  and  device  structure  optimization  re-
search, which will further promote the development of PSCs.
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