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Abstract   Incorporation of siloxane-functionalized units into polymers backbone has proven to be an efficient strategy to improve photovoltaic

performance. In this work, a low-cost siloxane-containing unit was developed to construct a series of terpolymers, and the effects of siloxane on

the polymer performance were systematically studied. Different contents of thiophene containing siloxane-functionalized side chain were intro-

duced into PM6 to obtain a series of polymers (PM6, PM6-SiO-10, PM6-SiO-20 and PM6-SiO-30). The siloxane-functionalized side chains in poly-

mers have only a slight effect on the absorption behavior and frontier molecular orbitals. However, when the siloxane content increased, the ter-

polymers’ aggregation property decreased and the temperature-dependency increased, leading to improved donor-acceptor compatibility. The

power conversion efficiency (PCE) based on PM6:Y6, PM6-SiO-20:Y6 and PM6-SiO-30:Y6 devices was 15.64%, 16.03% and 15.82%, respectively. In

comparison, the active layer based on PM6-SiO-10:Y6 exhibits the most appropriate phase separation morphology, resulting in effective exciton

dissociation, more balanced hole-electron transport and less recombination. Consequently, the highest PCE of 16.69% with an outstanding short-

circuit current density of 26.96 mA·cm−2 was obtained, which are one of the highest values for siloxane-functionalized polymer-based devices.

This work demonstrates that finely controlling the content of siloxane-functionalized thiophene is beneficial for obtaining high-performance ter-

polymer donors and provides a novel and low-cost method to improve photovoltaic performance.

Keywords   Organic solar cells; Terpolymers; Siloxane-functionalized unit; Low-cost; Morphology

Citation:   Cheng,  F.;  Lai,  S.;  Zhang,  Y.;  Xue,  L.;  Xia,  X.;  Zhu,  P.;  Lu,  X.;  Liao,  X.;  Chen,  Y. Random  terpolymer  based  on  simple  siloxane-functionalized
thiophene unit enabling high-performance non-fullerene organic solar cells. Chinese J. Polym. Sci. 2024, 42, 311–321.

 

INTRODUCTION

Due to the lightweight, low cost, ability to be processed through
solution methods, and suitability for flexible roll-to-roll  produc-
tion,  organic  solar  cells  (OSCs)  are  considered  as  a  promising
next-generation  photovoltaic  technology.[1−7] In  the  past
decade, great efforts have been devoted into the development
of  narrow  bandgap  (Eg<1.6  eV)  non-fullerene  acceptors
(NFAs),[8−11] wide  bandgap  (WBG)  polymer  donors,[12,13] active
layer  morphological  optimization  techniques,[14−16] and  device
structure  optimization  techniques.[17−19] Currently,  the  power
conversion  efficiency  (PCE)  of  the  cutting-edge  single-junction
OSCs has  succeeded over  19%.[16,19] In  particular,  the rapid de-

velopment  of  narrow  bandgap  NFAs  represented  by  Y-series
greatly boosted the PCE of OSCs due to their strong absorption
in  the  long  wavelength  range,  low  energy  loss  and  excellent
three-dimensional  network  stacking.[8,20,21] In  order  to  fully  uti-
lize sunlight, the develop of WBG polymer donors with comple-
mentary  absorption  and  excellent  morphology  is  an  urgently
need, and which are of great importance for further improving
the device short-circuit current density (JSC) and PCE.[22−24]

PM6 is currently one of the best performing and most uni-
versal  polymer  donor,  which  has  attracted  great  attentions
due to its  appropriate energy level,  strong crystallinity and a
face-on  dominated  molecular  orientation.[16,25,26] In  order  to
match the high performance and a wider range of NFAs,  the
high-performance polymer donor material library needs to be
filled.  To  achieve  high-performance  OSCs,  several  approach-
es were employed in the development of novel donor-accep-
tor (D-A) alternating copolymers: (a) the construction of high-
performance  electron-donating  (D)  units  and  electron-ac-
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cepting (A) units;[27−29] (b) optimizing side chain (alkyl, alkoxy,
alkylthio,  and  carboxylate)  to  achieve  appropriate  crystallini-
ty and form nanoscale interpenetrating networks;[30−32] (c) in-
troducing  halogen  atoms  (F,  Cl)  to  adjust  the  photoelectric
properties.[33−35] Although  these  strategies  have  been  highly
successful,  the  structural  optimization  involved  unavoidably
introduces complexities to the synthetic pathway, leading to
unpredictable yields and increased costs. In contrast to exten-
sive  structural  modifications,  the  introduction  of  a  third  unit
within the polymer backbone through terpolymerization has
emerged as an effective and cost-efficient strategy. For exam-
ple, Zhang et al. used simple units, such as 3,6-dithiophenyl-2-
carboxylate  pyrazine  (DTCPz),[36] thiophene[37] and  thio-
phene-thiazolothiazole (TTz)[38] as the third unit to obtain ter-
polymers with excellent properties.  However,  in order to ob-
tain  the  terpolymerization  strategy  with  appropriate
nanoscale interpenetrating networks and excellent active lay-
er  morphology,  it  is  important  to  develop  an  effective  and
cost-effective third unit.

The siloxane-functionalized side chain is a unique solubiliz-
ing  side  chain,  which  supplies  a  branch  point  far  from  the
conjugated  main  chain  and  the  bulky  with  steric  hindrance
effect to provide sufficient solubility for the polymer. Bao et al.
utilized  the  particularity  of  the  siloxane-functionalized  side
chains  to  decrease  the π-π stacking  distance  of  isoindigo-
based  polymer,  thereby  improved  the  lateral  mobility.[39] In
contrast,  the  incorporation  of  siloxane-functionalized  side
chains enhances the face-on stacking orientation of the poly-
mer,  thereby  promoting  high  charge  mobility.  This  effect  is
exemplified  by  the  improved  photovoltaic  performance  ob-
served when alkyl chains are replaced with siloxane-function-
alized  side  chains  in  PTB7-Th.[40] Finally,  the  content  of  the
siloxane-functionalized  side  chain  also  has  a  great  influence
on the energy level, solubility, crystallinity and crystal orienta-
tion of the polymer.[41−43] The modification effect of siloxane-
functionalized  side  chains  is  very  significant,  but  the  cost  of
siloxanation  synthesis  of  common  groups  such  as  ben-
zodithiophene  (BDT),[43] benzotriazole  (BTA),[43−45]

pyrrolo[3,4-f]benzotriazole-5,7-dione  (TzBI),[44,45] diketopyr-
role[46] is high, which is not conducive to the popularization of
siloxane.

In this work, different contents (0%, 10%, 20% and 30%) of
thiophene with siloxane-functionalized side chain were intro-
duced  into  the  PM6  skeleton  to  obtain  a  series  of  polymers
(PM6,  PM6-SiO-10,  PM6-SiO-20  and  PM6-SiO-30).  Thiophene
as  siloxane-functionalized  side  chain  connection  unit,  which
not only reduces the cost of siloxanization synthesis, but also
makes full use of the branch point of the siloxane-functional-
ized side chain away from the conjugated main chain and the
bulky with steric hindrance effect to adjust the crystallinity of
the terpolymers.  Grazing incidence wide angle  X-ray  scatter-
ing (GIWAXS) results indicated that when 10% thiophene with
siloxane-functionalized  side  chain  units  incorporated  into
PM6, the crystal coherence length (CCL) of (010) out-of-plane
(OOP)  peak significantly  decreased,  which mainly  due to  the
introduction  of  the  third  unit  by  terpolymerization  destroy-
ing  the  original  ordered  molecular  arrangement.  However,
the CCL of the π-π stacking increased as the content of silox-
ane-functionalized thiophene units further increased, indicat-

ing  that  siloxane  can  inhibit  the  disorder  in  molecular  ar-
rangement  due  to  random  copolymerization.  On  the  other
hand,  the  side  chain  density  decreases  with  the  increase  of
the  content  of  siloxane-functionalized  thiophene,  which  af-
fects the crystallinity and the nanoscale interpenetration net-
work of the polymer chain. When Y6 was employed as the ac-
ceptor, PM6-SiO-10 based device obtained the highest PCE of
16.69% with an open-circuit  voltage (VOC)  of  0.850 V,  a JSC of
26.96 mA·cm−2, and an FF of 72.84%. While the PM6, PM6-SiO-
20  and  PM6-SiO-30-based  devices  showed  PCEs  of  15.64%,
16.03%,  and  15.82%,  respectively.  Our  work  demonstrates
that the introduction of an appropriate unit of siloxane-func-
tionalized  unit  is  effective  and  feasible  in  constructing  high-
performance polymers for OSCs.

EXPERIMENTAL

Materials
6-Bromo-1-hexene,  Mg,  I2,  NBS,  Ni(dppp)2Cl2,  chloroform,  PE-
DOT:PSS, Ag (99.999%) were purchased from Beijing Innochem
Technology Co., Ltd., and used without further purification.

Synthesis of Compound 4 and Polymers
A detailed synthesis route of thiophene with siloxane-function-
alized side chain (compound 4) is shown in Fig. 1(a) and in the
electronic supplementary information (ESI,  Fig.  S1).  Compound
4  was  obtained  from  6-bromohexyl-1-ene  in  four  steps.  6-Bro-
mohexyl-1-ene  was  first  prepared  by  Mg  and  iodine  to  form
Grignard  reagent  compound  1.  Second,  compound  1  was
added  to  a  solution  containing  3-bromothiophene  and
Ni(dppp)2Cl2 to  obtain  compound  2.  Then,  compound  2  was
dissolved  in  toluene,  and  1,1,1,1,3,5,5,5-heptamethyltrisiloxane
and  Kamstedt  catalyst  were  gradually  added  dropwise  to  the
solution, resulting in the product of compound 3. Finally,  com-
pound  3  was  brominated  with N-bromosuccinimide  (NBS)  to
obtain compound 4. The 1H-NMR characterization of the corre-
sponding compounds can be found in Figs. S2−S4 (in ESI).  The
polymers  PM6,  PM6-SiO-10,  PM6-SiO-20  and  PM6-SiO-30  were
prepared via Stille copolymerization using Pd(PPh3)4 as the cata-
lyst and adding compound 4, BDD-Br and BDT-Sn unit with dif-
ferent  molar  ratios  (Fig.  1b).  The crude polymers  were sequen-
tially  extracted  and  purified  with  methanol,  acetone,  hexane
and dichloromethane until the extract solvent was colorless. Fi-
nally, the chloroform solution was concentrated and precipitat-
ed in methanol, filtered precipitate and vacuum dried to obtain
the  targeted  polymers.  The  molecular  weight  of  the  polymers
was  determined  by  high-temperature  gel  permeation  chro-
matography (HT-GPC) at 150 °C using 1,2,4-trichlorobenzene as
the eluent. The number-average molecular weights (Mn) of PM6,
PM6-SiO-10,  PM6-SiO-20  and  PM6-SiO-30  were  35.35,  30.51,
35.95 and 34.94 kDa with a corresponding polydispersity index
(PDI) of 2.04, 2.23, 2.18 and 2.19, respectively (Table 1 and Figs.
S5−S8 in ESI).

Device Fabrication
The  devices  were  fabricated  in  the  structure  of
ITO/PEDOT:PSS/active layer/PDINO/Ag. ITO-coated glass was se-
quentially  sonically  stirred  in  detergent,  deionized  water,  ace-
tone,  dichloromethane  and  isopropanol.  Then  plasma  treat-
ment for 30 min. The PEDOT:PSS was spin-cast on the ITO glass
with 4000 r/min for 30 s and annealed in air at 150 °C for 20 min.
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Subsequent  operation  of  the  device  was  done  in  a  glove  box
filled  with  N2.  Chloroform  dissolved  the  active  layer  material
(PM6:Y6 weight ratio is 1:1.2) at a concentration of 16 mg·mL−1

with  0.5%  1-chloronaphthalene.  The  active  layer  solution  was
stirred at 40 °C for 3 h,  then the active layer solution was spin-
casted on the matrices with 3000 r/min. The thermal annealing
of blend film is  100 °C for  10 min.  Finally,  3  mg·mL−1 PDINO in
methanol was spin-coated on the active layer. The device fabri-
cation was accomplished by depositing 100 nm Ag in a vacuum
chamber  of  10−7 Torr.  The  device  area  of  a  typical  cells  is  de-
fined by a metal mask with an aperture aligned with the device
area,  which  is  0.04  mm2 in  this  experiment.  The  terploymer:Y6
devices were prepared similar to that of PM6:Y6 device, except
for  the  difference  in  weight  ratio  of  donnor:acceptor  (ter-
ploymer:Y6=1:1, W:W). The optimize device parameters of PM6-
SiO-10:Y6 are summarized in Table S1 (in ESI).

RESULTS AND DISCUSSION

Molecular Simulations
Ground state geometry optimization of PM6, PM6-SiO and PSiO
was  calculated  by  density  function  theory  (DFT)  at  B3LYP/6-
31g(d,  p)  level,[47] and  the  influence  of  thiophene  unit  on  the
polymer backbone was systematically studied. As shown in Fig.
2, with the increase of thiophene units (0%, 50%, 100%) in PM6,
the  dihedral  angle  (θ)  of  PM6,  PM6-SiO  and  PSiO  gradually  in-
creases, 9.55°, 25.59° and 26.18°, respectively, indicating that the
introduction  of  thiophene  units  will  destroy  the  coplanarity  of

the polymer backbone and need other  functional  groups such
as  siloxanes  to  compensate.  The  lowest  unoccupied  molecular
orbital/highest  occupied  molecular  orbital  (LUMO/HOMO)  of
PM6,  PM6-SiO  and  PSiO  were  calculated  to  be −2.61/−4.99,
−2.52/−5.00  and −2.11/−5.01  eV,  respectively,  indicating  that
the  introduction  of  thiophene  units  would  slightly  lower  the
HOMO  energy  level,  pull  up  the  LUMO  energy  level.  From  the
molecular  simulation  results,  it  can  be  inferred  that  the  intro-
duction of  siloxane-functionalized thiophene into PM6 will  not
significantly change the HOMO energy level. In addition, the in-
corporation of siloxane-functionalized thiophene unit  could in-
evitable reduce the coplanarity of the molecular backbone with
a certain extent. On the other hand, the unique structure of the
siloxane which located away from the main chain's branch point
and  its  large  bulky  nature,  could  enhances  the π-π interaction,
thereby preventing the loss of coplanarity.

Electrochemical and Optical Properties
The  absorption  spectra  of  PM6  and  terpolymers  in  chloroform
solution and thin film are shown in Fig. S9 (in ESI), Fig. 3(a) and
Table  1.  The  absorption  of  siloxane-functionalized  polymers  is
similar to that of PM6, the UV-Vis spectrum from solution to film
state is  redshifted by about 4 nm, the absorption edges of  the
film is 674 nm, and the optical band gap is 1.84 eV. With deep-
ening  the  degree  of  the  siloxane-functionalized  polymer,  the
half-peak width (FWHM) of  the absorption spectrum increases,
and the absorption range becomes wider, which is conducive to
improving the device JSC. On the other hand, from the result of
solution absorption spectra,  it  can be seen that  the λ0-0/λ0-1 in-
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Fig. 1    Synthetic routes to siloxane-functionalized polymers.

 

Table 1    The molecular weight, optical properties and energy levels of the polymers.
 

Donor
Mn/PDI a

(kDa/−)
λmax b/λmax c

(nm)
λonset 

c

(nm)
Eg d

(eV)
HOMO/LUMO e

(eV)
I0-0/I0-1

FWHM
(nm)

PM6 35.35/2.04 618/622 674 1.84 −5.54/−3.70 1.05 141
PM6-SiO-10 30.51/2.23 616/622 674 1.84 −5.54/−3.70 1.05 146
PM6-SiO-20 35.95/2.18 612/618 674 1.84 −5.55/−3.71 1.04 152
PM6-SiO-30 34.94/2.19 612/618 674 1.84 −5.55/−3.71 1.04 152

a Determined by GPC at 150 °C (eluent: 1,2,4-trichlorobenzene); b Normalized maximum absorption peak in solutions; c Normalized maximum absorption peak
and onset absorption in films; d Calculated from the formula: Eg = 1240/λonset; 

e Obtained from cyclic voltammetry (CV) method, ELUMO = EHOMO + Eg.
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tensity ratio of siloxane-functionalized polymers is smaller than
PM6,  indicating  the  decreased  aggregation  ability  of  siloxane-
functionalized polymers. To further study the effect of siloxane-
functionalized on polymer aggregation behavior, we tested the
temperature-dependent  absorption  spectra  of  the  four  poly-
mers  (Figs.  3b−3e),  and summarized the λ0-0/λ0-1 intensity  ratio
in Fig. S10 (in ESI). The results reveal that with the deepening of
siloxane-functionalized, the aggregation ability of the polymers
decreased,  and  the  temperature-dependent  ability  increased,
suggesting significant impact on the morphology of the active
layer.

The  HOMO  energy  levels  of  the  four  polymers  were  mea-
sured by  cyclic  voltammetry  (CV)  measurement,  as  shown in
Fig.  S11 (in ESI).  The HOMO levels  of  PM6,  PM6-SiO-10,  PM6-
SiO-20  and  PM6-SiO-30  were  calculated  to  be −5.54, −5.54,
−5.55  and −5.55  eV,  respectively.  The  LUMO  levels  of  PM6,
PM6-SiO-10,  PM6-SiO-20  and  PM6-SiO-30  were −3.70, −3.70,
−3.71  and −3.71  eV,  respectively,  which  calculated  from  the
HOMO energy level and the corresponding optical band gap,
as  shown  in Fig.  3(f)  and Table  1.  With  the  increase  of  the
siloxane-functionalized  thiophene  unit,  the  energy  level  of
the ternary polymer changes slightly, indicating that the silox-

ane-functionalized  method  could  not  affect  the  matching  of
the energy levels between donor and acceptor.

Device Characteristics
To  investigate  the  effect  of  siloxane-functionalized  unit  on  the
photovoltaic performance of polymers, OSCs with device struc-
ture  of  ITO/PEDOT:PSS/Polymer:Y6/PDINO/Ag  were  prepared,
and  the  corresponding  preparation  process  was  presented  in
ESI. Fig. 4(a) exhibits the density-voltage (J-V) curves of the opti-
mal  devices  for  PM6:Y6,  PM6-SiO-10:Y6,  PM6-SiO-20:Y6  and
PM6-SiO-30:Y6, and the related parameters were summarized in
Table  2.  We optimized the performance of  siloxane-functional-
ized polymer-based devices by changing the D:A ratio, the con-
centration  of  active  layer  and  thermal  annealing  time, etc.
(Table S1 in ESI).  In these polymers, the incorporation of a 10%
molar siloxane-functionalized unit  gave the best device perfor-
mance.  The device based on PM6-SiO-10:Y6 demonstrated the
optimal performance, achieving the highest PCE of 16.69%. This
remarkable efficiency was accompanied by a high VOC of  0.850
V,  an impressive JSC of  26.96 mA·cm−2,  and an FF of  72.84%. In
comparison, the counterparts PM6:Y6, PM6-SiO-20:Y6, and PM6-
SiO-30:Y6 exhibited relatively lower PCE values.  It  is  worth not-
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Fig. 2    Computational simulations of top view, side view, LUMO and HOMO for PM6, PM6-SiO and PSiO dimers.
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ing that the PCE of 16.69% is one of the highest values reported
by  binary  OSCs  based  on  siloxane-functionalized  polymer  to
date (Fig. 4b and Table S2 in ESI). The best JSC in PM6-SiO-10:Y6-
based OSCs may be due to the improved morphology by intro-
ducing appropriate ratios of siloxane-functionalized thiophene,
which will be discussed later. To confirm the batch reproducibil-
ity  of  the  siloxanized  terpolymer,  we  synthesized  other  two
batches  of  PM6-SiO-10  and  studied  their  photovoltaic  perfor-
mance.  As  shown  in  Fig.  S12  and  Table  S3  (in  ESI),  the  three
batches  of  PM6-SiO-10  with  various  molecular  weights  could
maintain  high  PCEs  over  16.5%,  indicating  the  good  batch  re-
producibility of the terpolymers. The external quantum efficien-
cy (EQE) spectra of these devices were presented in Fig. 4(c), and
the  corresponding  integral JSC were  25.07,  26.13,  25.48  and
25.22  mA·cm−2,  respectively,  which  agree  well  with  the  result
form J-V curves.  PM6-SiO-10-based  devices  maintain  high  EQE
response in the range of 350−900 nm.

We  further  studied  the  thermal  and  light  stability  of
PM6:Y6,  PM6-SiO-10:Y6,  PM6-SiO-20:Y6  and  PM6-SiO-30:Y6
device.  Through the stability testing of the optimal OSCs de-
vices,  we  found  that  the  thermal  and  light  stability  of  PM6-
Si0-10:Y6-based  device  both  improved  compared  with
PM6:Y6 counterpart, as shown in Fig. S13 and Fig. S14 (in ESI),
respectively.  Moreover,  there  is  a  tendency  for  higher  silox-
ane content to correspond to improved stability. We inferred
that the following two reasons may lead to its increased sta-
bility.  First,  the presence of  bulky siloxane groups with steric
hindrance effects limits chain migration, hinders thermal mo-
tion,  and  results  in  improved  thermal  stability.  Second,  The
bond  energy  of  Si―O  is  greater  than  that  of  C―C,  which
helps to resist  radiation and obtain better light stability.  This
can  improve  the  intrinsic  stability  of  the  material,  and  thus

improving the stability of the corresponding device.
The J-V curve was measured at different light intensities to

study the charge recombination behaviors of the devices. The
JSC depend on light intensity curve were shown in Fig. 4(d). In
general,  the  relationship  between  light  intensity  (Plight)  and
JSC is JSC ∝ Plight

α,  where α=1  indicates  the  collection  of  free
carriers without charge recombination, and α<1 indicates the
presence of some degree of bimolecular recombination.[48−50]

The α of  PM6:Y6,  PM6-SiO-10:Y6,  PM6-SiO-20:Y6  and  PM6-
SiO-30:Y6-based  devices  were  all  close  to  0.879,  indicating
that  the  siloxane-functionalized  method  proposed  in  this
work does not affect the bimolecular recombination of poly-
mers. On the other hand, On the other hand, according to the
relationship of VOC ∝ n(kT/q)lnPlight (where T, k and q are the
Kelvin  temperature,  Boltzmann  constant  and  elementary
charge,  respectively),  the  slope S of  the VOC to  lnPlight fitting
curve  can  be  established.  And  when S close  to  2 kT/q indi-
cates that the device is  dominated by trap-assisted recombi-
nation,  and S close  to  1 kT/q means that  the device  is  domi-
nated  by  bimolecular  recombination.[48−50] As  shown  in Fig.
4(e),  the S of  PM6:Y6,  PM6-SiO-10:Y6,  PM6-SiO-20:Y6  and
PM6-SiO-30:Y6 devices  were  calculated to  be 1.24,  1.19,  1.30
and 1.25 kT/q, respectively. The S of these devices is close to 1
kT/q,  indicating  that  the  trap-assisted  recombination  of  the
device  is  relatively  weak.  Among  them,  the  trap-assisted  re-
combination  is  weakest  when  the  10%  molar  siloxane-func-
tionalized unit is incorporated.

To  better  understand  the  exciton  dissociation  and  charge
collection  characteristics  in  these  devices,  the  effective  pho-
tocurrent density (Jph) versus effective voltage (Veff) curve was
plotted,[51] where Jph and Veff are defined as Jph = JL – JD and
Veff = V0 – Vbias,  respectively  (where JL, JD, V0 and Vbias corre-
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Fig. 3    (a) The absorption spectra in pure film of the polymers; The absorption spectra of (b) PM6, (c) PM6-SiO-10, (d) PM6-SiO-20 and (e) PM6-
SiO-30 in  chlorobenzene from 95 °C to  15 °C as  indicated,  arrows indicate the spectral  trend with increasing temperature;  (f)  The energy level
diagram of the polymers and Y6.
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spond to in the light, in the dark, Jph = 0 and the applied volt-
age).[4] As shown in Fig. 4(f)  and Table S4 (in ESI), Jph reaches
saturation  (Jsat)  when Veff>2  V,  indicative  of  that  the  internal
electric field is  sufficient to collect all  charge carriers.[52] Exci-
ton  dissociation  efficiency  (Pdiss)  and  charge  collection  effi-
ciency (Pcoll)  can be determined by the values of Jph/Jsat.[53,54]

The Pdiss of  PM6:Y6,  PM6-SiO-10:Y6,  PM6-SiO-20:Y6 and PM6-
SiO-30:Y6 were calculated to be 97.51%, 99.83%, 97.48% and
97.01%,  respectively.  In  addition,  the Pcoll of  PM6-SiO-10:Y6
(89.46%)  was  higher  than  PM6:Y6  (82.50%),  PM6-SiO-20:Y6
(86.22%),  and  PM6-SiO-30:Y6  (86.22%).  The  changes  in Pdiss

and Pcoll are consistent with the corresponding device perfor-
mance.

The siloxane-functionalized polymer also affects the charge
transport  characteristics,  thus  we  further  investigated  the
charge carrier mobility of the blended film by using the space
charge  limited  current  (SCLC)  model,  and  the  results  were
shown in Figs. 4(g)−4(i) and Table S4 (in ESI). The device struc-
tures  for  testing electron mobility  (μe)  and hole  mobility  (μh)
were ITO/ZnO/active layer/PDINO/Ag and ITO/PEDOT:PSS/ac-
tive  layer/MoO3/Ag,  respectively.  The μe/μh of  PM6:Y6,  PM6-
SiO-10:Y6,  PM6-SiO-20:Y6  and  PM6-SiO-30:Y6  are
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Fig. 4    (a) Current density versus voltage (J-V) curves of organic solar cells based on terpolymers and PM6; (b) A brief summary of PCE versus JSC

for binary OSCs of siloxane-functionalized polymers in this work and literatures; (c) EQE spectra and relevant integrated JSC; The dependence of
JSC (d)  and VOC (e)  on  the  light  intensity; Jph-Veff curves  (f),  plots  for  the  measurements  of  electron  mobilities  (g)  and  hole  mobilities  (h),  the
determined carrier mobilities (i) of PM6:Y6, PM6-SiO-10:Y6 PM6-SiO-20:Y6 and PM6-SiO-30:Y6-based devices.

 

Table 2    Photovoltaic parameters of polymers:Y6-based devices under simulated AM 1.5 G (100 mW·cm−2) illumination.
 

Active layer VOC (V) JSC (mA·cm−2) FF (%) PCE a (%)

PM6:Y6 0.848(0.849±0.005) 25.57(25.61±0.30) 72.13(71.84±0.22) 15.64(15.32±0.32)
PM6-SiO-10:Y6 0.850(0.853±0.005) 26.96(26.60±0.42) 72.84(73.26±0.53) 16.69(16.24±0.45)
PM6-SiO-20:Y6 0.852(0.853±0.006) 26.07(25.72±0.40) 72.16(72.04±0.26) 16.03(15.79±0.38)
PM6-SiO-30:Y6 0.853(0.853±0.008) 25.72(25.66±0.27) 72.15(71.93±0.25) 15.82(15.58±0.34)

a Average PCEs in brackets for over 20 devices.
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1.79×10−4/1.65×10−4,  4.36×10−4/3.98×10−4,  3.17×10−4/1.99×
10−4 and  3.04×10−4/2.25×10−4 cm2·V−1·s−1,  and  the  corre-
sponding μe/μh ratios are 1.08, 1.10, 1.59 and 1.35, respective-
ly.  These  results  are  indicative  of  that  the  PM6-SiO-10:Y6
blend exhibits the highest and most balanced charge mobili-
ty, which is conducive to the improvement of JSC and FF. Fur-
thermore,  in  order  to  better  evaluate  the  charge  transport
performance  of  polymers,  we  investigated  the  hole  mobility
of PM6, PM6-SiO-10, PM6-SiO-20 and PM6-SiO-30 in neat film
by  using  the  SCLC  model,  and  the  results  were  7.56×10−4,
14.98×10−4, 12.59×10−4 and 8.28×10−4 cm2·V−1·s−1, respective-
ly  (Fig.  S15  in  ESI),  indicating  that  appropriate  amount  of
siloxane-functionalized  thiophene  into  polymer  can  signifi-
cantly improve the hole transport performance. Finally, we al-
so  measured  the  fluorescence  quenching  efficiency  of
PM6:Y6,  PM6-SiO-10:Y6,  PM6-SiO-20:Y6  and  PM6-SiO-30:Y6
blended  films  by  steady-state  fluorescence  spectroscopy,  as
shown  in Fig.  5 and  Table  S4.  Under  the  condition  of  donor
excitation wavelength of 570 nm (PD, Figs. 5a−5d) and accep-
tor excitation wavelength of 830 nm (PA, Figs. 5e−5h), the flu-
orescence  quenching  efficiency  of  PM6-SiO-10:Y6  blend
(98.24%/98.95%)  was  better  than  that  of  PM6:Y6
(98.00%/95.70%),  PM6-SiO-20:Y6  (97.58%/94.19%)  and  PM6-
SiO-30:Y6 (96.20%/93.02%), confirming more efficient charge
transfer in PM6-SiO-10:Y6 blend.

Effect of Siloxane-functionalized Unit on the
Crystallinity of Polymers
To  further  understand  polymer  aggregation  properties  in  the
film,  the  grazing-incidence  wide-angle  X-ray  scattering  (GI-
WAXS) of PM6, PM6-SiO-10, PM6-SiO-20, PM6-SiO-30 pure films
and blend films were conducted, as shown in Figs. 6(a)−6(d) and
Figs.  6(e)−6(h),  respectively. Fig.  6(i)  describes  the  integration
curves of the corresponding film in the out-of-plane (OOP, solid)
and  in-plane  (IP,  dashed)  and  summarizes  the  corresponding
parameters in Table 3. The (100) diffraction peaks in the IP direc-
tion  of  PM6,  PM6-SiO-10,  PM6-SiO-20  and  PM6-SiO-30  pure
films were located at 0.285,  0.283,  0.280 and 0.277 Å−1,  respec-
tively,  and  the  crystalline  coherence  length  (CCL)  correspond-
ing to lamellar stacking were 44.93, 43.10, 42.94 and 42.63 Å, re-
spectively.  The  above  result  indicates  that  the  increased  con-
tent  of  siloxane-functionalized  thiophene  of  the  polymer,  the
weaker crystallinity of the lamellar stacked in the IP direction. In
addition,  PM6:Y6,  PM6-SiO-10:Y6,  PM6-SiO-20:Y6 and PM6-SiO-
30:Y6  blend  films  showed  similar  trend  in  crystallinity  as  pure
films,  indicating  that  the  siloxane-functionalized  thiophene
slightly disrupted the crystallinity and arrangement of the poly-
mer in the IP direction. This is mainly due to the disordered ar-
rangement  of  polymer  backbone  induced  by  ternary  random
copolymerization.  Interestingly,  the  crystallinity  of  PM6,  PM6-
SiO-10,  PM6-SiO-20  and  PM6-SiO-30  pure  films  in  the  OOP  di-
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Fig. 5    The steady-state fluorescence spectra of the corresponding blend films at the excitation wavelength of 570 nm (a−d) and the excitation
wavelength of 830 nm (e−h).
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rection have different trends, and the (010) diffraction peaks are
located at 1.655, 1.657, 1.644 and 1.639 Å−1, corresponding to π-
π stacking  and  the  CCLs  are  calculated  to  be  18.25,  5.03,  8.93
and 12.30 Å, respectively. The results show that the crystallinity
of the random copolymerized terpolymers decreased suddenly
compared to that of the binary alternating polymer PM6, which
may  be  attribute  to  the  increased  disorder  of  the  backbone  in
terpolymers. Nevertheless, with the further increase of siloxane-
functionalized unit, the π-π interaction of the polymer chain was
enhanced,  the disorder  caused by random copolymerization is
inhibited,  and π-π stacking  in  the  OOP  direction  is  further  im-
proved. Therefore, the siloxane-functionalized side chain weak-
ens the lamellar interaction while enhancing the π-π interaction,
which  contributes  to  the  face-on  orientation  of  the  polymer
chain.  The  change  of  crystallinity  in  PM6:Y6,  PM6-SiO-10:Y6,
PM6-SiO-20:Y6 and PM6-SiO-30:Y6 blends in the OOP direction

was  consistent  with  that  of  the  pure  film,  indicating  that  the
siloxane-functionalized  unit  can  significantly  affect  the  crys-
tallinity of the whole active layer, which in turn affects the mo-
bility and JSC of the device.

Effect of Siloxane-functionalized on Morphology of
Active Layer
To  further  elucidate  the  impact  of  siloxane-functionalized  side
chains  on  the  film-forming  process,  we  conducted  color  map-
ping of in situ UV-Vis absorption spectra while varying the spin-
coating time. This was performed using high-boiling chloroben-
zene as the solvent. As shown in Fig. S16 (in ESI), the film-form-
ing time of PM6 and PM6-SiO-10 are almost the same, at 15.72 s
and  15.63  s,  respectively.  However,  their  diffusion  rates  differ,
with  PM6  diffusing  more  faster  than  PM6-SiO-10,  illustrating
their different morphology of the active layer. To gain deep in-
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Fig. 6    Two-dimensional GIWAXS images of the (a) PM6, (b) PM6-SiO-10, (c) PM6-SiO-20, (d) PM6-SiO-30, (e) PM6:Y6, (f) PM6-SiO-10:Y6, (g) PM6-
SiO-20:Y6, and (h) PM6-SiO-30:Y6; (i) Corresponding one-dimensional intensity profiles in the in plane (IP) and out of plane (OOP) direction.

 

Table 3    Summarized parameters for the ordering structures of films in GIWAXS.
 

Material
In plane (lamellar) Out of plane (π-π)

100 (Å−1) d (Å) CCL (Å) 010 (Å−1) d (Å) CCL (Å)

PM6 0.285 22.04 44.93 1.655 3.79 18.25
PM6-SiO-10 0.283 22.19 43.10 1.657 3.79 5.03
PM6-SiO-20 0.280 22.43 42.94 1.644 3.82 8.93
PM6-SiO-30 0.277 22.67 42.63 1.639 3.83 12.30

PM6:Y6 0.299 21.00 73.10 1.744 3.60 25.39
PM6-SiO-10:Y6 0.295 21.29 69.94 1.728 3.63 24.34
PM6-SiO-20:Y6 0.294 21.29 69.94 1.727 3.64 24.85
PM6-SiO-30:Y6 0.292 21.51 63.00 1.726 3.64 25.17
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sights  into  the  effect  of  siloxane-functionalized  on  the  phase
separation  in  active  layer,  water  and  diiodomethane  biphasic
contact angle of PM6, PM6-SiO-10, PM6-SiO-20, PM6-SiO-30 and
Y6 were performed. As shown in Figs. 7(a) and 7(b), with the in-
crease  of  siloxane-functionalized  units,  the  surface  tension  (γs)
increases,  and  the  Flory-Huggins  interaction  parameter  (χD-A)
decreases,  indicating the miscibility increased.  Besides,  in com-
parison to PM6, the γs and χD-A of terpolymer PM6-SiO-10 from
random polymerization decreased dramatically. When the con-
tent of siloxane-functionalized units further increase, the γs and
χD-A tended to be maintain, indicating that the changes of γs and
χD-A were  mainly  caused  by  disorder  of  random  copolymeriza-
tion,  and  further  increase  of  siloxane-functionalized  unit  con-
tent  would  enhance  the π-π interaction  and  inhibit  disorder.
Moreover,  the  surface  morphology  of  PM6:Y6,  PM6-SiO-10:Y6,
PM6-SiO-20:Y6,  and  PM6-SiO-30:Y6  blend  films  were  carefully
studied  by  atomic  force  microscopy  (AFM)  and  transmission
electron microscopy (TEM), as shown in Figs. 7(c)−7(j). The root
means  square  (RMS)  roughness  values  of  PM6:Y6,  PM6-SiO-
10:Y6,  PM6-SiO-20:Y6  and  PM6-SiO-30:Y6  were  1.71,  1.51,  1.14
and 1.13 nm, respectively, indicating that the phase separation
between donor and acceptor  was weakened with the increase
of  siloxane-functionalized  unit,  which  was  also  consistent  with
the contact angle and TEM test results. The polymer PM6-SiO-10

based  on  10%  siloxane  functionalization  unit  obtains  the  best
active layer morphology, and when the content of the siloxane
functionalized  unit  is  too  large,  the  miscibility  between  donor
and acceptor is too good and leads to overmixing, leading to in-
creased  trap-assisted  recombination,  which  is  detrimental  to
achieving high-performance OSCs.

CONCLUSIONS

In  conclusion,  a  novel  siloxane-functionalized  thiophene  unit
was developed and incorporated into the PM6 backbone to ob-
tain a series of terpolymers (PM6-SiO-10, PM6-SiO-20 and PM6-
SiO-30)  by  random polymerization.  The siloxane-functionalized
unit has negligible effect on energy level and absorption of the
polymer,  while  significantly  influence  the  molecular  aggrega-
tion and thereby could change the active layer morphology and
device performance. Interestingly, the unique structure of silox-
ane, located away from the main chain's branch point and hav-
ing a bulky nature, enhances the π-π interaction within the poly-
mer  chain  and  suppresses  the  disorder  caused  by  random
copolymerization.  When the content  of  siloxane-functionalized
units  over  10%,  the π-π stacking  in  OOP  direction  increased
along with the lamellar interaction in the IP direction weakened,
illustrating  the  improvement  of  face-on  orientation  of  the  ter-

 

RMS=1.71 

6.1 nm

−5.7 nm

Height Height Height Height

5.2 nm

−4.9 nm

4.2 nm

−3.9 nm

4.1 nm

−4.5 nm

nm

200 nm 200 nm 200 nm 200 nm

f  PM6-SiO-30:Y6e  PM6-SiO-20:Y6d  PM6-SiO-10:Y6c  PM6:Y6

RMS=1.51 

nm

RMS=1.14 

nm

RMS=1.13 

nm

g  PM6:Y6 h  PM6-SiO-10:Y6 i  PM6-SiO-20:Y6 j  PM6-SiO-30:Y6

CA:95.11°

CA:44.75°

40.83 mN/m

0.38

Y6PM6-SiO-30PM6-SiO-20PM6-SiO-10

40.34 mN/m

0.001

39.35 mN/m

0.013

38.43 mN/m

0.03

γs: 

χD,A: 

CA:103.68°CA:103.48° CA:103.37°

CA:41.42° CA:39.19°CA:43.85°CA:54.94°

33.35 mN/m 

0.38

PM6

CA:104.97°a Water

CH2I2b

1 μm 1 μm 1 μm 1 μm

 
Fig. 7    (a) Water and (b) CH2I2 contact angle of PM6, PM6-SiO-10, PM6-SiO-20, PM6-SiO-30 and Y6. (c−f) AFM and (g−j) TEM images of
blend films based on siloxane-functionalized polymers and PM6.
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polymers, which is favorable for charge transport. Compared to
PM6-SiO-20:Y6  and  PM6-SiO-30:Y6  system,  PM6-SiO-10:Y6
based device exhibited large and more balanced hole and elec-
tron  mobility,  more  efficient  charge  collection  and  less  charge
recombination. As a result, the PM6-SiO-10:Y6 based device ex-
hibited the highest PCE of 16.69% with a VOC of 0.850 V, a JSC of
26.96 mA·cm−2 and an FF of 72.84%. This work offers new possi-
bilities for fine-tuning the crystallinity and morphology of poly-
mers in OSCs, providing valuable insights for future research.
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