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Structural defects in organic solar cells (OSCs) can significantly impact their performance by alter-
ing the density of the trap states and disrupting the energy-level alignment. These defects are primarily
formed during the film-formation process, serving as intrinsic traps. In this study, we employed a dilution
approach by blending an insulating polymer, polystyrene (PS), to control the structural-evolution process
and reduce structural defects. By incorporating PS into two all-polymer systems, namely, PBDB-T:N2200
and PM6:PY-IT, the presence of enhanced stack ordering led to a reduction in structural defects, thus facil-
itating the charge-transfer process in all-polymer OSCs. However, this phenomenon was not observed in
the nonfullerene system PM6:BTP-eC9. The compatibility between various components was examined
in solution using both experiments and theoretical simulations, which revealed better miscibility between
PS and the polymer materials. Our study demonstrates that the dilution effect of insulating polymers can
effectively regulate the structural-evolution process and defects in organic semiconductors, resulting in
enhanced performance of organic electronic devices.
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I. INTRODUCTION

Organic solar cells (OSCs) have attracted consider-
able attention due to their unique advantages of low-cost,
flexibility, light weight, and so on [1–3]. The bulk het-
erojunction (BHJ) is the commonly used structure, with
the active layer buffered by interfacial charge-transport
layers as well as being sandwiched between the cath-
ode and anode. Consisting of a donor and an acceptor,
the active layer is one of the most important compo-
nents for light absorption, charge generation, and trans-
mission. The nonfullerene small molecule and polymer
are two types of acceptors that are becoming popu-
lar [4–6]. Currently, the availability of high-efficiency
nonfullerene acceptors (NFAs) has promoted the power-
conversion efficiency (PCE) of single-junction OSCs to
nearly 20% [7–12]. Nonfullerene small-molecular accep-
tors have their unique advantages, such as strong and
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broader absorption in visible and near-infrared regions,
an adjustable energy band gap, strong crystallinity, and
orderly molecular stacking [13,14]. All-polymer solar cells
have received attention in recent years for their long-
term operational stability but their PCEs still lag behind
those of the NFA-based OSCs [15–18]. Rapid advances
in molecular design, morphology control, and device engi-
neering have greatly enhanced the device performance of
OSCs.

Trap states play a key role in determining the perfor-
mance of OSCs. The sources of traps in OSCs can be
divided into intrinsic and extrinsic traps. Structural defects
are one type of intrinsic traps [19–21]. They originate
from imperfections or impurities in the molecular structure
and create energy levels inside the forbidden energy band
gap, which will capture charge carriers that subsequently
recombine with free carriers of the opposite sign [22–25].
Structural defects are mainly formed during the struc-
tural evolution of the film-formation process. The film-
formation process can be modulated through a variety of
methods [26,27]. Ma et al. have adopted ternary strategies
to regulate the aggregate process for a more ordered molec-
ular arrangement and higher crystallinity [28]. Yan et al.
have selected 2-CF as an additive to effectively optimize
the film-formation process, reduce trap-assisted recombi-
nation, and contribute to charge transport [29]. Blom et
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al. have recently demonstrated that diluting transport sites
can reduce the trap state density by fabricating diluted
semiconductors with a wide-band-gap insulating polymer
[30]. Insulating polymers have attracted broad attention
as a low-cost material with great potential to effectively
enhance π -π stacking, assist self-assembly, reduce the
work function (WF) of electrodes, and thus optimize the
performance of organic optoelectronic devices [31–34]. It
is conceivable that blending of insulating materials leads
to degradation of electrical properties but it has proven to
be an important strategy for improving OSC performance
[35]. However, the fundamental understanding of the effect
of insulating polymers on the structural-evolution process
and the density of the trap states in the active layer remains
elusive.

In this work, we adopted the concept of dilut-
ing transport sites with insulating polymers to regulate
the structural-evolution process and diminish structural
defects. The insulating polymer polystyrene (PS) was
selected as the model material blending into the active
layer. We selected three representative systems, includ-
ing PBDB-T:N2200, PM6:PY-IT, and PM6:BTP-eC9, as
active layers. The changes in the structural-evolution
dynamics, trap state density, molecular stacking, and
device performance were observed after blending with
PS. We found that the blending of PS can extend the
film-solidification time to regulate the structural-evolution
process, causes substantially improved crystallinity of the
polymer blends, and contributes to the orderly arrange-
ment of their molecular stacking for suppressed structural
defects. Meanwhile, the miscibility among different com-
ponents in solution was investigated by experiments and
simulations to unravel the fundamental interaction mech-
anism of insulating polymer in the blends. The wetting
coefficient and the Flory-Huggins interaction parameters
were obtained using contact-angle measurements. The
Gibbs free energy of different systems can be obtained by
molecular-dynamics simulations. The results of the exper-
iments and simulations indicate better miscibility between
PS and polymer materials. Increased hole transfer rates and
efficiencies were also observed and, finally, improved per-
formance was achieved in all-polymer OSCs due to the
blending of PS.

II. NANOSCALE MORPHOLOGY AND
STRUCTURAL-EVOLUTION DYNAMICS

Figure 1(a) shows the energy-level diagrams of the
donor materials PM6 and PBDB-T and the acceptor mate-
rials PY-IT, BTP-eC9, and N2200. The OSC devices
were fabricated with the conventional structure to inves-
tigate the photovoltaic performance under AM 1.5G
conditions [Fig. 1(b)]. Their molecular structures are
shown in Fig. 1(c). BTP-eC9, as a narrow-band-gap

acceptor, is one of the most efficient OSC acceptor mate-
rials available. N2200, as a wide-band-gap polymer, has
unique stability. PY-IT is polymerized from Y6, and
its molecular structure has some similarities compared
with BTP-eC9. The absorption spectra and photolumi-
nescence (PL) spectra of each system are recorded in
Figs. 1(d)–1(f) and in Fig. S1 of the Supplemental Mate-
rial [36]. PS as an insulator does not participate in
the energy-transfer process between the donor and the
acceptor [10,37].

The grazing-incidence wide-angle x-ray scattering
(GIWAXS) measurement was used to study the molecular
packing and crystallinity in PBDB-T:N2200, PM6:PY-
IT, and PM6:BTP-eC9 films. Figures 2(a)–2(f) and Figs.
S2 and S3 of the Supplemental Material [36] show the
2D GIWAXS images and the corresponding line pro-
files of different blended films. For these blended films,
(100) peaks are observed in the in-plane direction and
(010) peaks are found in the out-of-plane direction, which
suggests that all the blended films show a predomi-
nantly face-on orientation [38]. In addition, the crystalline
coherence length (CCL), which is closely related to the
charge transport and device performance, is extracted
from the GIWAXS line profiles according to the Scher-
rer equation to quantify the molecular crystallinity, as
summarized in Table S1 of the Supplemental Material
[36]. In the PBDB-T:N2200 and PM6:PY-IT blending
with PS, the CCL values associated with π -π stacking
(010) are 1.78 Å and 2.04 Å, respectively, greater than
for PBDB-T:N2200 and PM6:PY-IT binary blends (1.70
Å and 1.86 Å), while the CCL values in PM6:BTP-
eC9 (2.69 Å) are slightly decreased to 2.56 Å with
PS. Meanwhile, it can be observed that the CCL val-
ues of the all-polymer systems associated with lamellar
stacking are also increased. The elongated CCLs indi-
cate the increased crystallinity and more orderly stacking
of molecules. The well-developed crystallinity is bene-
ficial for the charge transport and therefore results in a
higher fill factor (FF) and JSC. We chose PM6 as a poly-
mer donor to examine its crystallinity before and after
the addition of PS. As depicted in Fig. S3 of the Sup-
plemental Material [36], we found that the addition of PS
enhances its crystallinity. Conversely, when it comes to the
nonfullerene small molecule acceptor BTP-eC9, blending
with the PS does not significantly improve its crystallinity.
This observation aligns seamlessly with our discussion
regarding the influence of PS on all-polymer organic
solar cells. The nanoscale phase separation within the
blended films was quantified through grazing-incidence
small-angle scattering (GISAXS) measurements, with the
2D images shown in Fig. 2(g) and in Figs. S4(a)–S4(b)
of the Supplemental Material [36] and the 1D profiles
at the specular-beam position plotted in Fig. 2(h) and in
Fig. S4(c) of the Supplemental Material [36]. To quan-
tify and compare the phase separation in the nonfullerene
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FIG. 1. (a) The energy-band diagrams of PM6, PBDB-T, PY-IT, BTP-eC9, and N2200. (b) A schematic diagram of the OPV device
structure. (c) The molecular structures of PM6, PBDB-T, PY-IT, BTP-eC9, N2200, and PS used in the experiments. (d)–(f) The
absorption spectra of various systems. ITO, indium tin oxide; PDINN, N,N′-Bis{3-[3-(dimethylamino)propylamino]propyl}perylene-
3,4,9,10-tetracarboxylic diimide; PEDOT:PSS, poly(3,4-ethylenedioxythiophene):poly(styrene-sulfonate);

photovoltaic blends, the 1D GISAXS profiles were fitted
using a universal model, expressed as [39]

I (q) = A1
[
1 + (qξ)2]2 + A2P (q, R) S (q, R, η, D) + B .

(1)

The first term of the equation is the so-called Debye-
Anderson-Brumberger (DAB) term, where q is the scat-
tering wave vector, A1 is an independent fitting parame-
ter, and ξ is the average correlation length of the donor
domain. The second term represents the contribution from
fractal-like aggregations of acceptor. Here, P(q, R) is the
form factor of acceptor. S(q, R, η, D) is the fractal structure
factor, shown as [39]

S (q) = 1 + sin[(D − 1) tan−1 (qη)]b ± √
b2 − 4ac

(qR)D

× D� (D − 1)

[
1 + 1

(qη)2

] (D−1)
2

, (2)

which describes the interaction between primary
particles in this fractal-like aggregation system, where R
is the mean radius of the primary acceptor aggregates and
η is the correlation length of the fractal-like structure.
The average correlation length of the clustered acceptor
phases can be defined by the Guinier radius Rg of the net-
work, where Rg = √

(D (D + 1)/2)η. In the blended films
with PS, the ξ and 2Rg values are smaller than those of
blended films without PS, suggesting the reduced donor-
rich and acceptor-rich domain, which should be beneficial
to efficient exciton dissociation in active layers [40]. As
collected in Table S2 of the Supplemental Material [36],
the data fitting suggests that the η values of PBDB-T and
PM6 without PS are 54.83 nm and 62.88 nm, respec-
tively, and that they decrease to 42.18 nm and 55.52 nm,
respectively, after blending with PS, which indicates that
blending with PS regulates the structural-evolution pro-
cess during the film solidification. To further understand
the crystallinity and phase-separation distinction induced
by the introduction of PS, in situ ultraviolet-to-visible
(UV-vis) absorption measurements were employed to
illuminate the all-polymer aggregation process during
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FIG. 2. (a)–(c) Two-dimensional (2D) GIWAXS patterns of (a) PBDB-T:N2200 and PBDB-T:N2200 with PS, (b) PM6:PY-IT and
PM6:PY-IT with PS, and (c) PM6:PY-IT and PM6:PY-IT with PS. (d)–(f) One-dimensional (1D) profiles from GIWAXS patterns of
(d) the N2200 system, (e) the PY-IT system, and (f) the BTP-eC9 system. (g) 2D GISAXS patterns of PBDB-T:N2200 and PM6:PY-IT.
(h) 1D profiles from GIWAXS patterns of the N2200 system. IP, in plane; OOP, out of plane.

the film formation. The time evolution of the UV-vis
contour maps is depicted in Figs. 3(a) and 3(b) and in
Figs. S5(a) and S5(b) of the Supplemental Material [36].
The evolution of the peak intensity of the correspond-
ing all-polymer systems with and without PS films is
shown in Figs. 3(c) and 3(d) and in Figs. S5(c) and
S5(d) of the Supplemental Material, respectively [36].
According to the evolution of the PBDB-T– and N2200-
absorption peak intensity, the entire film-formation pro-
cess can be divided into three stages. During the solution
stage, as the spin coating starts, the peak intensity of

donors and acceptors gradually decreases and then, as
the solvent evaporates, the peak intensity remains con-
stant, indicating that aggregations of donors and accep-
tors have not started. In the solution-to-film transfor-
mation stage, the intensity of PBDB-T and N2200 is
enhanced dramatically, which is attributed to the aggrega-
tion behavior during the solution-to-film transformation.
The absorbances of the different systems at 400 and 800
nm were traced over time and correspond to the peak
positions of the donor and acceptor. The results confirm the
slower aggregation due to the blending with PS. Compared
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FIG. 3. (a),(b) Time-dependent contour maps of ultraviolet-to-visible (UV-vis) absorption spectra for (a) PBDB-T:N2200 and (b)
PBDB-T:N2200 with PS. (c),(d) The time evolution of the peak intensity of (c) 600 nm and (d) 400 nm with different systems.

to PBDB-T:N2200, the much longer aggregation time of
PBDB-T:N2200 with PS can provide enough time for the
donor and acceptor to aggregate, nucleate, and crystallize,
which facilitates reduction of the density of the trap states.
Similar phenomena can be detected in PM6:PY-IT with
and without PS. As the solvent evaporates further, the shift
of the peak intensity stops, implying that the third stage is
beginning. The peak intensity of the donors and acceptors
remains constant over time at the third stage.

The influence of the PS on the surface morphology
of the blended films was studied by using atomic force
microscopy (AFM), as shown in Figs. 4(a)–4(c). After
blending with PS, the surface of PM6:PY-IT and PBDB-
T:N2200 films became much smoother (such as rms =
1.44 nm for the PM6:PY-IT film and rms = 1.08 nm after
blending with PS). The distribution of PS in the blend is
important for investigations of the effect of blending with
PS and can be explored via the contact-angle measurement.
To calculate the interfacial energy γ of the donor, accep-
tor, and PS, the definition of the free energy of adhesion
and Young’s equation are used to deduce [41,42]

γl (1 + cos θ) = 2
√

γ d
s γ d

l +
√

γ
p
s γ

p
l , (3)

where γl and γs are the γ values of liquid-vapor and solid-
vapor, respectively. γ p and γ d are the polar and dispersion
components of γ , respectively (γ = γ p + γ d) and θ is the
contact angle. The interfacial energy between components
X and Y (γXY) is obtained through

γXY = γX − γY − 2
√

γX × γY × e
[
−β(γX −γY)2

]

, (4)

where β is 0.000115 m4 mJ−2. According to the interfacial
energy,

ωZ = γZY − γZX

γXY
(5)

is used in this work to calculate the ωz value of material
Z (PS) in a blend based on materials X (donor) and Y
(acceptor).

The contact angles of the pure PY-IT, N2200, and BTP-
eC9 are shown in Figs. 4(d)–4(f); others are shown in Fig.
S6 of the Supplemental Material [36]. The corresponding
surface energies are shown in Table I. The interface energy
and wetting coefficient are summarized in Tables S3 and
S4 of the Supplemental Material [36]. The different values
of ω show that the PS can be located in different domains.
If ωz is larger than unity (ωz > 1), Z will be located in the
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(a)
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PM6:PY-IT 0.6% PS 0.6% PSPBDB-T:N2200 0.6% PSPM6:BTP-eC9

rms = 2.51 nm rms = 3.19 nm
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FIG. 4. (a)–(c) AFM images of (a) PM6:PY-IT, (b) PBDB-T:N2200, and (c) PM6:BTP-eC9 with PS. (d)–(f) Glycerin contact-angle
images of (d) PY-IT, (e) N2200, and (f) BTP-eC9. (g)–(i) Molecular-dynamics simulations of (g) PBDB-T:N2200, (h) PM6:PY-IT,
and (i) PM6:BTP-eC9.

domain of X . If ωz < −1, Z will be located in the domain
of Y. If −1 < ωz < 1, Z will be located at the interface
between X and Y [42]. As collected in Table I, for PM6
and BTP-eC9, ω is 1.42, which demonstrates that the PS
is located in the donor domain. In contrast, for PM6:PY-
IT and PBDB-T:N2200, ω is 0.38 and 0.09, respectively.
This indicates that PS mainly acts at the donor and accep-
tor interface. The Flory-Huggins interaction parameter χ

gives a measure of the interaction of the polymer chains
with the small molecules as well as the polymer-polymer
interaction. We can also use the Flory-Huggins interac-
tion parameter χ to estimate the interaction and miscibility
among different components. The χ values are calculated
using the Hildebrand solubility parameters δ for materials
with similar polarity according to

χ = v1

RT
(
δi − δj

) + 0.34, (6)

where δi = K
√

γi, δi is the surface energy calculated via
the contact angle, K is a proportionality constant simply
given by 1.16 × 105 m−1/2, and ν1 is the molar volume
of the solvent. The results are shown in Table S5 of
the Supplemental Material [36]. The interaction parame-
ters of χPS,N2200 and χPS,PY-IT are 0.46 and 0.37, smaller

than for χPS,BTP-eC9 (0.47), demonstrating better miscibil-
ity between PS and polymer materials compared to that
between PS and BTP-eC9 [43].

The thermodynamic criterion can explain the relation-
ship between the interface energy and the miscibility of
different materials from their physical nature. The thermo-
dynamic criterion for the blending of two-phase blended
polymers is based on the following equation: 
G =

H m − T
S, where 
G is the mixed Gibbs free energy of
the system and 
S is the mixed entropy. The free enthalpy

TABLE I. The key parameters of the contact-angle measure-
ments by using water and glycerol droplets.

Contact angle

Material Water Glycerin
Surface energy
γ (mN m−1)

Hildebrand
solubility

parameter δ

PBDB-T 102.1 87.2 35.2 21.76
PM6 97.5 85.5 29.6 19.95
BTP-eC9 101.3 85.7 34.5 21.54
N2200 93.2 84.1 23.1 17.63
PY-IT 100.5 82.1 25.9 18.67
PS 100.7 83.1 28.6 19.61
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(
H m) per unit area of the interface is called the interfacial
energy (γ ). When 
G < 0, the two phases can be mixed
into a thermodynamically stable homogeneous system. We
use the coupling-parameter approach in conjunction with
the thermodynamic integration (TI) formula to determine
the mixed Gibbs free energy from [Figs. 3(g)–3(i)] [44,45]:


GAB = ∫λB
λA

∂H (λ)

∂λ λ′
dλ′ , (7)

where the Hamilton H is a function of the coupling
parameters. The dependence of the Hamiltonian defines
a pathway connecting the two states of systems A and B.
We can evaluate the ensemble average at multiple dis-
crete points by performing a separate simulation for each
selected point. The nonbonded interactions between A and
B can be interpolated by

Vnb
ij (r) = (1 − λ) VA

ij

(
rA

ij

)
+ λVB

ij

(
rB

ij

)
(8)

and

VA
ij

(
rA

ij

)
=

(
C(12)

ij

(rA
ij )

12 − C(6)
ij

(rA
ij )

6

)

+ f
qiqj

rA
ij

, (9)

(
rB

ij

)
=

(
C(12)

ij

(rB
ij )

12 − C(6)
ij

(rB
ij )

6

)

+ f
qiqj

rB
ij

, (10)

rA
ij =

(
α
(
σ A

ij

)6
λ2 + r6

ij

) 1
6
, (11)

rB
ij = (α

(
σ A

ij

)6(
1 − λ)2 + r6

ij

) 1
6 , (12)

where Vnb(r) is the soft-core potential, VA
ij and VB

ij are
the potentials describing the nonbond interactions of two
atoms in states A and B at a distance from rij , respectively,
C(12)

ij and C(6)
ij are the interacting van der Waals param-

eters, the dispersive energy term, f , is equal to 1/4πε0,
and α is the soft-core parameter. Smaller mixed Gibbs free
energy 
G values imply an enhanced tendency toward
miscibility. The 
G values are −488.44, −100.42, and
−75.55 kJ mol−1 for PBDB-T:N2200, PM6:PY-IT, and
PM6:BTP-eC9 with PS, respectively, which indicates the
better miscibility between PS and polymer systems. The
addition of PS modifies the interface between the donor
and the acceptor, thus improving the crystallinity of the
system. However, the poor miscibility of PS and BTP-
eC9 locates PS in the donor domain rather than at the
donor-acceptor interface for PM6:BTP-eC9 blends.

III. SUPPRESSING STRUCTURAL DEFECTS

The increased crystallinity of the system implies a more
ordered arrangement of molecules [Fig. 5(a)] [38]. To

investigate whether ordered molecular stacking reduces
the trap states, capacitance-frequency (C-V) measure-
ments were further carried out to investigate the den-
sity of the trap states [46,47]. The measure was based
on the capacitance-frequency dependence under changing
applied bias (see Fig. S7 of the Supplemental Material
[36]). Walter et al. have presented an analytical model
that allows the energetic distribution of traps Nt(Eω) to
be determined from the measured capacitance-frequency
data C(ω, T) [48]. The trap density of states at energy Eω

is related to the derivative of the capacitance with respect
to the frequency as

Nt (Eω) = − Vbi

qW
dC
dω

ω

kT
, (13)

where Vbi is the built-in potential and W is the width of
the space-charge region. A Mott-Schottky plot is used to
extract the built-in voltage Vbi and the apparent blending
profile Nap, which are calculated by

1
Cj

2 = 2 (Vbi − V)

qεε0Nap

Vbi

qW
dC
dω

ω

kT
. (14)

Eω is calculated as follows:

Eω = kTln
(

2ν0

ω

)
. (15)

As shown in Figs. 5(b) and 5(c) and in Fig. S8 of
the Supplemental Material [36], the results reveal Nt val-
ues of 2.45 × 1017 cm−1eV−1, 1.29 × 1017 cm−1eV−1,
5.00 × 1018 cm−1eV−1, and 2.25 × 1018 cm−1eV−1 for
PBDB-T:N2200, PBDB-T:N2200 with PS, PM6:PY-IT,
and PM6:PY-IT with PS, respectively. Previous works
have found that the use of ternary or other strategies to
bring down the density of the trap states is accompanied
by a change in the energy level of the trap states [47].
However, we find that the Eω value of all-polymer systems
does not change significantly after blending with PS but,
rather, leads to a decrease in the overall trap-state density
due to the more crystalline structure. Combined with the
contact-angle and C-V measurements, PS was found to be
located between the donor and acceptor and to reduce the
trap states in all-polymer systems, implying that PS sup-
presses the interfacial trap states. However, PS was located
in the donor domain, without reducing the density of the
trap states, for PM6:BTP-eC9, which is due to BTP-eC9,
as a small molecule, being incompatible with PS. The den-
sity of the trap states is lowest for PBDB-T:N2200 with 6%
PS and lowest for PM6:PY-IT with 0.6% PS, which may
correspond to the best performance of the device. When the
blending ratios reach 1% (PM6:PY-IT) and 10% (PBDB-
T:N2200), the density of the trap states rises and exceeds
that of the unblended device, because the crystallinity of
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(a)

(b)

(d)

(c)

FIG. 5. (a) Molecular-stacking changes after the dilution effect. (b)–(d) The trap-state density of (b) PBDB-T:N2200 with PS,
(c) PM6:PY-IT with PS, and (d) PM6:BTP-eC9 with PS. (e) The trap-assisted recombination process before and after suppressing
structural defects. DOS, density of states.

the active layer is disrupted by the excessive blending of
PS.

As is known, the traps in OSCs can originate from
two sources, which are intrinsic and extrinsic traps, and
structural defects are one type of intrinsic trap that have
a significant impact on the performance of OSCs. The
addition of PS can optimize the bulk heterojunction mor-
phology and contribute to its increased crystallinity. Thus,
structural defects are patched and the density of the trap
states is suppressed [24]. Structural defects are not affected
by temperature, so we performed low-temperature tran-
sient photo-current (TPC) measurements (see Fig. S9 of
the Supplemental Material [36]). We found that the TPC
change of the PY-IT system at low temperature and room
temperature was not very obvious, while the decreas-
ing trend was basically the same after adding PS. It is
concluded that PS primarily suppresses structural defects

within the all-polymer system. As schematically shown in
Fig. 5(d), trap-assisted recombination is a two-step pro-
cess, where a hole is first trapped within the band gap
and then recombines with an oppositely charged electron
[22]. The addition of PS for dilution suppresses the struc-
tural defects, resulting in a significant reduction of the
trap states and contributing to charge transport. The sup-
pressed trap density can effectively prevent trap-assisted
recombination and promotes the photogenerated carrier
density of the active layer. Note that this phenomenon
was observed in two all-polymer systems, PBDB-T:N2200
and PM6:PY-IT, but not in PM6:BTP-eC9, indicating
that the suppression of blending structural defects due
to insulating polymer mainly works in the all-polymer
system.

According to the above measurement results, it can be
speculated that PS can suppress structural defects between

043012-8



STRUCTRUAL-EVOLUTION AND DEFECT SUPPRESSION. . . PRX ENERGY 2, 043012 (2023)

(a) (c) (e)

(b) (d) (f)

(g) (h) (i)

FIG. 6. (a),(b) Normalized time-resolved photoluminescence (TRPL) spectra of (a) PBDB-T:N2200 with different PS ratios and (b)
PM6:PY-IT with different PS ratios. (c),(d) TA spectra at different probe delay times for (c) PBDB-T:N2200+PS and (d) PM6:PY-
IT+PS. (e),(f) The dynamics of the rising signal of donor GSB in (e) the PM6:PY-IT system and (f) the PBDB-T:N2200 system.
The solid curves are single-exponential fitting results. (g)–(i) Current density versus bias voltage (J -V) curves of the OSCs of (g)
PBDB-T:N2200 with PS, (h) PM6:PY-IT with PS, and (i) PM6:BTP-eC9 with PS.

the donor and the acceptor in all-polymer systems. Mean-
while, the suppression of structural defects leads to a
reduction in the density of the trap states. However, PS
interacts with the donor in PM6:BTP-eC9 blends and
disrupts the crystallinity and molecular stacking of the
system.

IV. HOLE TRANSFER PROCESS AND DEVICE
PERFORMANCES

The reduction of structural defects can influence the
exciton dynamics. Time-resolved fluorescence lifetime
imaging microscopy (FLIM) can be adopted to visual-
ize the detailed dynamics of the exciton in BHJ films.

Figures 6(a) and 6(b) and Fig. S10 of the Supplemen-
tal Material [36] show the fluorescence-decay dynamics
of each film. The decay profiles are fitted with a single-
exponential decay function I (t) = Ae−t/τ . The detailed
parameters are summarized in Table S6 of the Supple-
mental Material [36]. The fitted result is 79.3 ps for pris-
tine PM6:PY-IT film, while a longer lifetime of 93 ps is
observed in film blended with 0.6% PS. However, the fluo-
rescence lifetimes decrease to 81.2 ps as the blending ratio
increases to 1.0%. Similar phenomena can be observed in
PBDB-T:N2200 blended with PS. The increased fluores-
cence lifetime indicates extension of the singlet exciton
lifetime, which can be ascribed to the decreased trap-state
density and more excitons being able to diffuse to the
donor-acceptor interface [35]. The hole is a type of fermion
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and it follows the Fermi-Dirac distribution. The average
number of particles in a quantum state with energy ε at
temperature T can be expressed as

f (ε) = 1

exp
[

ε−εf
kT

]
+ 1

, (16)

where εf is the chemical potential and k is Boltzmann’s
constant. The reduction of structural defects can affect the
hole distribution. The TA spectra were measured to explore
the ultrafast hole transfer process (see Figs. S11 and S12
of the Supplemental Material [36]). A wavelength of 800
nm is used to selectively excite N2200 and PY-IT, and TA
spectra for PBDB-T:N2200 and PM6:PY-IT probed in the
visible region are shown in Figs. 6(c)–6(f). A clear ground-
state-bleaching (GSB) signal of the donor is centered at
around 640 nm (see Fig. S13 of the Supplemental Material
[36]). In a previous report, Xiao et al. have suggested that
the hole transfer process is mainly governed by the pho-
toexcited intramoiety polaron pairs (iPPs), with a slower
recombination process in all-polymer system, which is
consistent with the results observed in this work [49]. For
PBDB-T:N2200, the GSB signal of the donor is gradually
generated as the ESA signal decays at 500 nm and spans a
larger time scale, up to nanoseconds. This corresponds to
the hole transfer process from the acceptor N2200 to the
donor PBDB-T and the ESA signal at 500 nm is attributed
to the iPPs of N2200 [35]. However, the photoinduced-
absorption (PIA) signal at around 1200 nm corresponds
to the iPPs of PY-IT and originates from the intramoiety
state of charge-neutral excitations with weak interaction
between spatially separated electrons and holes [50]. As
the iPP signal decays, the GSB signal at 630 nm of donor
PM6 emerges, which relates to the hole transfer process
from PY-IT to PM6. In this work, the hole transfer process
can be described by the Marcus theory, with [51]


G+ = λ

4

(
1 + 
G0

λ

)2

, (17)

where λ refers to the total reorganization energy, 
G0 is
the change in the Gibbs free energy, and 
G+ is the acti-
vation energy. To further explore the hole transfer rate (k),
diabatic representation can be combined with this theory
as follows:

H = T +
[

V1 



 V2

]

≡ T + 1
2

(V1 + V2) ‖ +1
2

(V1 − V2) σz + 
σx (18)

and the hole transfer rate (k) can be described by

k = 2π

�
√

4πλkBT
V2 exp

(
− (λ + 
G)

4λkBT

)
, (19)

where V refers to the electronic coupling between the ini-
tial and final states, 
G is the change in the Gibbs free
energy (−
G is the driving force and is usually positive),
kB is the Boltzmann constant, and T is the temperature.
Considering that the GSB signal of the donor around 630
nm is gradually generated as the iPPs diffuse and disso-
ciate at the interface, we then performed kinetic fitting of
the GSB signal at 620 nm for both binary and PS-blended
systems. The interfacial hole transfer (HT) rates in the
different systems can be calculated by

kHT = kr − k0, (20)

where kr = 1/τr and k0 = 1/τ0. The quantum efficiency
(QE) of photoinduced HT (in competition with intrinsic
relaxation) can be estimated by

QE = kHT

(kHT + k0)
. (21)

The results are shown in Table II and in Fig. S14 of
the Supplemental Material [36]. We found that the hole
transfer rate and efficiency were significantly increased
after blending with PS. The hole transfer rate of PBDB-
T:N2200 increased from 0.22 × 1012 to 0.59 × 1012 s−1

and the corresponding transfer efficiency rose from 90.53%
to 96.25%. The hole transfer rate of PM6:PY-IT also rose
from 0.56 × 1012 to 1.41 × 1012 s−1 and the corresponding
transfer efficiency increased from 72.73% to 87.64%. The
increase in the hole transfer efficiency should be ascribed
to the significant decrease in the trap density of states [50].
Therefore, more iPPs can effectively diffuse to the interface
of the acceptor, due to less trap-assisted recombination,
and undergo dissociation, generating more free charges,
which ultimately leads to a significant increase in the pho-
tocurrent as well as the external quantum efficiency (EQE)
in the range of 300–800 nm.

We fabricated the devices based on PBDB-T:N2200,
PM6:PY-IT, and PM6:BTP-eC9 with and without blending
PS. The current density versus bias voltage (J -V) curves of
the OSCs with the conventional structure and the EQE are
shown in Figs. 6(g)–6(i) and in Fig. S15 of the Supple-
mental Material [36]. Compared with the control devices,
the PCEs of the OSCs with PBDB-T:N2200 and PM6:PY-
IT are substantially improved with the addition of PS.
The maximum PCE of PBDB-T:N2200 is 7.48% when
the addition ratio is 6.0 wt%. The PCE of PM6:PY-IT
also reaches 16.72% when the addition ratio is 0.6 wt%.
However, further addition of PS beyond 6.0 wt% and 0.6
wt% inversely decreases the PCE values of the devices.
The detailed photovoltaic parameters for different addition
ratios are shown in Table S7 of the Supplemental Mate-
rial [36]. The dissociation probability (P(E, T)) is studied
through the relationship between the photocurrent density
(Jph) and the effective voltage (Veff). The P(E, T) of the
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TABLE II. Fitting parameters for the pump-fluence-dependent
TA decay curves and the quantum efficiency.

System τ (ps) kHT (×1011s−1) QE (%)

N2200 0.23
PBDB-T:N2200 4.60 0.22 90.53
PBDB-T:N2200 with PS 1.69 0.59 96.25
PY-IT 4.70 0.21
PM6:PY-IT 1.78 0.56 72.73
PM6:PY-IT with PS 0.71 1.41 87.64

device with PS (93.27%) is higher than that of the control
device (91.14%). It can be concluded that more charge car-
riers are accumulated at the electrodes for the device due to
the improved exciton diffusion and charge separation (see
Fig. S16 of the Supplemental Material [36]). For PBDB-
T:N2200 and PM6:PY-IT, PS mainly acts between the
donor and the acceptor and suppresses structural defects
at the interface, which leads to an increase in FF and JSC.
In the case of PM6:BTP-eC9, the PS blending destroys
the crystallinity of the system, so that the parameters are
not significantly improved. This is consistent with our pre-
vious discussion of the variation in crystallinity and the
trap-state density.

V. CONCLUSIONS

In this study, we have investigated the impact of blend-
ing PS with the photoactive layer in order to regulate the
structural-evolution process and suppress structural defects
in OSCs. Our results demonstrate that the blending of PS
leads to a longer solidification process and a significant
decrease in the density of the trap states in the all-polymer
systems PBDB-T:N2200 and PM6:PY-IT. However, the
energy levels occupied by the trap states do not change
significantly. Interestingly, in the case of the OSCs based
on the nonfullerene small-molecule acceptor BTP-eC9,
blending with the insulating polymer does not significantly
reduce the trap states. By reducing the density of the trap
states, we have observed improvements in the exciton life-
time, hole transfer rate, and overall efficiency, leading to
lower photocurrent loss and higher performance in the
OSCs. Our findings provide a fundamental understanding
of the effect of insulating polymers on the density of the
trap states in the active layer and offer a new perspective
on suppressing trap-assisted recombination in all-polymer
OSCs.
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