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nity control enables high-
efficiency P3HT organic photovoltaic cells†

Kaihu Xian, a Yang Liu,a Junwei Liu,a Jinde Yu,b Yifan Xing,b Zhongxiang Peng, a

Kangkang Zhou,a Mengyuan Gao,a Wenchao Zhao,c Guanghao Lu, b

Jidong Zhang,d Jianhui Hou, e Yanhou Geng af and Long Ye *agh

As a benchmark semiconducting polymer, poly(3-hexyl-thiophene) (P3HT) has been broadly used to

construct a wide range of organic electronic devices such as photovoltaic cells, photodetectors,

thermoelectrics, and transistors. In the last two decades, numerous studies have concentrated on

modulating the morphology and performance of organic solar cells based on P3HT and fullerene

derivatives. In comparison with P3HT:fullerene systems, the blends of P3HT with emerging nonfullerene

acceptors remain significantly less explored and the structure–performance relationships are not well

established. In this work, time-dependent grazing incidence X-ray scattering and real-space microscopy

experiments were carried out to monitor the microstructure change of the high-efficiency blend of

P3HT and a Y6-type nonfullerene acceptor (i.e., ZY-4Cl) over the duration of thermal annealing. By

precisely manipulating the crystalline order of both the donor and acceptor, we found that simply

shortening the annealing time can cause a remarkable 19-fold increase in the solar cell efficiency. We

observed profound changes in all the photovoltaic parameters (open-circuit voltage, current density, fill

factor, and power conversion efficiency) within the first 1 minute, while a slight variation emerged in the

later stage. Attractively, the P3HT:ZY-4Cl blend film subject to thermal annealing for merely 30 seconds

gave rise to a remarkable power conversion efficiency of �10.7%, which is the best efficiency of P3HT-

based organic photovoltaic cells at present. The research shed light on the morphological optimization

and cost-effective processing of polythiophene:nonfullerene blends for optoelectronic applications.
1. Introduction

Solution-processed organic photovoltaic (OPV) cells are a clean
energy technology with great commercial application prospects
because of their unique features, such as high soness, light
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weight, colorful appearance and excellent ability to be trans-
lucent and wearable.1–5 The past decade has witnessed dramatic
advances in the performance of OPV cells and the reported
power conversion efficiency (PCE) has surpassed 18%,6–9

benetting from the rapid development and innovation of new
materials. However, the synthetic complexity and poor scal-
ability of these new and high-efficiency materials result in
considerably high production costs,10–12 which put great
constraints on the commercial development of OPVs. There-
fore, more attention should be paid to optimizing low-cost
polymer donors and nonfullerene acceptors with simple
chemical structures and synthetic routes.13–17

Among the myriad of polymer donor materials, poly(3-
hexylthiophene) (P3HT) is the lowest cost one due to its
simple chemical structure and straightforward synthesis.18,19 In
particular, it can be readily made with some eco-friendly poly-
merization methods,20–22 making P3HT the only polymer truly
available in large quantities (over 1 kg). Limited by the narrow
absorption range and intrinsically high-lying highest occupied
molecular orbital (HOMO) level of P3HT, the photovoltaic
performance of P3HT-based OPVs (denoted as P3HT-OPVs) is
oen far from satisfactory.23,24 The PCE values of these cells are
generally in the range of 7–9% even with a series of new
This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (a) Summary of the PCEs for nonfullerene P3HT-OPVs with and without additives. The value achieved in our study is markedwith a star. (b)
Chemical structures of the model blend system of P3HT and ZY-4Cl. (c) J–V curves of the optimal P3HT:ZY-4Cl blend films with different
annealing times. (d) EQE curves of the corresponding devices. The evolution plots of (e) VOC and FF, and (f) JSC and PCE with annealing time.
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nonfullerene acceptors25 such as O-IDTBR26 and TrBTIC27 (see
Fig. 1a). The best PCE of P3HT-OPVs is no more than 9% unless
the state-of-the-art Y6 type nonfullerene acceptor (i.e., ZY-4Cl28)
is employed. Though these P3HT:nonfullerene blends are still
less efficient compared with the high-efficiency OPV systems,
the innovations in molecular structure design of nonfullerene
acceptors have still provided a lot of new opportunities for
device optimization and demonstrated the huge potential of
P3HT-OPV systems.29–32

Compared with fullerene derivatives, non-fullerene accep-
tors can continuously adjust the molecular energy level and
band gap through chemical structure modication, realize the
utilization of photons at different wavelengths and thus enable
more excellent performance.33–35 In 2015, McCulloch's group
developed a rhodanine anked nonfullerene small molecule
acceptor, FBR, enabling a PCE of 4.11%,36 which was the rst
time that P3HT-OPVs based on nonfullerene acceptors out-
performed their fullerene counterparts. Furthermore, they
replaced the uorene core of FBR with indacenodithiophene
and synthesized two benzothiazole derivatives, O-IDTBR and
EH-IDTBR,37 to address the issues of spectral overlap and
morphologies from FBR. Since a more planarized molecular
structure leads to complementary absorption and suitable
crystallinity, P3HT-OPVs based on O-IDTBR and EH-IDTBR
showed PCEs of 6.34 and 6.00%, respectively. In 2019, Han's
group used 1,2,4-trichlorobenzene as an additive to separate the
crystallization process of P3HT and O-IDTBR by extending the
lm-forming duration and increased the PCE of the P3HT:O-
IDTBR blend to 7.18%.26 In the same year, Peng et al. synthe-
sized a new nonfullerene acceptor named TrBTIC,27 which
This journal is © The Royal Society of Chemistry 2022
crystallized slowly with long-term aging in 1,2,4-trime-
thylbenzene at room temperature. The P3HT:TrBTIC lm
showed a PCE of 8.25% due to the phase separation of the donor
and acceptor with long-term aging before spin-coating.

In addition to manipulating the microstructure of the blend
lms by modulating the solution properties and lm-forming
processes, the morphology can also be adjusted aer lm
formation by post-treatments. Recently, Hou and co-workers
found that the photovoltaic performance of a new P3HT:non-
fullerene lm reaches 9.46% by a standard thermal treatment
(for instance, heating at 130 �C for 10 min), which signicantly
outperformed the control device without annealing. In a subse-
quent report, Hou et al. introduced a small amount of volatiliz-
able solid additive to form a more ordered molecular packing for
a nonfullerene acceptor and obtained a respectable PCE greater
than 10%,38 which broke the prior efficiency record for P3HT-
OPVs. These studies together indicated that the morphology of
the blend lms is quite sensitive to the processing conditions.39–41

Nevertheless, the knowledge of how the morphology of the
P3HT:nonfullerene blend lm evolves over the course of post-
treatment (e.g., annealing) is still scarce and has remained an
extremely challenging task formorphology control in the eld. As
such, understanding the morphological details of P3HT:nonful-
lerene lms and their evolution with post-treatment time is of
vital importance to rationalize the optimization strategies with
a view to a greater performance in P3HT-OPVs.

Here we have successfully surpassed the 10% efficiency
barrier for additive-free P3HT-OPVs with a facile strategy and
importantly managed to nely monitor the time-dependent
evolution of crystallization, morphology and photovoltaic
J. Mater. Chem. A, 2022, 10, 3418–3429 | 3419
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performance of a low-cost yet high-efficiency OPV active layer
during the thermal annealing process. Our model system (see
Fig. 1b) is representative of the recently emerging poly-
thiophene:nonfullerene blends, consisting of the Y6-series
small molecule acceptor ZY-4Cl (2,20-((12,13-bis(2-butyloctyl)-
3,9-diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-e]thieno
[200,300:40,50]thieno[20,30:4,5]pyrrolo[3,2-g]thieno[20,30:4,5]thieno
[3,2-b]indole-2,10-diyl)bis(methaneylylidene))bis(5,6-dichloro-
1H-indene-1,3(2H)-dione)) and the optimal batch of P3HT that
was prepared by our direct arylation polycondensation
protocol.42 It was found that the amorphous portion of accep-
tors crystallized rapidly in a short period (30 s) and then
agglomerated with the further extension of annealing time,
while the crystallinity of P3HT did not change substantially aer
annealing. Therefore, the phase separation of the blends
increased gradually with prolonged annealing time. We
demonstrated that the crystallization of photoactive materials
can signicantly improve the device performance, but the
agglomeration of crystallized acceptor molecules will hamper
the performance. By thermally annealing the blend lm for only
30 s at 130 �C without extra liquid or solid additives, we were
able to achieve an impressive PCE of 10.71%, which is the
record PCE value of P3HT-OPVs. By precisely optimizing the
crystalline order of both the donor and acceptor via shortening
the annealing time, we demonstrated a remarkable 19-fold
increase in the solar cell efficiency. We found that higher effi-
ciency can be achieved in a very short time in comparison with
that of the lms normally annealed for 10 min. This facile
strategy has a great advantage over the previously reported ones
in terms of lowering the cost and time of industrial production
of P3HT solar cells. It will provide guidance for the regulation of
the aggregated structure of lms, so as to advance the perfor-
mance improvement of polythiophene solar cells.
2. Results and discussion
2.1. Photovoltaic performance

To examine how photovoltaic parameters evolve with the pro-
cessing conditions, we constructed a series of OPVs with
a conventional structure of ITO glass/PEDOT:PSS/P3HT:ZY-4Cl/
Table 1 Detailed photovoltaic parameters of the P3HT-OPV cells as a f

Time VOC (V) JSC (mA cm�2) Jc

0 s 0.97 � 0.01 (0.98) 1.4 � 0.1 (1.5) 1.
2 s 0.96 � 0.02 (0.97) 1.7 � 0.1 (1.8) 2.
5 s 0.95 � 0.02 (0.92) 3.3 � 1.5 (6.1) 7.
10 s 0.90 � 0.01 (0.90) 14.1 � 0.8 (14.9) 14
30 s 0.90 � 0.01 (0.90) 16.7 � 0.5 (17.0) 16
1 min 0.89 � 0.01 (0.89) 16.5 � 0.2 (16.7) 16
5 min 0 88 � 0.00 (0.88) 16.3 � 0.2 (16.3) 15
10 min 0.88 � 0.00 (0.88) 16.1 � 0.2 (15.9) 15
0.5 h 0.87 � 0.00 (0.87) 12.3 � 0.5 (12.4) 12
1 h 0.85 � 0.01 (0.86) 11.5 � 0.3 (11.5) 11
30 sc 0.90 � 0.01 (0.90) 17.1 � 0.4 (17.4) 16

a Jcal is calculated from the EQE curve. b The average values of the photovo
by using a new P3HT batch with 95% regioregularity.

3420 | J. Mater. Chem. A, 2022, 10, 3418–3429
PDINO/Al, by simply altering the annealing time of the active
layer at 130 �C. The processing solvent is tetrahydrofuran, which
is widely recognized as a sustainable solvent. The detailed
fabrication conditions are provided in the ESI.† The energy level
alignments are illustrated in Fig. S1.† The current density–voltage
(J–V) curves of the blends under AM 1.5G conditions (100 mW
cm�2) are shown in Fig. 1c and the detailed photovoltaic
parameters are summarized in Table 1. The as-cast (0 s) device
gave an abysmal PCE of 0.51% with a high open-circuit voltage
(VOC) of 0.98 V, a poor short-circuit current density (JSC) of 1.5 mA
cm�2 and a low ll factor (FF) of 0.35. In comparison, the device
with thermal annealing for 10 min afforded a notably raised PCE
of 9.37% with a lower VOC of 0.88 V, a good JSC of 15.9 mA cm�2

and a high FF of 0.67. Intriguingly, aer only thermal annealing
for 30 s, we achieved the peak PCE of 10.25%with a VOC of 0.90 V,
a JSC of 17.0 mA cm�2 and a FF of 0.67. The champion PCE
achieved here is the highest value reported so far for P3HT-OPVs.
Of particular note is that our high-performance P3HT-OPV does
not require the use of any extra liquid or solid additives.

As displayed in Fig. 1d, the external quantum efficiency
(EQE) value of the as-cast blend lm was lower than 5% in the
entire response region of 300–800 nm. The blend lms
annealed for 30 s exhibited signicantly stronger photo-
responses with the maximum EQE exceeding 70%. The devia-
tions between the calculated integrated current densities from
the EQEs and the JSC obtained from the J–Vmeasurements were
less than 5% for all the devices, demonstrating the reliability of
our solar cell performance. As can be seen from Fig. 1e, there
was an 80 mV sharp decline in VOC aer thermal annealing at
130 �C within 10 s, and then the VOC decreased slowly with
annealing time. As reected in the FF plot, it increased rapidly
with annealing time in the rst 10 s and then appeared to level
off. As shown in Fig. 1f, the JSC quickly increased to a peak value
within 30 s and then a slow decrease in JSC with annealing time
was recorded aer 30 s. The PCE rst increased rapidly and then
decreased slowly, exhibiting an analogous trend with JSC. The
performance change during the annealing process can be
understood by further mapping out the evolution of the crys-
tallization and morphology of the blend lms over time.
unction of annealing time at 130 �C under AM 1.5 G illumination

al
a (mA cm�2) FF PCEb (%)

2 0.33 � 0.01 (0.35) 0.44 � 0.05 (0.51)
3 0.35 � 0.01 (0.35) 0.57 � 0.02 (0.61)
0 0.41 � 0.04 (0.49) 1.32 � 0.72 (2.75)
.7 0.64 � 0.04 (0.64) 8.14 � 0.52 (8.58)
.7 0.65 � 0.03 (0.67) 9.83 � 0.35 (10.25)
.3 0.65 � 0.02 (0.66) 9.57 � 0.23 (9.81)
.8 0.64 � 0.02 (0.67) 9.35 � 0.34 (9.61)
.5 0.65 � 0.02 (0.67) 9.19 � 0.19 (9.37)
.4 0.64 � 0.02 (0.65) 6.82 � 0.25 (7.01)
.3 0.63 � 0.02 (0.65) 6.15 � 0.34 (6.43)
.9 0.66 � 0.04 (0.69) 10.15 � 0.48 (10.71)

ltaic parameters are obtained from 10 devices. c The values are obtained

This journal is © The Royal Society of Chemistry 2022
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2.2. Crystalline order

Since the performance changed sharply during the thermal
processing, we applied a synchrotron radiation-based X-ray
diffraction technique, namely grazing incidence wide-angle X-
ray scattering (GIWAXS), to characterize the crystalline order
and texture of the blend lms. As shown in the time-dependent
evolution diagrams of neat P3HT by GIWAXS (Fig. S2†), the
out-of-plane diffraction peak at 0.39 Å�1 corresponds to the (100)
reection from the alkyl-stacking direction of the P3HT crystal-
lites.43 Upon annealing, the neat P3HT lms showed very analo-
gous diffraction proles. More specically, the as-cast lm
showed signicantly small coherence lengths (Lc) and peak areas
of the (100) and (010) peaks, which indicated that although
a small portion of P3HT is crystalline in the as-cast lm, most of
the polymer chains are still in a disordered state. Aer annealing,
we observed the enhanced crystallinity of P3HT. Two weak peaks
appeared at qz ¼ 0.77 and 1.16 Å�1 aer annealing, which can be
assigned to the (200) and (300) reections. The peak at qz ¼ 1.67
Å�1 can be assigned to the (010) p–p stacking reection. Lc was
calculated using the Scherrer equation44 of diffraction peaks: Lc¼
2pk/Dq, where k is the dimensionless shape factor (herein k ¼
0.9) and Dq is the full width at half maximum (FWHM) of the
given peak (Table S1†). The Lc of the (100) reection increased
rapidly at rst and then slowly, while the Lc of the (010) reection
increased rapidly and then leveled off, suggesting the strength-
ening of P3HT order in the alkyl-stacking.

Different from fullerene derivatives, nonfullerene acceptors
exhibited much more complex aggregation characteristics and
oen crystallized in various crystalline forms.45–48 However, our
attempts to capture crystalline signals by growing single crystals
of ZY-4Cl or differential scanning calorimetry (DSC) measure-
ments failed, which prevented implementing a more detailed
analysis of its polymorphism. As shown in Fig. S3 and Table S2,†
we can still observe that ZY-4Cl molecules are in an amorphous
state in the as-cast lm. As annealing treatment activated the
movement of acceptor molecules, ZY-4Cl crystallized quickly
and there were multiple polymorphs formed at the same time.
The polymorph formation was instantaneously completed
(within 10 s) aer thermal activation and further annealing did
not affect the crystal orientation and extent obviously.

Fig. 2 depicts the stacking evolution diagrams of blend lms
with annealing time measured by GIWAXS. Table S3† summa-
rizes the position and Lc of different peaks. The diffraction
peaks at �0.39 and 0.76 Å�1 can be assigned to the reection of
P3HT and those at 0.31, 0.52, 0.63, 1.34, 1.53 and 1.82 Å�1 can
be assigned to the reection of ZY-4Cl. The movement of the
donor and acceptor in the blend lm will affect each other.
Although the formation of ZY-4Cl polycrystals with annealing is
carried out at the same time, the different diffraction signals are
gradually observed on different time scales. The as-cast blend
lm exhibited a very weak p–p stacking diffraction at 1.67 Å�1,
which arises from both P3HT and ZY-4Cl. A diffraction peak at
�0.39 Å�1 could be observed aer annealing for 2 s. The heat
received by the lm annealed for 2 s is so limited that the
properties and microstructure are almost the same as those of
the as-cast lm, due to the poor heat conductivity of the
This journal is © The Royal Society of Chemistry 2022
substrate. Two diffraction peaks at �0.62 and 1.83 Å�1 could be
observed aer annealing for 5 s. This implies that ZY-4Cl has
started to crystallize under thermal activation. Three diffraction
peaks at �0.52, �1.33 and �1.53 Å�1 could be observed if the
annealing time increased up to 10 s. All of the diffraction peaks
attributable to ZY-4Cl have been observed at this time. Upon
annealing, the intensity of these peaks evolved and exhibited
a rapid increase in the rst few seconds. This phenomenon also
provided strong proof of the fast thermally activated kinetic
process aer annealing in the blend lms. Further annealing
improves thin-lm crystallinity and a fast increase in JSC was
recorded. The intensity of diffraction peaks can reect the
degree of molecular orientation in the blend lms. The inten-
sities of all diffraction peaks, in both out-of-plane and in-plane
directions (Fig. S4†), reached the maximum aer annealing for
30 s. It demonstrates that the molecular order in the device
annealed for 30 s is the highest, thus affording the best
photovoltaic performance.

A diffraction peak at �0.56 Å�1 and some very faint spurious
peaks could be observed when the annealing time was extended
to 0.5 h. These diffraction peaks are not observed in the neat
donor and acceptor lms, indicating that long-term annealing
makes the distribution of aggregation structure chaotic and
even forms different types of aggregate. For instance, the
reection peaks at q ¼ 0.56 Å�1 become much stronger when
a longer time (>30 min) of annealing is applied. The multiple
peaks for the blend lms might not only be due to ZY-4Cl
movement but also originate from the molecular interactions
between P3HT and ZY-4Cl. Two diffraction peaks at �0.31 and
0.76 Å�1 could be observed when the annealing time is extended
to 1 h. The (200) diffraction peak of P3HT can be observed,
indicating that the crystalline order of P3HT increased contin-
uously with annealing. The crystallization of P3HT and ZY-4Cl
could be gradually strengthened by continuous annealing.
2.3. Phase separation

Having determined that the performance and crystalline order
of the P3HT:ZY-4Cl blend lms are sensitive to the processing
time, we proceeded to probe the morphological difference with
real-space microscopy. The surface morphologies of the
P3HT:ZY-4Cl-based blend lms with the increase of annealing
time were investigated by atomic force microscopy (AFM),
operating in tapping mode. All the blend lms were prepared
under the same conditions as those used for the fabrication of
the optimal devices. As presented in Fig. 3, the as-cast P3HT:ZY-
4Cl lm possessed a root-mean-square surface roughness (Rq)
of 0.80 nm and a homogeneous granuliform surface similar to
that of the neat P3HT lm (Fig. S5†). Themorphology of the lm
annealed for 2 s is consistent with that of the as-cast lm.

Based on the AFM images of the neat lms, we found that the
aggregation enhancement of P3HT with annealing time is
inconspicuous compared to that of the ZY-4Cl. Neat P3HT lms
exhibited a granular and uniform appearance with the Rq value
slightly increasing from 0.62 to 0.92 nm by annealing. In
contrast, the crystallinity of ZY-4Cl has been greatly improved
aer annealing, resulting in a signicantly larger domain size
J. Mater. Chem. A, 2022, 10, 3418–3429 | 3421
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Fig. 2 (a–j) The time-dependent evolution of the 2D GIWAXS patterns of the P3HT:ZY-4Cl blend films with annealing time. (k) The corre-
sponding out-of-plane sector-averaged profile for all of the blend films. (l) The intensity of all diffraction peaks with annealing time. The marks
represent the characteristic diffraction reflections of P3HT and ZY-4Cl. Note that * denotes the diffraction features of P3HT and # represents the
reflection peaks of ZY-4Cl.
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and the Rq value increases obviously from 0.40 to 3.82 nm,
which represents the conspicuously larger size of the acceptor
domain. It demonstrates that there is strong self-aggregation of
ZY-4Cl molecules.

The particle aggregation of the blend lms becomes more
pronounced aer annealing for 5 s. Due to the poor crystallinity
of ZY-4Cl at this time (as supported by its neat lm data), the
particle aggregation is mainly caused by the crystal formation
and enhanced crystallinity of P3HT. With the enhanced crystal-
linity of ZY-4Cl when annealing for 10 s, ZY-4Cl crystals aremixed
3422 | J. Mater. Chem. A, 2022, 10, 3418–3429
into the P3HT chains, which reduces graininess on the lm
surface and makes the lm surface smoother. At the same time,
the enhancement of the crystallinity of ZY-4Cl crystals alsomakes
the blend lm form a better phase separation structure.

As the crystallinity of P3HT and ZY-4Cl increases with pro-
longed annealing, the lm interface becomes clearer accom-
panied by a gradually increasing Rq value. To attain the size
scale of phase separation, the power spectral density (PSD)
proles were obtained by fast Fourier transform analysis of AFM
phase images (Fig. S6 and Table S4†). The approach of attaining
This journal is © The Royal Society of Chemistry 2022
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Fig. 3 The evolution of AFM height and phase images of all blend films with annealing time ranging from 0 s to 1 h. The Rq data are listed.
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PSD proles has been well utilized and documented in organic/
polymeric electronic lms.49,50 The results indicated that the
characteristic domain spacing of the blend lms gradually
increases with annealing time. The best phase separation
within the blend lm was obtained aer annealing for 30 s with
a modest Rq of 1.73 nm.

Upon further increasing the annealing time (to more than 5
min), island-like agglomerations appeared gradually on the
surface of the lms. In addition, as evidenced from the trans-
mission electron microscopy (TEM) images (Fig. S7a–c†), the
island-like agglomerations become enlarged and more exten-
sive with long-term annealing within the entire lm. Consid-
ering that P3HT-containing blend lms oen show vertically
phase-separated morphology,51,52 in situ lm-depth dependent
light absorption spectroscopy (FLAS) measurements were con-
ducted.53 In particular, we quantitatively monitored the vertical
proles of each component across the whole thickness of the
relevant active layers (Fig. S7d†). We can easily nd that there is
no obvious vertical phase separation in the P3HT:ZY-4Cl lm.
Therefore, the analysis of this phenomenon obtained from the
surface of the lms is applicable within the entire lm space.
This is a thermodynamically driven spontaneous process
This journal is © The Royal Society of Chemistry 2022
resulting from Ostwald ripening.54 The crystallized small
molecule acceptor ZY-4Cl appears to be a kind of nanoparticle.
Usually, large nanoparticles, with their lower surface to volume
ratios, result in a lower surface energy. Thus, larger nano-
particles are more energetically stable than smaller nano-
particles. Subsequently, molecules on the surface of a small
nanoparticle will tend to detach and diffuse and then attach
onto the surface of a larger nanoparticle. Therefore, the number
of smaller nanoparticles continues to shrink, while that of
larger nanoparticles continues to grow. In this work, the heat
during annealing provides kinetic energy for the movement of
ZY-4Cl nanoparticles and the acceptors aggregate through more
rapid and long-range diffusion in the blend lm. The excessive
agglomeration of ZY-4Cl results in strong demixing of the active
blend and even perturbs the crystallinity. It will destroy the
original interpenetrating network structure, not conducive to
exciton dissociation and carrier transport.

2.4. Optical absorption

As a complement to the above crystallization characterization,
we examined the aggregation behaviors of the two neat
components P3HT and ZY-4Cl by acquiring the ultraviolet-
J. Mater. Chem. A, 2022, 10, 3418–3429 | 3423
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Fig. 4 (a) UV-vis absorption spectra of P3HT and ZY-4Cl in diluted THF solutions and films. (b) UV-vis absorption spectra of the blend films based
on P3HT:ZY-4Cl. (c) The evolution of absorption coefficients at �560 and 700 nm during the thermal annealing process. (d) Jph versus Veff plots
of all devices as a function of annealing time. (e) Recombination evolution plots of a and b values from light intensity dependencemeasurements.
(f) Hole and electron mobility evolution plots with annealing time.
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visible (UV-vis) absorption spectra in THF solutions and lms.
As shown in Fig. 4a, P3HT in dilute THF solution exhibited
a characteristic absorption peak at 443 nm. This absorption
peak is related to the p–p* transition of P3HT. In hot (50 �C)
solution, the molecular chains present a relatively extended
random coil conformation affected by thermal uctuations.
From solution to lm, the aggregation of molecular chains
increases the planarization degree and effective conjugate
length, improves the electron delocalization degree, and
reduces the band gap, which together makes the absorption
peak red-shi by 72 nm. At the same time, the molecular crys-
tallization causes two weak characteristic absorption peaks of
p–p stacking near 540 and 590 nm. These two absorption
acromions strengthen slightly aer thermal annealing for
10 min. The intensity of the two acromions indirectly represents
the degree of ordered aggregation of molecular chains, consis-
tent with the intensity of the alkyl-stacking (100). Different from
P3HT, the maximum absorption peak of ZY-4Cl redshis by
20 nm from 695 to 705 nm aer thermally annealing the as-cast
neat lm for 10 min. This indicates that the aggregation of ZY-
4Cl is more intense than that of P3HT aer annealing.

Subsequently, we acquired the UV-vis absorption spectra of
the blend lms at different annealing times. As shown in
Fig. 4b, an absorption acromion appeared at 635 nm aer
thermal annealing for 10 s. The absorption edge gradually
redshied with annealing in the beginning and it no longer
redshied aer 30 s. Generally, VOC depends on the difference
in energy levels between the HOMO of the donor and the lowest
unoccupied molecular orbital (LUMO) of the acceptor.55 The
narrowed bandgap leads to a rapid decrease in VOC, which
3424 | J. Mater. Chem. A, 2022, 10, 3418–3429
resulted from the redshi spectra of the crystallized acceptor.
The crystallinity of P3HT is enhanced a little aer annealing
treatment, which will further increase the HOMO of P3HT,
leading to a slow VOC drop aer annealing for 30 s.

The blend lms obtained aer thermal annealing for 30 s to
1 h showed very analogous absorption proles, but the
absorption peak intensity changed slightly. We recorded the
absorption coefficients at �560 and �700 nm to monitor the
degree of ordered aggregation of P3HT chains and ZY-4Cl
molecules in the blend system. The absorption peaks at
�560 nm correspond to P3HT and the signals at �700 nm
originate from ZY-4Cl. As shown in Fig. 4c and Table S5,† the
P3HT chain ordered aggregation increases rapidly with
annealing, as signaled by the sudden increase of the absorption
peak intensity upon thermal annealing for 5 s. Subsequently,
the absorption peak intensity becomes steady, indicating that
the molecular chains are no longer aggregated visibly. Mean-
while, the absorption peaks of ZY-4Cl increase to the maximum
at 30 s and then decrease gradually, which indicated that the
crystallization of ZY-4Cl molecules strengthens the absorption
intensity fast in a short annealing time and then the agglom-
eration of ZY-4Cl hinders the absorption.
2.5. Charge separation and transport behaviors

In order to explore the inuence of molecular packing and
microstructural details on device performance, we carried out
further research on charge separation and transport behaviors
of devices. The analysis of photocurrent density (Jph) versus
effective voltage (Veff) was performed to study the exciton
This journal is © The Royal Society of Chemistry 2022
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dissociation processes in the devices. Jph is the difference
between the current density in the dark and under illumination,
Veff is the difference between the voltage when Jph is zero and
the applied voltage. The exciton dissociation probability (Pdiss)
is dened as the ratio of Jph/Jsat (Jsat represents the saturation
current density). As shown in Fig. 4d and Table S6,† the Jph of
the as-cast device linearly increases with the voltage and cannot
be fully saturated even at high Veff. Thus, the device shows a very
low Pdiss of 11.9%. This result shows that the charge separation
is hindered severely. In contrast, the Jph of the devices annealed
for more than 10 s saturates well at a low Veff. As a result, all the
devices annealed for over 10 s show Pdiss values above 90%. This
is due to the completion of the acceptor crystallization forming
a good interpenetrating network with appropriate phase sepa-
ration. Such effective exciton dissociation will rapidly increase
the current of the annealed lms. The sudden increase in JSC
within 30 s is due to enhanced photon absorption and increased
exciton dissociation. In Fig. S8,† the photoluminescence (PL) of
P3HT is quenched sufficiently in the as-cast blend lms, sug-
gesting that the charge transfer in the blends is very efficient.
This can be well explained by the small domains and well-mixed
morphology. The efficiency of charge dissociation gradually
decreases with the annealing time, which matches the varying
trend of domain sizes (Fig. S6b†).

The competition between charge recombination and
extraction is directly related to the FF of bulk-heterojunction
solar cells.56,57 We rst measured the JSC of devices under
varying light intensity (Plight) to analyze the charge recombina-
tion behavior (Fig. S9†). It has been demonstrated that the slope
(a) of JSC versus Plight can provide insight into bimolecular
recombination. The relation can be expressed as JSC f Plight

a,
where weak bimolecular recombination would lead to a linear
dependence with the exponential factor a value approaching 1.
The a values of all devices are summarized in Table S7.† As
shown in Fig. 4e, all of the devices herein show a linear
dependence of JSC on Plight with a slope above 0.95 and the
a value rst increases and then decreases slightly with anneal-
ing time. The low a value of the as-cast device should be
attributed to a low carrier density due to the low Pdiss, which
explains the lowest JSC and FF. This indicates that bimolecular
recombination is minimized with a short period of annealing
and longer annealing will increase bimolecular recombination
again. The correlation between VOC and Plight can be expressed
as VOC ¼ b(kT/e)ln(Plight) + c, where k is the Boltzmann constant,
T is the temperature, e is the elementary charge, c is a constant,
and b is the scaling factor. Typically, a slope of 1 kT/e illustrates
that bimolecular recombination is the dominating mechanism.
In contrast, a slope of 2 kT/e indicates that trap-assisted
recombination is the dominating mechanism. The degree of
trap-assisted recombination with annealing time shows the
same trend as bimolecular recombination. All the devices
demonstrate a recombination mechanism of bimolecular and
trap-assisted processes under open-circuit conditions.

Subsequently, we investigated the charge carrier transport
properties of the devices using the space charge limited current
(SCLC) model.58 We adopted the hole-only (ITO/PEDOT:PSS/
P3HT:ZY-4Cl/MoO3/Al) and electron-only (ITO/ZnO/P3HT:ZY-
This journal is © The Royal Society of Chemistry 2022
4Cl/Al) device congurations and the mobility data are shown
in Fig. S10 and Table S8.† The evolution plots of hole mobility
and electron mobility as a function of annealing time are
expressed in Fig. 4f. The hole and electron mobilities have an
instant jump (from �10�5 to �10�4 cm2 V�1 s�1) at the begin-
ning of annealing, which is due to the signicantly enhanced
crystallinity of P3HT and the formation of ZY-4Cl crystals. Then
both mobilities increase slightly as the crystallinity of the donor
and acceptor increases slowly with annealing in the rst 1 min.
When the annealing time exceeds 1 min, the electron mobility
decreases slightly. Meanwhile, unexpectedly, the hole mobility
continues to increase with annealing, and it reaches 1.91 �
10�3 cm2 V�1 s�1 aer 1 h of annealing. Different from small
molecule acceptors, long-chain conjugated polymer P3HT
cannot move over large distances, due to its wide distribution
area and the constrained dynamics. Thermal annealing can
enhance the crystallinity of polymer chains, but cannot greatly
change their overall spatial distribution. The agglomeration of
ZY-4Cl crystals causes large-scale domains of the acceptor in the
blend lms. Correspondingly, the place where the acceptor has
moved will offer the donors a larger crystallization area, which
will cause a larger-scale domain and stronger crystallinity of the
donor. Therefore, the hole transport channel composed of the
larger donor domain of the polymer molecule within the whole
space is still very intact and interconnected. As the Lc of the
(100) alkyl-stacking direction increases, the interaction of
polymer chains is also increased, generating more conjugated
p–p electrons. This also dramatically increases the hole
mobility. Unfortunately, the degree of imbalance in charge
carrier transport, expressed by the ratio of hole and electron
mobility (mh/me), is greater than 1 and increases rapidly when
the annealing time exceeds 1 min. The high asymmetry of mh
and me also makes the current reduce more obviously.

Consequently, based on all the results above, the device
efficiency rst increases rapidly and then decreases slowly. We
note that the rapid improvement of PCE is not due to the
removal of solvent (Fig. S11 and Table S9†) but rather better
charge separation and transport within the thin lm. Similar
phenomena can be found with CF and CB as processing
solvents as shown in Fig. S12 and Table S10.† Interestingly, the
short thermal treatment appears to be effective for this system,
regardless of the boiling points of cast solvents. Much higher
efficiency can be achieved in a very short time (30 s) than that of
the lm normally annealed for 10 min, which is of great
signicance to the improvement of production efficiency for
OPV commercial applications.
2.6. Evolution diagram and microstructure–performance
relationships

Combining all the above analysis, we can infer the micro-
structure evolution of the P3HT:ZY-4Cl blend lm during the
heating process. Such results demonstrate a good correlation
between molecular packing, morphology details and device
performance. The schematic diagrams of time-dependent
evolution of crystallization and phase separation during the
thermal annealing process in this system are shown in Fig. 5a.
J. Mater. Chem. A, 2022, 10, 3418–3429 | 3425
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Fig. 5 (a) The schematic diagrams of time-dependent evolution of crystallization and phase separation of the model poly-
thiophene:nonfullerene blend during the thermal annealing process. (b) Optimized J–V characteristics of a new P3HT batch with 95% regior-
egularity and (c) the corresponding EQE spectrum. (d) Normalized PCE of the optimized device versus the storage time.
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In the hot solution, conjugated P3HT polymer molecule chains
and small molecule acceptors ZY-4Cl are freely distributed in
a disordered state over a large space. Along with the solution
spin-coating into blend lms, the solvent volatilization causes
randomly curled polymer chains to quickly aggregate and
produce a low extent of crystallization. ZY-4Cl molecules are
mixed into the P3HT chains, which caused most of the P3HT to
be in a disordered state. Moreover, ZY-4Cl molecules are in
a freely distributed amorphous state within the entire as-cast
lm space. The tiny phase separation makes the lm interface
of the donor and acceptor not clear and unable to form
a continuous charge transporting channel.

As shown in Fig. S13 and Table S11,† when the annealing
temperature is lower than 100 �C, the PCE gradually increased
with the TA time, while the maximum PCE is still no more than
5%. When the annealing temperature increases (for instance,
>100 �C), the maximum PCEs can be quickly reached in a short
period. As the annealing temperature (130 �C) is above the glass
transition temperature (Tg) of the materials (see Fig. S14†), the
acceptor molecules may transition from a disordered amor-
phous state to an ordered crystalline state rapidly through
thermal activation. At the same time, the polymer chains can
also form a more ordered packing, which is conducive to
building an interpenetrating network structure. The phase
3426 | J. Mater. Chem. A, 2022, 10, 3418–3429
separation of the active blends is optimized with the quickly
enhanced crystallinity, which signicantly improved the Pdiss,
mobilities and phase purity of mixed domains. Hence, the
highest PCE is obtained with annealing for a short time.
Furthermore, we achieved a signicantly higher PCE of 10.71%
with a VOC of 0.90 V, a JSC of 17.4 mA cm�2 and a FF of 0.69 by
using a new batch of P3HT with higher regioregularity, detailed
data of which can be found in Fig. 5b and Table 1, and the
corresponding EQE spectrum is shown in Fig. 5c. This is the
highest efficiency among P3HT-based organic photovoltaic cells
at present (see Fig. 1a). Note that the best-performing cell also
exhibited excellent storage stability, as shown in Fig. 5d.

With even longer annealing time, heat drives the acceptors to
move freely over a larger space, causing them to start to
agglomerate due to Ostwald ripening. This kind of agglomera-
tion is very chaotic and disordered compared to crystallization.
Larger domains result in a higher extent of phase separation
and a slightly lower efficiency. When annealing for a long time,
the excessive thermal energy will accelerate the diffusion of
acceptors and create many island-like agglomerations of
acceptors. The fracture of the large acceptor domains causes
a slight decrease in electron mobility. In contrast, long-chain
polymer donors with limited kinetics can only move locally,
so the donor transport channel is still continuous and
This journal is © The Royal Society of Chemistry 2022
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distributed over a wide area. Further enhanced crystallinity
dramatically increases hole mobility. Consequently, the carrier
transport becomes more unbalanced and the phase separation
becomes more intense. The intermolecular interaction between
the donor and acceptor is so strong that it destroys the inter-
penetrating network structure that has been formed. This leads
to reduced Pdiss and stronger recombination, resulting in
a signicant drop in the device efficiency. This suggests a fast
thermally activated kinetic process for the improvement in
device performance. Though the crystallization of P3HT and ZY-
4Cl contributes to the improvement of device performance, the
crystallization of ZY-4Cl plays a dominant role. The signicantly
improved PCE aer annealing for 30 s mainly originated from
the improved crystallinity of ZY-4Cl and appropriate phase
separation of the P3HT:ZY-4Cl blend. The stability under
thermal stress59 will be the next focus of these polythiophene
solar cells.

3. Conclusion

In the present study, we were able to precisely tune the crys-
talline order and improve the device efficiency of a representa-
tive P3HT:nonfullerene photovoltaic blend and importantly
identify the key inuential factors in governing the photovoltaic
behaviors of the blend over the course of thermal annealing. For
the blend system made of P3HT and ZY-4Cl, we have disclosed
the time-dependent evolution of phase separation, crystalliza-
tion and photovoltaic properties during the thermal annealing
process. It was found that the acceptor crystallized and then
agglomerated rapidly with the extension of annealing time,
while the crystallization of P3HT improved slightly aer
annealing and exhibited no change of crystal form. As a result,
the phase separation of the blend lms gradually increases with
the annealing time, which leads to the device efficiency rst
increasing rapidly and then decreasing slowly.

Interestingly, aer only 30 s of thermal annealing, we achieved
an impressive PCE of 10.71%, which is the rst time that a PCE of
more than 10% is reported in P3HT-based OPV cells without
using any additive and sets a new efficiency record for P3HT-
OPVs. This is signicantly higher than the efficiency of conven-
tional annealing for 10 min (9.37%) and approximately 20 times
as high as that of the as-cast device (0.51%). This work suggests
that delicately controlling the crystallization order and sequence
of both the donor and acceptor is crucial to the performance
optimization of P3HT-OPVs. This knowledge may allow us to
guide the quick selection of the best processing conditions and
fabricate efficient and cost-effective optoelectronic devices.
Undoubtedly, performing real-time investigations of crystalliza-
tion and phase transitions can aid in obtaining a fundamental
understanding of the inuence of processing parameters in these
critically important and low-cost material systems.

4. Experimental section
4.1. Materials

PEDOT:PSS (4083) was purchased from Clevios™. PDINO was
purchased from Derthon Optoelectronic Materials Science
This journal is © The Royal Society of Chemistry 2022
Technology Co. Ltd. All solvents were purchased from Sigma
Aldrich or Heowns. P3HT was from the same P-26K batch with
92% regioregularity used in our previous work.42 ZY-4Cl was
synthesized according to the procedures previously reported.28

Other experimental and instrumental details can be found in
the ESI.†
4.2. Device fabrication

Devices were fabricated with the conventional device structure
of ITO/PEDOT:PSS/P3HT:ZY-4Cl/PDINO/Al. P3HT:ZY-4Cl was
dissolved in THF at a total concentration of 15 mgmL�1 and the
optimal D/A ratio was 1 : 1 (w/w). To fully dissolve P3HT and ZY-
4Cl, blend solutions were stirred at 50 �C for 4 h. PDINO was
dissolved in methanol at a concentration of 1.5 mg mL�1.
Devices were fabricated as follows. Firstly, the ITO substrates
were treated with UV ozone for 25 min. Then, about 20 nm
PEDOT:PSS layers were spin-coated on the pre-cleaned ITO
substrates and annealed at 150 �C for 20 min. Subsequently, the
substrates were transferred to an argon-lled glovebox. The
mixed solutions were spin-coated onto the PEDOT:PSS layers,
and the thicknesses of all active layers were about 100 nm. Then
the lms were treated with thermal annealing at 130 �C for
different times. PDINO was spin-coated on the top of the active
layers. Finally, 100 nm-thick Al was deposited on the top of the
PDINO layer under high vacuum. The effective area of the P3HT-
OPV cells is about 0.04 cm2.
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