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In situ monitoring drying process to disclose
the correlation between the molecular weights
of a polymer acceptor with a flexible spacer
and the performance of all-polymer solar cells†

Jiale Xiang,ab Sven Englund,a Zewdneh Genene, c Guanzhao Wen,d

Yanfeng Liu,*ae Nannan Yao, af Rui Zhang, a Leiqiang Qin, a Lei Wang, a

Ergang Wang, *c Wei Zhang *d and Fengling Zhang *ab

Molecular weight (Mn) and conjugation of polymers can profoundly influence the performance of

all-polymer solar cells (all-PSCs) via nanostructures of bulk heterojunctions (BHJs). To study the

correlation between Mn and the performance of all-PSCs based on an acceptor with a flexible

conjugation-break spacer (FCBS), three batches of acceptors, named PYTS, were synthesized

with different number-average Mn from 9, 13 to 19 kDa. Blends with a polymer donor PBDB-T, the

all-PSCs based on PYTS with Mn of 9 kDa and 19 kDa, exhibit power conversion efficiencies (PCEs) of

5.99% and 9.43%, respectively, primarily due to the increased short-circuit current density (Jsc) from 13.02 to

18.73 mA cm�2. To disclose the impact of Mn on device performance, dynamics of mixed PBDB-T:PYTS

solutions to solid BHJs is studied by monitoring the drying process with home-made in situ multifunctional

spectroscopy, which demonstrates that PYTS with Mn of 19 kDa has a longer drying time than the PYTS with

Mn of 9 kDa. Prolonged drying of the BHJs with higher Mn PYTS facilitates more tightly packed structures

with higher crystallinity. A systematic investigation on the nanostructures of BHJs, charge generation,

transport and recombination is carried out with grazing-incidence wide-angle X-ray scattering (GIWAXS),

transient absorption spectroscopy (TAS) and characterization of all-PSCs. The results indicate that increased

crystallinity in the BHJs benefits exciton dissociation, electron transport, prolonged carrier lifetimes, and

decreased non-geminate recombination rate constants in the corresponding devices. Combining the in situ

study of drying and the investigation on films and devices provides us a comprehensive understanding of the

interplay between Mn, the drying process, the nanostructures of BHJs and device performance. This work not

only emphasizes the essential role of Mn in governing the device performance, but also exhibits recorded film

formation through the in situ spectroscopy, enabling us to manipulate the nanostructure of BHJs by

optimizing Mn of polymers and processing parameters.

Introduction

All-polymer solar cells (all-PSCs), featuring the incorporation of
polymeric donors (PDs) and acceptors (PAs) was first demon-
strated in 1995 by A. J. Heeger’s and A. B. Holmes’ group,
respectively.1,2 An n-type polymer, with poly(pyridopyrazine
vinylene) (EHH-PPyPzV) as the electron acceptor was synthe-
sized by our collaborators M. R. Andersson and coworkers.3

We fabricated all-PSCs using poly(2-methoxy-5-(20-ethylhexyl-
oxy)-1,4-phenylenevinylene) (MEH-PPV) as the electron donor
and EHH-PPyPzV as the electron acceptor, which presented an
external quantum efficiency of 7% and an open circuit voltage
of 900 mV under low-intensity monochromatic light.4 Though
some effort has been made, the development of all-PSCs has
been hindered because the optical and electrical properties of
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available acceptor polymers could not compete with domi-
nating fullerene derivatives, such as P71CBMs and other non-
fullerene acceptors (NFAs).5–7

With the emergence of NFAs, all-PSCs have regained con-
siderable attention due to their intrinsic benefits, includ-
ing their enhanced morphological stability, and improved
mechanical properties over small molecular acceptor-based
organic solar cells (OSCs).8–13 Utilizing polymerized small-
molecule acceptors (PSMAs), the power conversion efficien-
cies (PCEs) of all-PSCs have reached over 18%.14–17 To increase
the performance of PSCs, the development of an interlayer
could also be important.18–20 However, the unsatisfactory
charge separation and transportation, which mainly origi-
nate from the undesirable bulk heterojunction (BHJ) morphol-
ogy of active layers, lead to the low short-circuit current
density ( Jsc) and small fill factor (FF), hindering further
advances in the photovoltaic performance of all-PSCs.10,21–23

The morphology of BHJs is determined not only by the
molecular aggregation of donors and acceptors, but also by
their solubility in the processing solvent, aggregation rate and
crystallization behaviors in solutions.24,25 Given the solubility
of conjugated polymers, the thermodynamics and crystal-
lization kinetics26–28 of all-polymer blends are profoundly
affected by their number-average molecular weight (Mn) in
contrast to small molecules,29 elucidating the interplay
between Mn, blend morphology and device performance is of
crucial importance.

Most of the efforts made to reveal the effects of the Mn of PDs
and PAs on the photovoltaic properties of all-PSCs mainly
studied the morphologies of dried solid films and provided
some interesting results.30–35 It was found that increased Mn

promoted the strong face-on packing of the polymers and
reduced the domain sizes of the blends, resulting in increased
Jsc and FF, thus enhancing the PCE.36 In contrast, others
pointed out that polymers with high Mn lead to coarser
domains in BHJ films due to large liquid–liquid phase separa-
tions, which could cause increased charge recombination and
suppressed charge extraction.34 It seems that some contradic-
tions appear. Moreover, the emerging class of acceptor poly-
mers with conjugation breakers have not been well studied in
terms of the impact of Mn on their photovoltaic performance.37

To fully understand the issue, the transition from solution to
solid-state should also be taken into consideration. It is a
commonly accepted view that the drying process determines
the final morphology on the micro/nano-scale level, such as
the assembly of donor and acceptor molecules, the distribu-
tion of ‘‘pure’’ donor, acceptor, intermixed domains, and
their domain sizes.24,25 The pure domains govern the charge
transportation behaviours,38,39 and the intermixed amor-
phous part decides the charge separation efficiency.40–42

The drying process can also affect the packing and alignment
of polymer chains.43,44

Previously, to understand how the drying process impacts
the blend morphology in organic solar cells, we studied the
film formation processes of three representative BHJs
composed of donor PBDB-T with acceptors PC71BM, IT-M,

and N2200 by monitoring the drying process from liquids to
films with in situ ultraviolet-visible (UV-vis) absorption spectra
and photoluminescent (PL) spectroscopy.45 The results indicate
that higher molecular weight components dominate the drying
process and final morphology of the BHJs. Furthermore, we
investigated solvent impacts on the morphology of blend films
and performance of the OSCs by monitoring the drying process
of PBDBT:PF5–Y5 blends in chlorobenzene (CB) and ortho-
xylene (o-XY) with in situ multifunctional spectroscopy.46

Finer-mixed donor/acceptor nanostructures are obtained in
CB-cast film corresponding to more efficient charge generation
in the corresponding solar cells. In addition, we also revealed
the function of a commonly used solvent additive 1-chloro-
naphthalene (CN) in enhancing the performance of all-PSCs
based on PBDB-T:PF5-Y5 by studying the drying process, which
suggests that the improved performance of PBDB-T:PF5-Y5
solar cells originated from enhanced crystallinity and hole
mobility since CN promotes self-aggregation of PBDB-T during
the drying process.47

Recently, a kind of PAs with a flexible conjugation-break
spacer (FCBS) has been developed. With the introduction of
FCBS, the molecular rigidity and aggregation behavior of PAs
could be regulated to achieve all-PSCs with improved mechan-
ical properties and PV performance synergetically.37,48 The
reduced backbone rigidity helps improve the miscibility with
PDs and extending the long-term stability of devices. Never-
theless, the effect of the molecular weight of these polymers on
the morphology and performance in all-PSCs has not been
explored, particularly its effects on crystallinity behavior and
drying properties.

In this work, we systematically investigated the impact of the
Mn of PYTS, a polymer acceptor with FCBS demonstrating a
high PCE of 14.68% and excellent mechanical stretchability
with a crack onset strain of 21.64% and toughness of 3.86 MJ m�3,49

using PBDB-T (Mn = 35 kDa) as the polymer donor. Three PYTS
polymers with different Mn were examined, including low Mn

(B9 kDa), medium Mn (B13 kDa), and high Mn (B19 kDa),
denoted as PYTSL, PYTSM, and PYTSH, respectively. The devices
based on PYTSH achieved the highest values of 9.43%, while
those with PYTSL exhibited a significantly lower PCE of 5.99%.
The morphological development in blends was monitored by
in situ multi-spectroscopy, revealing that a blend consisting of
PYTSH exhibits an extended drying time with the same material
concentrations, resulting in more tightly packed structures with
higher crystallinity, which are beneficial for more efficient
charge carrier transport. Furthermore, with the help of transient
absorption (TA), we found that the PBDB-T:PYTSH blend film
shows a larger phase separation size and a longer lifetime of
charge recombination, with which a higher possibility of charge
extraction by electrodes can be reached. In summary, this study
gives a cohesive comprehension regarding the influence of the
polymer component molecular weight in all-PSCs on blend
drying kinetics, charge transport characteristics, blend morphol-
ogy, and photovoltaic characteristics, thereby establishing new
correlations between molecular weight and device performance
for more advanced all-PSC systems.
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Experiment
Materials

All materials except the PYTS were purchased from commercial
suppliers. PEDOT:PSS was purchased from Heraeus, and ZnO
nanoparticles (NPs) were purchased from Avantama AG. The
donor polymer PBDB-T was purchased from Ossila B.V. with a
molar mass of Mn = 35 kDa and Ð = 2.2. PYTS was synthesized
by Stille coupling reaction according to previously reported
work.49 Unless otherwise specified, such chemicals were used
without any further purification.

Cyclic voltammetry

Cyclic voltammetry (CV) was measured to study the lowest
unoccupied molecular orbital (LUMO) and highest occupied
molecular orbital (HOMO) energy levels of the polymers. The
samples drop-coated on the glassy carbon electrode were used as
the working electrode. The counter electrode was platinum wire,
and the reference electrode was an Ag/Ag+ (0.01 M AgNO3 + 0.1 M
TBAPF6) electrode. The electrolyte used in this work was acetonitrile
containing 0.1 M TBAPF6, at the scan rate of 50 mV s�1.

In situ PL and absorption

The in situ PL setup is similar to our previous work.45 In short,
the polymer inks were coated on a pre-cleaned glass substrate
using a blade coater (Erichsen 510) with a moving blade (ZFR
2040). A 532 nm continuous wave laser diode was used to excite
the wet polymer films and an optical fiber was mounted on top
of the resulting films, to continuously collect emission signals
to the spectrometer (QE-Pro, Ocean Optics). The integration
time for every PL spectrum was set to be 100 ms.

For the in situ absorption setup, a home-build stage was
used to lift the glass substrate and the blade on top of the blade
coater surface. An optical fiber was connected to a tungsten
lamp (DH-2000, Ocean Optics) and mounted above the sub-
strate, to shine white light onto the polymer films. The trans-
mitted signals from the polymer films were guided by another
optical fiber, which was mounted below the substrate, to the
spectrometer. The integration time for every absorption spec-
trum was set to be 100 ms.

Transient absorption measurements

Femtosecond transient absorption measurements were carried
out using a home-built transient absorption (TA) system. The
light source of the TA system is a femtosecond laser coming
from a regenerative amplifier (Legend Elite F 1K HE + II,
Coherent), operating at 800 nm with a repetition rate of
1 kHz. The fundamental light is divided into two parts. One
part of the light is used directly as the pump light. The other
part is used to excite a sapphire plate for the generation of
supercontinuum white light, which is further used as the
probing light for differential absorption measurement. The
probing light was guided into a monochromator (Omni-l200i,
Zolix) and detected using a CCD detector (Pascher Instrument).
The pump ‘‘on’’ and ‘‘off’’ for a pair of sequential actinic pulses
was regulated by a mechanical chopper (500 Hz, MC2000B-EC,

Thorlabs) in the pump beam. With the help of a mechanical
delay line, the probe is time-delayed relative to the pump.
The TA measurements were performed at room temperature
in ambient air.

Atomic force microscopy

Atomic force microscopy (AFM) measurements were obtained
using a Digital Instruments Dimension 3100 atomic force
microscope operated in tapping mode, using a cantilever with
a nominal spring constant of 40 N m�1. The scan size was
1 � 1 mm. Samples were blade-coated with the CB solutions
of PBDB-T:PYTSL, PBDB-T:PYTSM, and PBDB-T:PYTSH with
16 mg mL�1 (PBDB-T : PYTS = 1 : 1 weight ratio) on cleaned
glass substrates at a speed of 11, 12, and 14 mm s�1, respec-
tively, under ambient conditions.

Grazing incident wide-angle X-ray scattering (GIWAXS)

The grazing incident wide-angle X-ray scattering (GIWAXS)
measurements were performed at beamline 7.3.3 at the
advanced light source. Samples were prepared on Si substrates
using identical blend solutions as used in the devices. The
10 keV X-ray beam was incident at a grazing angle of 0.121 and
0.141. The scattered X-ray was detected using a Dectris Pilatus
2 M photon counting detector.

Ellipsometry

Spectral Mueller matrices were recorded using a dual rotating
compensator ellipsometer (RC2, J. A. Woollam Co., Inc.) in the
spectral range 210–1690 nm at angles of incidences 451 to 751
in steps of 51. Data analysis was performed using the Comple-
teEASE software (J. A. Woollam Co., Inc.). A measurement was
done on a film-free glass sample and its refractive index was
modeled with a Cauchy dispersion

n lð Þ ¼ Aþ B

l2
þ C

l4
;

where A, B and C are fit parameters. The backside of the glass
substrate was roughened mechanically to reduce effects of
backside reflections. The best fit n(l) spectrum was then used
as the substrate refractive index for all samples with polymer
films. For the polymer samples a three-phase model (substrate/
film/ambient) was used. The film refractive index was fitted
with non-linear regression using a Kramer–Kronig consistent
B-spline dispersion model50 simultaneously as the film thick-
ness d was fitted. The thickness values reported have 90%
confidence values of �0.5 nm.

Device fabrication

Devices were fabricated with a structure of glass/indium tin
oxide (ITO)/PEDOT:PSS/active layer/PFN-Br/Al. The glass/ITO
substrate was first sonicated in DI water with detergent for
30 min, followed by cleaning with acetone and isopropyl
alcohol (IPA) in an ultrasonic bath. This was followed by
UV-ozone plasma for 20 min. PEDOT:PSS with a thickness of
approximately 30 nm was deposited by spin-coating at 4000 rpm for
40 s. Later it was annealed in air for 20 min at 120 1C.
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For spin-coating devices, after transferring substrates to a
nitrogen glovebox, a first set of active layers were then spin-
coated atop ITO/PEDOT:PSS from a solution of PBDB-T:PYTSL,
PBDB-T:PYTSM, and PBDB-T:PYTSH with 16 mg mL�1 (PBDB-
T : PYTS = 1 : 1 weight ratio) in CB, at 3500 rpm for 30 s.
A second set of spin-coating devices from a solution of PBDB-
T:PYTSL, PBDB-T:PYTSM, and PBDB-T:PYTSH with concentra-
tions of 13 mg mL�1, 16 mg mL�1, and 19 mg mL�1 were made,
with everything else alike. The samples were annealed at 120 1C
for 10 min.

For blade-coating devices, the solution of PBDB-T:PYTSL,
PBDB-T:PYTSM, and PBDB-T:PYTSH at a concentration of
16 mg mL�1 (PBDB-T : PYTS = 1 : 1 weight ratio) in CB was
blade-coated atop the PEDOT:PSS layer at a speed of 11, 12, and
14 mm s�1 respectively under ambient conditions. Then, the
samples were transferred into a glove box and annealed at
120 1C for 10 min under nitrogen. The thicknesses of the active
layer were optimized between 85 and 105 nm.

Later, deposition of PFN-Br (0.5 mg mL�1 in methanol) was
completed at 4000 rpm for 30 s atop the active layer. Finally, the
top Al electrode of 100 nm thickness was thermally evaporated
through a mask with a background pressure of B2 �
10�7 mbar. The areas of the all-PSCs are about 0.04 cm2. The
devices were encapsulated using glass and epoxy adhesive
before removal from the glove box for measurements.

Characterization

The current density–voltage ( J–V) characteristics of the solar
cells were measured using a Keithley 2400 source meter unit
under AM1.5G (100 mW cm�2) irradiation from a solar

simulator (Newport MiniSolt model LSH-7320). The J–V curves
were measured from �2 to 2 V. The scan speed and dwell times
were fixed at 0.05 V per step and 2 ms, respectively. The EQE
spectra were measured using a QE-R solar cell spectral response
measurement system (Enli Technology Co., Ltd, Taiwan).

Space-charge limited current (SCLC) measurement

The electron and hole mobilities of BHJ films were measured by
using the method of SCLC. The electron-only device with an
architecture of ITO/ZnO nanoparticles (NPs)/PFN-Br/PBDB-T:
PYTS/LiF/Al and the hole-only device with an architecture
of ITO/PEDOT:PSS/PBDB-T:PYTS/MoOx/Al were fabricated.
The mobility was determined by fitting the dark current to
the model of a single carrier SCLC, described by the equation:

J ¼ 9e0ermV2

8L3
;

where J is the current density, e0 is the permittivity of free space,
er is the relative dielectric constant of the transport medium,
m is the charge mobility and L is the thickness of the active
layer. V = Vapp � Vbi, where Vapp is the applied voltage, and Vbi is
the offset voltage. The mobility can be calculated from the slope
of the J0.5 B V curves.

Results and discussion
Electrochemical and optical properties

The chemical structures of PBDB-T and PYTS are shown in
Fig. 1a. The molecular weight and polydispersity index of the
PYTS samples were characterized by gel permeation

Fig. 1 (a) Molecular structures of donor polymer (PBDB-T) and acceptor polymer (PYTS). (b) HOMO/LUMO energy levels of the acceptor polymer of
varying Mn. (c) Thin-film optical absorption spectra of the PBDB-T:PYTS blend films, with different Mn of PYTS polymers.
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chromatography (GPC). The data are summarized in Fig. S1
(ESI†) and Table 1. The energy levels of PBDB-T and PYTS series
were calculated using CV (Fig. S2, ESI†), as shown in Fig. 1b.
The LUMO and HOMO energy levels of PYTS with different Mn

only have a tiny gap (Table 1), suggesting the Mn has little
impact on energy levels, as expected due to their similarity in
chemical composition.

Three polymer acceptors PYTSL, PYTSM, and PYTSH were
characterized for their optical properties as blend films with
PBDB-T. The UV-vis absorption spectra measured in films are
shown in Fig. 1c, and the corresponding data are summarized
in Table 1. In the films, as Mn increased, the absorption
maximum (lmax) showed a red shift from 787 nm of PYTSL to
791 nm of PYTSH, while the lmax of PYTSM remained consistent
with PYTSH, suggesting that PYTSH and PYTSM demonstrated
stronger p–p interactions compared to PYTSL.

The ellipsometer was used to measure the refractive index
(n) and extinction coefficient (k) values of three PYTS acceptors.
As shown in Fig. S3 (ESI†), all the blend films show similar n
and k values and show an absorption onset at 1.4 eV, with
contributions from both the donor and the acceptor. It indi-
cated that the Mn has little impact on the optical bandgap of
this semiconductor, consistent with the absorption results.

Photovoltaic performance

To explore the influence of the PYTS series with different Mn on
the photovoltaic performance, all-PSCs with a regular structure
of ITO/PEDOT:PSS/PBDB-T:PYTS/PFN-Br/Al were fabricated via
blade-coating. The detailed procedures for the device fabrica-
tion are described in the experimental section. The devices with
the same concentration of 16 mg mL�1 were fabricated via spin-
coating. The distributions of open circuit voltage (Voc), Jsc, FF
and PCE were depicted in Fig. S4 (ESI†) and the photovoltaic
parameters are listed in Table S1 (ESI†). In comparison to
devices based on PYTSL, those based on PYTSM and PYTSH

have attained a much higher efficiency, where the optimal
device reaches maximum PCEs of 8.16% and 8.14%, respec-
tively, accompanied by synergistic enhancements in Voc, Jsc,
and FF. However, it was observed that the same concentration
for blends with different Mn gives different viscosity of the
active layer solution. Specifically, a higher molecular weight
results in greater solution viscosity, which not only directly
influences the film formation dynamics and morphology dur-
ing spin coating, but also leads to a thicker active layer.
Different viscosity leads to different layer thicknesses, which
may not be the optimized conditions for each device. The
thickness-dependent performance of all-PSCs is shown in

Fig. S5 (ESI†). In addition, viscosity influences the competitive
relationship between solid–liquid (S–L) demixing and liquid–
liquid (L–L) demixing. Lower solution viscosity would extend
the polymer crystal growth time, contributing to increased
coarseness. Conversely, increased viscosity prevents large-
scale L–L phase separation.24,51 To optimize the device perfor-
mance, we used different material concentrations for con-
trolled solution viscosity for device fabrication and the
detailed photovoltaic performance of the investigated PBDB-
T:PYTS all-PSCs are shown in Fig. S6 (ESI†). Additionally,
Fig. 2a plots the J–V curves of the best-performing solar cells
based on the PYTS series as acceptors, with corresponding
photovoltaic parameters summarized in Table 2. All-PSCs
based on PBDB-T:PYTSH exhibit the highest PCE of 9.43% with
a Voc of 0.90 V, a Jsc of 18.55 mA cm�2, and an FF of 56.32%.
Slightly lower performance is found for the PBDB-T:PYTSM

devices with a PCE of 8.16%, accompanied by a Voc of 0.90 V,
a Jsc of 17.10 mA cm�2, and an FF of 53.30%. However, a much
lower PCE of 5.99% with a Voc of 0.89 V, a Jsc of 13.02 mA cm�2,
and an FF of 51.57% was obtained for the PBDB-T:PYTSL

devices, mainly due to the drastically reduced Jsc and FF values.
The external quantum efficiency (EQE) results demonstrated an
increased photon response in the entire absorption range
(Fig. 2b), which is consistent with the improved Jsc values for
the corresponding PYTSH-based devices. Furthermore, the all-
PSCs via blade-coating were fabricated as well, using different
blade moving speeds to achieve optimized thicknesses. It yields
similar trends in variation, with relevant photovoltaic para-
meters provided in the ESI† (Fig. S7 and Table S2). Impress-
ively, the dark-current values systematically decreased with
increasing Mn of PAs, which indicated PBDB-T:PYTSH all-PSCs
possessed increased shunt resistance and suppressed leakage
current, compared to those of PYTSL- and PYTSM-based devices
(Fig. 2c).

To gain a deeper insight into the FF and Jsc changes between
devices, the charge mobilities for blends were evaluated by
the space charge limited current (SCLC) method (Fig. 2d and
Fig. S8, ESI†). The hole mobilities (mhs), which were estimated
from hole-only devices with a structure of ITO/PEDOT:PSS/
PBDB-T:PYTS/MoOx/Al, are 5.78 � 10�4 cm2 V�1 s�1 (PBDB-
T:PYTSL), 5.92 � 10�4 cm2 V�1 s�1 (PBDB-T:PYTSM) and 5.89 �
10�4 cm2 V�1 s�1 (PBDB-T:PYTSH), respectively. The mh remains
independently unchanged in different blend films due to the
same donor. The mes from electron-only devices of ITO/ZnO
NPs/PFN-Br/PBDB-T:PYTS/LiF/Al were 7.91 � 10�5 cm2 V�1 s�1

(PBDB-T:PYTSL), 9.97 � 10�5 cm2 V�1 s�1 (PBDB-T:PYTSM) and
1.67 � 10�4 cm2 V�1 s�1 (PBDB-T:PYTSH), respectively. The
improved electron mobilities of PBDB-T:PYTSH, which could be
ascribed to the enhanced crystallinity of the acceptor, balance
the charge transport of blends, presenting a minimum mh/me

value of 3.52, while that of PBDB-T: PYTSL and PBDB-T:PYTSM

are 5.94 and 7.30, respectively. The enhancement of charge
carrier transport property allowed the PYTSH-based devices to
achieve an improved Jsc and FF. It is well recognized that FF
mainly depends on free charge recombination and charge
carrier transport. We noticed that the devices processed active

Table 1 Molecular weight, optical properties, and electronic properties of
PYTS PAs

PAs
Mn

(kDa)
Mw

(kDa) PDI
lmax

(nm)
Eg

(eV)
EHOMO

(eV)
ELUMO

(eV)

PYTSL 9 25 2.7 787 1.4 �5.66 �3.73
PYTSM 13 37 2.9 791 1.4 �5.66 �3.75
PYTSH 19 99 5.1 791 1.4 �5.66 �3.76
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layers from solutions at RT exhibit relatively smaller FFs than
those of all-PSCs based on PBDB-T:PYTSM spin-coated from hot
solutions at 80 1C.49 By comparing the above electron mobili-
ties (from 7.91 � 10�5 cm2 V�1 s�1 to 1.67 � 10�4 cm2 V�1 s�1)
with those (4.8 � 10�4 cm2 V�1 s�1) in ref. 49, we believe that
the smaller FFs in our devices could be dominantly attributed
to the relatively smaller mes of PYTS acceptors and their
imbalance with the mh (B5.8 � 10�4 cm2 V�1 s�1) of the donor
PBDB-T. Slowly electron transport from the BHJs to the collecting
electrode would increase the possibility of charge recombination
and reduce FFs.

We further evaluated the correlation between Mn and the
storage stability of all-PSCs. As shown in Fig. S9 (ESI†), all
devices exhibit two stage degradations, a fast decay in 72 hours,
then followed by a slow decay. The stabilities present an
opposite tendence with device performance and Mn, that is,

the PYTSL-based devices showed the best stability, remaining
72.7% of the initial PCE after 288 hours, while PYTSM and
PYTSH-based devices decayed to 64.4% and 60.4% of the initial
PCE, respectively. The stability result suggests that a higher Mn

of PYTS acceptors could not enhance the stability of all-PCSs.

In situ monitoring of film-formation and morphology
development

Fully comprehending and regulating morphology can be
obtained by monitoring the film formation process of BHJ
films. In this study, we used in situ UV-vis and PL spectroscopic
recording film drying through blade-coating with a custom-
built setup45 to discern the effects of the molecular weight of
PAs on morphological evolution.46,47 Fig. S10 (ESI†) depicts the
temporal evolutions of UV-vis absorption contour maps of
blends with PAs of different Mn, where the colors represent

Fig. 2 The PYTS Mn dependence of photovoltaic properties of optimized PBDB-T:PYTS devices. (a) J–V curves, (b) EQE spectra, (c) dark J–V curves and
(d) charge mobilities.

Table 2 PV performances of the all-PSCs vs. the Mn of PAs

Voc (V) Jsc (mA cm�2) FF (%) PCEa (%)

PBDB-T:PYTSL 0.89 (0.88 � 0.008) 13.02 (11.59 � 0.67) 51.57 (49.84 � 5.48) 5.99 (5.10 � 0.75)
PBDB-T:PYTSM 0.90 (0.89 � 0.004) 17.10 (15.60 � 1.17) 53.30 (53.79 � 2.58) 8.16 (7.64 � 0.39)
PBDB-T:PYTSH 0.90 (0.89 � 0.010) 18.55 (16.73 � 1.25) 56.32 (57.57 � 1.75) 9.43 (8.60 � 0.63)

a The values in parenthesis are the standard deviation obtained from 24 devices.
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the intensity of absorption signals at a specific time interval
and wavelength. According to our previous work, the drying
process can be divided into three temporal stages, i.e., the
liquid film stage (t0 o t o t1), the liquid–solid transition stage
(t1 o t o t2), and eventually the dried film stage (t2 o t).47

As seen in Fig. S11 (ESI†), the absorption peaks of PYTS in all
blend films present different degrees of red shifts (from 773 nm
to 788 nm for PYTSL, from 776 nm to 787 nm for PYTSM, and
from 776 nm to 782 nm for PYTSH), implying the presence
of ordered packing in these molecules and the formation of
p–p interactions in the solid films. After annealing, the peak
positions of PYTSM and PYTSH exhibit a further red-shift to
791 nm (Fig. S12, ESI†), which is attributed to the further
aggregation of the longer polymer chains under thermal
stress. In the meantime, the peak position of PBDB-T remained
almost unchanged along with time in all three systems
(B620 nm). In our previous work, a similar phenomenon was
observed. This indicates that self-aggregation of PBDB-T was
restricted by blending with polymer acceptors.29,31 By increas-
ing Mn, the crystallization of the blend film tended to slow
down, as revealed by the extended drying time from 33 s
(PYTSL), to 43 s (PYTSM) and to 51 s (PYTSH) (Fig. S11, ESI†).
With longer crystallization time, the crystal size could be larger,
forming more ordered crystallinity structures. These behaviors
are in line with the observation that the film morphology of the
blends containing PYTSH exhibits strongest crystalline order
shown in GIWAXS measurements, compared to that of PYTSL,
which will be discussed later.

We proceeded to assess the quenching kinetics through
in situ PL characterization. The contour maps demonstrating
PL evolution are presented in Fig. S13 (ESI†). Fig. 3 displays
the time-dependent PL peak location and intensity of blends
consisting of PAs with different Mn. The extracted temporal
evolutions of the PL peak position and integrated intensity are
associated with the spatial distribution of fluorophores and
quenchers in the blends.52 The PL peak position exhibited a
similar evolution trend to that observed in the in situ absorp-
tion spectra, characterizing three stages as well. Within the
liquid film stage, the emission from PYTS undergoes a gradual
quenching with a weak red shift, indicating the slight enhance-
ment of interactions between polymer chains. Besides, com-
pared to PYTSL, PYTSM and PYTSH show a greater redshift of
the original PL peak, implying stronger preaggregation of
acceptors in solutions. The PBDB-T:PYTSL blend film shows a
liquid film stage time of 12 s, which is much shorter than that
of PBDB-T:PYTSM (21 s) and PBDB-T:PYTSH (24 s). It indicates a
more rapid formation of interactions between PBDB-T and
PYTSL, accelerating the growth rate of the film. In the second
stage, the PYTS shows a more rapid quenching, accompanied
by a rapid red shift. The spectral red-shift contributes to the
polymer aggregation and the rapid drops in the PL signals arise
from the fluorophore-quencher interaction.53 This suggested the
proximity between the donor and acceptor molecules decreases as
the solvent evaporates. Compared with the PBDB-T:PYTSL blend
film (t2 B 17 s), the prolonged PL quenching of PBDB-T:PYTSH

(t2 B 30 s) can be assigned to a slower interdiffusion process

Fig. 3 In situ PL results of the PBDB-T:PYTS blend film via blade-coating, as a function of drying time. Locations of emission peaks of (a) PYTSL,
(b) PYTSM, and (c) PYTSH, respectively. Peak intensity for PBDB-T and PYTS emission peaks (at 670 and 850 nm, respectively) of (d) PYTSL, (e) PYTSM, and
(f) PYTSH, respectively.
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between PBDB-T and PYTSH, implying a lower miscibility between
these two polymers. Therefore, a larger phase separation was
formed in the PBDB-T:PYTSH film. With the larger pure phase of
donor and acceptor, the charge carrier transportation can be
enhanced, in line with the improved mobility values. After that,
the PL intensities and peak positions are constant, suggesting the
complete formation of solid films.

TA spectroscopy

To investigate the role of molecular weight on charge photo-
generation and recombination processes in an ultrafast
timescale, we performed the transient absorption (TA) mea-
surements of blend films. Fig. 4 shows the TA spectra of the
blend films at the indicated delay time by selecting to excite the
acceptor materials with the excitation wavelength of 800 nm.

The TA kinetics of B645 nm were extracted to estimate the
charge photogeneration and recombination processes in the
blend films, which corresponds to the ground state bleaching
process of the donor material, as shown in Fig. S14 (ESI†). The
kinetics of 645 nm in the PBDB-T:PYTSL blend film display a
fast generation and a slow relaxation process. However, an
instantaneous generation, a slow rise and a slow relaxation
process is exhibited in the kinetics of B645 nm in PBDB-
T:PYTSM and PBDB-T:PYTSH blend films. The dynamics of
hole-transfer involve both an ultrafast charge-transfer process
and an exciton diffusion-mediated charge transfer process, that
can be fitted by a biexponential function:46,54

I ¼ A1 1� exp � t

t1

� �� �
þ A1 1� exp � t

t2

� �� �
;

where t1 represents the lifetime of the fast hole transfer process
at the interface and t2 is the lifetime of exciton-diffusion-
mediated hole transfer determined by the domain size. In
general, a longer exciton-diffusion-mediated lifetime indicates
a larger phase-separated size between donor and acceptor in
blend films. From the fitting results, shown in Table S3 (ESI†),
the three blend films show comparable ultrafast charge trans-
fer, however, the PBDB-T:PYTSH blend film exhibits a longer
exciton diffusion time of E12.3 ps than PBDB-T:PYTSM

(E5.7 ps) and PBDB-T:PYTSL (within instrument response

function), indicating a larger acceptor domain size in PBDB-
T:PYTSH films.55–57 The phase domain size increases with the
increasing molecular weight of PA, which corresponds with the
results of AFM measurements (Fig. S16, ESI†).

Besides, we found the TA kinetics of 645 nm recovered with
a delay time longer than 30 ps, which can be attributed to the
charge recombination process. Accordingly, the charge recom-
bination rate is independent and dependent on the excitation
fluency in geminate recombination and bimolecular recombi-
nation, respectively. In this work, we performed the TA mea-
surements of blend films with different fluencies, as shown in
Fig. S15 (ESI†). It can be seen that the charge recombination
mechanism for PBDB-T:PYTSL, PBDB-T:PYTSM and PBDB-
T:PYTSH blend films can be attributed to geminate, geminate,
and bimolecular recombination, respectively. Besides, by using
the single-exponential function to fit the charge recombination
kinetics of 645 nm, we can estimate the lifetime of charge
recombination to B3.7 ns, B3.9 ns, and B5.4 ns for PBDB-
T:PYTSL, PBDB-T:PYTSM and PBDB-T:PYTSH blend films,
respectively, and the detailed fitting parameters can be found
in Table S4 (ESI†). This indicates the increasing molecular
weight of the acceptor material can suppress the charge
recombination process in the blend film. Combining the TA
measurement and the performance of devices, it is concluded
that the PBDB-T:PYTSH blend film shows a larger acceptor
phase separation, a longer lifetime of charge recombination
and thus a higher PCE of B9.43% over those of PBDB-T:PYTSL

blend film, indicating the Mn plays a critical role in charge
transportation and recombination processes and the perfor-
mance of devices.

Morphological properties

To elucidate the origins of the different photovoltaic perfor-
mance of the PBDB-T:PYTS blends, we examined the morpho-
logical properties of the blend films using the combined
measurements of grazing incident wide-angle X-ray diffraction
(GIWAXS) and atomic force microscopy (AFM). In the AFM images,
as Mn increased from 9 kDa to 19 kDa, the root-mean-square
averaged surface roughness (Rq) of the blends increased from
1.24 nm to 1.75 nm (Fig. S16, ESI†), and the sizes of the domains

Fig. 4 The representative TA spectra of (a) PBDB-T:PYTSL, (b) PBDB-T:PYTSM and (c) PBDB-T:PYTSH blend films after excitation at 800 nm with an
excitation fluence of 3.6 � 1013 photons cm�2 pulse�1.
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became larger with increasing Mn. This indicates that the longer
polymer chains increased the phase segregation degree between
PD and PA. The PBDB-T:PYTSL films lack phase separated domains,
which suppressed the exciton dissociation and promoted charge
recombination, thus resulting in reduced Jsc and FF. Fig. 5a–c
presents the 2D GIWAXS images of PBDB-T:PYTS blends, with
Fig. 5d showing the 1D scattering profiles of the blends taken
along the in-plane and out of plane directions. Table S5 (ESI†)
presents the peak fitting results for the out-of-plane p stacking
peaks (010) and in-plane (100) peaks in the blends. The PBDB-
T:PYTSL blend film shows a broad (010) peak in the out-of-plane
(OOP) direction at 1.66 Å�1 (d = 3.78 Å) with a crystal coherence
length (CCL) of 1.61 nm and a (100) peak in the in-plane (IP)
direction at 0.28 Å�1 (d = 22.44 Å) with a CCL of 7.84 nm. The
PBDB-T:PYTSM and PBDB-T:PYTSH blend film exhibits enhanced
molecular co-facial packing, as indicated by the sharper (010) peak
in the OOP direction at 1.68 Å�1 (d = 3.74 Å) with an increased CCL
of 1.77 and 2.19 nm, respectively, indicating the p–p stacking and
crystal size of polymers were further improved. Generally, the
p–p stacking distance and CCL results affect the charge transport
characteristics of the polymer materials.39,58 By increasing Mn, the
blends utilize a better transport feature of PYTSH than PYTSL

due to larger pure polymer domains, which is consistent with the
mobility values.

Conclusions

In this work, from liquids to films and devices, the Mn effect of
PYTS on PCEs of all-PSCs based on PBDB-T:PYTS blends with
three different Mn has been comprehensively investigated using
in situ spectroscopy and several ex situ techniques. The Jsc of
devices increases with the Mn (9, 13 and 19 kDa) of PYTS from
13.02, 17.16 to 18.73 mA cm�2, which results in PCE enhance-
ment from 5.99%, 8.16% to 9.43%. The morphology evolutions
from liquids to solid BHJs of the three PBDB-T:PYTS systems
were monitored using in situ multifunctional spectroscopy.
Furthermore, the nanostructures of PBDB-T:PYTS films, charge
generation, transport and recombination of corresponding
all-PSCs were characterized with GIWAXS, AFM and TAS. The
results indicate that the increased PCE of all-PSCs with Mn of
PYTS was mainly attributed to the improved crystallinity in
PBDB-T:PYTSH during drying, which facilitates electron trans-
port, prolongs carrier lifetimes and decreases the non-geminate

Fig. 5 2D GIWAXS patterns of PBDB-T:PYTS blend films with different Mn. (a) PBDB-T:PYTSL, (b) PBDB-T:PYTSM, and (c) PBDB-T:PYTSH. (d) Linecuts of
GIWAXS patterns for the three blend films.
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recombination rate constants. This study deepens our under-
standing of the interplay between Mn, morphology evolutions,
nanostructure of BHJs, and the photovoltaic performance in
the corresponding devices. It also highlights the irreplaceable
function of in situ spectroscopy to record the nanostructure
evolution from liquid to BHJ for further improving the PCEs of
full PSCs.
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