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n dictates bimolecular charge
recombination and fill factor of all-polymer blend
solar cells†
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Shota Kubota, Min-Cherl Jung, ‡ Hirotaka Kojima § and Masakazu Nakamura

One of the bottlenecks in improving power conversion efficiencies of all-polymer blend solar cells is the

low fill factor (FF), along with the intolerance to film thickness. In this study, we examined the behavior

of charge-carrier extraction and recombination to determine the key factors that improve or limit the

FFs of all-polymer blend solar cells. We conducted space-charge-limited current mobility, electrical

impedance spectroscopy, and grazing-incidence wide-angle X-ray scattering measurements for four

exemplary all-polymer blend devices composed of a naphthalene diimide-based low-bandgap polymer

acceptor. The high charge-carrier collection ability and, thus the high FF of �70% of the all-polymer

blends result from the long charge-carrier lifetime due to small bimolecular recombination coefficients.

The degree of suppression of the bimolecular charge recombination is quantified using the Langevin

theory and is then related to the blend morphology of the device. Consequently, we conclude that the

preferred blend morphology for suppressing bimolecular recombination is characterized by a well-

ordered local structure due to chain aggregation by both the polymer donor and acceptor. This study

guides future research efforts toward the development of thickness-tolerant all-polymer-blend solar

cells with high FFs.
1. Introduction

Polymer:polymer blend (all-polymer blend) solar cells, which
employ conjugated polymers as both electron-donating (donor)
and electron-accepting (acceptor) semiconductors, have attrac-
ted attention owing to their excellent material properties such
as high exibility, favorable mechanical robustness as well as
morphological stability, and superior solution processability.1–3

Compared with small-molecule-containing organic solar cells,
all-polymer blend solar cells are considered the most promising
candidates for solar cells that are suitable for cost-effective mass
production because polymeric materials are compatible with
printing fabrication owing to their readily tunable ink viscosity
and ability to form uniform large-area lms.

During the past decade, the emergence of naphthalene dii-
mide (NDI)-based low-bandgap polymer acceptors with rela-
tively high electronmobility has improved the power conversion
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efficiencies (PCEs) of all-polymer blend solar cells up to �11%.4

However, the state-of-the-art all-polymer blends employing NDI-
based polymer acceptors are still lagging behind the solar cells
constructed using fullerene and non-fullerene small-molecule
acceptors. When the results from the all-polymer blends are
considered, one of the bottlenecks in improving the PCE is the
low ll factor (FF), which is typically <60% even in optimum
devices. Presently, the active layer thickness for optimum
performance is mostly limited to �100 nm, and thicker devices
exhibit a drop in the FF and thereby PCE, with only a few
exceptions.5 In contrast to the reported FF behavior of the all-
polymer blends, many state-of-the-art fullerene-based blends
achieve FFs of $70% in the optimum thin-lm devices. More-
over, some devices maintain high FFs and their full perfor-
mance when thick active layers (�300 nm) are used.6–12 These
thick-lm devices are characterized by an increased absorption
strength of the active layer and can consequently maximize the
short-circuit current density (JSC) and PCE. Additionally, toler-
ance of the PCE to the lm thickness is a prerequisite for
fabricating solar cells via roll-to-roll or other high-volume
printing techniques preferred for commercialization. There-
fore, elucidating the intrinsic limitations that hinder the
achievement of an excellent FF in all-polymer blend solar cells is
essential not only for improving the device performance further
but also for expanding their industrial application scope.
J. Mater. Chem. A, 2022, 10, 21727–21737 | 21727
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Chart 1 Chemical structures of the donors (a) P3HT, (b) PTB7-Th, and
(c) PBDB-T and acceptors (d) PCBM, (e) N2200, and (f) F-N2200 used
in this study.

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 9
:2

3:
17

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Recently, FFs of the solar cells constructed using fullerene
and non-fullerene small-molecule acceptors have been corre-
lated with the charge-carrier collection efficiency, which is
determined by the competition between charge-carrier extrac-
tion and recombination.13–16 One of the benchmark polymer:-
fullerene solar cells that can maintain high FFs even with thick
lms is the blend of poly(3-hexylthiophene) (P3HT) and [6,6]-
phenyl-C61-butyric acid methyl ester (PCBM).17,18 In the
P3HT:PCBM device, the highly crystalline quality and purity of
the P3HT aggregates facilitate the suppression of the bimolec-
ular charge recombination because of the extended delocaliza-
tion of the charge carriers.18 It is also suggested that, in terms of
the charge-carrier extraction, both hole and electron mobilities
of at least 10�4 cm2 V�1 s�1 are required to measure high FFs.19

Further, Li et al. reported that a high hole mobility (>1 � 10�3

cm2 V�1 s�1) comparable to the electron mobility of PCBM is
required to guarantee efficient charge-carrier extraction, which
increases the FF and sustains the high FF of $70% with a thick
active layer of thickness >300 nm.12 Additionally, for the poly-
mer:PCBM devices that employ less-crystalline polymer donors,
weak PCBM percolation in a mixed region with the amorphous
portions of the polymer donor inhibits efficient electron trans-
port, thereby decreasing the FF of the thick-lm devices.20,21

This bottleneck due to the weak percolation can be overcome by
loading an excess of PCBM (�80 wt%), with devices above
300 nm showing FF close to 60%.21

In contrast, our knowledge about the underlying factors that
improve or limit the FF of all-polymer blend solar cells remains
obscure because their morphological features are different from
those of the polymer:PCBM blend systems. First, presently,
efficient all-polymer blend solar cells have been developed by
employing non-high crystalline polymers for both donor and
acceptor. The most widely used donors are the polymers
composed of 4,8-di(thiophen-2-yl)benzo[1,2-b:4,5-b0]-
dithiophene (BDTT) unit into the backbone.3 Although the
BDTT-based polymer donors can exhibit hole mobilities of
�10�4 cm2 V�1 s�1, they are less- or moderate-crystalline.3,22

Therefore, long-range ordering with high crystalline quality, as
observed for the P3HT aggregates, is difficult to realize.22,23

Second, the electron mobilities of the NDI-based polymer
acceptors in blend lms are typically lower than that of PCBM
(>1 � 10�3 cm2 V�1 s�1).3 In contrast, the ability to allow
percolation for charge transport in blend lms is potentially
higher for polymer acceptors than for small-molecule accep-
tors.24,25 Therefore, the loss of electron transport networks
within the donor–acceptor mixed amorphous region may not
necessarily become an intrinsic limitation of all-polymer blend
solar cells.

With this background, in this study, we examined the
behavior of charge-carrier extraction and recombination for all-
polymer blend solar cells and compared the results with those
of P3HT:PCBM blend solar cell to identify the key factors that
dictate the FF of all-polymer blend systems. To this end, we
conducted space-charge-limited current (SCLC) mobility
measurements, electrical impedance spectroscopy (EIS), and
grazing-incidence wide-angle X-ray scattering (GIWAXS)
measurements for four exemplary all-polymer blend solar cells
21728 | J. Mater. Chem. A, 2022, 10, 21727–21737
consisting of NDI-based polymer acceptors, N2200 and its
uorinated derivatives F-N2200, and two common BDTT-based
polymer donors, PTB7-Th and PBDB-T.

2. Experimental
2.1 Materials

Poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-
b0]dithiophene))-alt-(5,5-(10,30-di-2-thienyl-50,70-bis(2-ethylhexyl)
benzo[10,20-c:40,50-c0]dithiophene-4,8-dione)] (PBDB-T, 1-Mate-
rial Inc.), poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-
b;4,5-b0]dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-uorothieno
[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] (PTB7-Th, 1-Material
Inc.), and poly(3-hexylthiophene-2,5-diyl) (P3HT, head-to-tail
regioregularity: 99.5%, Tokyo Chemical Industry Co., Ltd.)
were used as the donor materials. Poly[[1,2,3,6,7,8-hexahydro-
2,7-bis(2-octyldodecyl)-1,3,6,8-tetraoxobenzo[lmn][3,8]phenan-
throline-4,9-diyl](3,30-diuoro[2,20-bithiophene]-5,50-diyl)] (F-
N2200, California Organic Semiconductors Inc.), poly{[N,N0-
bis(2-octyldodecyl)naphthalene-1,4,5,8-bis(dicarboximide)-2,6-
diyl]-alt-5,50-(2,20-bithiophene)} (N2200, California Organic
Semiconductors Inc.), and [6,6]-phenyl-C61-butyric acid methyl
ester (PCBM, Frontier Carbon Co.) were used as the acceptor
materials. The chemical structures of the donors and acceptors
are shown in Chart 1.

2.2 Device preparation and characterization

Polymer solar cells with an inverted architecture of ITO/ZnO/
poly(ethylenimine) (PEI)jdonor:acceptor blendjMoOx/Ag were
fabricated. An indium tin oxide (ITO) substrate (GEOMATEC,
Japan, 10 U per square) was sequentially washed via ultra-
sonication in toluene, acetone, and 2-propanol for 10min, dried
under an N2 ow, and treated with a UV-O3 cleaner (SSP16-110,
SEN LIGHTS Corp., Japan) for 30 min. The ZnO electrode was
prepared by spin coating a ZnO precursor solution on the pre-
cleaned ITO substrate.26 The ZnO precursor solution was
prepared by dissolving zinc acetate dihydrate (50 mg, Sigma-
Aldrich, 99.99%) and ethanolamine (14 mL, Sigma-Aldrich,
This journal is © The Royal Society of Chemistry 2022
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$99.5%) in 500 mL of 2-methoxyethanol (Nacalai Tesque, 99%)
under vigorous stirring for 12 h in air. The solution was spin-
coated onto the ITO substrate at a spin rate of 4000 rpm for
60 s. The solution-coated ITO substrates were then annealed at
200 �C for 1 h in air. A PEI aqueous solution (Sigma-Aldrich,
50 wt% in H2O, Mw �750 000 gmol�1) was diluted with 2-
methoxyethanol to a weight concentration of 0.05 wt%, and the
diluted PEI solution was subsequently spin-coated onto the ZnO
electrode at a spin rate of 3000 rpm for 60 s, followed by
annealing at 100 �C for 10 min in air. This PEI-coated ZnO
electrode was used as a cathode.27 The solutions for the active
layers were prepared by mixing the donor and acceptor in a 1 : 1
weight ratio in chlorobenzene for the PTB7-Th:N2200 and PTB7-
Th:F-N2200 solutions, in chlorobenzene with 0.5 vol% (v/v) 1,8-
diiodooctane (DIO) for the PBDB-T:N2200 and PBDB-T:F-N2200
solutions, and in o-dichlorobenzene for the P3HT:PCBM solu-
tion. The donor:acceptor blend solutions were stirred at 60 �C
for at least 12 h to allow the complete dissolution of the mate-
rials. The solutions were then passed through a 0.45 mm lter
and spin-coated onto the ZnO/PEI electrode. For the
P3HT:PCBM blend lm, the as-cast lm was placed in a covered
Petri dish for 1 h at room temperature (solvent annealing).28,29

The spin-coating solvents and DIO were selected according to
the optimized recipe reported for the PTB7-Th:N2200,30 PBDB-
T:N2200,31 and P3HT:PCBM29 blend solar cells. The active layer
thickness was changed by varying the solution concentration
and spin speed. The solution preparation and the subsequent
spin-coating procedures were carried out in an N2-lled glove
box. Finally, MoOx (10 nm) and Ag (100 nm) were sequentially
vacuum deposited through a shadowmask at�8.0� 10�5 Pa on
top of the blend lm to obtain a surface area of 0.04 cm2 for the
MoOx/Ag top electrode, which was used as an anode. The
current density–voltage (J–V) characteristics were measured
using a computer-controlled Keithley 2401 source meter in an
N2 atmosphere and under illumination with AM 1.5G-simulated
solar light with a power density of 100 mW cm�2.

2.3 EIS measurements

Impedance measurements were conducted in an N2 atmo-
sphere at room temperature using an Autolab PGSTAT204
system (Metrohm AG, Switzerland), equipped with a frequency
analyzer module (FRA32M), at the frequency ranging from 1
MHz to 10 Hz. The AC oscillating amplitude was 10 mV (rms) to
maintain the linearity of the response. A bias voltage, equal to
the open-circuit voltage (VOC) obtained at each solar light
intensity, was applied to perform measurements under zero-
current conditions. The illumination intensities were changed
from 1.6 to 100 mW cm�2 using neutral density lters.

2.4 Mobility measurements

For the hole mobility (mh) measurements, a hole-only device was
fabricated using the following procedure. A 40 nm topcoat layer
of poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate)
(PEDOT:PSS, H. C. Starck PH-500) was spin-coated onto a pre-
cleaned ITO substrate and then dried in air at 140 �C for 10 min.
Next, a donor:acceptor blend solution was spin-coated onto the
This journal is © The Royal Society of Chemistry 2022
PEDOT:PSS-coated ITO substrate. Subsequently, Au (100 nm) or
MoOx (10 nm) and Au (100 nm) were sequentially vacuum
deposited on top of the blend lm (ITO/
PEDOT:PSSjdonor:acceptor blendjAu or ITO/
PEDOT:PSSjdonor:acceptor blendjMoOx/Au). For the electron
mobility (me) measurements, an electron-only device was fabri-
cated using the following procedure. Cesium carbonate
(Cs2CO3; Sigma-Aldrich, 99.9%) was dissolved in 2-ethox-
yethanol (Nacalai Tesque, $99.0%) to form a 0.2 wt% solution,
which was then spin-coated on a precleaned ITO substrate at
a spin rate of 1000 rpm for 60 s. The coated substrate was
annealed at 170 �C for 20 min in an N2-lled glove box.32 Next,
a donor:acceptor blend solution was spin-coated on the Cs2CO3-
coated ITO electrode. Subsequently, Ca (10 nm) and Ag (100 nm)
were sequentially vacuum deposited on top of the blend lm
(ITO/Cs2CO3jdonor:acceptor blendjCa/Ag). The spin-coating
solvents, solvent annealing conditions, and donor:acceptor
blend ratio were the same as those used to prepare each solar
cell. The dark J–V characteristics were measured under an N2

atmosphere at room temperature. The charge-carrier mobility
(m) was calculated from the J–V characteristics by applying the
SCLC method using the Mott–Gurney equation for the current

density: JSCLC ¼ 9
8
303rm

V2

L3
, where JSCLC is the current density, 30

is the vacuum permittivity, 3r is the dielectric constant of the
lm (assumed to be 3), and L is the thickness of the active
layer.33,34
2.5 GIWAXS measurements

Neat lms of the donor, acceptor, and donor:acceptor blends
were prepared by spin coating the corresponding solutions onto
a Si wafer (Yamanaka Hutech, Japan). The spin-coating
solvents, solvent annealing conditions, and donor:acceptor
blend ratio were the same as those used to prepare each solar
cell. The GIWAXS measurement was performed on the lms at
room temperature at the SPring-8 BL40B2 beamline (Hyogo,
Japan). The X-ray wavelength was set to 0.1 nm, and the beam
impinged on the samples at an incident angle of 0.14� with
respect to the sample surface. The X-ray exposure time was set
to 50 s for all the samples. The scattering signals were detected
by a hybrid photon-counting X-ray detector (Pilatus3 S 2M,
Dectris Ltd., Switzerland) positioned at a distance of 343.3 mm
from the sample in an area of 1475� 1679 pixels. The scattering
vector magnitude (q) expressed as q ¼ (4p/l)sin q, where 2q is
the scattering angle, was calibrated using silver behenate (q ¼
2p/5.838 nm�1). A two-dimensional (2D) GIWAXS image was
created by subtracting the diffraction pattern of the bare Si
wafer from the total diffraction pattern of each lm sample.
3. Results
3.1 Device performance

Fig. 1(a) shows the J–V characteristics of the all-polymer blend
and the P3HT:PCBM blend solar cells. Table 1 summarizes the
device performance parameters under white-light illumination
with an intensity of 100 mW cm�2 (AM 1.5G). The devices were
J. Mater. Chem. A, 2022, 10, 21727–21737 | 21729
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Fig. 1 (a) J–V characteristics of the devices under AM 1.5G (100 mW
cm�2) illumination: P3HT:PCBM (103 nm, black), PBDB-T:F-N2200
(94 nm, red), PBDB-T:N2200 (117 nm, orange), PTB7-Th:F-N2200
(106 nm, green), and PTB7-Th:N2200 (86 nm, blue). (b) Dependence
of the FF of each device on the active layer thickness: P3HT:PCBM
(squares), PBDB-T:F-N2200 (circles), PBDB-T:N2200 (diamonds),
PTB7-Th:F-N2200 (triangles), and PTB7-Th:N2200 (inverted triangles).
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prepared under the optimal spin-coating conditions for each
blend, as described in the Experimental section, and the active
layer thickness (L) was adjusted to �100 nm. The optimum
PTB7-Th:F-2200 and PTB7-Th:N2200 devices exhibited an FF of
<60%, which is typical for all-polymer blend solar cells. In
contrast, PBDB-T:F-N2200 and PBDB-T:N2200 devices achieved
FF close to 70%, similar to that of the benchmark P3HT:PCBM
solar ell. Additionally, signicant differences in the FFs were
apparent between the thick-lm devices.

As shown in Fig. 1(b), the FFs of the PTB7-Th:F-N2200 and
PTB7-Th:N2200 devices decreased with the increasing active
layer thickness; the FFs were �50% (PTB7-Th:F-N2200) and
�45% (PTB7-Th:N2200) at 200 nm thickness and further
decreased to �45% (PTB7-Th:F-N2200) and �35% (PTB7-
Th:N2200) at 350 nm thickness. In contrast, the FFs of the
PBDB-T:F-N2200 and PBDB-T:N2200 devices weremaintained at
Table 1 Photovoltaic parameters, series resistance (RS), and shunt resist

Device P3HT:PCBM PBDB-T:F-N2200

Thickness (nm) 103 94
JSC (mA cm�2) 8.9 7.8
VOC (V) 0.50 0.76
FF (%) 67 68
PCE (%) 3.0 4.1
RS (U cm2)a 7.0 7.5
RSh (U cm2)a 1205 1282

a RS and RSh were obtained from the J–V characteristics under white-light

21730 | J. Mater. Chem. A, 2022, 10, 21727–21737
�65% at a thickness of 200 nm. Moreover, PBDB-T:F-N2200
device maintained a relatively high FF of 60%, even at a thick-
ness of 350 nm. The high FF values and tolerance for the active
layer thickness of the PBDB-T:F-N2200 device were comparable
to those of the P3HT:PCBM device. The J–V characteristics of the
thick devices are shown in Fig. S1 (ESI†). We note that the rapid
FF drop observed for the >200 nm-thick PBDB-T:N2200 devices
could be assigned to a space-charge-limited photocurrent
because the device photocurrent was proportional to �V1/2 and
�I3/4 (where I is the light intensity; Fig. S2, ESI†).35 The cause of
the space-charge build-up could not be determined; however,
further discussions on this aspect have been omitted as the
topic was beyond the scope of this study.
3.2 Charge-carrier extraction and recombination

3.2.1 Charge-carrier mobilities of the blend lms. To study
the charge-extraction ability of the blend lms, we estimated the
hole and electron mobilities through SCLC measurements.
Fig. S3 in the ESI† shows the dark J–V curves of the hole-only
and electron-only devices. Table 2 lists the resulting mh and me

values. The all-polymer blend lms exhibited mh and me values
in the order of 10�4, and the values of the hole and electron
mobilities were slightly imbalanced, as indicated by the
mobility ratios in the range of 0.30–0.93. Using the mobilities,
we evaluated the extraction time (sext) of the photogenerated
charge carriers at the maximum power point (MPP) for the
optimum thin-lm devices. For the slightly imbalanced mobil-
ities, the geometric average of the slower and faster carrier
mobilities is proposed to favorably describe the extraction
time.36,37 Therefore, the charge-carrier extraction time can be
approximated as

sext ¼ L2

2meffðVOC � VMPPÞ ; (1)

where VMPP is the voltage at the MPP and

meff ¼
ffiffiffiffiffiffiffiffiffiffi
memh

p
: (2)

As shown in Table 2, the all-polymer blend solar cells were
not inferior to the P3HT:PCBM blend solar cell in the charge-
carrier extraction times. Moreover, the PBDB-T:F-N2200 and
PBDB-T:N2200 devices achieved higher FFs than those of the
PTB7-Th:F-N2200 and PTB7-Th:N2200 devices without
requiring a shorter sext. In other words, the FFs of these all-
ance (RSh) of the devices shown in Fig. 1a

PBDB-T:N2200 PTB7-Th:F-N2200 PTB7-Th:N2200

117 106 86
10.2 13.8 13.6
0.84 0.72 0.81
69 57 55
5.9 5.6 6.1
6.1 5.1 6.4
2643 370 374

illumination.

This journal is © The Royal Society of Chemistry 2022
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Table 2 Charge-carrier mobilities in the blend films and the estimated charge-carrier extraction times at the MPP of the optimum thin-film
devices

Device P3HT:PCBM PBDB-T:F-N2200 PBDB-T:N2200 PTB7-Th:F-N2200 PTB7-Th:N2200

mh (cm2 V�1 s�1) 5.34 � 10�4 5.09 � 10�4 3.99 � 10�4 8.28 � 10�4 5.72 � 10�4

me (cm
2 V�1 s�1) 1.97 � 10�3 1.52 � 10�4 4.89 � 10�4 5.91 � 10�4 5.31 � 10�4

Mobility ratioa 0.27 0.30 0.82 0.71 0.93
sext (s) 0.61 � 10�6 1.34 � 10�6 0.80 � 10�6 0.45 � 10�6 0.32 � 10�6

a Mobility ratio was dened as the ratio of the slower carrier mobility to the faster carrier mobility.
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polymer blend solar cells are not controlled by the charge-
carrier mobilities of the blend lms.

3.2.2 Charge-carrier recombination. To study the charge
recombination, we performed EIS measurements on the all-
polymer blends and P3HT:PCBM blend-based optimum thin-
lm devices. The EIS results obtained at different illumination
intensities are shown in Fig. S4 in the ESI.† As shown in
Fig. 2(a), the impedance spectra were characterized by a major
RC arc with additional minor features observed at higher
frequencies, similar to the rsults of previous reports.38,39 The
low-frequency major arc is attributed to the process of photo-
generated charge-carrier recombination (resistance Rrec) and
storage (chemical capacitance Cm) in the donor:acceptor blend
lm.38 This major arc denes a time constant, which is inter-
preted as the charge-carrier lifetime, expressed as RrecCm.38,39 An
equivalent electrical circuit used to model our EIS spectra is
illustrated in Fig. 2(a).40 In the equivalent circuit, the low-
frequency major arc is modeled as RreckCPE. Here, a constant
phase element (CPE), instead of Cm, was used to obtain a better
tting.40,41 The high-frequency minor arc is represented by the
RbulkkCbulk combination and is attributed to the bulk resistance
and capacitance that includes a geometric component in the
donor:acceptor blend lm. RS is the series resistance consid-
ering all components, such as metallic contact and wires. The
RreckCPE combination has an impedance ZCPE of

ZCPE ¼ Rrec

1þ ðjuÞpRrecQCPE

; (3)
Fig. 2 (a) An example of the impedance spectra under the open-circuit c
carrier lifetime (srec) as a function of VOC at different illumination intensitie
in the graphs (b) and (c) represent the results of different devices, as ind
(circles), PBDB-T:N2200 (diamonds), PTB7-Th:F-N2200 (triangles), and

This journal is © The Royal Society of Chemistry 2022
where QCPE is the magnitude of the CPE, and p represents an
“ideality” factor characteristic of the distribution of the relaxa-
tion times. The value of p ¼ 1 corresponds to an ideal capacitor.
The average of the distribution of charge-carrier lifetimes (srec)
is given by

srec ¼ (RrecQCPE)
1/p, (4)

and then, the CPE has an equivalent capacitance Ceq. of

Ceq: ¼ srec
Rrec

: (5)

Following this procedure, we calculated the srec and Ceq.

values. Fig. 2(b) shows srec as a function of VOC under different
illumination conditions for the all-polymer blend and
P3HT:PCBM devices. For all devices, the srec values vary almost
exponentially with VOC, which is in good agreement with the
previous results on polymer:fullerene devices.38,39,42,43 We
extracted the srec values under 1 sun irradiation conditions,
obtaining 2.28 ms (P3HT:PCBM), 1.59 ms (PBDB-T:F-N2200), 1.11
ms (PBDB-T:N2200), 0.314 ms (PTB7-Th:F-N2200), and 0.263 ms
(PTB7-Th:N2200) as the results. It is clear that the charge-carrier
lifetimes in the PBDB-T donor-based devices are similar to the
lifetime in the P3HT:PCBM device, whereas the lifetimes in the
PTB7-Th donor-based devices are one-tenth times shorter than
the lifetime in the P3HT:PCBM device. As shown in Fig. 2(c), the
difference in the srec values is correlated with the device FFs.
ondition and an equivalent electrical circuit for the devices. (b) Charge-
s. (c) FF versus srec under 1 sun irradiation conditions. Different symbols
icated by the legends in (c): P3HT:PCBM (squares), PBDB-T:F-N2200
PTB7-Th:N2200 (inverted triangles).
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Devices with srec values as long as the value of P3HT:PCBM can
achieve an FF close to 70%. In contrast, the devices with shorter
srec values showed an FF lower than 60%.

To explore the charge-carrier recombination mechanism, we
determined the relationship between srec and the charge-carrier
density. The steady-state charge-carrier density (n) in the device
under open-circuit conditions was calculated by integrating
capacitance Ceq. over open-circuit voltages as follows:

n ¼ 1

eL

ðVOC

0

Ceq:ðVOCÞdVOC; (6)

where e is the elementary charge. Here, we calculated n as the
integral of the exponential ts, in which only the Ceq. values at
relatively high VOCs are considered for tting (solid lines tted
to the closed data in Fig. 3(a)), over the range from 0 to VOC,

n ¼ 1

eL

ðVOC

0

C0 expðaVOCÞdVOC; (7)

instead of the integral of the experimental values of the
measured Ceq.44,45 The srec as a function of n is illustrated in
Fig. 3(b). The analysis of the recombination mechanism is
based on the bimolecular law for the relaxation of the photo-
generated charge carriers, which is dened as

dn

dt
¼ �krecðnÞn2; (8)

where krec(n) is the carrier-density-dependent recombination
coefficient. Additionally, we assumed ne ¼ np ¼ n, where ne and
np correspond to the steady-state electron and hole densities,
respectively. To derive the charge-carrier lifetime from eqn (8),
a small perturbation condition of the carriers, which was
produced by the applied AC voltage in the EIS measurements,
Dn � n was applied, and eqn (9) was obtained.

dDn

dt
¼ �2krecðnÞnDn� vkrecðnÞ

vn
n2Dn: (9)

As the second summand has a minor weight, the charge-
carrier lifetime srec and the carrier density n are related by the
following relationship:
Fig. 3 (a) Capacitance Ceq. as a function of VOC at different illuminatio
exp(aVOC), in which only the closed data were considered for fitting. (b
carrier density under open-circuit conditions. The broken lines are draw
charge-carrier lifetime with the bimolecular recombination coefficient un
represent the results of the different devices, as indicated by the legends in
(diamonds), PTB7-Th:F-N2200 (triangles), and PTB7-Th:N2200 (inverted

21732 | J. Mater. Chem. A, 2022, 10, 21727–21737
srec ¼ 1

2krecðnÞn ; (10)

and its derivation is obtained from the previous studies per-
formed by Garcia-Belmonte et al.39 and Bisquert et al.38,46,47

Fig. 3(b) shows that srec f n�1, indicating a bimolecular
recombination with a constant, carrier-density-independent
recombination coefficient, krec. The values of krec(n) calculated
using eqn (10) are shown in Fig. S5 in the ESI.† Such a bimo-
lecular recombination coefficient that is nearly constant with
respect to the carrier density has been observed in polymer:-
fullerene devices.15,38,45 We extracted the krec values under 1 sun
irradiation conditions. The corresponding results were 1.04 �
10�11 cm3 s�1 (P3HT:PCBM), 1.53 � 10�11 cm3 s�1 (PBDB-T:F-
N2200), 3.35 � 10�11 cm3 s�1 (PBDB-T:N2200), 4.90 � 10�10

cm3 s�1 (PTB7-Th:F-N2200), and 5.54 � 10�10 cm3 s�1 (PTB7-
Th:N2200). In Fig. 3(c), srec is plotted against the krec of each
device, indicating that the longer charge-carrier lifetime is
achieved via a small bimolecular recombination coefficient.

It has been known that the dependence of VOC on the inci-
dent light intensity can qualitatively yield the dominant types of
charge recombination.48–51 The VOC versus light intensity results
for the devices are shown in Fig. S6 in the ESI.† The slopes of the
plots for the different devices were 1.17kBT/e (PBDB-T:F-N2200),
1.07kBT/e (PBDB-T:N2200), and 1.18kBT/e (PTB7-Th:N2200),
where kB is Boltzmann constant and T is the temperature in
Kelvin. The slopes close to kBT/e indicate that bimolecular
recombination dominates at the open circuit in the devices of
PBDB-T:F-N2200, PBDB-T:N2200, and PTB7-Th:N2200.48,50,51

Additionally, the slopes were 1.24kBT/e and 1.38kBT/e for the
P3HT:PCBM and PTB7-Th:F-N2200 devices, respctively. The
stronger dependence of the VOC on the light intensity may
indicate that the recombination at the open circuit is a combi-
nation of bimolecular and monomolecular (Shockley–Read–
Hall) processes50,51 or that the slope is misleadingly increased
due to the parasitic leakage current in the devices of
P3HT:PCBM and PTB7-Th:F-N2200.49,50

3.2.3 Charge-carrier collection. We considered the overall
charge-carrier collection ability, which was determined by the
n intensities. The solid lines represent the exponential fits, Ceq. ¼ C0-
) Charge-carrier lifetime as a function of the photogenerated charge-
n only to guide the eye to show the slope �1. (c) Correlation of the
der 1 sun irradiation conditions. Different symbols in the graphs (a)–(c)
(c): P3HT:PCBM (squares), PBDB-T:F-N2200 (circles), PBDB-T:N2200
triangles).

This journal is © The Royal Society of Chemistry 2022
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competition between the charge-carrier extraction and recom-
bination. Here, we should note that the small perturbation
lifetimes srec given by the EIS analysis must be multiplied by
a factor of (l + 1) to obtain the total charge-carrier lifetime sover-
all

rec in the device52,53

soverallrec ¼ (l + 1)srec, (11)

where l is the slope in the power law relationship srec f n�l

determined from Fig. 3(b) and is related to the reaction order as
dn
dt

¼ �krecnlþ1. As already stated, the devices fabricated in this

study were characterized by l ¼ 1. Therefore, the lifetime of the
total charge carriers in the device was evaluated as soverallrec ¼
2srec. Fig. 4 shows the FF versus soverallrec /sext plot under 1 sun
irradiation conditions, demonstrating that the devices with sov-
erall

rec/sext > 2 (PBDB-T:F-N2200 and PBDB-T:N2200) achieved FF
values of �70%, which are as high as that achieved by the
P3HT:PCBM device. A soverallrec /sext value greater than 2 indicates
that the charge carriers can arrive at each electrode before
recombination. Several of similar gures of merit have been
introduced to be correlated with the FFs of the polymer:-
fullerene and polymer:non-fullerene small-molecule blend
solar cells.13,15,16,18 Notably, the observed high charge-carrier
collection ability of these devices results from the longer charge-
carrier lifetimes due to the low bimolecular recombination
coefficients and not the short charge-carrier extraction times.

3.3 Polymer chain ordering in lms

To examine the molecular ordering of the polymer donor and
acceptor, 2D GIWAXS measurements were performed on all the
individual polymer neat lms and their blended lms. In each
2D GIWAXS pattern, the out-of-plane and in-plane 1D diffrac-
tion proles were constructed by integrating the intensity at
each q value over the azimuthal angle ranges of 85–95� and 5–
15�, respectively. The d spacing related to chain stacking was
calculated from the central position q of the Lorentzian-shaped
tted peaks, according to the following relationship:

d ¼ 2p

q
: (12)
Fig. 4 FF versus soverallrec /sext of the all-polymer blends and P3HT:PCBM
blend solar cells. The dashed lines are drawn only to guide the eye.
Different symbols represent the results of different devices as indi-
cated by the legends in the graph.

This journal is © The Royal Society of Chemistry 2022
The coherence length (Lc) was estimated from the full width
at half maximum (FWHM) using the Scherrer equation (eqn
(13)). The FWHM was determined from the t, and the shape
factor, K, was assumed to be 0.9.54,55

Lc ¼ 2pK

FWHM
: (13)

The number of stacking layers (N) was characterized by the
ratio of the coherence length to the stacking distance for
a certain diffraction peak22 as

N ¼ Lc

d
: (14)

The values obtained are summarized in Tables S1–S3 (ESI†).
First, we present the results for the neat lms. The GIWAXS

2D pattern of P3HT shows distinctive (100), (200), and (300)
lamellar peaks observed in the out-of-plane direction, and
a well-dened p–p stacking peak (010) in the in-plane direction
at qz ¼ 16.56 nm�1, corresponding to a d spacing of 0.38 nm
(Fig. S7 in the ESI†). The presence of the higher-order (h00)
peaks indicates good molecular order in the alkyl-chain stack-
ing direction. The Lc of the P3HT (010) peak is 4.71 nm, which is
approximately 12 stacking layers in the p–p stacking, exhibiting
a long-range order in this direction. The crystalline character-
istic of P3HT observed in the neat lm was retained in the
blended lm with PCBM (Fig. S7 and Table S1 in the ESI†).
Fig. 5(a) and (b) show the 2D patterns of the neat lms of the
polymer donors. The PTB7-Th and PBDB-T lms show well-
dened (010) reections arising from the p–p stacking in the
out-of-plane direction. Additionally, the corresponding (100)
reection from the lamellar stacking is located exclusively in the
in-plane direction for PTB7-Th, and it exhibits a diffused ring
for PBDB-T. The 2D patterns indicate that the ordered fraction
of the PTB7-Th chains is face-on, and that of PBDB-T tends to be
face-on relative to the substrate. As shown by the 1D proles
(Fig. 5(c) and (d)), the most noteworthy difference between the
two donors was the degree of chain ordering. From the in-plane
(100) peak, lamellar stacking distance d100 and coherence
length L100 of PTB7-Th (qxy ¼ 2.68 nm�1) were calculated as 2.35
Fig. 5 2D GIWAXS patterns of the (a) PTB7-Th and (b) PBDB-T neat
films. 1D profiles in the (c) in-plane and (d) out-of-plane directions,
obtained from the PTB7-Th (black lines) and PBDB-T (red lines) 2D
patterns.
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Fig. 6 Number of p–p stacking layers as obtained from the 1D
diffraction profiles for every 2D GIWAXS pattern of the polymer donor
and acceptor neat films. Open circles represent the results of the
acceptor films processed with 0.5 wt% of DIO.
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and 5.97 nm, and those of PBDB-T (qxy¼ 2.97 nm�1) as 2.12 and
16.07 nm, respectively. Additionally, PBDB-T exhibits a peak at
qxy ¼ 6.54 nm�1, which is assigned to the (001) chain backbone
repetition, with d001 ¼ 0.96 nm and L001 ¼ 8.75 nm.56 From the
out-of-plane (010) peak, p–p stacking distance d010 and coher-
ence length L010 of PTB7-Th (qz ¼ 16.19 nm�1) were calculated
as 0.39 and 1.50 nm, and those of PBDB-T (qz ¼ 17.32 nm�1) as
0.36 and 2.32 nm, respectively. The estimated N values indi-
cated that PBDB-T forms an ordered structure consisting of six
Fig. 7 2DGIWAXS patterns of the blend films: (a) PTB7-Th:F-N2200, (b) P
and out-of-plane 1D profiles obtained from the 2D patterns of the ble
Th:N2200, (g) and (k) PBDB-T:F-N2200, and (h) and (I) PBDB-T:N2200. T
polymer donor and acceptor are shown by red and blue lines, respective
PBDB-T, and ref. 58 and 59 for F-N2200 and N2200.

21734 | J. Mater. Chem. A, 2022, 10, 21727–21737
to eight densely stacked chains in both the lamellar and p–p

stacking directions, whereas PTB7-Th forms aggregates made
by packing of only three to four chains. As to the neat lms of
the polymer acceptors, the 2D and 1D proles indicate that both
F-N2200 and N2200 form an ordered structure consisting of 9–
11 stacked chains in both the lamellar and p–p stacking
directions, with the ordered fraction being mainly face-on
relative to the substrate (Fig. S8 and Table S2 in the ESI†). We
note that the acceptor neat lms processed with DIO showed
(h00) lamellar stacking reections in both in-plane and out-of-
plane directions, indicating lamellar stacking of the polymer
chains oriented both parallel and perpendicular to the
substrate. Additionally, the number of stackings slightly
decreased; N was then equal to 6–7 in the lamellar stacking
direction and 8 in the p–p stacking direction (Fig. S9 and Table
S2 in the ESI†). The obtained values of the p–p stacking
distance d010 and the number of p–p stacking layers N010 are
shown in Fig. 6.

Next, we show the results for the donor:acceptor blend lms
and compare them with those of the corresponding neat lms.
The 2D patterns of the blend lms (Fig. 7(a)–(d)) indicate that
blending does not alter the preferred orientation of the
constituent polymers from those of their neat lms. Moreover,
the 1D proles with higher-order diffraction peaks (Fig. 7(e)–(l))
were well reconstructed, with a clear peak position and width,
via the superposition of the proles obtained from the
TB7-Th:N2200, (c) PBDB-T:F-N2200, and (d) PBDB-T:N2200. In-plane
nd films (black lines): (e) and (i) PTB7-Th:F-N2200, (f) and (j) PTB7-
he 1D profiles obtained from the individual neat film of the constituent
ly. Peaks were assigned according to the ref. 57 for PTB7-Th, ref. 56 for

This journal is © The Royal Society of Chemistry 2022
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individual polymer donor and acceptor neat lms (Fig. S10 in
the ESI†). The Lorentzian-shaped peak tting results for the in-
plane proles quantitatively demonstrate a higher degree of
chain ordering (i.e., shorter stacking distance and larger
coherence length) of PBDB-T than that of PTB7-Th, and the well-
ordered stacking structures of the polymer acceptors remain in
the blend lms (Table S3 in the ESI†). The retention of the
preferential orientation and molecular ordering of the constit-
uent polymers in their blend lms has been reported for blends
composed of two face-on polymers.60

4. Discussion

We examined the behavior of charge-carrier extraction and
recombination for four exemplary all-polymer blend solar cells
and compared the results with those of the P3HT:PCBM blend
solar cell. The all-polymer blends behaved similarly with respect
to charge-carrier mobility, and they were not inferior to the
P3HT:PCBM blend in terms of the extraction time for the charge
carriers. However, the blends differed signicantly in terms of
the bimolecular charge recombination coefficients. Conse-
quently, the difference between the charge-carrier collection
abilities of the all-polymer blend solar cells arises from the
different charge-carrier lifetimes, which depend on the krec
values. The PBDB-T:F-N2200 blend with the longest srec (smallest
krec) exhibited an excellent FF of �70% and tolerance to thick-
ness variations similar to those of P3HT:PCBM, with 350-nm
thick devices retaining FF close to 60%.

Here, we compare the experimentally determined rate
constant krec with the Langevin recombination coefficient kL
(see Fig. 8) given by eqn (15):61

kL ¼ e

3r30
ðme þ mhÞ: (15)

As Langevin considered encounter-limited recombination of
a free electron and a free hole in a homogeneous and isotropic
medium, this expression represents the upper limit of the
bimolecular recombination coefficient. Therefore, the degree to
which the recombination is suppressed for the Langevin
Fig. 8 Bimolecular recombination coefficient krec determined by the
EIS measurements compared with those calculated using the Langevin
model expressed by eqn (15) (solid line). Different symbols represent
the results of different devices as indicated by the legends in the graph.

This journal is © The Royal Society of Chemistry 2022
process is quantied by introducing the reduction factor, x,
dened as62

x ¼ krec

kL
: (16)

Fig. 8 shows that the degree of suppression of the bimolecular
recombination in these all-polymer blend devices is dictated by
the difference in the polymer donors (PTB7-Th and PBDB-T)
rather than the acceptors (F-N2200 and N2200). The krec value
for the PTB7-Th-based devices follows the Langevin description
with x¼ 0.8 (PTB7-Th:N2200) and 0.6 (PTB7-Th:F-N2200). On the
other hand, the krec value for the PBDB-T-based devices is
reduced similarly to that of the P3HT:PCBM device, with x¼ 0.06
(PBDB-T:N2200), 0.04 (PBDB-T:F-N2200), and 0.007
(P3HT:PCBM). The small bimolecular recombination coefficient
of the P3HT:PCBM blend, which is several orders of magnitude
lower than that predicted by the Langevinmodel, has beenwidely
observed.15,18 In contrast, suppressed bimolecular recombination
has been reported in only a few all-polymer blend solar cells, such
as P3HT:N2200 blends, to date.63 Our results on the PBDB-T-
based devices demonstrate that the suppression of the bimolec-
ular recombination is possible in the all-polymer blend solar
cells, without the help of the high-crystalline nature of the poly-
mer donors such as P3HT, and the densely aggregated PCBM
networks with excellent electron mobilities (>1 � 10�3 cm2 V�1

s�1).
Previous studies on polymer:PCBM blends suggest that

a more extended delocalization of the charge carriers leads to
the suppression of bimolecular recombination, which may be
achieved by the formation of polymer chain aggregates.18 For
the NDI-based polymer acceptors, both F-N2200 and N2200
aggregated to form well-ordered local structures with N010

values in the range of 8–10. On the other hand, the polymer
donors, PTB7-Th and PBDB-T, exhibited different chain
ordering abilities. Along with the relatively larger N010, the d010
of PBDB-T (d010 ¼ 0.36) was much shorter than that of PTB7-Th
(d010 ¼ 0.39) and was shorter than that of P3HT (d010 ¼ 0.38).
The short p–p stacking distance of PBDB-T suggests the
formation of tight interchain packing structures that are
favorable for charge delocalization within the aggregates.
Considering that the chain ordering of the constituent polymer
donor and acceptor remained even in the blend lms, both
electrons and holes are expected to be more delocalized in the
devices employing PBDB-T than in those employing PTB7-Th.
The low krec values of the PBDB-T-based devices suggest that
charge delocalization in both the donor and acceptor aggregates
is important for suppressing the bimolecular recombination in
these all-polymer blend solar cells.

In terms of blend morphology, it is expected that chain
aggregation of both polymer donor and acceptor drives the
formation of a three-phase morphology composed of high-
purity ordered donor and acceptor regions and a relatively
more disordered intermixed region between them.64 Energeti-
cally, aggregation shis the molecular orbitals such that the
electronic gap is reduced compared to the disordered state.65,66

This creates an energy cascade that prevents the free carriers
J. Mater. Chem. A, 2022, 10, 21727–21737 | 21735
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from approaching the donor/acceptor interface again from the
aggregated chains within the donor and acceptor regions,
which could mitigate encounter rates of a hole and electron.66,67

Furthermore, the networks consisting of the locally ordered and
aggregated polymer chains may serve as excellent charge
transport pathways due to their high local charge-carrier
mobilities.68 The introduction of the locally well-ordered struc-
ture by chain aggregation of both polymer donor and acceptor,
along with the resulting three-phase morphological features,
will provide a guideline for mitigating bimolecular recombina-
tion and realizing the development of thick-lm high-efficiency
all-polymer blend solar cells.

5. Conclusion

In this study, we investigated the charge-carrier extraction and
recombination in four exemplary all-polymer blend solar cells
consisting of NDI-based polymer acceptors and BDTT-based
polymer donors (PBDB-T:F-N2200, PBDB-T:N2200, PTB7-Th:F-
N2200, and PTB7-Th:N2200) to determine the key factors that
improve or limit FFs of all-polymer blend solar cells. The
charge-carrier collection ability (soverallrec /sext) > 2 and thus the
high FFs of �70% exhibited by PBDB-T:F-N2200 and PBDB-
T:N2200 blends were achieved because of the longer charge-
carrier lifetimes due to the lower bimolecular recombination
coefficients and not because of the shorter charge-carrier
extraction times. The GIWAXS results indicated that an
ordered local structure due to chain aggregation by both the
polymer donor and acceptor is required for suppressing the
bimolecular recombination in the all-polymer blend solar cells.
The PBDB-T:F-N2200 device, featuring such a chain ordering,
showed tolerance of FF to active layer thickness similar to that
of P3HT:PCBM device, which performs well at thicknesses of
300 nm or more. Our results demonstrated that the suppression
of bimolecular recombination is possible for all-polymer blend
solar cells despite the absence of the high-crystalline nature of
the polymer donors such as P3HT, and the densely aggregated
PCBM networks with an excellent electron mobility in the order
of 10�3 cm2 V�1 s�1. These results can guide us toward under-
standing the aspects that need attention in future studies
related to the development of thick-lm high-efficiency all-
polymer blend solar cells.
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