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ABSTRACT: Effects of the donor moiety substitution on the
intrinsic and photovoltaic blend properties of n-type semi-
conducting naphthalene diimide-arylene copolymers with
donor−acceptor structure were investigated. The alternating
naphthalene diimide-thiophene copolymer, PNDIT-hd, and
naphthalene diimide-selenophene copolymer, PNDIS-hd, were
found to have identical electrochemically derived electronic
structures and similar bulk electron mobility; however, PNDIS-
hd has an optical bandgap of 1.70 eV, which is 0.07 eV narrower
relative to that of PNDIT-hd. All-polymer solar cells incorporating
the donor polymer, PBDB-T, and PNDIS-hd were found to
combine a high power conversion efficiency of 8.4% with high
external quantum efficiency (86%) and a high fill factor of 0.71,
which are significantly enhanced compared to the corresponding PBDB-T:PNDIT-hd devices with 6.7% power conversion efficiency
and 73% external quantum efficiency. The improved photovoltaic properties of the selenophene-containing acceptor copolymer
relative to the thiophene counterpart originate from enhanced light harvesting, more favorable molecular packing in blends, and
reduced charge recombination losses in devices. These findings demonstrate that selenophene substitution for thiophene in donor−
acceptor copolymers is an effective strategy that enhances the intrinsic polymer properties as well as the performance of all-polymer
solar cells incorporating them.

KEYWORDS: all-polymer solar cells, n-type semiconducting polymer, naphthalenediimide-selenophene copolymer,
naphthalenediimide-thiophene copolymer, blend morphology, donor−acceptor copolymer, electron transport

■ INTRODUCTION

All-polymer solar cells (all-PSCs)1−20 are typically composed
of a binary blend of two different conjugated polymers, one
that functions as a p-type semiconductor, and the other that
functions as an n-type semiconductor. As a special class of
organic photovoltaics, all-PSCs have many unique advantages,
including their excellent mechanical properties; their rugged
thermo-mechanical stability; the great potential for their
integration into buildings, textiles, and other structures;
scalable and cost-effective manufacturing of the devices; and
the facile tunability of the properties of polymeric materi-
als.1−5,21,22 Although progress in increasing the power
conversion efficiency (PCE) of all-PSCs was relatively slow
for a long time compared to polymer/fullerene devices,23 the
last 7 years has seen rapid advances largely due to the
emergence of new generations of n-type semiconducting
polymers.1−5 Indeed, the efficiency of all-PSCs has climbed
from below 2%4,6 in 2012 to 8%9,24 in 2015 and to over 10−
14% recently.10,14,17−20,25

The new generations of both p-type and n-type semi-
conducting polymers that have enabled advances in the

performance of polymer solar cells, including all-PSCs, in the
last two decades have emerged from a powerful macro-
molecular design strategy, the so-called “donor−acceptor (D−
A) architecture”,26 whereby the conjugated copolymer repeat
unit is composed of alternating electron-donating (D) and
electron-accepting (A) moieties of varying complexities and
permutations.27−29 The modular nature of such D−A
conjugated copolymers has enabled the facile tuning of the
electronic band structure, light-harvesting properties, and
charge transport properties of the materials. A general feature
of all D−A copolymers is that they exhibit an intramolecular
charge transfer (ICT) band in their optical absorption spectra,
whose strength and spectral range depend on the strength of

Special Issue: High Efficiency Polymers for Solar Cell
Applications

Received: July 15, 2020
Accepted: September 3, 2020

Forum Articlepubs.acs.org/acsapm

© XXXX American Chemical Society
A

https://dx.doi.org/10.1021/acsapm.0c00772
ACS Appl. Polym. Mater. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
W

A
SH

IN
G

TO
N

 o
n 

N
ov

em
be

r 2
0,

 2
02

0 
at

 1
3:

08
:0

6 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaomei+Ding"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Duyen+K.+Tran"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daiki+Kuzuhara"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tomoyuki+Koganezawa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Samson+A.+Jenekhe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsapm.0c00772&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.0c00772?ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.0c00772?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.0c00772?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.0c00772?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.0c00772?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aapmcd/current?ref=pdf
https://pubs.acs.org/toc/aapmcd/current?ref=pdf
https://pubs.acs.org/toc/aapmcd/current?ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsapm.0c00772?ref=pdf
https://pubs.acs.org/acsapm?ref=pdf
https://pubs.acs.org/acsapm?ref=pdf


the ICT interaction.26,27 The relative strengths of the electron-
deficient moiety A and electron-donating moiety D incorpo-
rated into the D−A conjugated copolymer determine the
electronic band structure, including the electron affinity and
ionization energy or HOMO/LUMO energy levels, and thus
whether the material will be primarily a p-type or n-type
semiconductor or even an ambipolar semiconductor.30,31

Numerous p-type semiconducting polymers with D−A
architectures that have high bulk hole mobility and suitable
HOMO energy level (<−5.0 eV) have been initially developed
for applications in polymer/fullerene solar cells.23 Although
lagging behind their p-type counterparts, many n-type
semiconducting polymers with D−A architectures that have
high bulk electron mobility and suitable LUMO energy level
(<−3.4 eV) have similarly been developed, and these have
enabled advances in all-PSCs.1−20,32,33

Arylene diimides,34 including naphthalene diimide
(NDI),7−9,35 perylene diimide (PDI),8 tetraazabenzo-
d ifluo r a n t h en e d i im i d e (BF I ) , 3 6− 3 8 n a ph t ho -
dithiophenediimide (NDTI),39−41 and bithiophene diimide
(BTI),42−44 are the most widely investigated electron-deficient
building blocks “A” in the design of n-type semiconducting
copolymers with D−A architectures for applications in all-
PSCs.1−20 Currently, NDI-based D−A copolymers have been
the most widely studied and successful class of n-type
semiconducting (or acceptor) polymers for all-PSCs due to
their combination of large electron affinity, high electron
mobility, and excellent self-assembly and semicrystalline
properties.34,45 Although early studies of NDI-based D−A
copolymers focused on understanding the effects of the choice
of various donor moieties on the HOMO/LUMO energy
levels, the tendency toward unipolar or ambipolar charge
transport, and carrier mobility,30,46,47 recent applications in all-
PSCs have largely focused on bithiophene-NDI, biseleno-
phene-NDI, and related random copolymers, which have
enabled solar cell efficiencies above 9−10%.7,16,25,48 Here, our
primary goal is to explore the effects of the donor moiety
substitution on the intrinsic and photovoltaic blend properties
of n-type semiconducting polymers with the simplest possible
D−A macromolecular structure based on the NDI acceptor
moiety, i.e. (-D-NDI-), where the donor moiety “D” is a simple
unicyclic ring such as thiophene or selenophene. For example,
the nature and strength of the ICT interaction, intermolecular
interactions, the molecular packing and electronic properties of
(-D-NDI-)-type polymers can be expected to be very different
compared to those with (-D-D-NDI-) structure.7,46 Hence,
relative to the more widely studied but more complex (-D-D-
NDI-) architectures such as bithiophene-NDI and biseleno-
phene-NDI,7,46 we expect a comparative study of (-D-NDI-)
type structures to provide new insights for the design and
application of semiconducting polymers with D−A architec-
tures.
In this paper, we report a comparative study of alternating

naphthalene diimide-thiophene copolymer (PNDIT-hd) and
naphthalene diimide-selenophene copolymer (PNDIS-hd) as
model (-D-NDI-) type D−A copolymer acceptors, whose
molecular structures are shown in Figure 1, in all-PSCs. The
backbone substitution of selenophene for thiophene in going
from PNDIT-hd to PNDIS-hd was found to have minimal
impact on the HOMO/LUMO energy levels of the n-type
semiconducting copolymers. However, the thin-film optical
absorption spectrum of PNDIS-hd was slightly red-shifted,
resulting in a 0.07 eV decrease of optical bandgap relative to

PNDIT-hd. Binary blends of PNDIT-hd and PNDIS-hd
respectively with the wide-bandgap donor polymer PBDB-
T49,50 (Figure 1) produced all-PSCs in which the selenophene-
containing acceptor polymer significantly improved photo-
current and overall photovoltaic power conversion efficiency.
PNDIT-hd:PBDB-T-based all-PSCs could thus achieve a PCE
of 6.7% (Jsc = 12.18 mA/cm2, FF = 0.66), whereas the
corresponding PNDIS-hd:PBDB-T devices showed a higher
PCE of 8.4% (Jsc = 14.50 mA/cm2, FF = 0.71). The observed
enhanced photovoltaic properties of the selenophene-contain-
ing polymer PNDIS-hd are largely accounted for by the
improved light harvesting and formation of optimal blend
morphology compared to its thiophene counterpart, PNDIT-
hd.

■ EXPERIMENTAL METHODS
Materials and Characterization. The donor polymer PBDB-T

was purchased from Brilliant Matters Inc. (Quebec, Canada):Mn = 60
kDa, Đ = 1.9, metallic impurities content <0.01%. The acceptor
polymers, PNDIT-hd and PNDIS-hd, were synthesized according to
our previous report.6,9 The molecular structures of PNDIT-hd and
PNDIS-hd were confirmed by 1H NMR spectra, which are provided
in the Supporting Information. The molecular weight of the acceptor
polymers was characterized by gel-permeation chromatography
(GPC) against polystyrene standards and eluting with chloroform at
room temperature: PNDIT-hd (Mn = 10.0 kDa, Mw = 21.0 kDa, Đ =
2.10), PNDIS-hd (Mn = 22.1 kDa, Mw = 64.9 kDa, Đ = 2.94).
Thermogravimetric analysis (TGA) of the polymers was conducted
on a TA Instruments model Q50 TGA at a heating rate of 10 °C/min
under a flow of N2 with scans from room temperature to 800 °C.
Differential scanning calorimetry (DSC) analysis was performed on a
TA Instruments model Q100 DSC under N2 by scanning from 20 to
400 °C at a heating rate of 20 °C/min. Optical absorption spectra
were obtained from a PerkinElmer Lambda 900 UV−vis/near-IR
spectrophotometer.

The HOMO/LUMO energy levels of the polymers were
determined from cyclic voltammetry (CV) experiments performed
on an EG&G Princeton Applied Research potentiostat/galvanostat
(model 273A). A three-electrode cell was used, using platinum (Pt)
wires as both counter and working electrodes. Silver/silver ion (Ag in
0.01 M AgNO3 solution) was used as the reference electrode. The
working electrode was a Pt wire coated with a polymer thin film dip
coated from each polymer solution in chlorobenzene (PNDIT-hd,
PNDIS-hd, and PBDB-T). All the CV measurements were carried out

Figure 1. (a) Molecular structures, (b) thin-film optical absorption
spectra, and (c) HOMO/LUMO energy levels of acceptor polymers
PNDIT-hd and PNDIS-hd and donor polymer PBDB-T.
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in 0.1 M tetrabutylammonium hexafluorophosphate (Bu4NPF6)
solution in acetonitrile at a scan rate of 50 mV/s. The reduction
and oxidation potentials were referenced to the ferrocene-ferrocenium
(Fc/Fc+) couple by using ferrocene as an internal standard; to derive
the HOMO/LUMO energy levels from the redox potentials, HOMO
energy level of ferrocene is taken to be at −4.8 eV relative to the
vacuum level. The Fc/Fc+ couple was found at 0.09 V in our
experiments. Thus, the LUMO and HOMO energy levels of the
semiconducting polymers investigated were determined by using
following relationships: ELUMO = −(Eredonset + 4.71) eV and EHOMO =
−(Eoxonset+4.71) eV, respectively.
Solar Cell Fabrication and Testing. The inverted all-PSC device

structure fabricated and evaluated was: ITO/ZnO/PEI/blend active
layer/MoO3(0.5 nm)/Ag(100 nm), where PEI or polyethylenimine is
a cathode buffer layer.51 The ITO glass substrates were sequentially
sonicated in acetone, deionized (DI) water, and isopropanol for 20
min each and then plasma cleaned for 10 min. The ZnO layer (∼30
nm) was spin-coated from the precursor solution (0.5 g of zinc acetate
dihydrate, 0.14 g of ethanolamine and 5 mL of 2-methoxyethanol)
and baked at 250 °C for 30 min in open air. A solution of PEI (Mw =
25k, Aldrich 408727) in 2-methoxyethanol (0.05 wt %) was then spin-
coated onto the ZnO layer and dried at 120 °C for additional 10 min.
The resulting substrates were then stored in an argon-filled glovebox
for deposition of active layers.
The active layer blend solution was prepared by mixing a

chlorobenzene solution of the donor polymer PBDB-T (10 mg/
mL) respectively with a chlorobenzene solution of PNDIT-hd (25
mg/mL) or PNDIS-hd (20 mg/mL); various solution volumes of the
component polymers were mixed in the right proportions to afford
the desired blend film compositions. In cases where a diphenyl ether
(DPE) processing additive was used, the chlorobenzene:DPE (v/v %)
mixed solvent was achieved by adding the DPE to a prepared blend
solution. The blend solutions were stirred overnight with low heating
to achieve a homogeneous mixture. Each blend solution was then
spin-coated onto the cleaned substrate and annealed on a hot plate for
10 min to afford dried thin films with a thickness of 95 ± 5 nm.
Finally, the MoO3 layer and Ag electrode were deposited within a
thermal evaporator. Defined active area of 0.0314 cm2 was achieved
for individual devices through a shadow mask. The photovoltaic cells
were tested under AM 1.5G solar illumination at 100 mW/cm2 in
ambient air using a Solar Simulator (model 16S, Solar Light Co.,
Philadelphia, PA) with a 200 W xenon Lamp Power Supply (Model
XPS 200, Solar Light Co., Philadelphia, PA) calibrated by NREL
certified Si photodiode (Model 1787-04, Hamamatsu Photonics K.K.,
Japan) and a HP4155A semiconductor parameter analyzer (Yokogawa
Hewlett-Packard, Japan). After the current−voltage (J−V) measure-
ment, the external quantum efficiency (EQE) was measured by using
a solar cell quantum efficiency measurement system (Model QEX10,
PV Measurements, Inc., Boulder, CO) with a 2 mm2 (2 × 1 mm) size
masked incident light source and TF Mini Super measurement
apparatus for multiple devices in a single substrate.
SCLC Device Fabrication and Testing. The space charge

limited current (SCLC)52 devices fabricated and evaluated had the
structures: ITO/PEDOT: PSS/blend/MoO3 (7.5 nm)/Ag (100 nm)
(hole-only), where poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS) is a hole injection layer, and
ITO/ZnO/PEI/blend/LiF(1 nm)/Al(100 nm) (electron-only). The
blend active layers in these SCLC devices had the same composition
as the corresponding photovoltaic devices. J−V characteristics of the
SCLC devices were plotted as J0.5 versus V and fitted by using the
following formula: J = 9ε0εrμV

2/8d3, where J is the current density, ε0
is the permittivity of free space, εr is the relative dielectric constant of
the transport medium, μ is the carrier mobility, V is the applied
voltage, and d is the thickness of blend active layer.
Atomic Force Microscopy (AFM) Imaging. The surfaces of the

actual all-polymer solar cell devices were imaged by using the atomic
force microscope (Model: Bruker Dimension ICON).
2D GIWAXS Measurements. Grazing incidence X-ray scattering

(GIWAXS) experiments were conducted at the Japan Synchrotron
Radiation Facility SPring-8 by using the beamline BL46XU. The thin-

film samples investigated were prepared in the same manner as the
corresponding photovoltaic devices on ZnO-coated ITO substrates,
without the thermal deposition of top MoO3/Ag electrodes. The X-
ray beam was monochromatized by a double-crystal Si(111)
monochromator, and the X-ray energy in this experiment was 12.40
keV (λ = 0.1 nm). The angle of incident X-ray to sample surface was
0.12° with a Huber diffractometer. The scattered profile from the film
sample was detected using an area detector (PILATUS 300 K) for 5 s
at room temperature, and the distance between the sample and
detector was 174.4 mm. The crystalline coherence length (Lc) of
samples was determined by using the Scherrer equation: Lc = 2πK/
Δq, where K is a shape factor (typically 0.89) and Δq is the full width
at half-maximum (fwhm) of the diffraction peak. Here, the Lc(100)
was obtained from the fwhm of the (100) diffraction peak in the in-
plane (qxy) line cut.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of Acceptor Poly-
mers. The acceptor polymers PNDIT-hd and PNDIS-hd were
synthesized by using a Stille copolymerization approach
according to the procedures of previous reports.6,9 The
molecular structures of both polymers were confirmed by 1H
NMR spectra (Figures S1 and S2). The polymers are readily
soluble in common organic solvents such as chloroform (CF)
and chlorobenzene (CB). The molecular weight of the
polymers was determined by GPC eluting with chloroform at
room temperature. The number-average molecular weight
(Mn) of PNDIT-hd and PNDIS-hd was 10.0 and 22.1 kDa,
with dispersity (Đ) of 2.10 and 2.94, respectively (Table S1).
These Mn values of both PNDIT-hd and PNDIS-hd are within
the low range of polymer molecular weight (<30 kDa) and
therefore are not expected to influence variation in
morphology and photovoltaic performance.53,54 TGA showed
that the decomposition temperature (5% weight loss) is 442
°C for PNDIT-hd and 401 °C for PNDIS-hd (Figure S3a),
indicating excellent thermal stability of both acceptor
polymers. DSC scans showed that PNDIS-hd has broad
melting peaks at 315 and 335 °C and a broad recrystallization
peak over the range of 320−290 °C in the cooling scan (Figure
S3b). In contrast, PNDIT-hd showed melting transition peak
in the 260−270 °C range and a relatively sharp recrystalliza-
tion peak at 246 °C. The significantly higher melt transition
temperature of the selenophene-containing PNDIS-hd implies
stronger intermolecular interactions due to Se−Se interac-
tions,45,55 given that both polymers (PNDIS-hd and PNDIT-
hd) are otherwise similar in molecular structure.
The thin-film optical absorption spectra of the acceptor

polymers PNDIT-hd and PNDIS-hd are shown in Figure 1b,
while those in dilute (10−6 M) chlorobenzene solutions are
shown in Figure S4. The absorption spectra are similar to those
in previous reports,6,56 with both PNDIT-hd and PNDIS-hd
showing two characteristic absorption peaks, one centered at
320−350 nm attributed to the π−π* transition and the other
at 540−610 nm due to intramolecular charge transfer
(ICT).26,27 In both dilute solution and thin film, PNDIS-hd
exhibits a broader absorption band than PNDIT-hd, in
agreement with previous reports6,56 that showed that
selenophene substitution for the thiophene ring can slightly
enhance light-harvesting. The bandgap (Eg) derived from the
thin-film optical absorption edge was 1.77 eV for PNDIT-hd
and 1.70 eV for PNDIS-hd (Figure 1b and Table S1).
The HOMO/LUMO energy levels of the acceptor polymers

were determined from CV experiments (Figure S5), and
relevant data are listed in Table S1. The HOMO/LUMO
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values observed, −5.96/−3.85 eV for PNDIT-hd and −5.95/−
3.87 eV for PNDIS-hd, are essentially identical, which suggests
that selenophene substitution for thiophene in the NDI-
arylene copolymer backbone does not significantly modify the
electronic structure. We note that this result is very different
from comparison between NDI-arylene copolymers containing
biselenophene and bithiophene, where large differences in
electronic structure, optical bandgap, and electron mobility
were observed due to enhanced intramolecular charge transfer
effects in favor of the NDI-biselenophene copolymer.7,46

The thin-film absorption spectrum and the HOMO/LUMO
energy levels for the donor polymer PBDB-T are also shown in
Figure 1b and 1c, respectively. Although the optical bandgap
(Eg

opt) of PBDB-T (∼1.8 eV)49,50 is slightly larger than those
of the acceptor polymers, there is a large spectral overlap
between PBDB-T and both acceptor polymers (Figure 1b).
The lack of complementary absorption among PBDB-T and
PNDIT-hd or PNDIS-hd means that their binary blends are
not ideal for the broader coverage of solar light harvesting.
Furthermore, the absorption coefficient of PBDB-T (1.78 ×
105 cm−1) is much higher than that of either PNDIT-hd (0.58
× 105 cm−1) or PNDIS-hd (0.5 × 105 cm−1). The HOMO/
LUMO energy levels for PBDB-T are −5.33/−2.92 eV.50

Thus, the offset of the HOMO levels (ΔHOMO) in the
PBDB-T:PNDIT-hd and PBDB-T:PNDIS-hd binary blends is
0.93−0.95 eV, and the offset of the LUMO levels (ΔLUMO)
is 0.62−0.63 eV (Figure 1c), ensuring sufficiently large driving
forces for efficient electron and hole transfer processes and
overall charge separation.57

Photovoltaic Properties. We fabricated and evaluated all-
PSCs with an inverted device structure: ITO/ZnO(PEI)/
blend/MoO3 (0.5 nm)/Ag (100 nm). The blend composition
in terms of the donor:acceptor (D:A) ratio and the active layer
processing conditions, including the concentration of any
processing additive, film thickness, annealing temperature, and
duration of annealing, were varied and optimized to achieve
the best performance for each blend system (Tables S2−S4).
The optimal D:A ratio was found to be 1:1.25 (w/w) for both
PBDB-T:PNDIT-hd and PBDB-T:PNDIS-hd bends. The
optimal annealing temperatures were 155 °C for PBDB-
T:PNDIT-hd and 135 °C for PBDB-T:PNDIS-hd, and the
optimal thicknesses were found to be 90−100 nm. The
photovoltaic device parameters of the optimized all-PSCs
under different processing conditions are summarized in Table
1.
The optimized PNDIT-hd:PBDB-T all-PSCs, fabricated

without using any processing additive, achieved a maximum
PCE of 6.52% with Jsc = 11.45 mA/cm2, Voc = 0.83 V and a
high FF of 0.68. The similarly fabricated PNDIS-hd:PBDB-T
blend all-PSCs afforded a much higher efficiency of 8.01% PCE
with Jsc = 14.29 mA/cm2, Voc = 0.82 V, and equally high FF of
0.68. The similarity of the Voc of both PNDIS-hd and PNDIT-
hd all-PSCs is in excellent agreement with their identical
electronic structures or HOMO/LUMO energy levels. It is

clear that the primary effect of the selenophene substitution on
the photovoltaic properties is the substantial enhancement in
photocurrent and thus efficiency of PNDIS-hd blends because
both the photovoltage and fill factor are identical in both
PNDIT-hd and PNDIS-hd blend devices. The origin of the
large difference in photocurrent is not obvious given that both
PNDIT-hd and PNDIS-hd have very similar optical absorption
bands and thus light-harvesting properties; we will seek to
elucidate the origin of this difference through studies of blend
photophysics, blend morphology, and charge transport in
active layers discussed below.
The addition of an optimal amount of a processing additive,

diphenyl ether (DPE), during the solution processing of the
active layers in the all-PSCs was explored as a way to further
improve the performance of each binary blend system. The J−
V curves of PBDB-T:PNDIT-hd and PBDB-T:PNDIS-hd all-
PSCs fabricated by means of a DPE-processing additive are
presented in Figure 2a, and the photovoltaic parameters are

summarized in Table 1. PNDIT-hd: PBDB-T blends processed
with an optimum 1% (v/v) DPE additive showed the best PCE
of 6.74% with a Jsc = 12.18 mA/cm2, Voc = 0.83 V, and FF =
0.66. Compared to the corresponding PNDIT-hd:PBDB-T
blends processed without an additive, there is only a marginal
improvement in performance due to a small increase in Jsc, a
small decrease in FF, and a constant Voc. We found that the
addition of an optimum 0.5% (v/v) DPE processing additive
during the fabrication of PNDIS-hd:PBDB-T all-PSCs similarly
resulted in only marginal improvement in efficiency to 8.36%
PCE with Jsc = 14.50 mA/cm2, Voc = 0.82 V, and FF = 0.71

Table 1. Summary of Photovoltaic Properties of PNDIT-hd:PBDB-T and PNDIS-hd:PBDB-T Blends

blend DPE (%) Jsc (mA/cm2) Voc (V) FF PCEmax (PCEavg
c) (%) EQEmax (%) Int Jsc (mA/cm2)

PNDIT-hda 11.45 0.83 0.68 6.52 (6.35 ± 0.14) 70.0 11.16
PNDIT-hda 1 12.18 0.83 0.66 6.74 (6.46 ± 0.14) 72.9 11.57
PNDIS-hdb 14.29 0.82 0.68 8.01 (7.72 ± 0.26) 83.2 13.71
PNDIS-hdb 0.5 14.50 0.82 0.71 8.36 (8.05 ± 0.19) 85.7 14.22

aAnnealed at 155 °C for 10 min. bAnnealed at 135 °C for 10 min. cAverage of over 10 devices.

Figure 2. J−V curves (a) and EQE profiles (b) for PNDIT-hd:PBDB-
T and PNDIS-hd:PBDB-T all-PSCs fabricated without and with DPE
processing additive.
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relative to devices processed without an additive. Here too, the
photovoltage was unchanged, but small increases in Jsc and fill
factor account for the observed increase in overall efficiency.
Overall, these results clearly show that all-PSCs based on
blends of the selenophene-containing acceptor PNDIS-hd are
far superior to those based on similar blends of the thiophene-
containing acceptor polymer PNDIT-hd, with or without the
use of a processing additive in the fabrication of the active
layers.
Figure 2b shows the EQE spectra corresponding to the

optimal all-PSCs devices whose J−V curves are plotted in
Figure 2a. The photoresponse of the PNDIT-hd:PBDB-T
blends turns on at ∼740 nm and extends to 300 nm, showing a
narrow EQE peak of 70−73% at 560−580 nm. The EQE value
drops significantly to only ∼40% in the 350−450 nm range.
The EQE spectra of the PNDIS-hd:PBDB-T blend devices are
slightly broader than those of PNDIT-hd:PBDB-T blend
devices, turning on at ∼750 nm. Notably, the EQE of the
PNDIS-hd-based all-PSCs have maximum values (EQEmax)
that are significantly higher at 83−86%, with or without the use
of a DPE processing additive. The much higher EQE values
exhibited by the PNDIS-hd:PBDB-T blend devices at all
wavelengths compared to the PNDIT-hd:PBDB-T blend
devices clearly suggest far more efficient charge generation,
dissociation, and collection in the selenophene-containing
blend system. We note that the integrated EQE spectra gave
calculated Jsc values (Table 1) that are within experimental
errors (<2−5%) of those measured directly from the J−V
curves.
We highlight the quite high fill factors observed in the

present PNDIT-hd and PNDIS-hd-based all-PSCs since low
FF has long been considered a major drawback of all-PSCs,
and this has been hypothesized to be largely due to nonoptimal
blend morphology and associated effects on poor charge
generation or transport. For example, only a small number of
all-PSCs have been reported with fill factors of 0.70 or
higher,24,48,58−63 and most of those high FF devices have been
achieved via terpolymer58,61,63 or ternary blend58,59,61,62

strategies, and largely involved the well-studied acceptor
polymer, N2200. In the present PNDIT-hd:PBDB-T and
PNDIS-hd:PBDB-T all-PSC devices, FF values of 0.66−0.68
were obtained without the use of a processing additive in
fabricating the active layers; the FF values of the all-PSCs reach
0.68−0.71 by using a DPE processing additive. These fill factor
values are the highest observed to date for all-PSCs based on
either PNDIT-hd56,64−66 or PNDIS-hd6,9,56,65,67−70 as the
acceptor polymer. The present high fill factors achieved for
PNDIT-hd:PBDB-T and PNDIS-hd:PBDB-T all-PSC devices
demonstrate that FF is not determined solely by either the
acceptor or the donor component but rather by a suitable
combination of both, leading to an optimal blend morphology
and associated blend photophysics and charge transport and
collection.
Exciton Dissociation and Charge Collection. We

measured the photocurrent density (Jph) versus the effective
voltage (Veff) to evaluate the extent of exciton dissociation and
charge collection71,72 in the present PNDIT-hd:PBDB-T and
PNDIS-hd:PBDB-T all-PSCs. Figure 3a shows a plot of Jph = JL
− JD, where JL and JD stand for current densities under
illumination and in the dark, respectively, versus Veff = Vbi −
Vappl, where Vbi is the built-in voltage at Jph = 0, and the Vappl is
the applied voltage. It is seen that the Jph reaches a plateau at
Veff of 0.5 V in all four blend systems, indicating that free

charge carriers generated in the all-PSCs are rapidly swept out.
Thus, there appears to be no difference between the PNDIT-
hd and PNDIS-hd devices or between those fabricated with or
without the use of a processing additive.
The charge collection probability P(E, T) at short-circuit

condition, estimated as the ratio Jsc/Jsat, where Jsat the saturated
Jph value at high Veff, was found to be generally high at 94.0%
for PNDIT-hd:PBDB-T and 96.2% for PNDIS-hd:PBDB-T
devices processed without the use of a processing additive. The
corresponding PNDIT-hd and PNDIS-hd all-PSCs processed
by using a DPE processing additive were only marginally
higher with P(E, T) of 94.8% and 96.5%, respectively. We
conclude that the observed large difference in the photovoltaic
properties of PNDIT-hd and PNDIS-hd does not originate
from a significant difference in the charge dissociation and
collection processes.

Charge Recombination. The dependence of photo-
current (Jsc) on the incident light intensity (Pin) was measured
to examine the bimolecular recombination within the all-PSC
devices.73 Generally, in polymer solar cells, the dependence of
Jsc on Pin is expected to follow a power-law relationship: Jsc ∝
Pin

α, where significant deviation of the exponent from unity (α
= 1) is considered to arise from bimolecular recombination. As
shown in Figure 3b and Table 2, all four all-PSCs based on
PNDIT-hd and PNDIS-hd, regardless of the processing
strategy, follow the power-law behavior exactly with α values

Figure 3. Jph−V curves (a), Jsc versus light intensity (b), and Voc
versus light intensity (c) for optimized PNDIT-hd:PBDB-T and
PNDIS-hd:PBDB-T blend films processed without and with DPE
additive.
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of 0.991−1.006. These results indicate that bimolecular
recombination loss mechanism is negligible at short circuit
condition in these all-PSCs and is thus not the limiting factor
for their photovoltaic performance. We evaluated the depend-
ence of Voc on the light intensity (Pin)

73−75 and calculated the

ideality factor s kT
q

V
Pln( )
oc

in
= ∂

∂ toward examination of mono-

molecular recombination as a loss mechanism in the present
all-PSCs. An ideality factor of unity (s = kT/q) implies that
bimolecular recombination is predominant at open circuit
condition, while an s value approaching 2kT/q signifies that
monomolecular or trap-assisted recombination loss dominates.
From the slopes extracted from Figure 3c and presented in
Table 2, we found that the ideality values of PNDIS-hd devices
are much closer to unity than those for PNDIT-hd devices
(1.37 kT/q and 1.35 kT/q), suggesting that monomolecular
recombination loss is less severe in the former devices than the
PNDIT-hd all-PSCs.
Charge Transport Properties. We examined the extent

that charge transport limits the performance of these PNDIT-
hd and PNDIS-hd blend devices and contributes to
explanation of the observed differences in photovoltaic
properties by investigating single-carrier devices. The hole-
and electron-only devices, analyzed by the space-charge-limited
current (SCLC) method, were fabricated with the architec-
tures: ITO/PEDOT:PSS/active layer/MoO3/Ag (hole-only)
and ITO/ZnO(PEI)/active layer/LiF/Al (electron-only),
where PEDOT:PSS is the hole injection layer and ZnO(PEI)
is the electron injection layer. The J1/2−V characteristics of
single-carrier devices are presented in Figures S6 and S7, and
the calculated carrier mobilities are summarized in Table 2.
The hole mobility (μh) varied from 4.2 × 10−4 cm2V−1s−1 in

the optimal PNDIT-hd:PBDB-T blend devices processed
without using a processing additive to 5.0 × 10−4 cm2V−1s−1

in the corresponding PNDIS-hd:PBDB-T devices. The use of a
DPE processing additive resulted in the hole mobility
improving slightly to ∼6 × 10−4 cm2V−1s−1 in both PNDIT-
hd:PBDB-T blend devices and PNDIS-hd:PBDB-T devices.
The observed hole mobility in the present all-PSC devices is
comparable to that in other reported PBDB-T-based all-PSC
devices.7,15,25,76 However, the electron mobility (μe) varied
from 2.2 × 10−5 cm2V−1s−1 in the PNDIT-hd devices to 2.4 ×
10−5 cm2V−1s−1 in PNDIS-hd devices processed without using
a processing additive. The electron mobility in devices
processed by using a DPE processing additive slightly
improved to 3.8 × 10−5 and 3.2 × 10−5 cm2V−1s−1 in the
PNDIT-hd and PNDIS-hd devices, respectively. Among the
striking features of these results include the fact that electron
transport is not significantly different among the all-PSCs
based on the two different acceptor polymers. Charge
transport in all the present all-PSCs is highly asymmetric
with the μh/μe ratios varying from 23 in the devices fabricated
without the use of a processing additive to below 17−19 in
devices produced with the aid of a DPE processing additive

(Table 2). Despite the large asymmetry in the charge transport
properties of both PNDIT-hd:PBDB-T and PNDIS-hd:PBDB-
T blend devices, the observed high fill factors of 0.68−0.71
suggest that the all-PSCs have favorable morphology that
enabled efficient charge photogeneration and collection.
We conclude that poor electron transport is an important

limitation of the present all-PSC devices based on both
PNDIT-hd and PNDIS-hd acceptor polymers. On the other
hand, the slightly different electron mobilities in the all-PSCs
based on PNDIT-hd and PNDIS-hd could not account for the
observed large difference in photovoltaic properties discussed
earlier.

Blend Surface Morphology. AFM imaging was used to
characterize the surface morphology of the optimal PNDIT-
hd:PBDB-T and PNDIS-hd:PBDB-T all-PSC devices. The
height and phase images of the PNDIT-hd:PBDB-T blend
films processed without and with DPE additive are presented
in Figure 4a and 4b, respectively. The height and phase images
of the PNDIS-hd:PBDB-T blend films processed without and
with DPE additive are presented in Figure 4c and 4d,
respectively.

The most striking feature of these images of the surface
morphology of the all-PSCs is the large difference between
blend films containing the two different acceptor polymers
PNDIT-hd and PNDIS-hd. Blend films containing the
thiophene-linked acceptor polymer, PNDIT-hd, generally
showed a much coarser surface morphology with larger
domains than those containing the selenophene-linked accept-
or polymer, PNDIS-hd. The surface roughness as measured by
the root-mean-square (RMS) value for PNDIT-hd:PBDB-T
blend films was 2.5 nm without using a processing additive and
2.1 nm for the corresponding active layers processed with aid
of a DPE additive. In contrast, the RMS value for PNDIS-
hd:PBDB-T blend films processed without using a processing
additive was 1.5 nm, which decreases to 1.3 nm when a DPE
processing additive was used in fabricating the active layer. It is
also clear that the use of the DPE processing additive in

Table 2. Charge Dissociation and Recombination Parameters, Ideality Factor, and Carrier Mobilities for PNDIT-hd:PBDB-T
and PNDIS-hd:PBDB-T Devices

blend DPE (%) P(E,T) (%) α s (kT/q) μe (×10
−5 cm2V−1s−1) μh (×10

−4 cm2V−1s−1) μh/μe

PNDIT-hd 94.0 1.006 1.37 2.15 (1.62 ± 0.64) 4.23 (3.74 ± 0.33) 23.1
PNDIT-hd 1 94.8 1.006 1.35 3.76 (3.11 ± 0.53) 6.46 (5.92 ± 0.64) 19.0
PNDIS-hd 96.2 0.992 1.25 2.43 (1.77 ± 0.51) 4.98 (4.04 ± 0.66) 22.8
PNDIS-hd 0.5 96.5 0.991 1.15 3.17 (3.07 ± 0.80) 5.62 (5.20 ± 0.48) 16.9

Figure 4. AFM height and phase images (5 × 5 μm) of polymer
blends: (a) PBDB-T:PNDIT-hd, (b) PBDB-T:PNDIS-hd, (c) PBDB-
T:PNDIT-hd processed with 1% DPE, and (d) PBDB-T:PNDIS-hd
films processed with 0.5% DPE.
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processing the active layer does lead to a smaller (∼13−16%)
decrease in the surface roughness.
The surface morphology of PNDIS-hd:PBDB-T blend films

processed without and with DPE additive (Figure 4c, 4d)
shows relatively uniform fine scale features across the whole
surface area, indicating good intermixing between the donor
and acceptor polymers with no obvious large scale phase
separation. In the case of PNDIT-hd:PBDB-T blend films
processed with DPE additive (Figure 4b), some fibril-like
patterns are visible, whereas apparent larger scale phase-
separated microstructure is seen in the corresponding blend
films processed without DPE additive (Figure 4a). The fine
scale microstructures observed in the surface morphology of
PNDIS-hd:PBDB-T blend films are consistent with the
enhanced photovoltaic properties compared to PNDIT-
hd:PBDB-T blend films. We conclude that the molecular-
level substitution of selenophene for thiophene in the polymer
backbone when going from PNDIT-hd to PNDIS-hd has
resulted in a significant and beneficial change in the blend film
surface morphology than what could be achieved by the use of
a processing additive.
Bulk Blend Morphology. We used grazing-incidence

wide-angle X-ray scattering (GIWAXS) measurements to
characterize the thin-film microstructures of the two pristine
acceptor polymers, PNDIT-hd and PNDIS-hd, and their
binary blends with the donor polymer, PBDB-T. The GIWAXS
investigation was focused on the pristine and blend thin films
processed under the conditions used in fabricating the optimal
all-PSCs without the use of a processing additive; as discussed
earlier, only marginal changes in the blend photophysics,
charge photogeneration and recombination dynamics, and
photovoltaic properties were observed by using a DPE
processing additive in fabricating devices. The 2D-GIWAXS
images and the corresponding line cuts for the neat acceptor
polymer films are presented in Figure 5. A schematic
illustration of the molecular packing of PNDIT-hd and
PNDIS-hd, and the relevant d-spacings, is shown in Figure
S8. The peak positions, d-spacings, and the crystalline

coherence length (Lc) for the neat polymer films are
summarized in Table 3. The 2D-GIWAXS images and the
corresponding line cuts for the neat donor polymer film and
the photovoltaic blend films are shown in Figure 6.

Neat films of both PNDIT-hd and PNDIS-hd exhibit intense
(100) diffraction peaks in the in-plane (IP) direction (qxy =
0.285−0.290 Å−1), corresponding to d-spacing values of 21.7−
22.1 Å (Table 3). The comparable lamellar stacking distance
observed in PNDIT-hd and PNDIS-hd is consistent with their
similar molecular structures. Higher order in-plane diffraction
peaks (200) (qxy = 0.56 Å−1) and (300) (qxy = 0.84 Å−1) were
also observed in both neat PNDIT-hd and PNDIS-hd films
(Figure 5c), suggesting the highly crystalline and well-ordered
nature of the acceptor polymer chains.77 Additionally, the
(001) diffraction peaks in the IP direction were present in both
acceptor polymer films at qxy of 0.61−0.62 Å−1, which suggest
strong ordering along the polymer backbone directions. The d-
spacing values for the IP (001) peaks are found to be 10.13
and 10.30 Å for PNDIT-hd and PNDIS-hd, respectively, where
the larger d-spacing of PNDIS-hd can be explained by the
slightly larger molecular width of the selenophene ring relative
to the thiophene ring.

Figure 5. 2D GIWAXS characterization of pristine acceptor polymer
thin films: (a) 2D GIWAXS pattern of PNDIT-hd; (b) 2D GIWAXS
pattern of PNDIS-hd; and (c) line-cut profiles for pristine films of
PNDIT-hd and PNDIS-hd. “Δ” denotes the in-plane lamellar
diffraction peaks (100) (200) (300), and “#” denotes the (001),
(002), and (003) diffraction peaks of the backbone ordering.

Table 3. Summary of In-Plane (IP) and Out-of-Plane
(OOP) Peaks from 2D GIWAXS Data on Polymer and
Blend Thin Films

IP (100) OOP (010)

polymer
qxy

(Å−1)
d-spacing

(Å)
Lc

(nm)
qz

(Å−1)
d-spacing

(Å)
Lc

(nm)

PBDB-T 0.290 21.69 7.01 1.68 3.74 1.47
PNDIT-hd 0.285 22.05 14.68 1.57 4.00 1.13
PNDIS-hd 0.288 21.85 17.31 1.59 3.94 1.60
PNDIT-hd:
PBDB-T

0.287 21.91 10.94 1.63 3.86 1.40

PNDIS-hd:
PBDB-T

0.286 21.96 11.26 1.62 3.87 1.38

Figure 6. 2D GIWAXS characterizations of polymer blend thin films:
(a) 2D GIWAXS image for PBDB-T:PNDIT-hd blend, (b) 2D
GIWAXS image for PBDB-T:PNDIS-hd blend, and (c) line-cut
profiles for pristine PBDB-T and its blends with PNDIT-hd and
PNDIS-hd, respectively. “Δ” denotes the in-plane lamellar diffraction
peak (100), and “#” denotes the diffraction peaks for the backbone
ordering (001). The π−π stacking peak (010) positions from PBDB-
T and PNDIT-hd and PNDIS-hd are also marked.
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In the out-of-plane (OOP) direction, the neat PNDIT-hd
and PNDIS-hd films showed pronounced and broad (010)
diffraction peaks with comparable intensity at qz of 1.57 and
1.59 Å−1 corresponding to a π−π stacking distance of 4.00 and
3.94 Å (Table 3), respectively. Compared to PNDIT-hd,
PNDIS-hd exhibited a much more intense (100) diffraction
peak in the OOP direction (Figure S9b). Thus, the coexistence
of the pronounced IP (100) peak and the distinct OOP (100)
and (010) peaks in the PNDIS-hd films suggest that PNDIS-
hd had mixed face-on and edge-on oriented crystallites, whereas
PNDIT-hd showed preferentially face-on molecular orienta-
tions. The crystalline coherence length (Lc) values estimated
by using the Scherrer equation78 are presented in Table 3. The
Lc values of PNDIS-hd calculated from the IP (100) and OOP
(010) peaks were found to be higher than those of PNDIT-hd
(Table 3), indicating that PNDIS-hd has enhanced crystallinity
in both the lamellar and π−π stacking directions.
As shown in Figure 6c, the neat donor polymer PBDB-T

films exhibit intense (100) diffraction and (010) diffraction
peaks in the IP and OOP directions at qxy of 0.29 Å

−1 and qz of
1.68 Å−1, respectively, suggesting that PBDB-T exhibited
predominantly face-on orientated crystallites. The Lc of neat
PBDB-T films was found to be 7.01 nm (Table 3). The 2D-
GIWAXS results for the donor polymer PBDB-T agree well
with previous reports.7,76

The (010) diffraction peaks in the OOP directions of both
blend films are broadened and centered at qz values that lied
between the qz of the donor and acceptor polymers (Table 3),
which indicates that there is intimate mixing between the
donor and acceptor polymers. As shown in Figure 6b, distinct
and bright OOP (010) diffraction patterns are present in the
PNDIS-hd:PBDB-T blends, whereas the PNDIT-hd:PBDB-T
blends showed minimal diffraction patterns in the OOP
direction (Figure 6a). This result argues that the populations
of face-on oriented crystallites are significantly higher in the
PNDIS-hd:PBDB-T blends. The PNDIT-hd:PBDB-T blends
were also found to exhibit increased populations of edge-on
oriented crystallites compared to either of the neat component
polymers as evidenced by the enhanced intensity of the (100)
diffraction peak in the OOP direction (Figure S10e). The
coexistence of face-on and edge-on oriented crystallites in
PNDIT-hd:PBDB-T blends could justify the poorer photo-
voltaic properties as discussed above. The larger Lc value of the
PNDIS-hd:PBDB-T blend films (Lc = 11.26 nm) suggest
enhanced crystallinity compared to that of the thiophene-
containing blend counterparts (Lc = 10.94 nm). Overall, these
2D-GIWAXS results and analysis collectively demonstrate that
compared to the PNDIT-hd blend counterparts, PNDIS-
hd:PBDB-T blends have a more optimal blend morphology
that features predominantly face-on oriented crystallites with
enhanced blend crystallinity; thus, corroborating the observed
enhanced photovoltaic properties.

■ CONCLUSIONS
In summary, we used the alternating naphthalene diimide-
thiophene copolymer, PNDIT-hd, and naphthalene diimide-
selenophene copolymer, PNDIS-hd, to investigate the effects
of the donor moiety substitution on the intrinsic and
photovoltaic blend properties of n-type semiconducting
copolymers with simple donor−acceptor structure. Although
both PNDIT-hd and PNDIS-hd have identical electrochemi-
cally derived HOMO/LUMO energy levels, we found that the
latter acceptor polymer has a broadened optical absorption

with an optical bandgap of 1.70 eV, which is 0.07 eV narrower
relative to PNDIT-hd. In binary blends with the donor
polymer PBDB-T, the selenophene-containing acceptor
polymer PNDIS-hd enabled all-PSCs with significantly
enhanced photocurrent, EQE, and overall photovoltaic power
conversion efficiency compared to the thiophene-containing
acceptor polymer. PNDIT-hd:PBDB-T-based all-PSCs could
thus achieve a PCE of 6.7% (Jsc = 12.18 mA/cm2, FF = 0.66),
whereas the corresponding PNDIS-hd:PBDB-T devices
showed a higher PCE of 8.4% (Jsc = 14.50 mA/cm2, FF =
0.71). The observed enhanced photovoltaic properties of the
selenophene-containing polymer PNDIS-hd could largely be
accounted for by its improved light harvesting, formation of
optimal blend morphology as evidenced by the 2D GIWAXS
results, and reduced monomolecular recombination losses,
compared to its thiophene counterpart, PNDIT-hd. These
results demonstrate the many advantages in selenophene
substitution for thiophene in the design of n-type semi-
conducting polymers with donor−acceptor architectures for
applications in all-polymer solar cells.
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