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bDépartement de Chimie, Université Laval,
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pact of molecular weight on
morphology, charge transport, photophysics and
performance of all-polymer solar cells†

Duyen K. Tran, ‡a Amélie Robitaille,‡b I. Jo Hai,c Xiaomei Ding, a

Daiki Kuzuhara, d Tomoyuki Koganezawa, e Yu-Cheng Chiu, c

Mario Leclerc *b and Samson A. Jenekhe *a

Understanding the influence of polymer molecular weight on the morphology, photophysics, and

photovoltaic properties of polymer solar cells is central to further advances in the design, processing,

performance and optimization of the materials and devices for large scale applications. We have

synthesized six number-average molecular weight (Mn) values (21–127 kDa) of biselenophene–

naphthalenediimide copolymer (PNDIBS) via direct heteroarylation polymerization and used them to

investigate the effects of the acceptor polymer molecular weight on the charge transport, blend

photophysics, blend morphology, and photovoltaic properties of all-polymer solar cells (all-PSCs) based

on PNDIBS and the donor polymer PBDB-T. The short-circuit current and power conversion efficiency

(PCE) of the PBDB-T:PNDIBS blend devices were found to increase with increasing Mn until reaching

peaks at an optimal molecular weight of 55 kDa and then decreased with further increases in Mn. The

maximum PCE of 10.2% observed at the optimal Mn value of 55 kDa coincided with optimal blend

charge transport properties, blend photophysics, and blend morphology at this critical molecular weight.

Compared to the bi-continuous network of �5.5–6.5 nm crystalline domains with predominantly face-

on molecular orientations observed at 55 kDa, a relatively disordered microstructure with larger scale

phase separation was evident at higher Mn while more finely packed crystalline domains were seen at 21

kDa. The sensitivity of the device efficiency to the active layer thickness was found to also depend on

the PNDIBS Mn value. These results highlight the importance of tuning the molecular weight of the

polymer components to optimize the morphology, charge transport, photophysics and efficiency of all-

polymer solar cells. The results also provide new insights on structure–property relationships for

a promising n-type semiconducting copolymer.
Introduction

Advances in molecular design of materials and device engi-
neering strategies have enabled substantial progress in raising
the efficiency of organic photovoltaics (OPVs) over the past
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several years.1–36 Among the various OPV technologies, all-
polymer solar cells (all-PSCs) where the photoactive layer is
composed of a blend of an electron-donating (donor) conju-
gated polymer and an electron-accepting (acceptor) conjugated
polymer – the so-called bulk heterojunction (BHJ) architecture –
offer unique advantages, including the facile tuning of opto-
electronic properties of polymers,1–36 their superior photo-
chemical stability,33,37,38 their excellent durability under thermal
and mechanical stresses,35,39–44 and their potential for large
scale manufacture.30,40 These features of all-PSCs make them
especially appealing candidates for commercial applications in
many areas. Although the power conversion efficiency (PCE) of
all-PSCs has recently exceeded 10–11% in several different
binary blend systems,17,25,26,28,29,31–33,36 it lags behind the PCE of
small-molecule non-fullerene acceptors (SM-NFAs) based solar
cells where the PCEs has reached over 16%.45–47 From a device
engineering perspective, the major bottlenecks hindering
further advances in the photovoltaic performance of all-PSCs
include the low photocurrent density (Jsc)1–4,12,13,15–17,21,30 and
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) Molecular structures of donor polymer (PBDB-T) and
acceptor polymer (PNDIBS). (b) HOMO/LUMO energy levels of the
acceptor polymer of varying number-averaged molecular weight Mn.
(c) Thin-film optical absorption spectra of the PNDIBS acceptor
copolymer at different number-average molecular weights Mn.
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low ll factor (FF).1–4,19,21,30 The photocurrent is limited by the
low electron mobility of the acceptor polymer component and
the overall lack of greater complementary light-harvesting of the
solar light by both blend components.1–4,12,13,15–17,21,30 The small
ll factor is primarily due to the non-optimal blend
morphology, which in turn is inuenced by polymer molecular
weight10,11,14,18,22 and polymer/polymer interchain
interactions.9,13,19,26,30

Advancing all-PSCs from a materials chemistry point of view,
includes not only nding ways to harvest more of the solar
spectrum,12,18,29,31,32 increase the carrier mobilities of the donor
and acceptor conjugated polymers,18,25,31,32 and to control and
ne-tune the blend morphology9,13,19,26,30,48 and blend photo-
physics31,34,43 but also to understand the underlying structure–
property-performance relationships. A fundamental molecular
parameter that can substantially inuence the physical prop-
erties of the component materials, the thermodynamics of all-
polymer blends, and the efficiency of all-PSCs is polymer
molecular weight.1,10,11,14,18,22,49,50 Although several prior studies
have been devoted to the effects of the molecular weights of the
acceptor polymer and donor polymer on the photovoltaic
properties of all-polymer solar cells, the results gave rise to
divergent conclusions.10,11,14,18,22,49,50 It was found that increasing
the molecular weight of either the donor polymer or the
acceptor polymer led to signicantly enhanced power conver-
sion efficiency (PCE) of all-PSCs due to the synergistic
improvement of the short-circuit current (Jsc) and the ll factor
(FF) while the open-circuit voltage (Voc) remained relatively
constant.10,11,18,49,50 In contrast, other reports have found
simultaneous drop in both Jsc and FF, and thus the power
conversion efficiency, with increasing polymer molecular
weight.14,22 The decline of Jsc and FF with increasing molecular
weight was attributed to non-optimal blend morphology
featuring either coarser domains due to large liquid–liquid
phase separations22 or greater molecular miscibility between
the blend components,14 both of which led to increased charge
recombination and poorer charge photogeneration and charge
extraction rates. Among the limitations of these prior studies of
the impact of the number-average molecular weight (Mn) on the
performance of all-PSCs include the relatively narrow range of
Mn of the polymers investigated. Very few of these studies re-
ported Mn values measured at high temperature (>100 �C)14,22,49

and hence the effects of actual molecular weight of the conju-
gated polymer could not be delineated from those due to effects
of chain aggregation.11,14,18,50 Nearly all prior studies, except
one,22 were focused on the acceptor polymer poly([N,N0-bis
(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-
diyl]-alt-5,50-(2,20-bithiophene)) (PNDIOD-T2 or N2200) and
various non-high performing donor polymers.10,14,49,50

Towards the resolution of the current conicting views on
how polymer molecular weight impacts the photovoltaic prop-
erties of all-PSCs,10,11,14,22,49,50 we aim to address this problem by
employing an entirely new binary blend system whose compo-
nents have not previously been involved in studies of the effects
of Mn, including the well-known high-performance donor poly-
mer, 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
This journal is © The Royal Society of Chemistry 2020
[10,20-c:40,50-c0]dithiophene-4,8-dione))], (PBDB-T) (Fig. 1a).51 We
decided to focus on the direct heteroarylation polymerization
(DHAP)-prepared poly([N,N0-bis(2-octyldodecyl)-naphthalene-1,4,5,8-
bis(dicarboximide)-2,6-diyl]-alt-5,50-(2,20-biselenophene)) (PNDIBS)
(Fig. 1a) as the acceptor polymer component in the proposed Mn

dependent studies. DHAP has been shown to be a simple and
environmental-friendly pathway to synthesize highly efficient
organic photovoltaic materials with minimal structural defects.52–56

Compared to previously well-studied N2200,10,14,49,50 our group has
shown Stille-derived PNDIBS, which incorporates biselenophene
units instead of bithiophene units, to have a narrower optical
bandgap, increased crystallinity, and enhanced bulk charge trans-
port and photovoltaic properties.18,26,57 Thus well-dened DHAP-
derived PNDIBS of sufficiently broad range of Mn values can be ex-
pected to advance our understanding of the impact of molecular
weight on photovoltaic properties while enabling development of
high performance all-PSCs.

In this paper, we report a comprehensive investigation of the
effects of the number-average molecular weight (Mn) of the
acceptor polymer on the blend charge transport, blend photo-
physics, blend morphology, and photovoltaic properties of all-
PSCs. The binary blend devices paired the donor polymer
PBDB-T respectively with the DHAP-prepared acceptor copol-
ymer PNDIBS at six different Mn values from 21 to 127 kDa. We
found that the key photovoltaic parameters of the PBDB-
T:PNDIBS blend devices, PCE and Jsc, both increased with
increasing Mn until reaching peaks at an optimal molecular
weight of 55–66 kDa and subsequently decreased with further
increases in Mn. The observed peak in photovoltaic perfor-
mance at Mn of 55 kDa coincided with an optimal blend
morphology composed of a bi-continuous network of ordered
crystalline features of predominantly face-on molecular orien-
tations and 5.5–6.5 nm domain sizes. The optimal or criticalMn

value also marked peaks in charge photogeneration rate and
symmetric charge transport. Outside of the optimal Mn range,
the blend morphology evolved from nely and tightly packed in
J. Mater. Chem. A, 2020, 8, 21070–21083 | 21071



Journal of Materials Chemistry A Paper
the 21 kDa blends to disordered and amorphous structures with
large phase separation, leading to severe charge recombination
and space-charge build-up, which are detrimental to photovol-
taic device performance. At the critical Mn value of 55 kDa, the
all-PSCs had a maximum PCE of 10.2% with an average of 9.3%
as a result of the favorable blend charge transport properties,
blend photophysics, and blend morphology. We also found that
the Mn has a signicant impact on the sensitivity of the device
efficiency to the active layer thickness. While the PCE of the
optimal Mn was rather insensitive to the active layer thickness,
the efficiency of all-PSCs at the higher Mn was strongly depen-
dent on the layer thickness and in this case, the thinner pho-
toactive layer afforded the highest PCE. Overall, this study and
results provide a broader and unied understanding of how the
molecular weight of a polymer component of all-polymer solar
cells impacts the blend charge transport, blend photophysics,
blend morphology, and photovoltaic properties as well as give
new structure–property relationships for a promising n-type
semiconducting copolymer.

Experimental methods
Materials

Naphthalene-1,4,5,8-tetracarboxylic dianhydride was obtained
from TCI America and used without any further purication.
Selenophene, tris(dibenzylideneacetone) dipalladium (0), piv-
alic acid, cesium carbonate and other precursors for the prep-
aration of the 2-octyl-1-dodecylamine were obtained from
Sigma-Aldrich and used without further purications. Extra
dry chlorobenzene was obtained from Accros Organic and de-
gassed with argon for 15 min prior to utilization. Other start-
ing materials were purchased from Sigma-Aldrich, TCI America
or Alfa Aesar. The donor polymer PBDB-T was synthesized in
our lab.

Synthesis of materials

The preparation of the 2,6-dibromonaphthalene-1,4,5,8-
diimide monomer was realized following to the literature
approach.53 The preparation of 2,20-biselenophene (Fig. S1†),
was performed according to the conditions of the literature.57

Then, a further step was taken to obtain the 5,50-
bistrimethylstannyl-2, 20-biselenophene (Fig. S2†).57,58 The
DHAP and Stille protocols for the polymer synthesis were per-
formed according to the literature methods.53,57 The details are
given in the ESI.†

Fabrication and characterization of all-PSCs

Solar cells devices were fabricated with an inverted architecture
of ITO/ZnO/PEI/blend/MoO3/Ag. ITO-coated substrates (15 U

per square, Shanghai B. Tree Tech, Shanghai, China) were
cleaned sequentially in ultrasonic baths with acetone, deion-
ized water, and isopropyl alcohol for 30 min, dried using
nitrogen gas, and followed by 10 min of O2 plasma cleaning.
The ZnO precursor solution was spin-coated onto the ITO and
followed by thermal annealing at 250 �C for 30 min to make
�30 nm thick ZnO layer. A 0.05 wt% solution of
21072 | J. Mater. Chem. A, 2020, 8, 21070–21083
polyethylenimine (PEI) in 2-methoxyethanol was spin-coated
onto the ZnO layer and dried at 120 �C for 10 min. The PBDB-
T:PNDIBS (1 : 0.8 wt : wt) blends were prepared in chloroben-
zene, mixed and stirred overnight at 85 �C in the glovebox. The
blend solutions were spin-coated at 1000 rpm for 50 s, followed
by thermal annealing at 110 �C for 10 min in the argon-lled
glovebox. All the active layers had a thickness of 105 � 5 nm.
MoO3 (0.5 nm) and Ag (100 nm) were thermally deposited onto
the active layer. An aperture mask with area of 3.14 mm2 was
applied during measurements to dene the illuminated device
area. Aer evaporation of the electrode, the photovoltaic cells
were tested under AM 1.5G solar illumination at 100 mW cm�2

in ambient air by 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 certied Si photodiode (Model 1787-04, Hamamatsu
Photonics K.K., Japan) and a HP4155A semiconductor param-
eter analyzer (Yokogawa Hewlett Packard, Japan). Aer the J–V
measurements, the external quantum efficiency (EQE) spectra
were measured by using a solar cell quantum efficiency
measurement system (Model QEX10, PV Measurements, Inc.,
Boulder, CO) with a 2 mm2 (2 mm � 1 mm) size masked inci-
dent light source and TF Mini Super measurement apparatus
for multiple devices in a single substrate. The EQE system was
calibrated with a Si photodiode before measurement.
Fabrication and characterization of SCLC devices

Current–voltage (J–V) characteristics of the SCLC devices were
measured by using a HP4155A semiconductor parameter
analyzer (Yokogawa Hewlett-Packard, Tokyo). The carrier
mobility was deduced by tting the J–V curves to the Mott–
Gurney equation where J is the current density, 30 is the
permittivity of free space, 3 is the relative permittivity, m is the
zero-eld mobility, V is the applied voltage, L is the thickness of
active layer.

J ¼ 9

8
303m

V 2

L3

The SCLC device structures for electron-only and hole-only
were ITO/ZnO/PEI/blend/LiF (1 nm)/Al (100 nm) and ITO/
PEDOT:PSS/blend/MoO3 (7.5 nm)/Ag (100 nm), respectively.
Each active layer of both neat and blend lms was processed at
the optimized all-PSC devices condition as described above and
spin-coated at 1000 rpm for 50 s and followed by thermal
annealing at 110 �C for 10 min inside glovebox.
Fabrication and characterization of OFETs

TFT devices were fabricated on highly doped n-type Si (100) wafer
with a 300 nm thick SiO2 treated with self-assembledmonolayer of
n-octadecyltrimethoxysilan (OMTS), according to the reported
method.59 Before use, the OTMS monolayer was rinsed subse-
quently with toluene, acetone, and isopropyl alcohol and dried
under a nitrogen stream. Static water contact angles of the OTMS
substrates measured by Edmund Scientic goniometer were
higher than 105 degree. The solutions (5 mg mL�1) of polymer
This journal is © The Royal Society of Chemistry 2020
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semiconductor for transistor devices were prepared by dissolving
the polymer in chlorobenzene at 80 �C for 30 min and then spin-
cast on the OTMS substrates with controlled thickness at�40 nm.
The as-prepared thin lms were thermally annealed at 170 �C for 1
hour in N2-lled glove box. A top-contact gold electrode (70 nm)
was subsequently deposited by evaporation through a shadow
mask with a channel length (L) and width (W) dened as 50 and
1000 mm, respectively. The transistor characteristics were
measured by Keithley 4200 semiconductor parameter analyzer
(Keithley Instruments Inc., Cleveland, OH, USA) in an N2 lled
glove box at room temperature. The effect of molecular weight on
mFETe can be inferred from the standard FET relation by calculating
derivative charge mobility using the equation for Ids in the satu-
ration region.

Ids ¼ WCi

2L
m
�
Vgs � VT

�2

AFM imaging

Atomic force microscopy (AFM) characterization of the surface
morphology was done on the active layers of the actual polymer
solar cells, used in the photovoltaic measurements, by using
a Bruker Dimension scanning probe microscope (SPM) system.
GIWAXS

Grazing incidence X-ray scattering (GIWAXS) experiments were
conducted at the Japan Synchrotron Radiation Facility SPring-8
by using the beamlines BL46XU. Thin lm samples of the neat
donor polymer (PBDB-T) and acceptor polymers (PNDIBS) were
spin-coated on the top of glass substrates and annealed at
110 �C for 10 min. The binary blend lms were prepared in the
same manner as the actual all-PSC devices on ZnO/PEI-coated
ITO substrates. 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 (l ¼ 0.1 nm). The angle of
incident X-ray to sample surface was 0.12� with a Huber
diffractometer. The scattered prole from the lm sample was
detected using an area detector (PILATUS 300K) for 1 s at room
temperature, and the distance between the sample and detector
was 175.0 mm. The crystal coherence length (Lc) of samples was
determined by using the Scherrer equation: Lc ¼ 2pK/Dq, where
K is a shape factor (typically 0.89) andDq 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

The monomers, 2,6-dibromonaphthalene-1,4,5,8-diimide and
2,20-biselenophene, were synthesized following the conditions
reported in the literature, and a detailed protocol is available in
the ESI.†53,57 We have previously reported DHAP-based synthesis
of the bithiophene–NDI copolymer, PNDIOD-T2, and observed
that a more regioregular polymer was achieved than the same
polymer made by conventional Stille coupling polymerization.53
This journal is © The Royal Society of Chemistry 2020
Here, we wanted to conrm the reproducibility and robustness
of the DHAP approach by applying it under similar conditions
to prepare the biselenophene–NDI copolymer, PNDIBS, and by
optimization of the DHAP polymerization time to produce
a series of polymers with different molecular weights (Table
S1†). In the case of the Stille-prepared PNDIBS, we used the
same conditions reported earlier.18,57 Scheme S1† presents the
general conditions for the copolymerization of 2,6-
dibromonaphthalene-1,4,5,8-diimide and 2,20-biselenophene
by DHAP and by Stille, respectively.

The 1H NMR spectra of both the Stille and DHAP PNDIBS
samples are shown in Fig. S3 and S4.† Despite the limited
solubility of both polymer samples in 1,1,2,2-tetrachloroethane-
D2, the spectra are clear enough to identify structural differ-
ences between the two polymers. The DHAP-prepared PNDIBS
exhibit a 2 : 3.98 ratio between the NDI and the biselenophene
protons in the aromatic region, which deviate only marginally
from the expected ratio of 2 : 4. On the other hand, the Stille-
prepared PNDIBS sample showed a ratio of 2 : 4.23 between
the NDI and biselenophene protons, clearly indicating some
homocoupling of the tin derivative monomers. Moreover, the
broader peak at 8.6 to 8.75 ppm can be associated to the
unbrominated NDI end-groups. The debromation of the NDI
monomer has been previously shown to induce the homocou-
pling of the other monomer, notably the tin derivative mono-
mer in our Scheme S1.†60 Thermogravimetric analysis (TGA)
showed onset degradation temperature (Td) of over 400 �C
(Fig. S5†) suggesting that the DHAP-prepared PNDIBS polymers
had excellent thermal stability. Differential scanning calorimetry
(DSC) scans (Fig. S6†) showed that the DHAP-prepared PNDIBS
samples had a higher melting temperature (Tm ¼ 357 �C)
compared to the previously reported Stille-prepared PNDIBS of
comparable molecular weight.18 These results clearly indicated
that NDI-based copolymers prepared via DHAPmethod can afford
higher regioregularity by minimizing homocoupling defects than
the conventional Stille-prepared polymers. The molecular weight
and dispersity of the PNDIBS samples were characterized by size
exclusion chromatography (SEC) using 1,2,4-trichlorobenzene
(TCB) eluent at 110 �C relative to polystyrene standards. The
molecular weight data are summarized in Table 1. We note that
the solubility of the PNDIBS samples depended on the
molecular weight. Specically, the higher molecular weight
samples (Mn > 55 kDa) required a higher temperature (T > 80 �C)
and longer stirring time to achieve complete dissolution and
formation of true solutions.

The electronic structure of the series of PNDIBS of varying
molecular weight was characterized in terms of cyclic voltam-
metry (CV) derived HOMO/LUMO energy levels, which are
shown in Fig. 1b and summarized in Table 1. The cyclic vol-
tammograms for the reduction and oxidation processes in
PNDIBS are shown in Fig. S7 and S8,† respectively. The HOMO
and LUMO energy levels of PNDIBS with Mn of 21 kDa, 52 kDa,
and 55 kDa are nearly identical at �5.70 to �5.73 eV and �3.83
to �3.84 eV, respectively. The LUMO energy level of PNDIBS
with higher Mn values was slightly upshied to �3.75 to
�3.80 eV. A similar trend was also observed in the HOMO
energy levels of the higher molecular weight PNDIBS, where the
J. Mater. Chem. A, 2020, 8, 21070–21083 | 21073



Table 1 Molecular weight, electronic structure, and optical properties of acceptor polymer PNDIBS

Polymer Mn (kDa) Mw (kDa) PDI
lmax

(nm)
amax

(105 cm�1)
lICT
(nm)

lonset
(nm) Eopt.g

a (eV) EHOMO (eV) ELUMO (eV)

PNDIBS, 21 kDa 21 36 1.7 397 0.75 718 885 1.40 �5.70 �3.84
PNDIBS, 52 kDa 52 172 3.3 398 1.01 715 873 1.42 �5.73 �3.83
PNDIBS, 55 kDa 55 132 2.4 397 0.96 713 868 1.42 �5.72 �3.84
PNDIBS, 66 kDa 66 172 2.6 397 0.97 711 859 1.44 �5.82 �3.80
PNDIBS, 90 kDa 90 270 3.0 399 0.98 716 872 1.42 �5.80 �3.75
PNDIBS, 127 kDa 127 292 2.3 397 1.17 711 870 1.42 �5.86 �3.80

a Eopt.g ¼ 1240/lonset.

Journal of Materials Chemistry A Paper
HOMO downshied �5.80 to �5.86 eV (Fig. 1b). These HOMO/
LUMO energy levels of PNDIBS are comparable to literature
results.18,57 More interestingly, the large range of Mn (21–127
kDa) investigated here has enabled observation of impact of
molecular weight on the electronic structure of the acceptor
polymer PNDIBS. It is to be noted that similar effects of Mn on
electronic structure has been observed for the donor polymer
poly(3-hexylthiophene) (P3HT);61–63 however, previous studies of
other NDI-based copolymers found the LUMO/HOMO energy
levels to be virtually independent of the polymer molecular
weight.11,14 Our observed shis of the LUMO/HOMO energy
levels with increasing Mn suggest that the higher molecular
weight PNDIBS samples have either more intrachain disorder
due to backbone twisting62 or an increase in density of amor-
phous regions.62–64

Thin lm absorption spectra of the series of DHAP-prepared
PNDIBS of different number-average molecular weight (Mn) are
presented in Fig. 1c, and the numerical optical parameters are
summarized in Table 1. As expected and in good agreement
with previous reports,18,57 these absorption spectra have two
characteristic peaks at �400 nm and 710–718 nm, which
represent the p–p* transition and the intramolecular charge
transfer (ICT) bands, respectively. We note that the absorption
spectra of the DHAP-prepared PNDIBS have a slightly wider but
molecular weight independent optical bandgap (Eopt.g ) of 1.42–
1.44 eV (Table 1), which is very similar to that of the Stille-
prepared PDNIBS with Egopt. of 1.40 eV (Fig. S9†). Clearly, this
suggests that the polymerization method has only marginal
impact on the optical bandgap of this semiconducting polymer.
However, subtle and gradual hypsochromic shi of the ICT
band with increasing Mn from 21 kDa to 66 kDa is observed
(Table 1), and this means that intramolecular charge transfer
between the NDI electron-accepting moiety and the biseleno-
phene electron-donating moiety is increasingly weakened by
backbone distortion and conformational disorder with
increasing polymer chain length.65 The slight bathochromic
shi in the ICT band observed in higher Mn samples (90 kDa
and 127 kDa) signify signicant chain aggregation at increasing
Mn. Interestingly, we also observed that the absorption coeffi-
cient (amax) increased monotonically with increasing Mn

(Fig. 1c) from 0.75 � 105 cm�1 at 21 kDa to 1.17 � 105 cm�1 at
127 kDa. The absorption coefficients of PNDIBS copolymers are
much higher than other typical NDI-based copolymers due to
increased backbone planarity, increased interchain overlap,
21074 | J. Mater. Chem. A, 2020, 8, 21070–21083
and higher crystallinity.5,6,57 The observed increase of the
absorption coefficient amax with increasing molecular weight
can be explained by the increased solid-state packing density as
a result of chain folding at the higher Mn. Although not previ-
ously explained, similar effects of molecular weight on
absorption coefficient have been observed in other donor–
acceptor conjugated copolymers.10,49,66

We characterized the electron transport properties of one of
the present DHAP-prepared PNDIBS (21 kDa) by using organic
eld-effect transistors (OFETs) with bottom-gate top-contact
architecture as detailed in the Experimental method section.
For comparison, we similarly characterized the eld-effect
electron mobility of the Stille-prepared PNDIBS. The transfer
curves and output curves are shown in Fig. S10† while the
saturation region eld-effect electron mobility (mFETe ) is pre-
sented in Table S2.† The Stille-prepared PNDIBS lms annealed
at 170 �C showed an average mFETe of 0.15 cm2 V�1 s�1 with an on/
off current ratio (Ion/Ioff) of 1 � 105 (Table S2†). If the same
PNDIBS lms annealed only at room temperature (25 �C) the
eld-effect electron mobility drops to 0.04 cm2 V�1 s�1, which
suggests that thermal annealing at high temperature enhances
electron transport by the increased crystallinity and favorable
intermolecular packing. The DHAP-prepared PNDIBS lms
annealed at 170 �C had an average mFETe of 0.16 cm2 V�1 s�1 with
an on/off current ratio (Ion/Ioff) of 4 � 106 (Table S2†), which is
comparable to that of the Still-prepared PNDIBS. However, the
over one order of magnitude enhancement in on/off current
ratio is notable and an indication of some of the advantages of
the DHAP method in synthesizing defect-free, high regior-
egularity, and high mobility semiconducting polymers.

Photovoltaic properties

We exploited the series of DHAP-prepared PNDIBS of different
number-average molecular weight Mn to investigate the effects
of the acceptor polymerMn on the photovoltaic properties of all-
PSCs. The photoactive layer of the devices thus comprised
binary blend of the donor polymer PBDB-T and acceptor poly-
mer PNDIBS. The all-PSCs were constructed with an inverted
device architecture: ITO/ZnO/PEI/blend/MoO3/Ag, where poly-
ethyleneimine (PEI) was used as a cathode interlayer.67 The
PBDB-T:PNDIBS blend devices were optimized by varying the
donor polymer/acceptor polymer (D : A) ratio, annealing
temperature, and use of solvent processing additives. The
optimal processing conditions were found to be spin-coating of
This journal is © The Royal Society of Chemistry 2020
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the blend solutions with D : A ratio of 1 : 0.8 wt : wt, thermal
annealing at 110 �C for 10 min, and without use of any solvent
processing additive. The J–V responses and the EQE spectra of
the optimized all-PSC devices for each PNDIBS molecular
weight are presented in Fig. 2 whereas the corresponding
photovoltaic properties are summarized in Table 2. All the
photovoltaic parameters, including Jsc, Voc, FF, and PCE, are
presented as a function of the PNDIBS molecular weight in
Fig. 3.

The dependence of Jsc on Mn, as shown in Fig. 3a, exhibits
a rise to a peak value at 55 kDa followed by a large decline. In
particular, the photocurrent Jsc exhibits a peak of 17.94 mA
cm�2 at Mn of 55 kDa, and subsequently decreases to
a minimum value of 15.37 mA cm�2 at 90 kDa before slightly
rising again to 16.24 mA cm�2 at 127 kDa (Table 2). As we will
discuss later, further insights to this evolution of the photo-
current as a function of molecular weight can be gained by
observed correlations with the blend charge transport proper-
ties, blend photophysics and blend lm morphology. The Voc as
a function of Mn is relatively constant at 0.85–0.87 V although
a slight increase at the highest Mn values could be argued
(Fig. 3b); this observation is in agreement with the marginal
changes in the LUMO energy level of PNDIBS as a function of
molecular weight. The FF uctuated around 0.60–0.64 for Mn

between 21 kDa to 66 kDa before decreasing to 0.51–0.53 at
higher Mn of 90–127 kDa (Fig. 3c). These dependencies of the
photovoltaic parameters Jsc, Voc, and FF onMn thus combined to
produce the observed dependence of PCE on Mn shown in
Fig. 3d. The PCE rises withMn to amaximum PCE of 10.2% at 55
Fig. 2 The acceptor polymer PNDIBS number-averaged molecular
weight (Mn) dependence of photovoltaic properties of optimized
PBDB-T:PNDIBS devices: (a) J–V curves; and (b) EQE spectra.
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kDa and signicantly declines with further increases in Mn.
Clearly, the Mn dependence of the PCE closely resembles the
dependence of Jsc on molecular weight given the dominant role
of the changes in photocurrent. Overall, we conclude from these
observations that there exists an optimal or critical molecular
weight of the acceptor polymer that optimizes the efficiency and
photovoltaic properties of all-PSCs; the optimal value is in the
range of 55–66 kDa in the case of the present PBDB-T:PNDIBS
blend devices.

We note that the photovoltaic properties of a binary blend of
donor polymer PBDB-T and a similarly DHAP-prepared
PNDI2OD-T2 acceptor polymer of much higher Mn (Mn ¼ 76
kDa) (PCE¼ 7.3%)53 are inferior to those of the PBDB-T:PNDIBS
blends of lower PNDIBS Mn. This observation suggests the
benets of moving from bithiophene–NDI copolymers to bisele-
nophene–NDI copolymers.

The EQE spectra of the optimized devices for all Mn values
investigated are shown in Fig. 2b. The photocurrent response
of all devices spanned the 885 nm to 300 nm range, which
matched well with the complementary absorption spectra of
the donor and the acceptor polymers in the PBDB-T:PNDIBS
blends. Thus, it is clear that the photocurrent generated in
the 460–670 nm region comes from the photoinduced elec-
tron transfer from the donor polymer, whereas the photo-
current produced in the 350–460 nm and 680–880 nm regions
originate from the photoinduced hole transfer from the
acceptor polymer.68 The maximum EQE value is found
around 570–580 nm for each Mn, varying from 73.7% for the
90 kDa devices to 83.3% for the 55 kDa, which mirrored the
observed trend in Jsc (Fig. 3a). Moreover, the optimized all-
PSC devices fabricated from the optimal PNDIBS molecular
weight of 52 kDa–66 kDa had superior quantum efficiency
response throughout the whole spectral range, which is in
good agreement with the observed enhanced Jsc at these Mn

values. The photocurrent Jsc values obtained by integrating
the EQE spectra were found to be within 2–6%mismatch with
the values obtained directly from the J–V measurements
(Table 2).

We found the photovoltaic properties of the all-PSCs at
each molecular weight have different sensitivity towards the
photoactive layer thickness. Thus, we chose all-PSC devices
based on PNDIBS of 66 kDa and 90 kDa Mn values to probe
the photoactive layer thickness dependence of the photo-
voltaic properties (Fig. S11†). The average PCE of the PNDIBS-
66 kDa devices is relatively constant at �9.0% as the active
layer thickness decreased from 100 nm to 80 nm; the PCE
decreased to �8.0% as the thickness was further reduced to
70 nm, which was indicative of its weak dependence on the
lm thickness. In contrast, the efficiency of the PNDIBS-90
kDa devices progressively increased from 5.4 to 7.3% as the
active layer decreased from 110 nm to 70 nm. The much-
improved photovoltaic properties of the 90 kDa devices at
thinner active layers can be attributed to the strongly sup-
pressed charge recombination and the reduced space-charge
accumulation/formation. This observation suggests that
blends of the higher molecular weight PNDIBS have potential
J. Mater. Chem. A, 2020, 8, 21070–21083 | 21075



Table 2 Dependence of photovoltaic properties of optimized PBDB-T:PNDIBS blends on acceptor polymer PNDIBS molecular weight Mn

Blend Jsc (mA cm�2) Voc (V) FF PCEaverage
a (%) PCEmax (%) Jcalc.sc (mA cm�2)

PBDB-T:PNDIBS (21 kDa) 15.89 (�0.26) 0.85 (�0.003) 0.60 (�0.02) 8.13 (�0.24) 8.65 15.63
PBDB-T:PNDIBS (52 kDa) 17.34 (�0.63) 0.85 (�0.004) 0.56 (�0.03) 8.37 (�0.50) 9.12 16.35
PBDB-T:PNDIBS (55 kDa) 17.94 (�0.68) 0.85 (�0.005) 0.61 (�0.01) 9.28 (�0.37) 10.2 17.45
PBDB-T:PNDIBS (66 kDa) 17.36 (�0.59) 0.85 (�0.006) 0.60 (�0.03) 8.91 (�0.25) 9.35 16.50
PBDB-T:PNDIBS (90 kDa) 15.37 (�0.43) 0.87 (�0.006) 0.51 (�0.02) 6.84 (�0.28) 7.18 15.24
PBDB-T:PNDIBS (127 kDa) 16.24 (�0.22) 0.86 (�0.005) 0.52 (�0.02) 7.32 (�0.37) 8.12 15.84

a Average of over 10 devices.
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applications in developing semi-transparent inverted all-
polymer solar cells.
Charge photogeneration and charge recombination

To investigate the effects of molecular weight of the acceptor
polymer PNDIBS on the charge recombination kinetics, we
characterized the Jsc and Voc as a function of the incident light
Fig. 3 The relationships of photovoltaic parameters (Jsc, Voc, FF, and PCE
PNDIBS in PBDB-T:PNDIBS all-PSC devices: (a) Jsc vs. Mn, (b) Voc vs. Mn, (c
10 devices at each Mn.

21076 | J. Mater. Chem. A, 2020, 8, 21070–21083
intensity (Plight). The dependency of Voc on the light intensity

can be generalized as
dVoc

d lnðPlightÞfs
kT
q
; where k is the is the

Boltzmann constant, T is temperature, and q is elementary
charge. The value of the proportionality coefficient, s, is
a measure of whether bimolecular recombination (s ¼ 1) or
trap-assisted recombination (s ¼ 2) is dominant in the charge
) with the number-averaged molecular weightMn of acceptor polymer
) FF vs. Mn, and (d) PCE vs. Mn. The error bars were generated from over

This journal is © The Royal Society of Chemistry 2020



Fig. 4 Dependence of photovoltaic parameters on incident light
intensity for the optimized PBDB-T:PNDIBS devices of various
acceptor polymermolecular weightMn: (a) Voc vs. Plight; (b) Jsc vs. Plight.
(c) Jph vs. Veff for optimized PBDB-T:PNDIBS devices of various
acceptor polymer molecular weight Mn.
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recombination dynamics.69–71 The s value determined from the
plot of Voc versus ln(Plight) for all-PSC devices of different
PNDIBSmolecular weights (Fig. 4a) varied from 1.02 inMn of 21
kDa to 1.15 inMn of 127 kDa. Clearly, the near unity s coefficient
measured at all the Mn values means that bimolecular recom-
bination is the dominant charge recombination mechanism in
these all-PSC blends.

The relationship between Jsc and Plight can be modelled as Jsc
f Plight

a, where linearity (a¼ 1) indicates that all charge carriers
are collected at electrodes prior to recombination whereas
This journal is © The Royal Society of Chemistry 2020
signicant deviation from linearity implies otherwise.69,71,72

From the exponential coefficient a values extracted from Fig. 4b,
we observed a signicant deviation from unity for all devices at
all of theMn values (a ¼ 0.897–0.907). These results suggest the
existence of severe bimolecular recombination in all-PSC
devices from all PNDIBS molecular weights investigated. The
slightly higher a value observed at 55 kDa and 66 kDa (a ¼
0.907) might reect weaker bimolecular recombination as sug-
gested by the slight improvement in FF (0.60–0.61). Moreover,
the much lower exponential coefficient especially in the 90 kDa
devices (a ¼ 0.897) coupled with the unbalanced charge trans-
port to be discussed below suggest that the performance of
these all-PSC devices is hindered not only by bimolecular
recombination but also by space-charge effects;72 we note that
this observation is consistent with our observed enhanced
efficiency in devices with thinner active layers discussed above.
The high degree of bimolecular recombination in these blends
is further conrmed by examining the trend of FF with respect
to the incident light intensity. As shown in Fig. S12a,† the ll
factor of the PBDB-T:PNDIBS devices at all Mn values increased
with decreasing light intensity. This improvement in FF at low
light intensity can be rationalized by the strongly suppressed
bimolecular recombination due to decreased charge carrier
density. Overall, these results demonstrate that the nature of
charge recombination kinetics in these PBDB-T:PNDIBS devices
is independent of the molecular weight of PNDIBS and that the
all-PSCs are dominated by bimolecular recombination, which
appears to lead to the relatively low FF values (0.52–0.61) when
compared to other reported high-performing all-PSCs.

We investigated the molecular weight dependence of the
charge generation kinetics of the present all-PSC devices by
evaluating the maximum photoinduced charge photo-
generation rate (Gmax) and charge extraction rate (P(E,T)) via the
relationship between the photocurrent (Jph¼ Jlight� Jdark, where
Jlight is the current density under illumination, and Jdark is the
dark current density) and the effective voltage (Veff ¼ Vo – Va,
where Vo is the built-in voltage, and Va is the applied voltage).
The plot of Jph versus Veff is given in Fig. 4c whereas the P(E,T)
and Gmax values are summarized in Table S3.† All the devices at
all Mn values, with the exception of the 90 kDa devices, showed
saturated photocurrents at a relatively low effective voltage of
0.8 V (Fig. 4c). This observation suggest that apart from the 90
kDa devices which exhibit a poor charge extraction probability
of 89.3%, all photogenerated excitons in the all-PSCs at all other
Mn values were essentially dissociated into free charge carriers
that were effectively collected at the electrodes as evidenced by
the high P(E,T) under short-circuit condition (93.7–94.5%)
(Table S3†). The Mn dependence of the maximum charge pho-
togeneration rate (Gmax) was found to parallel the trend
observed in the above photovoltaic properties and the blend
charge transport properties discussed below. Specically, the
Gmax rose from 1.06 � 1028 m�3 s�1 in the 21 kDa devices,
peaked at 1.21 � 1028 m�3 s�1 in the 55 kDa devices, and then
declined to 1.09 � 1028 m�3 s�1 in the 90–127 kDa devices
(Table S3†). Since the thin lm absorption coefficient was
marginally affected by the polymer molecular weight, we
conclude that the observed difference in the charge
J. Mater. Chem. A, 2020, 8, 21070–21083 | 21077



Fig. 5 Jph vs. Veff for optimized PBDB-T:PNDIBS devices at various PNDIBSmolecular weight and at different incident light intensity: (a) 21 kDa,
(b) 52 kDa, (c) 55 kDa, (d) 66 kDa, (e) 90 kDa, and (f) 127 kDa.
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photogeneration rate as a function of Mn can be attributed
primarily to the variation in morphology at the various molec-
ular weights as will be discussed in detail below.

To further conrm the formation of space-charge region
(SCR) in the 90 kDa and 127 kDa blend devices, the relationship
of Jph and Veff as a function of incident light intensity was
characterized, and results for the optimized PBDB-T:PNDIBS
devices of different Mn values are showed in Fig. 5. The char-
acteristic space-charge limited photocurrent is expected to have
a square-root dependency on the effective voltage.73 As shown in
Fig. 5a–d, the SCR remained within Veff of lower than 0.3 V;
thus, indicating that the formation of space-charge is relatively
weak. On the other hand, the SCR in 90 kDa and 127 kDa
devices extended to much higher Veff of 0.4–0.5 V (Fig. 5e and f).
Moreover, the square-root region was found to persist and shi
to lower Veff at lower incident light intensity. These observations
suggested that the space-charge formation in the 90 kDa and
127 kDa devices was more severe; thereby, explaining the poor
photovoltaic properties and corroborating the increasing PCE at
thinner lms. The presence of space-charge effects can also be
proved by investigating the dependency of saturation voltage
(Vsat) extracted from Fig. 5, which is the transition voltage from
the saturation region to the square-root region, on the incident
light intensity73 as shown in Fig. S12b.† The Vsat of the opti-
mized PBDB-T:PNDIBS devices fabricated from the lower
molecular weight acceptor polymers (21 kDa, 52 kDa, 55 kDa,
and 66 kDa) exhibited nearly independency on Plight where the
slopes were found to be around 0.03–0.16; thus, suggesting
weak space-charge formation. The relationship of Vsat and Plight
of the 90 kDa and 127 kDa devices showed a slope of 0.45 and
21078 | J. Mater. Chem. A, 2020, 8, 21070–21083
0.34, respectively, which is in good agreement with the theo-
retical prediction of space-charge region (slope ¼ 0.5).73 These
analyses collectively conrm that there is signicant space-
charge formation in the 90 kDa and 127 kDa devices, which
explain the decreased photovoltaic properties compared to the
lower Mn based devices as observed earlier.

Charge transport properties of PBDB-T:PNDIBS blend lms

We characterized the PNDIBS molecular weight (Mn) depen-
dence of bulk charge transport in the all-PSC devices by
measuring the space-charge limited current (SCLC) charge
carrier mobilities of PBDB-T:PNDIBS blend lms processed at
the same optimal conditions as used to fabricate the all-PSC
devices. The J–V curves and SCLC tting lines for hole-only
devices and electron-only devices are shown in Fig. S13 and
S14,† respectively. The Mn dependence of the electron mobility
(me), the hole mobility (mh), and the ratio mh/me for the PBDB-
T:PNDIBS blend lms are shown in Fig. 6. Both me and mh

exhibit very similar trends, increasing to their peak values at
55 kDa and subsequently decreasing as the molecular weight
increased to 127 kDa (Fig. 6). Specically, the electron mobility
of the blend lms increased 3.4-fold from the 21 kDa value to
a maximum of 1.96 � 10�4 cm2 V�1 s�1 at 55 kDa and then
dropped to 3.60 � 10�5 cm2 V�1 s�1 at 127 kDa (Table 3). On the
other hand, the corresponding hole mobility of the blend lms
increased 1.7-fold from 1.91� 10�4 cm2 V�1 s�1 at 21 kDa to the
peak value of 3.21 � 10�4 cm2 V�1 s�1 at 55 kDa and then
decreased to 1.14 � 10�4 cm2 V�1 s�1 at 127 kDa (Table 3).
These measured values of both hole and electron mobilities are
comparable with previous reports for all-PSC devices containing
This journal is © The Royal Society of Chemistry 2020



Fig. 6 PNDIBS molecular weight (Mn) dependence of the space-
charge limited current (SCLC) charge carrier mobilities of PBDB-
T:PNDIBS blend films processed at the same optimal conditions used
to fabricate the all-PSC devices.

Table 3 Dependence of SCLC charge carrier mobilities of optimized
PBDB-T:PNDIBS blend films on acceptor polymer PNDIBS molecular
weight

Blend
melectron
(cm2 V�1 s�1)

mhole
(cm2 V�1 s�1) mhole/melectron

PBDB-T:PNDIBS
(21 kDa)

5.80 � 10�5 1.91 � 10�4 3.30

PBDB-T:PNDIBS
(52 kDa)

1.18 � 10�4 3.06 � 10�4 2.59

PBDB-T:PNDIBS
(55 kDa)

1.96 � 10�4 3.21 � 10�4 1.64

PBDB-T:PNDIBS
(66 kDa)

1.51 � 10�4 1.81 � 10�4 1.12

PBDB-T:PNDIBS
(90 kDa)

4.05 � 10�5 1.25 � 10�4 3.08

PBDB-T:PNDIBS
(127 kDa)

3.60 � 10�5 1.14 � 10�4 3.15

Fig. 7 AFM height images (2 mm � 2 mm) of PBDB-T:PNDIBS blend
films at various acceptor polymer PNDIBSmolecular weight. All active
layers were processed at the optimal conditions.
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the present donor and acceptor polymers.18 Further analysis
reveals that the blend charge transport becomes more
symmetric with the mh/me ratio approaching unity (mh/me ¼ 1.12–
1.64) around the optimal molecular weight range of 55–66 kDa
(Fig. 6). The poor electron and hole mobilities accompanied by
the highly asymmetric charge transport observed in the 90 kDa
and 127 kDa PBDB-T:PNDIBS blends is consistent with space-
charge effects and their observed inferior photovoltaic device
performance. It is also clear that the higher carrier mobilities
and more symmetric charge transport observed at the optimal
molecular weight range (Mn ¼ 55–66 kDa) are in good agree-
ment with the higher Jsc and FF values observed in the photo-
voltaic properties discussed earlier.
Surface and bulk morphology

The PNDIBS molecular weight Mn dependence of the surface
morphology of the PBDB-T:PNDIBS blend lms was
This journal is © The Royal Society of Chemistry 2020
investigated by atomic force microscopy (AFM) imaging (Fig. 7).
The PBDB-T:PNDIBS blend lms of increasing PNDIBS molec-
ular weight evolved from tightly spaced brils with small
domain sizes of around 24 nm in the 21 kDa to a well-connected
network of needle-like features having extended domains of
about 30–40 nm (52, 55, and 66 kDa) to featureless structures
with larger domains of approximately 50 nm (90 and 127 kDa)
(Fig. 7). Combining these observations with the earlier charge
photogeneration analysis, it can be concluded that the PBDB-
T:PNDIBS blends that exhibit intermediate domain sizes of
around 30–40 nm are more suitable for exciton dissociation and
charge generation. Although the much ner phase separation
seen in the 21 kDa blends could facilitate efficient exciton
diffusion and dissociation, the generated charges are more
likely to encounter one another and recombine prior to being
extracted and thereby limit the overall photogeneration rate. On
the other hand, the larger-scale phase separation in the 90 kDa
and 127 kDa blends could inhibit exciton diffusion to the
donor/acceptor blend interface and thus hamper the charge
photogeneration rate as well. These changes of the blend
surface morphology suggest two transition points from the less
aggregating (21 kDa) to crystalline and well-ordered domains
(52–66 kDa) and subsequently to the more amorphous and
highly disordered structures (90–127 kDa). The blend
morphology evolution with molecular weight parallel observa-
tions in the Mn dependencies of photovoltaic and charge
transport properties, where the highest efficiencies (PCEs) and
largest charge carrier mobilities occurred only in blends that
J. Mater. Chem. A, 2020, 8, 21070–21083 | 21079
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exhibit intermediate domain sizes and well-ordered crystalline
regions.

Two-dimensional (2D) grazing incident wide-angle X-ray
scattering (2D-GIWAXS) measurements were carried out on
the optimized PBDB-T:PNDIBS blend lms of various PNDIBS
molecular weights Mn. The 2D-GIWAXS images and the 1D line
cuts for the PBDB-T:PNDIBS blend lms are presented in Fig. 8
and those for the neat PBDB-T lms are given in Fig. S15.† All
blend lms exhibited pronounced (100) diffraction peaks in the
in-plane (IP) direction at qxy ¼ 0.25–0.27 Å�1 (Table S4†) which
are similar to the values observed in the neat acceptor polymer
thin lms.18 The higher order diffraction peaks (h00) which are
characteristic of highly ordered PNDIBS had disappeared,
which suggest that the polymer chain packing is less ordered
upon blending with the donor polymer PBDB-T. In the out-of-
plane (OOP) direction, a distinct (010) diffraction peak is
observed at qz ¼ 1.61–1.66 Å�1 (Table S4†) for all blend lms
except for the 66 kDa blend lm. Surprisingly, the (010) peak of
the 66 kDa blend lm shied to amuch lower qz of 1.52 Å

�1. The
presence of the sharp and intense (100) peak and (010) peak in
the IP and OOP directions (Fig. 8), respectively, strongly indicate
that the most crystallites in all of the PBDB-T:PNDIBS blends
preferentially adopt the face-on orientation. Moreover,
compared to the blend lms of other molecular weights, the 55
Fig. 8 PNDIBSmolecular weight dependence of 2D-GIWAXS data for PB
(a) 2D-GIWAXS patterns; (b and c) 1D line cuts of GIWAXS patterns in th
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kDa and 66 kDa blend lms exhibited extremely broad and
weak (100) diffraction peaks in the OOP direction. These results
suggest that among all of the blend lms, the highest pop-
ulation of face-on oriented crystallites can be expected in the 55
kDa and 66 kDa blend lms, which can explain their observed
better charge transport (me, mh, and mh/me) and their improved
photovoltaic parameters (Jsc, FF, and PCE).

The crystalline coherence length (Lc) estimated from the
Scherrer's equation for all PBDB-T:PNDIBS blend lms was
found to decrease from 7.8 nm in the PNDIBS-21 kDa blend
(Table 4) to a minimum value of 5.5 nm in PNDIBS-66 kDa
blend (Table 4) and then rises to 6.5 nm in the PNDIBS-127 kDa
blend (Table 4 and Fig. 9). Adding the Mn dependent photo-
voltaic efficiency to Fig. 9 shows that the PCE and blend Lc
trends are related, suggesting that there are perhaps three
distinct blendmorphology regions that impact the performance
of these all-PSCs devices. In the optimal Mn region of �55–66
kDa, the blend lm exhibits a phase-separated bi-continuous
morphology with intermediate nanocrystalline domains (Lc
�5.5–6.5 nm) that enable good mixing of the donor and
acceptor polymer counterparts, which in turn increases the
donor/acceptor interfacial area and hence facilitates large
exciton dissociation, charge photogeneration, and charge
transport for overall enhanced PCE, Jsc, and FF. On the lowerMn
DB-T:PNDIBS blend active layers processed at the optimal conditions:
e in-plane (IP) (b) and the out-of-plane (OOP) direction (c).
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Table 4 Summary of d-spacing, p–p distance, and crystalline
coherence length (Lc) derived from in-plane (IP) and out-of-plane
(OOP) line cuts in 2-D GIWAXS of blend thin films

Polymer
d-Spacing
(Å)

p–p
distance (Å)

Lc (nm)
(100) IP

PBDB-T 22.0 3.73 5.2
PBDB-T:PNDIBS (21 kDa) 23.5 3.85 7.8
PBDB-T:PNDIBS (52 kDa) 23.5 3.79 6.9
PBDB-T:PNDIBS (55 kDa) 23.5 3.85 6.5
PBDB-T:PNDIBS (66 kDa) 24.7 4.14 5.5
PBDB-T:PNDIBS (90 kDa) 24.1 3.85 6.2
PBDB-T:PNDIBS (127 kDa) 24.7 3.90 6.5

Fig. 9 Dependencies of the power conversion efficiency (PCE) of
PBDB-T:PNDIBS all-polymer solar cells and the blend crystal coher-
ence length (Lc) on the acceptor polymer PNDIBS Mn.
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side, the morphology is characterized by relatively large crys-
talline domains (Lc � 7–8 nm), which while enabling good
charge transport lacks sufficient donor/acceptor interfacial area
and charge photogeneration essential to achieve optimal
performance. At higher Mn (90–127 kDa), although the crystal-
line coherence length remains moderate (Lc �6.2–6.5 nm), the
morphology is dominated by large scale disordered micro-
structure evidenced by the featureless AFM images which
lacked microbrils (Fig. 7). Consequently, blend devices at
these higher Mn values suffered from severe bimolecular
recombination and space-charge effects mainly due to the poor
charge transport properties and lower charge extraction rate,
which explain the decrease in the photovoltaic properties (PCE,
Jsc, and FF).
Conclusions

We have synthesized six well-dened number-average molec-
ular weight (Mn) values (21–127 kDa) of the n-type semi-
conducting biselenophene-naphthalenediimide copolymer
(PNDIBS) via direct heteroarylation polymerization (DHAP) and
used them to investigated the inuence of polymer molecular
weight on the morphology, photophysics, charge transport, and
This journal is © The Royal Society of Chemistry 2020
photovoltaic properties of all-polymer solar cells (all-PSCs).
Both short-circuit current (Jsc) and power conversion efficiency
(PCE) of the PBDB-T:PNDIBS blend devices were found to
increase with increasing Mn until they peaked at an optimal Mn

of 55 kDa and thereaer decreased with further increases inMn.
The maximum and average PCE of 10.2% and 9.3%, respec-
tively, observed at the optimal Mn value of 55 kDa coincided
with optimal blend charge transport properties, blend photo-
physics, and blend morphology at this critical molecular
weight. At the optimal Mn, the blend morphology was charac-
terized by a bi-continuous network of 5.5–6.5 nm crystalline
domains with predominantly face-on molecular orientations
whereas on the higher Mn side a relatively disordered micro-
structure with larger scale phase separation was evident from
2D-GIWAXS and AFM imaging while a more nely packed
crystalline microstructure was observed at 21 kDa. In particular,
the observed decrease of photovoltaic parameters at higher Mn

could be explained by the larger scale phase separation,
decrease in electron mobility, severe bimolecular recombina-
tion, and formation of space-charge region. The sensitivity of
the all-PSC device efficiency to the active layer thickness was
found to depend on the acceptor polymer molecular weight. The
PCE of devices at around the optimalMn was relatively constant
with active layer thickness whereas at the higher Mn the effi-
ciency varied signicantly with layer thickness, suggesting the
potential of using the high molecular weight PNDIBS for semi-
transparent all-PSC applications. Overall, the results of this
study demonstrate the importance of tuning the molecular
weight of the polymer components to optimize the morphology,
charge transport, photophysics and efficiency of all-polymer
solar cells. The results also provide new insights on structure–
property relationships for the n-type semiconducting copolymer
PNDIBS.
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