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Recent advances in the development of non-fullerene acceptors have increased the power conversion

efficiency of organic solar cells to approximately 13%. Fullerene-derivatives and non-fullerene acceptors

possess distinctively different structural, optical and electronic properties, which also change the

requirements on the polymer donor in non-fullerene organic solar cells. Therefore, in this study, the

effect of the molecular weight of the conjugated polymer on the photovoltaic performance, charge

carrier mobility, crystallization properties, film morphology, and non-geminate recombination dynamics

is systematically investigated in polymer:small molecule organic solar cells using the low bandgap

polymer PTB7-Th as the donor and the non-fullerene indacenodithiophene-based small molecule O-

IDTBR as the acceptor. Among the examined polymer samples (50–300 kDa), high molecular weights of

PTB7-Th (with an optimum molecular weight of 200 kDa) are advantageous to achieve high efficiencies

up to 10%, which can be correlated with an increased crystallinity, an improved field-effect hole mobility

(1.05 � 10�2 cm2 V�1 s�1), lower charge carrier trapping and a reduced activation energy of charge

transport (98 meV). Bias-assisted charge extraction and transient photovoltage measurements reveal

higher carrier concentrations (1016 cm�3) and long lifetimes (4.5 ms) as well as lower non-geminate

recombination rate constants in the corresponding devices, supporting the high photocurrents (ca. 15.2

mA cm�2) and fill factors (>60%).
Introduction

Non-fullerene acceptors (NFAs) have attracted considerable
attention as an alternative to commonly used fullerene-based
acceptor materials over the last few years. In particular,
solution-processable small molecule electron acceptors have
contributed signicantly to the recent progress in the
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6–9516
emerging eld of organic photovoltaics with a power conver-
sion efficiency (PCE) exceeding 13%.1 These remarkable
advances with efficiencies already exceeding those of
fullerene-based organic solar cells can be related to the
various benecial aspects of non-fullerene electron acceptors
such as excellent charge transport, tunable optoelectronic
properties, and variable energy levels, which originate from
the rational molecular design by means of chemical modi-
cation and functionalization.1–5 Beside molecular design
considerations regarding both donor and acceptor species,
lm morphology and interfacial layer engineering have been
in the focus more recently.6–8

Bulk-heterojunction blend systems with complementary
absorption properties of donor and acceptor materials, perfectly
aligned energy levels, high charge carrier mobilities and favor-
able phase separation are essential for highly efficient photo-
voltaic devices. Because of the differences of polymer donors
and small molecule acceptors in terms of solubility, aggregation
behavior, and other physicochemical properties, considerable
attention needs to be drawn to the structure–property rela-
tionship of bulk-heterojunction blend systems in order to gain
fundamental understanding of the molecular interactions and
to improve the photovoltaic performance.
This journal is © The Royal Society of Chemistry 2018
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Fullerene-derivatives and non-fullerene acceptors have
signicantly different structural, optical and also electronic
properties. For example, the fullerene moiety of PCBM has an
isotropic conjugated spherical structure and shows a different
behavior in terms of charge carrier mobility and phase
separation/agglomeration compared to organic non-fullerene
acceptors, which exhibit anisotropic conjugated structures.
This also implies differences in p–p interactions between the
conjugated polymer and the acceptor.9,10

Li et al. already investigated differences in polymer:fullerene
and polymer:non-fullerene solar cells and found that the high
mobility of the conjugated polymer is considerably more
important in polymer:fullerene solar cells as the electron
mobility in the fullerene phase is typically higher than the hole
mobility in the polymer phase.11 On the other hand, due to the
intrinsically lower mobilities of NFAs compared to those of
fullerenes, the mobility of the conjugated polymer might not be
that critical in polymer:non-fullerene solar cells.

Notable efforts have been made to elucidate the role of the
polymer molecular weight in combination with fullerene
derivatives (e.g., PC61BM12–14 and PC71BM15–17) or polymeric
acceptor materials (e.g. P(NDI2OD-T2)18,19). It was found that the
molecular weight of the conjugated polymer is an essential
parameter affecting various crucial aspects such as charge
carrier mobility, molecular ordering and packing, optoelec-
tronic and physicochemical properties, lm morphology, and
photovoltaic performance.12–19 For example, conjugated poly-
mers with high molecular weights typically exhibit enhanced
absorption properties, improved charge carrier mobility values,
and a favorable lm morphology, which contributes positively
to the solar cell performance.17–21 However, the solubility in
common organic solvents is typically lower arising from
molecular aggregation and gelation, which causes issues in
terms of processability.13–15,22 In combination with fullerene
derivatives, the molecular weight dependence was rst investi-
gated by Schilinsky et al. using P3HT as the polymeric donor
species.12 Higher molecular weights of P3HT (>10 kDa) were
demonstrated to be benecial for obtaining high PCE values
due to improved optical absorption properties, enhanced
intermolecular ordering, and higher charge carrier mobility.12

By increasing the molecular weight further, a decrease in the
device performance was observed mainly originating from
changes in the blend lm morphology and reduced charge
carrier mobility values.23 An optimum regime was also reported
for other conjugated polymers in fullerene-based organic solar
cells.13,14 This highlights the importance of molecular weight
optimization of conjugated polymers in order to achieve high-
performance organic solar cells.

Despite the recent progress and enormous potential of non-
fullerene organic solar cells (NF-OSCs), the molecular weight
dependence of the conjugated polymer in blend systems with
non-fullerene acceptors has not been studied so far, even
though it cannot be assumed that the inuence of the molec-
ular weight of the conjugated polymer is similar in fullerene-
based and non-fullerene organic solar cells.

Therefore, we thoroughly investigated bulk-heterojunction
blends based on the polymeric donor PTB7-Th and the small
This journal is © The Royal Society of Chemistry 2018
molecule non-fullerene acceptor O-IDTBR, which can act as
a valuable model system to examine the molecular weight
dependence and provide guidance for various other material
combinations. PTB7-Th (poly[4,8-bis(5-(2-ethylhexyl)thiophen-
2-yl)benzo[1,2-b;4,5-b0]dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-
3-uorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl]), also
known as PCE-10, PBDTTT-EFT or PBDTT-FTTE, is a high-
performance donor–acceptor copolymer with a two-
dimensional conjugated structure consisting of benzo[1,2-
b;4,5-b0]dithiophene (BDT) units with 5-(2-ethylhexyl)thiophen-
2-yl side chains and uorinated thieno[3,4-b]thiophene (TT)
units modied with a branched 2-ethylhexyl carboxylate moiety,
which are used as donor and acceptor building blocks, respec-
tively (Fig. 1A). The polymer exhibits a low optical bandgap (ca.
1.58 eV),8,24–28 a comparably high charge mobility (ca. 10�3 cm2

V�1 s�1),27–31 good solubility in common organic solvents (e.g.,
chloroform, chlorobenzene, and ortho-dichlorobenzene),26,27

a moderate thermal stability (ca. 350 �C),25–27 and an excellent
photovoltaic performance in fullerene-based (e.g. PTB7-
Th:PC71BM)32–34 as well as fullerene-free (e.g., PTB7-Th:ITCT,35

PTB7-Th:COi8DFIC,36 and PTB7-Th:IDTBR:IDFBR37) organic
solar cells with PCE values up to 12.2%.36 The relatively low-
lying highest occupied molecular orbital (HOMO) energy level
of PTB7-Th (�5.24 eV)25 is favorable for realizing high VOC
values in comparison to other low bandgap polymers.26 The
indacenodithiophene (IDT)-based small molecule O-IDTBR
((5Z,50Z)-5,50-(((4,4,9,9-tetraoctyl-4,9-dihydro-s-indaceno[1,2-b:5,6-
b0]dithiophene-2,7-diyl)bis(benzo[c][1,2,5]thiadiazole-7,4-diyl))bis-
(methanylylidene))bis(3-ethyl-2-thioxothiazolidin-4-one)), recently
introduced by the McCulloch group,38 was examined as a non-
fullerene electron acceptor. O-IDTBR exhibits an acceptor–
donor–acceptor (A–D–A) structure consisting of an electron-
donating ladder-type fused ve-ring indaceno[1,2-b:5,6-b0]dithio-
phene core with an aliphatic n-octyl side chain, anked by two
benzothiadiazole moieties and two electron-withdrawing rhoda-
nine terminal groups (Fig. 1A). The small molecule acceptor has
been in the focus as a high-performance n-type semiconductor in
organic photovoltaics due to favorable absorption and charge
transport properties,39 reduced charge recombination losses,37,40

a low voltage loss,39,40 a promising stability under ambient
conditions,37,38 and an excellent photovoltaic performance
exceeding 11%.37,39

In the course of this study, we systematically investigated the
inuence of the molecular weight of PTB7-Th on the photo-
voltaic performance of polymer:small molecule NF-OSCs using
O-IDTBR as the electron acceptor. For this purpose, a series of
PTB7-Th polymers with different molecular weights were
examined including low (�50 kDa), medium (�100 kDa), high
(�200 kDa), and very high (�300 kDa) molar mass fractions.
The high molecular weights of PTB7-Th (with an optimum
molecular weight of 200 kDa) were found to be advantageous to
achieve high PCE values of almost 10%, while polymers with
lower and higher molecular weights exhibited signicantly
lower PCE values. In order to elucidate the origin of the
substantial differences in the solar cell performance, the
molecular weight dependence of the charge carrier mobility,
crystallization behavior and molecular packing, lm
J. Mater. Chem. A, 2018, 6, 9506–9516 | 9507
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Fig. 1 (A) Chemical structures of PTB7-Th and O-IDTBR (R¼ n-octyl). The fused five-ring indaceno[1,2-b:5,6-b0]dithiophene core is highlighted
in green. (B) Schematic representation of the examined bulk-heterojunction-type PTB7-Th:O-IDTBR solar cell in inverted architecture and (C)
the corresponding energy level diagram related to the vacuum level. The energy levels of PTB7-Th and O-IDTBR were adopted from the
literature.25,37
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morphology, and non-geminate recombination dynamics were
examined in detail.
Results and discussion
Photovoltaic performance

Bulk-heterojunction solar cells were fabricated in an inverted
architecture consisting of glass/ITO (indium tin oxide, ca. 140
nm)/ZnO (30–40 nm)/PTB7-Th:O-IDTBR (80–90 nm)/MoO3 (10
nm)/Ag (100 nm) using different molar mass fractions of PTB7-
Th (in the range between 50 kDa and 300 kDa) and
a donor : acceptor ratio of 1 : 1.5 by weight. A schematic
representation of the device architecture and the corresponding
energy level diagram are shown in Fig. 1B and C, respectively.
According to previous studies, the higher amount of O-IDTBR
within the active layer is suggested to compensate its lower
electron mobility (me ¼ 6.3 � 10�4 cm2 V�1 s�1)39 and is there-
fore benecial to obtain a more balanced charge carrier
mobility, to reduce space charge accumulation, and to improve
the solar cell performance.41

The current density–voltage (J–V) curves of PTB7-Th:O-IDTBR
solar cells under illumination and dark conditions are shown in
Fig. 2A, while the characteristic photovoltaic performance
parameters averaged over ten devices are summarized in Table 1.
The average efficiency signicantly improves with increasing the
molecular weight of PTB7-Th from 8.44 � 0.21% (50 kDa) to 9.57
� 0.25% (200 kDa) due to a higher photocurrent generation,
followed by a decline to 7.73� 0.18% for the very highmolecular
weight polymer (300 kDa) arising from substantially lower ll
factor (FF) values. The best performance was obtained using the
high molecular weight polymer (200 kDa) with a VOC of 1.00 V,
a JSC of 15.44 mA cm�2, a FF of 64.6%, and a PCE of 9.94%, which
are among the highest values for fullerene-based and fullerene-
free OSCs in the same device geometry using the low bandgap
polymer PTB7-Th as the donor.32,37 This remarkable performance
is mainly attributable to the reasonably high JSC and FF values
together with a low series resistance (RS, 6.0 U cm2) and
a comparably high shunt resistance (RSH, 0.8 kU cm2). By
comparing the individual photovoltaic performance parameters,
it is found that the VOC slightly decreases from 1.01 V (50 kDa) to
0.99 V (300 kDa), while the JSC value signicantly increases up to
about 15.2mA cm�2 for highermolecular weight polymers due to
enhanced charge mobility values typically found for polymers
with higher molar mass fractions (Fig. 2C, D and S1†).20,21 High
9508 | J. Mater. Chem. A, 2018, 6, 9506–9516
FF values above 60% were found for polymer samples up to 200
kDa, while a FF of only 52% was obtained with the very high
molecular weight polymer (300 kDa).

A similar trend in the photovoltaic performance has already
been reported for fullerene-based bulk-heterojunction solar cells
in the same architecture using PC71BM as the electron acceptor.8

Liao et al. found that the efficiency was improved with increasing
the molecular weight of PTB7-Th from 7.02% (78 kDa) to 7.64%
(124 kDa), followed by a decline for higher molar mass fractions
to 5.35% (375 kDa).8 The considerably enhanced performance of
the PTB7-Th:O-IDTBR solar cells compared to PTB7-Th:PC71BM-
based devices is attributable to a substantially higher VOC of
about 1.00 V compared to 0.79 V,8 which originates from the
high-lying lowest unoccupied molecular orbital (LUMO) energy
level of O-IDTBR (�3.9 eV),37,39,40,42 concomitant with a very small
voltage loss of only ca. 0.59 V.42 An optimum range of the
molecular weight was also found for other donor polymers (e.g.,
PTzBT-14HD,13 PBnDT-FTAZ,14 and P3HT23,43) in fullerene-based
bulk-heterojunction solar cells. For very high or very low
molecular weight polymers, however, solubility or processability
issues, high polydispersity indices, differences in lm
morphology evolution or the degree of crystallinity were reported
to have a detrimental effect on the device performance.13,14,43

The external quantum efficiency (EQE) spectra indicate
a broad and strong photoresponse in the spectral region from
400–800 nm with a plateau in the range of 550–700 nm along
with a shoulder at approximately 480–500 nm. A second
maximum is found in the lower wavelength region at about
430 nm (Fig. 2B). The EQE spectra are in good agreement with
the optical absorption properties of PTB7-Th (Table S1†). The
optical absorption coefficient a of thin polymer lms at the
absorption maximum (ca. 700 nm) is in the range of 105 cm�1,
and the optical bandgap (Eoptg ) determined from the absorption
onset is about 1.59 eV (Fig. S3 and S4†). Both values are in line
with the data reported in the literature; however, no notable
trend with regard to the polymer molecular weight was
found.8,24–28 The intensities of the EQE spectra are consistent
with the experimental JSC values. The higher EQE values of the
solar cells based on the higher molecular weight polymers
correlate well with the higher JSC values in these samples.
However, it should be noted that the EQE spectrum of the solar
cells implementing the 300 kDa polymer sample exhibits
a different shape with a more pronounced maximum at
a wavelength of about 580 nm.
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (A) J–V curves of PTB7-Th:O-IDTBR solar cells under illumination (full symbols, 1000 W m�2, AM 1.5 G) and dark conditions (empty
symbols) and (B) EQE spectra of the corresponding photovoltaic devices with different molecular weights of PTB7-Th. (C and D) Effect of the
molecular weight of PTB7-Th on the characteristic photovoltaic performance parameters (VOC, JSC, FF, and PCE) averaged over ten devices.
Dotted lines are drawn to aid the eye.
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Charge carrier mobility

To understand the origin of the substantial differences in the
photovoltaic performance depending on the differentmolecular
weights, in particular the decrease in efficiency for the 300 kDa
polymer, the charge carrier mobility of PTB7-Th was examined
using organic eld-effect transistor (OFET) devices in bottom-
contact bottom-gate conguration. Fig. 3A shows typical trans-
conductance characteristics, while the extracted eld-effect hole
mobility (mFETh ) values can be found in Table 2 and Fig. S5.† The
hole mobility gradually improves with increasing the molecular
weight of PTB7-Th from 6.2 � 10�3 cm2 V�1 s�1 (50 kDa) to 1.2
� 10�2 cm2 V�1 s�1 (300 kDa), which perfectly coincides with
the expectation that hole mobility values typically increase for
conjugated polymers with higher molecular weights.20 This
behavior is described in several studies to typically originate
from a higher effective conjugation length, an extended inter-
connectivity between relatively ordered polymer aggregates and
Table 1 Photovoltaic performance parameters of PTB7-Th:O-IDTBR so

Molecular
weight PDIa VOC [V] JSC [mA cm�2] FF [%

50 kDa ca. 2 1.01 � 0.01 13.5 � 0.3 62.1 �
100 kDa ca. 2 1.00 � 0.01 14.2 � 0.5 61.4 �
200 kDa ca. 3 1.00 � 0.01 15.2 � 0.5 63.0 �
300 kDa ca. 4 0.99 � 0.01 15.1 � 0.5 51.6 �
a Polydispersity index.

This journal is © The Royal Society of Chemistry 2018
a lower amount of terminal groups in high molecular weight
polymers.20,21,44,45 The highest eld-effect mobility values within
this study for the polymer with the highest molar mass fraction
(300 kDa) are about one order of magnitude higher than hole
mobilities derived from the space-charge-limited current
(SCLC) method in the literature (ca. 10�3 cm2 V�1 s�1).27–31

Comparing the hole mobility values with the obtained solar
cell parameters, the improved hole mobility for the higher
molecular weight polymer samples can be correlated to the
enhanced JSC values. However, the improved charge mobility
cannot explain the decline of FF and PCE values of the very high
molecular weight polymer sample (300 kDa). Rather than the
charge carrier mobility, the low FF and PCE values are suggested
to be resulting from the increased activation energy (Ea) in the
300 kDa polymer (142 � 7 meV), which was determined from
temperature-dependent eld-effect mobility measurements
(Fig. 3B). In case of the 200 kDa sample, we assume that the
improved performance can also be correlated with the Ea and
lar cells with different molecular weights of PTB7-Th

] PCE [%] RS [U cm2] RSH [kU cm2]

0.6 8.44 � 0.21 (max. 8.84) 7.8 � 0.7 0.53 � 0.21
1.4 8.68 � 0.23 (max. 9.08) 9.5 � 1.7 0.40 � 0.18
1.6 9.57 � 0.25 (max. 9.94) 6.0 � 0.7 0.81 � 0.34
1.3 7.73 � 0.18 (max. 8.09) 12.6 � 1.1 0.42 � 0.09

J. Mater. Chem. A, 2018, 6, 9506–9516 | 9509
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Fig. 3 Charge transport characterization of PTB7-Th thin films with different molecular weights in 20 mm OFETs. (A) Typical transconductance
characteristics (IDS–VGS) measured at a drain voltage of �40 V. (B) Field-effect mobility as a function of temperature of PTB7-Th thin films with
different molecular weights in the saturation regime measured at a drain voltage of �40 V. Dotted lines represent the Arrhenius-type depen-
dence log(m) f Ea/kBT.

Table 2 Field-effect transistor characteristics of PTB7-Th polymers

Molecular
weight mFETh

a [cm2 V�1 s�1] On/off ratio Vth
b [V] Ea

c [meV]

50 kDa 0.62 � 0.01 � 10�2 1.9 � 0.3 � 103 17.1 � 0.5 165 � 6
100 kDa 0.78 � 0.03 � 10�2 3.8 � 1.0 � 103 17.3 � 0.2 156 � 12
200 kDa 1.05 � 0.03 � 10�2 3.1 � 0.4 � 103 12.9 � 0.5 98 � 2
300 kDa 1.16 � 0.01 � 10�2 5.0 � 1.3 � 103 17.7 � 0.4 142 � 7

a Field-effect hole mobility. b Threshold voltage. c Arrhenius-type
activation energy.
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the threshold voltage (Vth). In OFETs, the injected charges rst
ll the traps, which are in the tail of the energy distribution of
states (EDS). The states in the tail of the EDS are protruding into
the energy gap of the polymer and are therefore less likely to act
as charge transporting states in hopping. Thus, the charge
transport process occurs only aer the injected charge starts to
occupy energetically more favorable electronic states in terms of
energetic overlap of transporting states. Hence, when the
measured Ea is low, the EDS tails comprise less states, which
could be considered as deep-traps. In this case, the Vth, which
reects the density of immobile charges in the active channel, is
also reduced. As can be seen in Table 2, the best-performing
polymer sample (200 kDa) exhibits a 26% lower Vth and 30%
lower Ea compared to the other polymers. Based on these data,
we can speculate that this correlation could potentially result
from the reduced trapping in PTB7-Th, which in turn reduces
charge accumulation and recombination losses in the solar
cells.
Fig. 4 Grazing incidence X-ray diffraction patterns of PTB7-Th thin
films with different molecular weights (Cu Ka radiation, l ¼ 1.5406 Å)
deposited on silicon substrates by spin coating from ortho-dichloro-
benzene solutions (normalized to layer thickness).
Grazing incidence X-ray diffraction

Grazing incidence X-ray diffraction (GIXRD) measurements of
polymer thin lms were performed in order to determine
possible differences in the aggregation properties, crystalliza-
tion behavior, and molecular packing. Fig. 4A shows the X-ray
diffractograms of PTB7-Th thin lms with different molecular
weights on silicon substrates spin-coated from ortho-
9510 | J. Mater. Chem. A, 2018, 6, 9506–9516
dichlorobenzene solutions with layer thicknesses of 70 �
15 nm. The major diffraction peak with a maximum at ca. 22.2�

2q, which corresponds to a d-spacing of about 4.00 Å, can be
attributed to intermolecular van der Waals interactions (C–H/
H–C) together with contributions from p–p stacking of the
polymer backbone.6,7,46 According to GIXRD and grazing inci-
dence wide-angle X-ray scattering (GIWAXS) measurements re-
ported in the literature, the diffraction peak can be correlated
with the (010) reection in the out-of-plane direction and is due
to the preferential alignment of the polymer in the face-on
orientation.6,7,46 Comparing the PTB7-Th thin lms with
different molecular weights, only negligible differences with
regard to the d-spacing distance can be observed (Table S3†),
which are in line with the values reported in the literature (d ¼
3.94–4.13 Å).7,25,46 However, it should be noted that the high
molecular weight polymer sample (200 kDa) exhibits a slightly
less compact packing (4.03 Å) compared to the other polymers
(ca. 3.96–4.02 Å). In addition, the intensity of the diffraction
peak at 22.2� 2q increases for higher molecular weight polymers
This journal is © The Royal Society of Chemistry 2018
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indicating an overall higher degree of crystallinity, which is
originating from a more pronounced correlation between the
polymer backbones. The highest crystallinity was found for the
200 kDa polymer sample, which supports the improved charge
transport properties and efficiency of the corresponding solar
cells. The slightly decreased crystallinity of the 300 kDa polymer
sample can be possibly explained by a more pronounced chain
entanglement, which hinders the p–p stacking interactions of
the polymer chain.19,23,44,47 Since a higher degree of chain
entanglement promotes trapping during intra- and inter-
molecular charge transport processes and thus induces
recombination losses, a negative effect on the photovoltaic
performance, in particular the FF values, can be expected.19,23
Morphological characterization

Since the morphology of the active layer, i.e., the nanometer-
scale phase separation of donor and acceptor domains, is
a crucial parameter affecting the photovoltaic performance of
bulk-heterojunction solar cells, the impact of the polymer
molecular weight on the lm morphology and phase separation
properties was investigated. For this purpose, the surface
morphology of PTB7-Th:O-IDTBR blend thin lms was exam-
ined via atomic force microscopy (AFM) measured in tapping
mode. The topography images of the blend thin lms reveal
a very smooth surface with a root-mean-square roughness (Rq)
in the range of 2.37–3.76 nm (Fig. 5A–D). The roughness
decreases for blend thin lms with higher molecular weight
polymers, also indicating reduced domain sizes in comparison
to their lower molecular weight analogs. The more pronounced
phase separation in the lower molecular weight polymer blends
might originate from a faster diffusion of donor and acceptor
molecules inducing the formation of distinct phase-separated
domains.18

A very low phase contrast is observed in the phase images
(Fig. 5E–H) as expected due to the rather similar chemical
Fig. 5 AFM topography images (A–D) and phase images (E–H) of PTB7-T
100 kDa (B and F), 200 kDa (C and G), and 300 kDa (D and H) of PTB7-T

This journal is © The Royal Society of Chemistry 2018
composition of the donor and acceptor in the blend, which
makes it difficult to draw additional conclusions from these data.
Nevertheless, the topography images reveal that the excellent
photovoltaic performance of the solar cells prepared with the
high molecular weight polymer (200 kDa) might not only be due
to the enhanced charge carrier mobility and higher crystallinity
but could also be inuenced by the favorable lm morphology of
the active layer with a less pronounced phase separation and
reduced domain sizes. Typically, a nely distributed, bicontin-
uous interpenetrating network of donor and acceptor domains
with an enhanced interfacial area is benecial for exciton disso-
ciation and charge carrier transport and thus can lead to higher
charge generation yields as well as an improved solar cell
performance. However, bulk-heterojunction systemswith smaller
domain sizes or disordered percolation pathways are also more
prone towards recombination losses due to the formation of
isolated domains without thoroughly interconnected pathways
acting as recombination sites, which can reduce the FF values
signicantly.19 Since no substantial differences are observable in
the AFM images of the blend thin lms of the higher molecular
weight polymers, we assume that the reduced FF value and lower
efficiency of the solar cells based on the very high molecular
weight polymer (300 kDa) originate from a higher degree of
recombination or differences in the charge recombination
dynamics, which could arise from the reduced crystallinity as
discussed before.
Non-geminate recombination dynamics

To study the effect of the molecular weight of PTB7-Th on the
non-geminate recombination behavior, bias-assisted charge
extraction (BACE) and transient photovoltage (TPV) measure-
ments were performed. Fig. 6A shows BACE photocurrent
transients that were recorded aer switching off the illumination
and simultaneously changing the external bias from open circuit
to an extraction voltage of�5 V. Integrating the transient current
h:O-IDTBR blend thin films with amolecular weight of 50 kDa (A and E),
h (image size: 2 � 2 mm).

J. Mater. Chem. A, 2018, 6, 9506–9516 | 9511
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with respect to time yields the carrier concentration n, which was
determined as a function of VOC by varying the light intensity
(Fig. 6B). For the PTB7-Th:O-IDTBR solar cells, the carrier
concentration at open circuit increases signicantly from low (50
kDa) to high molecular weight polymers (200 kDa) but then
decreases again for the very high molecular weight polymer (300
kDa). This trend is consistent with the steady-state photovoltaic
performance. In particular, the maximum carrier concentration
of the solar cells based on the 200 kDa polymer corresponds well
with the highest photocurrent and ll factor under one sun.

In addition, the carrier lifetime was determined using TPV
measurements. For this purpose, the illumination present
during the BACE experiment was superimposed with a light
pulse to add an extra amount of carriers Dn to the carrier
concentration n. Light intensities were chosen such that Dn �
n. It was found that the decay dynamics aer switching off the
pulse were mono-exponential with the small-perturbation life-
time sDn for all samples under investigation. Fig. 6C shows the
dependence of sDn on the total carrier concentration. At xed n,
the longest small-perturbation lifetimes were obtained for the
devices implementing the 200 kDa polymer. To evaluate the
overall carrier lifetime s, the relationship s ¼ (l + 1)sDn was
used,48 where l is an empirical parameter representing the slope
of the data in Fig. 6C. We nd that l varies between 3.2 and 4.1
for the samples investigated. The corresponding carrier lifetimes
under one sun are 3.0 ms (50 kDa), 2.8 ms (100 kDa), 4.5 ms (200
kDa) and 3.2 ms (300 kDa). Again, the lifetime is maximal for the
200 kDa polymer sample. It should be noted that the parameter l
Fig. 6 (A) BACE photocurrent transients measured at a light intensity clo
carrier concentration n as a function of VOC. (C) Small-perturbation life
tration n. Dotted lines indicate fits to a power law. (D) Non-geminate reco
n. The data shown in panels (B–D) correspond to four individual devices

9512 | J. Mater. Chem. A, 2018, 6, 9506–9516
is also characteristic of the apparent recombination mechanism,
since R(n) f nl+1, where R is the non-geminate recombination
rate of photogenerated charge carriers. Hence, it can be
concluded that the non-geminate recombination order in the
PTB7-Th:O-IDTBR devices is larger than 2, which is in agreement
with previous reports on similar systems.46,49 Such a behavior is
oen attributed to charge carrier trapping in exponential tail
states.50 This explanation would be consistent with the nding
that charge transport requires thermal activation (Fig. 3B).
However, assuming the relationship l ¼ Ea/kBT,50 there is
a quantitative disagreement with the energy values reported in
Table 2. The difference might be related to the fact that the
mobility was measured for pure PTB7-Th lms, while BACE and
TPV studies were performed on PTB7-Th:O-IDTBR blends. Hence,
it appears likely that the presence of the O-IDTBR acceptor alters
the density of states distribution of the polymer.

From the carrier lifetimes and concentrations, we calculated
the non-geminate recombination rate constant krec according to
krec ¼ 1/ns(n),51 as shown in Fig. 6D. The devices with the high
molecular weight polymer (200 kDa) exhibit much lower
recombination rate constants than the other samples. Never-
theless, in all cases, krec is reduced compared to the Langevin
rate constant, kL¼ q/3(me + mh), where q is the elementary charge
and 3 is the dielectric constant. Depending on the exact value of
the hole mobility, kL is in the order of 10�9 cm3 s�1. The
reduction is still valid if we consider only the minimum
mobility (here: the electron mobility), according to Koster
et al.,52 which would result in a recombination rate constant of 3
se to one sun and an extraction voltage of �5 V. (B) Extracted charge
time sDn determined from TPV measurements versus carrier concen-
mbination rate constant krec as a function of the carrier concentration
for each molecular weight of PTB7-Th.

This journal is © The Royal Society of Chemistry 2018
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� 10�10 cm3 s�1. Hence, it can be concluded from BACE and
TPV measurements that the molecular weight has only a little
effect on the recombination mechanism by itself (as indicated
by the similar values of l) but a large inuence on the recom-
bination strength. The best-performing polymer samples (200
kDa) were found to exhibit the lowest recombination rate
constants resulting in the highest carrier concentration and
carrier lifetime under normal operating conditions.

Conclusions

This study demonstrated a remarkable inuence of the molec-
ular weight of PTB7-Th on the photovoltaic performance of
PTB7-Th:O-IDTBR non-fullerene organic solar cells. It was
found that the performance change of polymer:non-fullerene
solar cells is not primarily governed by the charge carrier
mobility or the crystallinity of the conjugated polymer. Instead,
parameters like activation energy for carrier transport in the
conjugated polymer, carrier concentration and recombination
rate were identied to strongly inuence the performance.

Even though the highest charge carrier mobilities were
found for the 300 kDa polymer, the 200 kDa polymer showed the
highest efficiency in the solar cells. The reasons for this
behavior are (i) the 200 kDa polymer exhibited by far the lowest
activation energy, and (ii) the devices based on the 200 kDa
polymer had clearly the lowest recombination rate constants as
well as the highest carrier concentrations and carrier lifetimes.
This suggests that charge carrier trapping also plays a major
role in polymer:non-fullerene acceptor organic solar cells.

The presented results highlight the importance of the
molecular weight of polymers as a crucial factor for high-
performance NF-OSCs. Thus, besides the chemical design of
the polymer, the optimum molecular weight fraction has to be
found as well in order to promote further advances in the eld
of polymer-based photovoltaics.

Experimental section
Chemicals and materials

PTB7-Th (low, medium, high and very high molecular weight,
50–300 kDa) and O-IDTBR were provided by 1-Material Inc. ITO-
coated glass substrates (15� 15mm, 15 U sq�1) were purchased
from Lumtec; zinc acetate dihydrate (Zn(CH3COO)2$2H2O,
$99.5%) was obtained from Fluka; 2-propanol ($99.8%) was
procured from Roth; 2-methoxyethanol (99.8%, anhydrous),
ethanolamine ($98%), ortho-dichlorobenzene (99%), chloro-
form ($99.9%), molybdenum(VI) oxide (99.98%, trace metals
basis) were purchased from Sigma-Aldrich; silver (99.99%) was
obtained from Kurt J. Lesker Company Ltd. All chemicals were
used as received without further purication.

Fabrication of non-fullerene organic solar cells

Pre-patterned ITO-coated glass substrates were cleaned by
sonication in 2-propanol (60 min, 40–50 �C) and oxygen plasma
treatment (FEMTO, Diener Electronic, 3 min). ZnO thin lms
acting as the electron transport layer were derived from a sol–gel
This journal is © The Royal Society of Chemistry 2018
reaction of a zinc oxide precursor solution.53 The zinc oxide
precursor was prepared by dissolving zinc acetate dihydrate
(0.5 g, 2.3 mmol) in 2-methoxyethanol (5 mL) using ethanol-
amine (150 mL, 2.5 mmol) as the stabilizer.53 The solution was
vigorously stirred overnight under ambient conditions for the
hydrolysis reaction, followed by ltration through a 0.45 mm
PTFE syringe lter before spin coating (4000 rpm, 30 s). The
ZnO lms were annealed under ambient conditions (150 �C, 15
min) to achieve layer thicknesses in the range of 30–40 nm.
PTB7-Th was dissolved in ortho-dichlorobenzene at 70 �C,
blended with O-IDTBR in a 1 : 1.5 (w/w) donor : acceptor ratio
(20.0–37.5 mg mL�1 total concentration), and spin-coated to
obtain active layer thicknesses in the range of 80–90 nm. A
molybdenum(VI) oxide anode interfacial layer (10 nm, deposi-
tion rate: ca. 0.1–0.2 Å s�1) and a silver anode (100 nm, 0.1–1.0 Å
s�1) were deposited by thermal evaporation under reduced
pressure (ca. 10�5 mbar) through a shadow mask, dening the
active area (9 mm2).
Solar cell characterization

J–V curves were recorded under illuminated and dark condi-
tions in an inert atmosphere using a Keithley 2400 source meter
and a Dedolight DLH400D xenon lamp (1000 Wm�2, AM 1.5 G),
which was calibrated with a standard reference silicon solar cell
(Fraunhofer ISE). A metal mask (2.9 � 2.9 mm) was used to
dene the illuminated area to be 8.41 mm2. The solar cells were
illuminated continuously for 5–10 min (1000 W m�2, AM 1.5 G)
prior to the measurement of the J–V curves (Fig. S2†). Photo-
voltaic characteristic parameters such as VOC, JSC, FF, and PCE
were determined from the J–V curves under illumination and
were averaged over ten devices. Series (RS) and shunt (RSH)
resistance values were extracted from the J–V curves under
illumination. EQE measurements were performed under
ambient conditions using a MuLTImode 4-AT monochromator
(Amko) equipped with a 75 W xenon lamp (LPS 210-U, Amko),
a lock-in amplier (Stanford Research Systems, Model SR830),
and a Keithley 2400 source meter. Themonochromatic light was
chopped at a frequency of 30 Hz, and constant background
illumination was provided by white light-emitting diodes
(LEDs). The EQE spectra were measured in the wavelength
range of 350–1000 nm (increment: 10 nm). The measurement
set-up was spectrally calibrated with a reference photodiode
(Newport Corporation, 818-UV/DB).
Thin lm characterization

Absorption spectra were recorded on a UV-1800 UV-vis spec-
trophotometer (Shimadzu) in the range of 350–1000 nm.
Absorption coefficients were determined from thin lms
deposited by spin coating from ortho-dichlorobenzene solu-
tions. Surface prolometry measurements were performed on
a DektakXT stylus surface proling system (Bruker) equipped
with a 12.5 mm-radius stylus tip in order to determine the layer
thickness of the thin lm samples. Line scans were recorded
over a length of 1000 mm, with a stylus force of 3 mg, and
a resolution of 0.33 mm pt�1. Layer thickness values were
J. Mater. Chem. A, 2018, 6, 9506–9516 | 9513
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derived from two-dimensional surface proles using Vision 64
soware (Bruker).

Charge carrier mobility

Organic eld-effect transistors with a bottom-contact bottom-
gate conguration (IPMS Fraunhofer Institute) were used con-
sisting of n++-Si substrates with 230 nm of thermally grown SiO2

as the gate dielectric (15 nF capacitance Ci) and pre-patterned
pairs of gold electrodes with an interdigitated geometry as the
source and drain. The channel length and width were 20 mm
and 10 mm, respectively. PTB7-Th thin lms were spin-coated
from ortho-dichlorobenzene to achieve layer thicknesses of
60 nm. For each polymer sample, four different OFETs were
characterized. All solutions, samples and devices were prepared
and measured in a N2-lled glovebox with H2O and O2 levels
below 10 ppm to avoid oxidative doping of the materials and
ensure reproducibility of the experiments. The device charac-
teristics were measured by contacting the source, drain and gate
electrodes and applying different voltages to obtain trans-
conductance (IDS–VGS) graphs. All measurements were per-
formed using Keithley devices (Keithley 2400 source meter and
Keithley 6487 picoammeter). Each IDS–VGS graph (transfer
curve) was constructed by sweeping the gate voltages from +40 V
to �40 V and back to +40 V, with one measurement every 2 V.
The drain voltage was either �5 V (linear regime) or �40 V
(saturation regime). Transfer curves were plotted and tted to
extract the value of the mobility (m) and the threshold voltage
(Vth). The transfer curves IDS–VGS were used to extract the value
of the ION/IOFF ratio by dividing the value of the observed current
in the saturation regime when the transistor is on (VGS ¼�20 V)
by the value of the current when the transistor is off (VGS ¼ +20
V). Experimental data were analyzed using standard eld-effect
transistor equations. For temperature-dependent eld-effect
mobility measurements, the device characteristics were
measured by sweeping the temperature from �20 �C to 60 �C
and back from 50 �C to�10 �C using a temperature step of 20 �C
with the device temperature being controlled using a Peltier
element. Details of the calculation of the Arrhenius-type acti-
vation energy (Ea) are provided in the ESI.†

Grazing incidence X-ray diffraction (GIXRD)

XRD measurements of PTB7-Th thin lms deposited on silicon
substrates were performed on a PANalytical Empyrean diffrac-
tometer (Cu Ka radiation, l ¼ 1.5406 Å) in grazing incidence
conguration in coplanar geometry using a xed incidence
angle of 0.29� well above the critical angle of the polymer
measured at 0.171�. The scattered intensity was measured with
a PIXcel3D 1 � 1 detector in scanning line mode.

Atomic force microscopy (AFM)

Surface morphology and roughness measurements of the PTB7-
Th:O-IDTBR lms on glass/ITO/ZnO substrates were performed
on a Veeco Multimode Quadrax MM atomic force microscope
(Bruker) in tappingmode using non-coated Si-cantilevers (NCH-
VS1-W, NanoWorld AG) with a resonance frequency of 291 kHz
and a force constant of 42 N m�1. All measurements were
9514 | J. Mater. Chem. A, 2018, 6, 9506–9516
acquired at room temperature under ambient conditions. Root-
mean-square roughness calculations and image processing
were done using Nanoscope soware (V7.30r1sr3, Veeco).
Bias-assisted charge extraction (BACE) and transient
photovoltage (TPV)

Carrier concentrations were estimated using the BACE tech-
nique, which is described elsewhere.54 In brief, the samples
were illuminated with a Seoul P4 LED (wavelength: 625 nm)
until reaching the steady state. During illumination, the
samples were held at a xed bias, which corresponds exactly to
the VOC at the given light intensity. The bias was applied using
a pulse generator (Agilent 81150A). When the LED was switched
off (fall time <200 ns), the applied voltage was simultaneously
changed to the reverse direction to accelerate the charge carrier
extraction. The current transient resulting from the extraction
process was recorded with a digital storage oscilloscope (Tek-
tronix DPO7104) using an input impedance of 50 U. To account
for the parasitic capacitance of the samples, the experiment was
repeated without illumination using the same voltage step and
zero pre-bias. The original signal was then corrected with the
signal from the dark measurements. The charge carrier

concentration n was calculated via n ¼
ð
jðtÞdt=ðqAdÞ, where j(t)

is the corrected current density, q is the elementary charge, A is
the device area, and d is the thickness of the active layer. For
TPV measurements, the constant illumination by the LED was
superimposed with a light pulse of low intensity. The decay of
the open-circuit voltage aer switching off the pulse was
recorded with the oscilloscope (input impedance: 1 MU). The
experiment was repeated for different values of VOC, corre-
sponding to different intensities of the continuous illumina-
tion. Voltage transients were tted to DVOC f exp(�t/sDn) to
yield the small-perturbation lifetime.
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J. M. J. Fréchet, Adv. Mater., 2003, 15, 1519.

21 R. Noriega, J. Rivnay, K. Vandewal, F. P. V. Koch, N. Stingelin,
P. Smith,M. F. Toney and A. Salleo,Nat. Mater., 2013, 12, 1038.

22 M. Koppe, C. J. Brabec, S. Heiml, A. Schausberger, W. Duffy,
M. Heeney and I. McCulloch, Macromolecules, 2009, 42,
4661.

23 A. M. Ballantyne, L. Chen, J. Dane, T. Hammant, F. M. Braun,
M. Heeney, W. Duffy, I. McCulloch, D. D. C. Bradley and
J. Nelson, Adv. Funct. Mater., 2008, 18, 2373.
This journal is © The Royal Society of Chemistry 2018
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