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Very recently, organic solar cells (OSCs) have achieved outstanding scientific results with a power

conversion efficiency (PCE) of over 16%. However, it is rarely reported on how molecular weight (Mn) of

polymer donors affects the solar cell performances. In this work, the wide bandgap polymer donor J51

with different Mn from 8 to 36 kDa were synthesized and used for fabrication of J51:PC71BM devices. It

was found that the PCEs were gradually on the increase with the increased molecular weight of J51

donor. This work demonstrated the relationship between devices performance and polymer molecular

weight, which enriched the OSCs research content. It provides valuable reference information that

optimal molecular weight of polymer donors should be limited in what is considered the applicable range.
Introduction

Organic solar cells (OSCs) are getting more and more attention
because of the increasingly serious environmental pollution of
the past decades. Compared to inorganic Si solar cells, OSCs
possess outstanding advantages such as low-cost, lightweight,
solution process-ability and fabrication on large/exible
substrates.1–3 The typical OSCs' bulk heterojunction (BHJ)
structure has been considered as the most perspective structure
which is studied and used extensively by far.4 The BHJ solar
cells consist of conjugated polymers as donors and fullerene/
non-fullerene derivatives as acceptors. At present, P2F-
EHp:BTPTT-4F-based single junction OSCs displayed a PCE
record of over 16% attributed to a ne phase-separated
morphology, which is very close to commercialized inorganic
solar cells.5 The rapid developments of OSCs mainly depend on
optimization of donor and acceptor materials' pair, device
structure and interfacial engineering.6–8 In brief, continuous
evolution of donor and acceptor materials have contributed for
the advance of BHJ solar cells. The performance of BHJ devices
is deeply affected by light absorption, HOMO and LUMO energy
levels, solubility and morphology.9–12 Fullerene acceptors such
as PC61BM and PC71BM played an important role in the devel-
opment of OSCs.13–17 PC61BM and PC71BM have excellent charge
mobility, deep HOMO/LUMO levels and isotropic proper-
ties.18–20 For a long time, researchers sought for all kinds of
polymer donors to match with fullerene acceptors, especially
low band gap conjugated polymers.21–24 Molecular weight is one
of the most important parameter for polymer donors because
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molecular weight directly inuences optical-electricity prop-
erty, solubility and the morphology of the active layer.25–31

Relatively little efforts have been made to reveal how polymer
molecular weight affects the device performance in OSCs, as it
is difficult to control the polymer molecular weight well during
the synthesis. With the increase of PBTIBDTT-S’ Mn from 12 to
38 kDa, the PCEs of PBTIBDTT-S:PC71BM devices gradually
increased due to the large improvement in Jsc and slight
enhancement in FF.32 The performance of PTB7-Th:PNDITF4T
improved successfully with enhanced PNDITF4T Mn from 22
to 87 kDa while drastically reduced with Mn over 167 kDa. The
too high Mn of polymer acceptor showed liquid–liquid phase
separation leading to augmented exciton recombination.33

Hence, it is possible to infer that the performance of BHJ
devices does not always improve with increasing molecular
weight of donor or acceptor. The famous D–A type copolymer
PBDT–FBTA (J51) was rst reported by Li's group.34 The OSCs
based on J51:PC71BM blends with 5% DIO obtained
a maximum PCE of 6.0%. In this work, we synthesized a series
of polymer J51 with different Mn of 8, 16, 21 and 36 kDa. The
relationship between polymer molecular weight and perfor-
mance of OSC devices was studied by preparing OSCs with J51
as donor and PC71BM as acceptor. It was found that, when the
molecular weight of polymer J51 was increased, the open circuit
voltage (VOC) of corresponding device slightly increased, while
the short circuit current (JSC) and ll factor (FF) were gradually
enhanced. The gradually enhanced PCE is attributed to the
enhanced light harvest ability, reduced carrier recombination
and superior morphology of active layer.34,35 Our work revealed
the dependence of device performance on polymer molecular
weight in polymer OSCs and demonstrated the importance of
suitable Mn in achieving high performance fullerene OSCs,
which would benet for the breakthrough in PCEs for fullerene
OSCs (Fig. 1).
RSC Adv., 2019, 9, 14657–14661 | 14657
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Fig. 1 The synthesis of four polymer J51 with different Mn.
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Results and discussion

All OSCs based on J51:PC71BM were fabricated in an inverted
architecture using different molecular weight of J51 (in the
range between 8 kDa and 36 kDa). Details of device fabrication
are provided in the Experimental section. Here, polymer J51
with different molecular weight from 8 to 36 kDa is further
studied and the absorption spectra of single J51 solutions in
chloroform are shown in Fig. 2a. The J51 polymer is known as
a wide band polymer. When molecular weight increased, J51
polymers showed distinctly red-shi in Fig. 2a. It can be
observed that the peaks of absorption was red-shied from
529 nm of J51-8kDa to 601 nm of J51-36kDa. The gradually
improved absorption of J51 with amolecular weight range ofMn

from 8 to 36 kDa indicated the enhanced molecular p–p

stacking.36–38 The gradually enhanced absorption coefficient
contributes to the higher JSC furtherly.39 The absorption spectra
of single J51 lms are shown in Fig. 2b. It was found that the
peaks of absorption was red-shied from 442 nm of J51-8kDa to
521 nm of J51-36kDa. Compared to the absorption in solution,
the peaks of absorption was relatively blue-shied, which may
result from their unique H-aggregation-induced interchain
packing in the solid state.

The current density–voltage (J–V) curves of J51:PC71BM
blends under illumination are shown in Fig. 3 and the
photovoltaic performance parameters are summarized in
Table 1. The best performance was obtained when used J51-
36kDa as donor with a VOC of 753 mV, a JSC of 12.18 mA
Fig. 2 The absorption spectra of the pure J51 with different Mn both in

14658 | RSC Adv., 2019, 9, 14657–14661
cm�2, a FF of 65.06%, and a PCE of 5.97%. This excellent
performance is mainly attributable to the reasonably high JSC
and FF values together. Based on the results, the device PCE
performance signicantly improves with increasing the
molecular weight of J51 from 1.56% (J51-8kDa) to 5.97% (J51-
36kDa) due to increased photocurrent generation. By
comparing the device performance parameters, it is found that
the VOC value slightly increases from 720 mV (J51-8kDa) to
753 mV (J51-36kDa), while the JSC and FF prominently increase
from 5.42 to 12.18 mA cm�2 and 39.89% to 65.06%, respec-
tively, because of the higher molar mass fractions, the higher
charge mobility.40,41

The surface morphology of optimal J51:PC71BM blends on
ZnO-coated ITO was examined via atomic force microscopy
(AFM) and measured in tapping mode (as shown in Fig. 4). As
for J51-8kDa and J51-16kDa blend lms, relatively rough
surfaces were observed with similar RMSs of 2.07 and 1.31 nm,
leading to poor device performances, respectively. For J51-
21kDa blend lm, good smooth surface was exhibited with
small RMS of 1.22 nm. While for the blend lm based on J51-
36kDa, ultra-ne and homogeneous nanocrystals were
surveyed with the minimum RMS of 1.15 nm, which was
attributed to the highest crystallinity of active layer among these
four polymers with different molecular weight. So the rough-
ness of blend thin lms was decreased and domain size was
reduced when the polymer's molecular weight was improved.
The smaller the roughness for blend lms, the higher the effi-
ciency of blend devices.
(a) chloroform solution and (b) film state.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 J–V curves of J51:PC71BM solar cells under illumination.

Table 1 Photovoltaic parameters of OSCs based on J51:PC71BM

Polymer Mn [kDa] VOC [mV] JSC [mA cm�2] FF [%] PCE [%]

J51-8kDa 8 720 5.42 39.89 1.56
J51-16kDa 16 724 8.35 58.20 3.52
J51-21kDa 21 730 9.31 61.85 4.20
J51-36kDa 36 753 12.18 65.06 5.97
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Experimental section
Chemicals and materials

We strictly controlled both molar ratio of BDT-di-tin and FBTA,
as well as reaction time to synthesize four polymer J51 with
different Mn.

All J51 polymers (J51-8kDa, J51-16kDa, J51-21kDa and J51-
36kDa) were synthesized via Stille coupling reaction as
showed in synthesis part. ITO-coated glass substrates with
specication of 12� 12 mm2 were used for devices. Zinc acetate
dihydrate (Zn(CH3COO)2$2H2O, $99.5%), 2-methoxyethanol
(99.8%, anhydrous) and molybdenum(VI) oxide (99.98%, trace
metals basis) were obtained from Sigma-Aldrich. Ethanolamine
(98%) was purchased from Sigma-Aldrich. Silver (99.99%) was
obtained from Zhongnuo. Chloroform was obtained by distil-
lations with calcium chloride to dry in advance. Building block
4,7-bis(5-bromothiophen-2-yl)-2-(2-butyloctyl)-5,6-diuoro-2H-
benzo[d][1,2,3]triazole (FBTA) and BDT di-tin monomer were
synthesized according to literature. Except for J51 with different
Fig. 4 AFM topography images (a–d) of J51:PC71BM blend thin films with
size: 5 � 5 mm2).

This journal is © The Royal Society of Chemistry 2019
Mns and chloroform, all the other chemicals were used as
received without further purication.
Synthesis of J51 polymers

Synthesis of J51-16kDa: compound FBTA (117.8 mg, 0.2 mmol)
and BDT di-tin (214.5 mg, 0.19 mmol) were added into a 25 mL
Shrek tube with 10 mL of anhydrous toluene, aer nitrogen
bubbled for 0.5 h, Pd(PPh3)4 (11.6 mg, 0.01 mmol) was added
under the oxygen-free environment, then the reaction mixture
was heated to 110 �C and stirred for 72 h under the nitrogen
atmosphere, and then an excess amount of trimethyl(thienyl)tin
and bromobenzene were added to end-cap the bromo and tri-
methylstannyl groups, respectively. Stopped stirring and cooled
down to room temperature, the reaction mixture was dropped
into 200 mL of methanol solution and stirred for 1 h, then
ltered. The precipitate was collected and puried by the
Soxhlet extraction with methanol and acetone, followed by
chloroform for 24 h, respectively. The chloroform fraction was
concentrated under reduced pressure and then added into
methanol solution dropwised. The precipitate was collected and
dried in vacuum to yield a solid (153.4 mg, 65.5%). GPC (DCB at
120 �C): Mn ¼ 16 kg mol�1, Mw ¼ 22 kg mol�1, PDI ¼ 1.38.

The synthesis of J51-8kDa followed the same procedure for
J51-16kDa except the reactants were stirred under reex for 20
hours with yield ratio of 31.5%. GPC (DCB at 120 �C):Mn ¼ 8 kg
mol�1, Mw ¼ 13 kg mol�1, PDI ¼ 1.63.

The synthesis of J51-36kDa followed the same procedure for
J51-16kDa except the ratio of FBTA : BDT di-tin equals exactly to
1, the yield ratio is about 86.7%. GPC (DCB at 120 �C): Mn ¼ 36
kg mol�1, Mw ¼ 48 kg mol�1, PDI ¼ 1.33.

The synthesis of J51-21kDa followed the same procedure for
J51-36kDa except the reactants were stirred under reex for 48
hours with yield ratio of 53.8%. GPC (DCB at 120 �C):Mn¼ 21 kg
mol�1, Mw ¼ 27 kg mol�1, PDI ¼ 1.29.
Device fabrication and characterization

The OSCs were fabricated in an inverted architecture of glass/
ITO/ZnO (40 nm)/active layer/MoO3 (10 nm)/Ag (90 nm). Glass
substrates were pre-patterned with ITO and cleaned by sonica-
tion in detergent, deionized water, acetone, and isopropanol
before ozone plasma treatment (10 min). A layer of ZnO (from
solution of 100 mg 2H2O$Zn(OAc)2 in 28 ml ethanolamine and
J51-8kDa (a), J51-16kDa (b), J51-21kDa (c), and J51-36kDa (d) (image

RSC Adv., 2019, 9, 14657–14661 | 14659
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1 mL 2-methoxyethanol), was obtained by spin-coating onto the
ITO substrate at 4000 rpm for 40 s, followed by annealing at
200 �C for 60 min in air. The active layer was formed by spin-
coating chloroform solution, containing a blend of J51 with
PC71BM in 1 : 1 weight ratios. 1,8-Diiodooctane (DIO) with 5%
volume ratio was added to the chloroform solutions and stirred
at 40 �C overnight before use. Finally, a MoO3/Ag anode elec-
trode was deposited in vacuum onto the active layer through
a shadow mask at a pressure of ca. 5 � 10�4 Pa. The active area
of the device was estimated at 4 mm2. The J–V characteristics
were measured using a Keithley 2400 source meter under
AM1.5G (100 mW cm�2) irradiation with an Oriel Instruments
Xenon lamp calibrated to a Si reference cell to correct for
spectral mismatch.

Conclusions

This work demonstrated an obviously inuence of the molec-
ular weight of J51 on the photovoltaic performance of
J51:PC71BM based organic solar cells. The PCEs gradually
increased from 1.56% to 5.97% with the molecular weight
changed from 8 to 36 kDa due to the substantial increment in
JSC and FF, while the VOC remained very similar to each other.
The optical absorption, morphologies and photovoltaic prop-
erties were systematically investigated. These test results
enhance the importance of the molecular weight of polymers as
an important factor for high performance OSCs. Hence, except
for the chemical structure design of the polymer donors or
acceptors, the optimal molecular weight fraction should also be
considered in order to promote further development of
polymer-based organic solar cells.
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