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We have investigated the effect of polymer molecular weight (MW) on the morphology and
efficiency of bulk heterojunction (BHJ) solar cells comprised of poly[(4,40-bis(2-ethyl-
hexyl)dithieno[3,2-b:20,30-d]silole)-2,6-diyl-alt-(5,50-thienyl-4,40-dihexyl-2,20-bithiazole)-
2,6-diyl] (Si-PCPDTTBT) and [6,6]-phenyl C61 butyric acid methyl ester (PCBM). Striking
morphological changes are observed in BHJ films upon the change of the polymer MW.
Atomic force microscopy and transmission electron microscopy studies suggest that high
MW polymer generated high degree of phase separation, leading to formation of an inter-
penetrating network for carrier transport. The X-ray diffraction investigation indicated that
increased p–p stacking in Si-PCPDTTBT with increasing polymer MWs results in an
increase in hole mobility of Si-PCPDTTBT and electron mobility of PCBM as well as the
red shift absorption spectrum in BHJ films. The solar cells based on PCBM with high-MW
Si-PCPDTTBT deliver power conversion efficiencies of 3.33%.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

As the need for renewable energy sources becomes more
and more urgent, the study of photovoltaic energy conver-
sion is attracting increasing interest, and state-
of-the-art organic photovoltaic cells (OPVs) have gained
more and more attention from academia and industry be-
cause of their substantial future prospects such as low-cost,
flexible, and large area applications. Since the invention of
the first bulk heterojunction (BHJ) structure through the
blending of conjugated polymers as electron donors and
fullerene derivatives as electron acceptors [1], the power
conversion efficiency of organic solar cells have been dra-
matically enhanced because excitons can be generated
within diffusion length. Although the BHJ provides a large
. All rights reserved.
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interface for exciton separation, the efficiency is still lim-
ited by the carrier recombination in isolated pockets, low
carrier mobility and the space charge effect due to unfavor-
able morphology in such structure. To solve above prob-
lems, many approaches, such as thermal annealing [2–4],
solvent annealing [5–7], processing additives [8–10] and
interface engineering [11–25] have been devoted to form
bicontinuous nanophase morphology to increase exciton
dissociation and carrier transport. Besides improving
through process engineering, the development of film mor-
phology also relates to continuous improvements in the
polymer itself, such as solubility [26], average MW [27–
29], and chemical architectures [30]. Therefore, under-
standing the determining factors of the film morphology
is a key to improve the performance of BHJ solar cells.

Compared with small molecules, photovoltaic devices
fabricated from polymers are much incontrollable by
virtue of the variation from MW and polydispersity index.
In order to obtain the cell performance with small
variation, precisely controlling the polymer MW is crucial
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Scheme 1. Synthetic Route of Si-PCPDTTBT Copolymer.
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for device optimization. More importantly many re-
searches have been reported that the film morphology
and carrier mobility are significantly affected by the MW
of poly(3-hexylthiophene) (P3HT) [31–33]. For example,
Heeger et al. found that the optimum annealing tempera-
ture for bulk heterojunction material is related to the
MW of P3HT [31]. The devices made of higher MW P3HT
exhibits higher performance because of the persistence
conjugation length of polymer chain and the proper inter-
connections within bicontinuous network. However, P3HT
is not the ideal polymer due to its relatively large bandgap.
It is essential to obtain low band gap material so light-har-
vesting abilities of polymers can be enhanced to improve
BHJ device efficiencies. One successful approach to low
bandgap materials involved donor–acceptor (D–A) copoly-
mers, in which electron-rich units and electron-deficient
moieties are integrated into a single conjugated polymeric
system. Furthermore, replacing the bridge carbon atom in
cyclopentadithiophene (CPDT)-based copolymers with a
silicon atom has been shown to be an efficient way to im-
prove solar cell performance [34–36]. The silole-based
polymer is found to feature better crystallinity, lower
bimolecular recombination, favorable morphology and
higher carrier mobility compared with its carbon counter-
part. While D–A copolymers have been developed for effi-
cient BHJ solar cells, the differences in their MW and their
impact on the film morphology and the opto-electronic
properties have not been thoroughly addressed. In
this article, we investigated the influence of MW on
various optical and physico-chemical properties of
Si-PCPDTTBT:PCBM films. We have also correlated the
morphology and exciton lifetime distribution for the Si-
PCPDTTBT:PCBM films with various MWs. Finally, the pho-
tovoltaic performances of the devices based on the hybrids
with different MWs are also presented.
Table 1
2. Experimental

2.1. Material

Monomers M1 and M2 were synthesized according to a
reported procedure [36], and the characterization is de-
scribed as follows. The synthetic route of copolymer Si-
PCPDTTBT is shown in Schemes 1, and the procedure is de-
scribed as follows:

M1. Yield: 65%. 1H NMR: d 7.03 (d, 2H), 6.92 (d, 2H),
2.86 (t, 4H), 1.72 (m, 4H), 1.40–1.15 (m, 12H), 0.86
(t, 6H). EI-MS: m/z 656. M2. Yield: 92%. 1H NMR: d 7.06
(s, 2H), 1.68 (m, 2H), 1.4–1.13 (m, 16H), 0.90 (t, 6H), 0.83
(t, 6H), 0.74 (m, 4H), 0.32 (s, 18H).
Summary of the MWs, polydispersities (PDI) and yields of Si-PCPDTTBT
samples in this study.

Sample of
Si-PCPDTTBT

Reaction
Time (hours)

Mn
a

(kg/mol)
Mw

a

(kg/mol)
PDI Yield

(%)

Low MW 6 6.3 12.2 1.93 61
Medium MW 10 12.7 15.7 1.23 55

24 22.9 27.3 1.19 57
High MW 48 33.6 38.9 1.15 56

a Molecular weights and polydispersity were measured by GPC, using
THF as an eluent, polystyrene as a standard. Mn, number average
molecular weight. Mw, weight average molecular weight.
2.2. General procedure of polymerzation

A solution of M1 (2.00 g, 2.68 mmol) and M2 (1.70 g,
2.68 mmol) in toluene (40 mL) was purged with Ar for
10 min and then Pd(PPh3)4 (0.150 g, 0.134 mmol) and tri-
phenylphosphine (0.21 g, 0.80 mmol) were added. After
purging with Ar for 20 min, the mixture was heated under
reflux in an oil bath set at 110 �C under an Ar atmosphere.
The mixture was cooled to room temperature, MeOH
(100 mL) was added, and the precipitated polymer was fil-
tered out. After Soxhlet extraction with MeOH, hexane, and
CHCl3, the polymer was recovered from the CHCl3 phase
through reprecipitation with MeOH and then dried under
vacuum for 1 day. The MW of polymer was controlled by
changing the reaction time, which was monitored by
GPC. In this study, Si-PCPDTTBT with four different MWs
was synthesized. The reaction times were 6, 10, 24, and
48 h, respectively. The detail information of the MWs for
the as-prepared polymers are shown in Table 1.
2.3. Device fabrication

The polymer solar cells are consisted of a layer of the Si-
PCPDTTBT/PCBM blend thin film sandwiched between a
transparent anode (ITO) and a metal cathode. Prior to de-
vice fabrication, the ITO glasses (1.5 � 1.5 cm2) were
cleaned ultrasonically in detergent, deionized water, ace-
tone, and isopropyl alcohol. After routine solvent cleaning,
the substrates were treated with UV ozone for 15 min. The
modified ITO surface was then obtained by spin-coating a
layer of PEDOT:PSS (ca. 30 nm). Subsequently, the active
layer, Si-PCPDTTBT/PCBM (1:2 w/w), was spin-coated from
DCB onto the PEDOT:PSS-modified ITO surface. Finally, lay-
ers of Ca (30 nm) and Al (100 nm) were thermally evapo-
rated under vacuum (pressure: <6 � 10�6 torr) through a
shadow mask. The active area of the device was 0.12 cm2.
In the hole-only devices, Ca was replaced with MoO3



Table 2
Summary of the transition temperature of Si-PCPDTTBT with various MWs.

Sample of Si-PCPDTTBT Tg
a (�C) Tm

a (�C) Tc
a (�C) Td

b (�C)

Low MW 163 239 n.d.c 375
Medium MW 167 245 n.d.c 390

165 251 227 429
High MW 166 253 234 430

a The Tg, Tm and Tc were measured by DSC at a heating rate of 10 �C/
min.

b Temperature (�C) at 5% weight loss measured by TGA at a heating rate
of 10 �C/min under nitrogen.

c No noticeable transition temperature was observed.

J.-H. Huang et al. / Organic Electronics 12 (2011) 1755–1762 1757
because its higher work function (U = 5.3 eV) provided a
better hole injection contact for Si-PCPDTTBT/PCBM. A
layer of 20 nm thick MoO3 was thermally evaporated and
then it was capped with a layer of Al (50 nm). For the elec-
tron-only devices, the PEDOT:PSS layer was replaced with
CsCO3 (U = 2.9 eV), which is an efficient electron injection
layer. This layer of Cs2CO3 was thermally evaporated to a
thickness of 2 nm. The active layers were then annealed
at 130 �C for 20 min to provide the final hole- and elec-
tron-only devices.

2.4. Characteriaztion

The cell performance was tested under simulated AM
1.5 G irradiation at 100 mW cm�2 using a Xe lamp-based
solar simulator (Thermal Oriel 1000 W). The light intensity
was calibrated using a mono-silicon photodiode equipped
with a Hamamatsu KG-5 color filter. The whole measure-
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Fig. 1. Optical absorption of Si-PCPDTTBT with various MWs (a) in chlorobenzene
The red-shift of the absorption indicates the larger orbital delocalization by vir
image).

Table 3
List of electron and hole mobility of devices based on Si-PCPDTTBT:PCBM with va

Sample Low MW Mediu

6.3 12.7

le (m2 V�1 s�1) 9.7 � 10�8 1.1 �
lh (m2 V�1 s�1) 4.5 � 10�8 6.4 �
le/lh 2.2 1.7
ment process was performed at room temperature in a
glove box filled with N2. The absorption spectra were ob-
tained from Jasco-V-670 UV-visible spectrophotometer.
X-ray diffraction (XRD) studies were performed by Philips
X’Pert/MPD. For the fluorescence measurements, the sam-
ples were excited with light (wavelength: 470 nm) from a
picosecond laser (LDH-P-C-470, PicoQuant); the fluores-
cence lifetime signal was measured using time-correlated
single photon counting (TCSPC). To map the lifetime
images, the samples were scanned using an Olympus
FV300 confocal optical microscope equipped with a Pico-
Quant PDM single photon avalanche diode detector and a
PicoQuant PicoHarp 300 USB interface for TCSPC. The
fluorescence signal was improved using an edge filter
(REF-473.0-25, CVI). The acquisition time for each lifetime
image (pixel size: 512 � 512) was 20 min. The surface
morphologies of the polymer films were investigated using
an atomic force microscope (Digital Instrument NS 3a con-
troller equipped with a D3100 stage). The EQE action spec-
tra were obtained under short-circuit conditions. The light
source was a 450-W Xe lamp (Oriel Instrument, model
6266) equipped with a water-based IR filter (Oriel Instru-
ment, model 6123NS). The light output from the mono-
chromator (Oriel Instrument, model 74100) was focused
onto the photovoltaic cell under test.
3. Results and discussion

Scheme 1 shows the chemical structure and the syn-
thetic route of Si-PCPDTTBT. On the basis of the electron
donor–acceptor concept, the strong electron–accepting
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solution, and (b) in solid films (spin-coated from chlorobenzene solution).
tue of longer conjugated polymer chains. (Inset: corresponding solution

rious MWs.

m MW High MW

22.9 33.6

10�7 1.5 � 10�7 2.7 � 10�7

10�8 9.6 � 10�8 1.9 � 10�7

1.6 1.4



Fig. 2. The AFM images of Si-PCPDTTBT:PCBM films with various MWs for surface morphology (a) 6.3 kg/mol, (b) 12.7 kg/mol, (c) 22.9 kg/mol,
(d) 33.6 kg/mol and phase images (e) 6.3 kg/mol, (f) 12.7 kg/mol, (g) 22.9 kg/mol, (h) 33.6 kg/mol.
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dialkyl-bithiazole unit and electron-donating thiophene
moieties were utilized to synthesize the low bandgap
copolymer. Combining with the coplanar siloles, the pro-
cess of self-organization of polymer into two-dimensional
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Fig. 3. TEM images of Si-PCPDTTBT:PCBM (1:1) blend films with various MWs. (a) 6.3 kg/mol, (b) 12.7 kg/mol, (c) 22.9 kg/mol, (d) 33.6 kg/mol.
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(2D) sheets can be significantly enhanced by means of
interchain stacking leading to an enhancement in device
efficiency.

Table 1 summarizes the MWs, polydispersities (PDI)
and yield of the pristine Si-PCPDTTBT samples used in this
study. It should be mentioned that the solubility of Si-
PCPDTTBT becomes very poor with MW larger than
33.6 kg/mol (Mn). The thermal stabilities and phase transi-
tion temperatures of Si-PCPDTTBT, including 5% weight
loss temperatures (Td), glass transition temperatures (Tg),
melting temperatures (Tm), and crystallization tempera-
tures (Tc) characterized by Thermogravimetric analyses
(TGA) and differential scanning calorimetry (DSC) are sum-
marized in Table 2. All copolymers are thermally stable up
to 375–430 �C upon heating and show Tg values over
163 �C. The Td and Tg for Si-PCPDTTBT are found to increase
with increasing MWs. The increase of thermal stability
with higher MW is attributed from stronger p�p interac-
tion and polymer chain entanglement as observed in many
polymer systems. In addition, the detectable melting tem-
peratures (Tm) and crystallization temperatures (Tc) of Si-
PCPDTTBT suggested that it has great potential in organic
solar cells application since their high ordering capabilities
can enhance the formation of phase-separated ordered
nanostructures in the photovoltaic layer desirable for
charge transport and separation.

As shown in the absorption spectra (Fig. 1), with the in-
crease of Si-PCPDTTBT MW, a significant red shift of the
absorption for the edge of Si-PCPDTTBT from solution
(10�6 M in chlorobenzene), together with more pro-
nounced vibronic absorption shoulders is observed. The re-
sult indicates that charge carriers and excitons in the
higher MW Si-PCPDTTBT can delocalize over a larger ex-
tent as a result of p–p stacking and a stronger wave func-
tion overlap, and the absorbance band extend from 500 to
525 nm is attributed to a fully delocalized excitonic p–p⁄

transition. The corresponding images for the polymer solu-
tion with various MWs are shown in the inset of Fig. 1a. On
the other hand, the solid film exhibited an absorption pat-
tern similar to that recorded in solution, except that a
slight red-shift occurred in the solid state as a result of
interchain association and aggregation. It is worthy to
mention that the polymer with higher MWs reveal a pro-
nounced vibronic peak. This indicates that aggregation
already occurs for the high MW Si-PCPDTTBT due to the
strong p–p interaction in the solution state.

Since morphology has been shown to affect mobility, ef-
forts were made in this study to conduct a comprehensive
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characterization in terms of MW dependency by AFM and
TEM analysis. It has been reported that P3HT with lower
MW polymer chains are more able to pack into crystals
forming a rod-like morphology [32]. It is interesting;
however, the low MW Si-PCPDTTBT reveals very smooth
morphology. This can be explained by a much more com-
plicated structure such as Si-PCPDTTBT instead of P3HT,
which prevent the polymer chains from stacking. With
increasing polymer MW, Si-PCPDTTBT:PCBM films reveal
rougher surface morphology with stronger crystallinity.
For the 33.6 kg/mol Si-PCPDTTBT/PCBM film, the morphol-
ogy exhibits coarse, chainlike features, having an average
size of 30 nm, running across the surface as shown in
Fig. 2d. The corresponding phase images in Fig. 2h also fea-
tures many channels with a diameter of 20 nm distributed
throughout the film originated from the separation
between the Si-PCPDTTBT and PCBM. Because the exciton
diffusion length in organic materials typically ranges from
10 to 30 nm depending on the mobility, the feature size
can offer a certain degree of segregation for the two com-
ponents to maintain suitable mixing for charge transport
and exciton dissociation.

The MW impact on nanoscale morphology is also con-
firmed by TEM as shown in Fig. 3. In the TEM images, poly-
mer nanofibers look bright and PCBM-rich regions appear
dark because of the lower density of polymer crystals com-
pared to PCBM. The TEM images are consistent with the
AFM results. For the 6.3 kg/mol Si-PCPDTTBT, hardly any
polymer fibers can be discerned. The TEM image of the
blending films processed with higher MWs shows phase
separation clearly with the appearance of interconnected
fibers which are surrounded by darker fullerene-rich re-
gions. With the increase of the polymer MWs, the amount
and diameter of Si-PCPDTTBT fibers become larger and
coarser. Since the JSC and FF are strongly dependent on
the transport properties of the networks in the BHJ film,
it can be expected that, at least in part, the formation of
the larger domains with wider connective cross sections
within the high MW Si-PCPDTTBT network can leads to
an improved device performance.

Further investigation of the crystalline nature of Si-
PCPDTTBT is accomplished using XRD of polymer films as
shown in Fig. 4. The low MW Si-PCPDTTBT exhibits an
amorphous pattern indicating the disorder structure. In-
creased intensity is observed with increasing MW for the
peak at 2h = 6.17�, which corresponds to the layering dis-
tance, d100 = 14.3 Å, between the sheets of Si-PCPDTTBT
chains associated with the plane perpendicular to their
longitudinal axes. The features are in good agreement with
the results of AFM and TEM images. It is known that long
polymer chains are more prone to entanglement [37].
Hiorns has suggested the entanglement of P3HT may cause
the alignment of conjugated segments to be more difficult
to achieve, leading to disorder structure [38]. This proposal
does not obviously agree with the results displayed here.
For the high MW Si-PCPDTTBT, the polymer chains tend
to stack and aggregate forming a preferential orientation
of the polymer domains. This can be further supported
by the charge mobility as shown in Table 3. The charge
mobility calculated by space-charge limited current re-
veals that the holes mobility increases with increasing
MW leading to more balanced charge mobility. It is likely
that mobility could increase with MW because the closer
organization of the polymer chains. Moreover, the charge
carriers can travel farther along longer chains before they
have to hop to another chain. The net reduction in hopping
events could result in an increased mobility. In order to
further investigate the optophysical properties of Si-
PCPDTTBT/PCBM film with various MWs, we performed
the exciton lifetime mapping using time-resolved PL mea-
surement system combining with a confocal laser scanning
microscopy [39,40]. This technique enabled us to examine
the distribution of the exciton lifetimes within a wide
range. Fig. 5 shows the exciton lifetime images
(10 � 10 lm) with the corresponding statistical histo-
grams for these samples. All the samples reveal a uniform
exciton lifetime distribution throughout the films. This
behavior suggests that good mixing exists between the
polymer and the fullerene, leading to a more-efficient en-
ergy transfer. The average value of exciton lifetime in-
creases from 2.3 to 3.2 ns with respect to the increase in
polymer MW. The slight increase in exciton lifetime can
be explained by the better crystallinity of the high MW
Si-PCPDTTBT. The enhanced stacking of Si-PCPDTTBT
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expels some PCBM molecules from the polymer domain,
leading to demixing between the two components which
impedes the efficiency of exciton dissociation. Therefore,
the average value of exciton lifetime increases with high
MW Si-PCPDTTBT.

Fig. 6 presents the current–voltage (J–V) curves and
external quantum efficiencies (EQEs) of solar cells incorpo-
rating Si-PCPDTTBT blended with PCBM. The VOC remains
unchanged at about 0.71 ± 0.02 V even with different
MWs of Si-PCPDTTBT. However, the JSC and PCE of the de-
vices vary significantly with polymer MWs as seen from
Fig. 6a. The JSC varies from as low as 4.29 mA/cm2 (for
6.3 kg/mol Si-PCPDTTBT) to as high as 8.7 mA/cm2 (for
33.6 kg/mol Si-PCPDTTBT). Consistent with the trend in
JSC, the EQE magnitude generally increases from 29.3%
(6.3 kg/mol Si-PCPDTTBT) to 51.6% (33.6 kg/mol Si-
PCPDTTBT). Combining 0.73 V of VOC and 51.9% FF, an effi-
ciency of 3.33% is achieved for the device based on 33.6 kg/
mol Si-PCPDTTBT. The correlation between the solar cell
performance and the MW of the Si-PCPDTTBT is similar
to that of P3HT:PCBM system. The main difference in PCE
arises from the better charge mobility and more favorable
morphology. For high MW Si-PCPDTTBT, the long polymer
chains tend to form the appropriate aggregation in the
solution. With such partially aggregated solution, the
blending of Si-PCPDTTBT and PCBM can easily produce
phase separation during spin coating process to create con-
tinuous percolation pathways for charge transport.

4. Conclusion

In conclusion, we have shown the effect of MW on the
performance of photovoltaic devices based on Si-
PCPDTTBT:PCBM. Morphological analysis indicates that
higher MW Si-PCPDTTBT tends to form stacked aggrega-
tion and produce better interconnections within the bicon-
tinuous network which can enhance the charge transport.
Based on our device performance, the aggregation of Si-
PCPDTTBT is an essential process to guarantee high solar
cell performance. The PCE can be enhanced from 1.54% to
3.33% for the 6.3 and 33.6 kg/mol Si-PCPDTTBT, respec-
tively. However, the MW of Si-PCPDTTBT cannot be further
increased due to the solubility problems. Thus, considering
carrier mobility, materials solubility, crystallinity and mor-
phology, the cell performance can be further improved by
using mixture of Si-PCPDTTBT with different molecular
weights.
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