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ABSTRACT: The performance of organic photovoltaics
(OPVs) is heavily dependent on the structure and
functionalization of the conjugated polymer used in the active
absorbing layer. Using a set of materials based on poly(thieno[3,4-b]thiophene-alt-benzodithiophene) with diﬀerent alkyl,
aryl, perﬂuoroalkyl, and perﬂuoroaryl pendant functionalities,
we have studied the correlation between absorbance,
morphology, crystallinity, charge mobility, and the OPV
performance in an eﬀort to identify structure-performance
relationships. The perﬂuorinated pendants on PTF8B and
PTFPB were shown to signiﬁcantly enhance the Voc in the OPV devices (by ∼0.2 V), but also induced the formation of larger
phase separated PCBM-rich domains. PT8B and PTFPB devices reached average eﬃciencies of ∼3.2%.

1. INTRODUCTION
Semiconducting low bandgap conjugated polymers for organic
photovoltaics (OPVs)1,2 and organic ﬁeld-eﬀect transistors
(OFETs)3,4 are continuing to reach new records of performance, pushing toward the point of large-scale implementation.5,6
The continual improvements in device eﬃciency can mainly be
attributed to control and functionalization of polymer structure,
improved active layer morphologies and the development of
new interlayer materials and modiﬁed device structures (e.g.,
inverted, tandem, and triple heterojunction).6−13
The introduction of new functionalities on the polymer
backbone can signiﬁcantly alter the polymer absorption,
solubility, and the alignment of the EHOMO/ELUMO levels
relative to PCBM. Additionally, functionalization of the main
chain and side chain can strongly inﬂuence the ability of the
polymer to crystallize, the orientation of the crystals, and the
miscibility of the polymer with the electron acceptor. Each of
these variables inﬂuences the short-circuit current density (Jsc),
open circuit voltage (Voc), ﬁll factor (FF), and therefore, the
resultant power-conversion eﬃciency (PCE) of the device.
The addition of a single ﬂuorine atom on a conjugated
polymer repeat unit has been shown in many cases to greatly
improve OPV performance.14−27 Improvements in device
performance have been attributed to reduced EHOMO level,
enhanced ordering due to interchain interactions, a preference
for a face-on orientation of the crystals, increased domain purity
and a larger change in ground-to-excited state dipole moment
(Δμge).14,15,26,28 The results of these changes are a higher Voc,
because of the lower EHOMO, and higher Jsc and FF because of
reduced charge recombination and geminate recombination
© 2014 American Chemical Society

and a higher charge mobility. Although these eﬀects have been
well-studied in systems where one or two ﬂuorine atoms have
been added per repeat unit, they have not been investigated to
the same extent in systems where perﬂuorinated groups are
used.
In this study we describe the structure−property relationships of a series of four materials and the inﬂuence of varied
functionalities of the polymers on device performance. We
recently described the synthesis of a series of poly(thieno[3,4b]thiophene-alt-benzodithiophene) materials (PTB materials)
by direct arylation polymerization (DArP) that were functionalized with varying alkyl, perﬂuoroalkyl, aryl and perﬂuoroaryl
pendant groups, as shown in Figure 1.29 Direct arylation has
been shown to be a promising, simple method for the synthesis
of conjugated low bandgap polymers.30−32 Although many
examples of conjugated polymer synthesis by direct arylation
exist, fewer examples have reported the use of these materials in
devices.
Polymers based on the poly(thienothiophene-alt-benzodithiophene) backbone have shown to be a promising class of
materials for organic electronics.18,19,21,22,33−38 These materials
were shown to have strong absorption, relatively low bandgaps
and favorably aligned energy levels compared to PCBM making
them good candidates for OPV testing. Additionally, these PTB
materials allow for investigation of the eﬀect of extending the
conjugation of the thienothiophene unit away from the
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in the direction of the beam path, and the detector was located at a
distance of 400 mm from the sample center (distance calibrated by
LaB6 reference). The incidence angle was chosen to be 0.10−0.12° to
optimize the signal-to-background ratio. The beam size was 50 μm ×
150 μm, which resulted in a beam exposure on the sample 150 μm
wide over the entire length of the 10 mm long sample. The data was
distortion-corrected (θ dependent image distortion introduced by
planar detector surface) before performing quantitative analysis on the
images. The overall resolution in the GIWAXS experiments,
dominated by the sample size, is ∼0.01 Å−1. Samples were prepared
on PEDOT: PSS covered Si wafers in a similar manner to the OPV
devices.
Grazing incidence small-angle X-ray scattering (GISAXS) measurements were performed on beamline 7.3.3 of the Advanced Light
Source (ALS) at the Lawrence Berkeley National Laboratory. An X-ray
beam was impinged onto the sample at a grazing angle above the
critical angle of the polymer ﬁlm (αc = 0.14) but below the critical
angle of the silicon substrate (αc = 0.22). The wavelength of X-rays
used was 1.240 Å, and the scattered photon was detected by PILATUS
1 M detector. Samples were prepared on PEDOT: PSS covered Si
wafers in a similar manner to the OPV devices.
OPV Fabrication. Standard device architecture (ITO/PEDOT:PSS/Active Layer/LiF/Al) was used. Beginning with ITO
coated glass, the substrates were ultrasonicated in detergent, water,
acetone and isopropanol (20 min each), dried in an oven overnight
and then treated with UV-ozone (15 min). PEDOT:PSS (Baytron P
VP A1 4083) was then immediately spin-coated in air (3500 rpm, 40
s) and annealed (150 °C, 20 m). The remainder of the fabrication and
testing were performed in a glovebox under inert atmosphere. PT8B,
PTPB, PTFPB and PTB7 were spin-coated from dichlorobenzene
solutions (10 mg/mL polymer, 1000 rpm, 90 s). PTF8B was spincoated from chloroform (5 mg/mL, 2000 rpm, 60 s). No solvent
additives were used. In each case the optimized polymer:PC71BM ratio
for each of the materials was found to be 1:1.5 w/w. The active layer
blends were measured to be ∼100 nm via surface proﬁler (KLATENCOR Alpha-Step IQ). LiF (1.5 nm) and Al (100 nm) were then
thermally deposited (<10−6 mbar) to complete the devices. Devices
were tested using a photomask with a deﬁned active area of 0.04 cm2.
All current−voltage (J-V) measurements were performed under
simulated AM1.5G irradiation (100 mW/cm2) using a Xe lamp
(Newport 91160 300-W solar simulator). A NREL-calibrated Si
reference solar cell and KG-5 ﬁlter was used to adjust the light
intensity. Device performances are reported as an average of 10 devices
± the corresponding standard deviation. Hole mobilities were
extracted by ﬁtting the current density−voltage curves using the
Mott−Gurney relationship (space charge limited current) (SCLC)
with a device structure of ITO/PEDOT:PSS/Active layer/MoO3/Ag.

Figure 1. Structures of poly(thieno[3,4-b]thiophene-alt-benzodithiophene)-conjugated polymers synthesized by direct arylation polymerization (DArP).29

backbone, and the eﬀect of adding perﬂuorinated pendant
groups.
Here we characterized the active layer absorption, morphology, crystallinity and charge mobility characteristics of the four
PTB materials to account for the observed diﬀerences in the
OPV performance.

2. EXPERIMENTAL SECTION
Materials. PT8B, PTPB, PTF8B, and PTFPB were synthesized and
characterized as previously described.29 PC71BM was purchased from
American Dye Source (Lot #13F017E1). Reference material PTB7
was purchased from 1-material (Lot #YY6216). Both materials were
used as received.
Characterization. Polymer molecular weight and dispersity (Đ)
analysis was completed via gel-permeation chromatography (GPC) in
1,2,4-trichlorobenzene at 135 °C using a Polymer Laboratories PL-220
high-temperature GPC instrument calibrated against polystyrene
standards. Measurement of the EHOMO levels was completed using
cyclic voltammetry while the optical bandgaps were determined from
UV−vis absorption of pure polymer ﬁlms. Complete characterization
data has been previously detailed.29
Absorption of active layer ﬁlms was measured using a PerkinElmer
Lamba 25 UV−vis spectrometer. The ﬁlms were spin-coated on glass
without PEDOT:PSS using the same conditions as described for the
OPV devices in an eﬀort to simulate the absorption of the OPV device
active layers. AFM measurements were performed using a Digital
Instruments Dimension 3100, operating in tapping mode. Active layer
ﬁlms for AFM were spin-coated using the same conditions as
described for OPV devices. Bright-ﬁeld TEM was conducted using a
JEOL 2000 FX TEM instrument operating at an accelerating voltage of
200 kV. Active layer ﬁlms for TEM were spin-coated in the same
manner as for OPV devices on PEDOT:PSS. The ﬁlms were then
ﬂoated onto copper TEM grids in water.
Grazing incidence wide-angle X-ray scattering (GIWAXS) characterization of active layer was performed at the Stanford Synchrotron
Radiation Lightsource (SSRL) on beamline 11−3. The scattering
intensity was recorded on a 2 D image plate (MAR-345) with a pixel
size of 150 μm (2300 × 2300 pixels). The samples were ∼10 mm long

3. RESULTS AND DISCUSSION
3.1. Molecular Weight, Absorption, EHOMO, and Δμge.
The absorption of the polymer:PC71BM active layer blend ﬁlms
was studied to determine any diﬀerences in both the intensity
and onset of absorption, as shown in Figure 2. Absorption of
the active layer is very strongly related to the Jsc of the device.10
Stronger absorption and lower bandgaps allow for the active
layer to absorb a larger amount of the solar spectrum,
generating more charge carriers. Films were prepared by spincoating the blend solutions on glass slides in an identical
manner as described for the OPV devices, in this way the
absorption accurately depicts that of the active layer blend.
Each of the blends has strong absorption across the majority of
the solar spectrum. The polymer absorption is aided by the use
of PC71BM, which absorbs more strongly in the visible
spectrum.39 In the 550 to 800 nm region, PT8B and PTPB
blends have the strongest absorption. PTF8B and PTFPB
blends have the weakest absorption. Previously, the absorption
coeﬃcients for pure polymer ﬁlms of the PTB materials were
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separated domains, as this typically reduces donor/acceptor
interfacial area, lowering the number of charges that may be
separated and overall reducing charge transport. Preferably
domains on the order of ∼10−20 nm are formed, which are
appropriately sized for typical exciton diﬀusion lengths.
Additionally, the crystallinity of the polymer must be
reasonably good to allow for high charge mobility. AFM and
TEM provide a means of analyzing the extent of phase
separation and domain size of the polymer enriched and PCBM
enriched domains that exist in OPV active layers. Shown in
Figure 3 are the AFM phase images and TEM images obtained
Figure 2. UV−vis absorbance of active layer polymer/PCBM blend
OPV ﬁlms. Films were spin-coated using the same conditions as for
OPV devices.

measured to be ∼1 × 105 cm−1, which is higher or comparable
to most low bandgap polymers of similar structure.29
The onset of absorption indicates the optical bandgap of the
polymer. PTFPB has the longest wavelength absorption onset
(e.g., lowest bandgap), followed by PTPB. The extended
conjugation in the thienothiophene blocks in the PTFPB and
PTPB cases is thought to lower the observed bandgap. PT8B
and PTF8B have nearly identical absorption onsets at lower
wavelengths, resulting in relatively larger bandgaps. For
reference, the calculated optical bandgaps, and other related
polymer characterization information (Mn, Mw, Đ, and EHOMO)
are given in Table 1.29

Figure 3. (Left) AFM phase images for polymer:PCBM blend ﬁlms.
Films were prepared identically to OPV device active layers. Scale bar
is 500 nm, images are 2 μm × 2 μm. (Right) TEM images of
polymer:PCBM ﬁlms. Films were prepared identically to OPV device
active layers. Scale bar is 200 nm.

Table 1. Polymer Molecular Weights, EHOMO, Eg, and Δμge

PT8B
PTPB
PTF8B
PTFPB

Mna
(kDa)

Mwa
(kDa)

Đ

EHOMOb
(eV)

Egb
(eV)

Δμgeb
(D)

37.4
21.4
17.9
18.9

77.1
32.0
22.6
36.8

2.1
1.5
1.3
1.9

−5.13
−5.10
−5.35
−5.24

1.71
1.63
1.68
1.56

2.34
8.24
11.18
18.15

using polymer:PCBM blend ﬁlms. Films for AFM were
fabricated under the same conditions as with the OPV devices,
allowing for analysis of the active layer surface morphology. In
AFM, the dark areas correspond to PCBM-enriched domains,
whereas the lighter areas are polymer-enriched.
PT8B and PTPB form more intermixed blends, where no
large-scale phase separation is apparent at the surface. PTF8B
and PTFPB are immiscible with PCBM, as indicated by the
large contrast diﬀerence in the domains. The perﬂuorinated
pendants in both materials induce a ﬂuorophobicity eﬀect
toward PCBM, which drives the formation of large PCBM-rich
domains (>100 nm).19 Formation of strongly phase separated
domains generally hinders OPV performance, due to short
exciton diﬀusion lengths and the reduced interfacial area
between domains, although recently some ﬂuorinated polymers
have shown less of a dependence on domain size versus Jsc.25
Using TEM the morphology in the interior of the ﬁlm can be
studied to corroborate observations of the surface morphology
as observed by AFM. Contrast in TEM can be generated by
variation in the electron density or also by sample thickness.
Darker areas in this case correspond to PCBM enriched
regions. The PT8B and PTPB blend ﬁlms show similar
morphology behavior as observed in the surface morphology.
The blends do not generate great contrast, indicating more
miscibility between the components. Some small domain
features can be faintly seen on the order of tens of nanometers.
PTF8B and PTFPB on the other hand, display much stronger
phase separation forming large polymer rich and PCBM rich
domains. From the TEM and AFM images, it is seen that the
perﬂuorinated pendants reduce polymer miscibility with
PCBM, inducing the formation of large separated domains in
mixtures of PTF8B and PTFPB with PCBM.

a
Measured by high-temperature GPC (135 °C) in 1,2,4-trichlorobenzene. bFrom ref 29.

The relatively low bandgaps for these materials (1.5−1.7 eV)
should lead to high Jsc’s in the OPV devices. However, it is wellknown that there is a strong correlation between Jsc and
polymer molecular weight, which may hinder the overall OPV
device performance in this case compared to reported much
high molecular weight polymers of similar structure such as
PTB7.40−42
We have previously calculated the ground-to-excited state
dipole change (Δμge) for the PTB materials, with the polymers
modeled as a single repeat unit.29 These PTB materials showed
a wide range of values for Δμge, from 2.34 to 18.15 D, as shown
in Table 1. In previous reports, the Δμge was closely correlated
to the overall PCE of the OPV devices.23,26 Higher Δμge was
found to directly correlate to higher PCE. While this may be
the case for some classes of materials where there is less
structural variation, further assessing this correlation in our
materials that vary widely in their functionality can provide
insight.
3.2. Morphology and Crystallinity of Active Layers.
Control of the morphology and crystallinity of the active device
layer blends is crucial for high performing devices. Generally, it
is thought that the blend morphology must not contain large
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Figure 4. (left) qxy in-plane and (center) qz out-of-plane GIWAXS line scans of polymer:PCBM blend ﬁlms; (right) qy GISAXS line scans of
polymer:PCBM blend ﬁlms.

Figure 5. (Left) Current density−voltage characteristics of PTB/PC71BM OPV devices under AM1.5G illumination. (Right) EQE curves for each of
the materials.

amount of face-on orientation in the polymer crystalline
domains. Face-on orientation is typically observed in PTB type
polymers.43−45 Additionally, the π−π stacking distance is
similar for each of the materials, since the spacing is controlled
by the bulkier benzodithiophene unit with a relatively much
larger planar area.45 The GIWAXS data overall do not show any
major diﬀerences in the crystallinity that would suggest a
corresponding diﬀerence in OPV performance with the
variation in the pendant functionality.
GISAXS was employed to reach lower q ranges and
investigate the size of the domains in the polymer blends.
This data is shown in Figure 5. Samples for GISAXS were
prepared in the same manner as for GIWAXS. From TEM and
AFM it is apparent that PT8B and PTPB form more intermixed
homogeneous blends while large domains on the order of
hundreds of nanometers exist in the PTF8B and PTFPB active
layer blends. For PT8B and PTPB, GISAXS does not show any
signiﬁcant scattering interferences suggesting more ﬁnely
intermixed blends, supporting prior observations. Very ﬁnely
intermixed domains are beneﬁcial for charge separation because
of the increased interfacial area between phases. Conversely,
too much intermixing could be detrimental to charge transport
due to the lack of percolated network. For PTF8B and PTFPB
there is scattering in the very low q range of 0.01 Å−1. Although
the peak intensity of this scattering extends to lower q range

This morphology analysis alone is not adequate to
suﬃciently understand these systems. Thus, GIWAXS and
GISAXS were used to study diﬀerences in the crystal
orientation, crystal lattice spacings and domain sizes. Shown
in Figure 4 are the GIWAXS data for each of the blend ﬁlms
prepared on PEDOT:PSS coated Si substrates in the same
manner as the OPV devices. Line cuts in both the in-plane (qxy)
and out-of-plane (qz) directions were taken from the 2-D
GIWAXS images (Supporting Information).
The GIWAXS line-cut plots show scattering in both the qxy
and qz directions. In each of the materials, there is an intense
broad scattering peak around ∼1.4 Å, which arises from
amorphous PCBM regions. The (100) reﬂection, due to the
interchain separation distance, can be seen around 0.3 Å−1. The
π−π stacking between polymer chains, the (010) reﬂection, is
seen at ∼1.7 Å−1, corresponding to a distance of ∼3.7 Å. The
(100) peak is closely related to the length of the solubilizing
side-chains extending out from the polymer backbone. Since
each of the materials has the 2-ethylhexyl (C2, C6) side chain
on the benzodithiophene unit, the (100) peak corresponding to
a distance of ∼20 Å is quite similar for each of the polymers.
By comparing the intensity of both the in-plane and out-ofplane (010) peaks to the PCBM peak it is seen that the
intensity of the (010) in the out-of-plane direction is greater
than in the in-plane direction, indicating a slightly greater
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PTF8B limits the achievable PCE, which may be a result of the
relatively weaker absorption as evidenced by the much lower
EQE. The PTB materials display moderate FF values around
50%, with the lowest observed for the PTFPB system (<40%).
It is not fully understood why lower FF is only observed in the
PTFPB material.
Overall, the eﬃciencies of the PTB materials are modest,
2.5−3%. PT8B and PTFPB have comparable eﬃciencies just
over 3%, PTPB and PTF8B has slightly lower performance due
to the lower Voc and lower Jsc, respectively. These results
demonstrate the capability of direct arylation polymerization to
produce high quality materials suitable for OPVs. In
comparison to the calculated Δμge, there is no signiﬁcant
change in the device performance that suggests a correlation in
these materials. Further studies of ﬂuorination in materials with
less structural variation will be required to elucidate the eﬀect of
Δμge.
In addition to the OPV device testing, hole-only devices were
fabricated and the dark J−V curve was measured to estimate the
hole mobilities for each of the materials, as shown in Figure 7.
Each of the materials exhibited good hole mobilities on the
order of 1 × 10−5 cm2 V−1 s−1. The materials with extended
conjugation, PTPB and PTFPB, had increased mobilites versus
PT8B and PTF8B, respectively. PTF8B had the lowest mobility
of 1.33 × 10−5 cm2V−1s−1, which can account for the lower Jsc
and EQE observed. PTFPB displayed the highest mobility of
5.83 × 10−5 cm2 V−1 s−1. This explains the high observed Jsc
measured for this material, despite the phase-separated behavior
observed in the active layer blend morphology.
From the previously discussed morphological and crystallinity characterization, the charge mobility analysis and EQE
measurements, the main diﬀerences in the OPV performance of
these materials are mainly the result of the polymer absorption,
the blend morphologies and hole mobility. The PTF8B
material has slightly weaker absorption and a phase separated
morphology, which can account for the lower mobility and low
observed Jsc. Interestingly, the PTFPB material can still achieve
a high Jsc, even with the large scale phase separated behavior
observed in the blend. Further optimization of the active layer
morphology and improvement of the polymer molecular weight
in the future could lead to increases in the Jsc and FF, producing
devices with greater eﬃciencies.

than what is accessible by GISAXS, it is evident that strong
phase segregation exists in these blends, leading to domains
that are much larger than 100 nm.43 These GISAXS
observations conﬁrm prior observations from the TEM and
AFM analysis. Thus, scattering experiments provide evidence
that the greater diﬀerence in these materials is in the blend
morphology with PCBM, rather than the polymer crystallinity.
3.4. Photovoltaic Properties. Bulk-heterojunction type
OPVs were fabricated using each of the four PTB materials
(PT8B, PTPB, PTF8B and PTFPB). Active layers were formed
using polymer:PC71BM blends (optimized ratio of 1:1.5 w/w).
ITO/PEDOT:PSS was the anode of the device while LiF/Al
was used as the cathode to ﬁnish the device. Polymer blends
were dissolved in dichlorobenzene (CHCl3 for PTF8B) and
spin-coated at optimized spin rates without the use of a ternary
solvent/additive component. While numerous diﬀerent additives, in varying concentrations, have been found to enhance
the performance of many systems, preliminary experiments
showed no improvement for these materials.21,46 Thus, for
simplicity and to improve reproducibility no additives were
further considered in this study. Representative current−
voltage curves and averaged device performances for these
devices are shown in Figures 5 and 6, respectively. Reference

Figure 6. Overall photovoltaic device performance averaged over 10
devices with errors bars displaying ±1 standard deviation.

devices were fabricated using commercial PTB7 to ensure the
quality of our fabrication procedures. These devices performed
as reported and this data along with tabulated device data can
be found in the Supporting Information.
For the PTB materials, the Voc is signiﬁcantly increased (by
∼0.2 V) with the incorporation of the perﬂuorinated pendants
in the PTF8B and PTFPB materials. The increased Voc is a
result of the lower EHOMO levels (Table 1) in the ﬂuorinated
materials. This demonstrates that perﬂuorinated pendant
groups can be used for energy level tuning, similar to that
seen with the incorporation of single ﬂuorine atoms into the
backbone. Addition of single ﬂuorine atoms on the polymer
repeat unit has been previously shown to increase Voc by 0.1−
0.2 eV in many reports.22,27 In this case, despite the increased
Voc exhibited in the ﬂuorinated materials, higher PCEs are not
directly achieved because of decreases in either the Jsc or FF for
PTF8B and PTFPB, respectively.
Each of the PTB materials have relatively high Jsc around 11−
13 mA/cm2, except for PTF8B which has a much lower Jsc
around 5.5 mA/cm2. The good Jsc is the result of the relatively
low bandgaps of the polymers along with the strong absorption
over the majority of the visible spectrum. The low Jsc for

4. CONCLUSION
In this report, we detail the fabrication of OPVs using our four
new PTB materials followed by the characterization of the
device active layers using a variety of techniques that can probe
the absorption (UV−vis), morphology (AFM, TEM, GISAXS),
crystallinity (GIWAXS), and charge mobility (SCLC). The
highest performance was obtained using PT8B with an average
eﬃciency of 3.20%, which was very similar to that obtained
from PTFPB (3.16%). The addition of the perﬂuorinated
pendants led to increased Voc for PTF8B and PTFPB compared
to their respective nonﬂuorinated comparisons. The perﬂuorinated pendants also were found to induce formation of large
phase separated domains but did not greatly alter the polymer
crystallinity. The PTB materials in this study successfully
demonstrate that materials made by direct arylation can be
successfully used in device applications. Our work provides
another example of how conjugated polymer structure can be
tailored to aﬀect device performance, although this process is
not usually as straightforward as desired.
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Figure 7. Dark J−V device measurements of PTB/PCBM blends.
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