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ABSTRACT: Several recent reports have demonstrated that fluori-
nated analogues of donor/acceptor copolymers surpass nonfluorinated
counterparts in terms of performance in electronic devices. Using a
copolymer series consisting of fluorinated, partially fluorinated, and
nonfluorinated benzotriazole, we confirm that the addition of fluorine
substituents beneficially impacts charge transport in polymer semi-
conductors. Transistor measurements demonstrated a factor of 5
increase in carrier mobilities with the degree of fluorination of the
backbone. Furthermore, grazing-incidence X-ray diffraction data
indicates progressively closer packing between the conjugated cores
and an overall greater amount of π-stacking in the fluorinated
materials. It is likely that attractive interactions between the electron-
rich donor and fluorinated electron-deficient acceptor units induce
very tightly stacking crystallites, which reduce the energetic barrier for charge hopping. In addition, a change in crystallite
orientation was observed from primarily edge-on without fluorine substituents to mostly face-on with fluorinated benzotriazole.

Well-designed materials based on the widely adopted
donor/acceptor copolymer model, whereby a weak

donor group is coupled with a strong acceptor group, often
exhibit excellent electronic properties.1 Furthermore, fluori-
nated analogues of such copolymers often surpass their
nonfluorinated counterparts in terms of performance in
devices.2 As such, solar cells incorporating fluorinated polymers
in the active layer have claimed three of the top eight slots in
terms of power-conversion efficiency, according to a recent
review.3−5 In each case, the fluorinated variant consisted of a
benzo[1,2-b:4,5-b′]dithiophene (BnDT) donor copolymerized
with an electron-deficient acceptor possessing a strongly
electron withdrawing fluorine substituent. Specific examples
of the fluorinated acceptor moieties include thienothiophene
(TT), benzotriazole (TAZ), and benzothiadiazole (BT)
(Tables S1 and S2 of the Supporting Information).6−8

Copolymers containing a fluorinated BnDT donor have also
been explored, but despite a significant reduction in both the
HOMO and LUMO values, photovoltaic performance is much
lower than when fluorinated acceptor units are incorporated in
the active layer (Table S3 of the Supporting Information).9

In search of a mechanistic description of the role of fluorine
substitution, multiple efforts have probed various optoelec-
tronic properties of blends of conjugated polymers mixed with
fullerene, such as charge transport efficacy, morphology, and
charge dissociation or recombination.10−12 Studies examining

PTB7, PBnDT-DTffBT, PBnDT-FTAZ, and similar fluorinated
materials have provided many practical insights into the
behavior and interactions associated with the fluorine
substituents.13,14 Nevertheless, it appears that a consensus has
yet to be achieved, as the observed fluorine-induced enhance-
ments have been attributed to a variety of distinct factors. The
four primary reasons put forth include improved morphology,
decreased charge recombination, improved packing and
orientation with the addition of fluorine, and improved hole
mobility, as outlined with more detail in the Supporting
Information.
While the findings of prior studies provide substantial

illumination and suggest that the hole mobility of the PBnDT-
TAZ system is the most critical parameter altered by fluorine
substituents, key analyses remain incomplete. For example,
thin-film transistors (TFTs) provide a method for directly
observing the charge mobility of semiconductors, yet TFT
measurements have not been reported for PBnDT-FTAZ active
layers. Mobilities presented in prior reports were extracted from
space charge limited current (SCLC) measurements with
diodes, which are not always a reliable indication of the true
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charge transport potential of organic semiconductors.15,16 In
addition, the improved mobility was correlated with enhance-
ments in the π-stacking observed from GIWAXS measurements
of polymer/fullerene films, although the presence of a fullerene
reflection near the location of the polymer π-stacking peak
convolutes the results. Consequently, neat polymers must be
analyzed to more accurately differentiate the changes occurring
as the extent of fluorination increases.
In this Letter, we investigate the effect of substituting fluorine

groups onto the high mobility conjugated donor/acceptor
PBnDT-(X)TAZ copolymer series, shown in Figure 1, as a

model system for probing the origin of the “fluorine effect”.
Neat nonfluorinated (PBnDT-HTAZ), monofluorinated
(PBnDT-mFTAZ), and difluorinated (PBnDT-FTAZ) materi-
als were examined, as opposed to the polymer/fullerene blends
studied previously. In contrast to prior work, the partially
fluorinated copolymer consisted entirely of monofluorinated
PBnDT-TAZ rather than a specified ratio between PBnDT-
HTAZ and PBnDT-FTAZ units in a single chain.2 The
similarity between each copolymer variant allowed us to
systematically survey the change in hole mobility while holding
all other parameters constant. Hence, the goal of this work was
to address whether the addition of fluorine influences the
charge transport properties of polymer semiconductors. We
compared the charge mobility of the neat copolymers with
TFTs and probed the structure with GIWAXS, confirming a
structural origin of mobility enhancement.
TFTs were fabricated by casting from PBnDT-HTAZ,

PBnDT-mFTAZ, and PBnDT-FTAZ solutions onto Si/SiO2/
Au substrates treated with various self-assembled monolayers.

Device fabrication details can be found elsewhere.17 The
number-averaged molecular weights of all polymers are above
50 kg/mol (Figure S1 and Table S4 of the Supporting
Information), such that the differences in molecular weight
should not significantly affect charge mobilities.18 As shown in
Figures S3−S5 and Table S5 of the Supporting Information,
octadecyltrichlorosilane (ODTS)-treated substrates maximized
TFT performance. Optimization of thermal annealing con-
ditions led to annealing of devices at 150 °C.
Representative output and transfer curves for devices

fabricated from each copolymer variant are shown in Figure
2. No signatures of contact barriers are apparent in the output

curves of Figure 2a.19,20 The source-drain current is highest for
devices with PBnDT-FTAZ active layers, leading to higher
charge mobilities. Recent work suggests that contact problems
can lead to overestimation of charge mobilities from TFTs,
which is manifested as a peak in the mobility with gate
voltage.19,20 Hole mobilities versus gate voltage for devices with
the three polymers as the active layer are shown in Figure 2c.
Mobilities are roughly independent of gate voltage for a large
range, as expected for devices with minimal contact problems.
Figure 3 shows average threshold voltages, ON/OFF ratios,

and charge mobilities, where annealing after 3 or 11 h leads to
similar results. All threshold voltages are within about 5 V of
zero, and ON/OFF ratios are in the 105 to 106 range. Although
hole mobilities are roughly constant for as cast samples,
mobilities improve by approximately a factor of 5 from 0.03
cm2/V·s to 0.08 cm2/V·s and 0.14 cm2/V·s, increasing with the

Figure 1. Chemical structure of the fluorinated PBnDT-TAZ
copolymer series including (a) PBnDT-HTAZ, (b) PBnDT-mFTAZ,
and (c) PBnDT-FTAZ.

Figure 2. (a) Output, (b) transfer, and (c) mobility plots for
representative TFTs prepared from PBnDT-HTAZ, PBnDT-mFTAZ,
and PBnDT-FTAZ copolymers. Channel length and width dimensions
were 320 and 220 μm, respectively. The dielectric layer was 300 nm of
SiO2, and the source-drain bias was 100 V.
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number of fluorine substituents incorporated onto the
conjugated polymer backbone (Figure 3c).
Comparing our mobility values with those reported from

SCLC diode measurements reveals some limitations of that
method. While the trends and specific SCLC hole mobility for
PBnDT-FTAZ (∼1 × 10−3 cm2/V·s) are in close agreement
with the average TFT mobility extracted from measurements
on untreated SiO2 (∼3 × 10−3 cm2/V·s), we propose that TFT
characterization is important to fully characterize the in-plane
charge transport efficacy. We have also examined the mobility
of two other fluorinated donor−acceptor copolymers, namely,
PTB7 and PBDTT-FTTE (Figure S6 of the Supporting
Information). These monofluorinated materials demonstrate
exceptional performance approaching that of mFTAZ, as
illustrated in Figures S7 and S8 of the Supporting Information.
Charge mobilities near 0.1 cm2/(V·s) help explain the

remarkable performance of PBnDT-FTAZ in organic photo-
voltaics. Previous work has demonstrated power conversion
efficiencies near 7% with active layers of about 300 nm in
thickness.2,5,21 We propose that the high hole mobility of
PBnDT-FTAZ enables thick active layers with fill factors in
excess of 0.7 to allow for efficient light harvesting without
significant losses due to charge extraction problems.
To ascertain the underlying cause for the increase in TFT

mobilities with added fluorine in the active layer, we examined
the crystalline structure of the three polymers shown in Figure
1 using X-ray diffraction experiments. PBnDT-HTAZ, PBnDT-
mFTAZ, and PBnDT-FTAZ films were prepared on untreated
and ODTS-treated silicon wafers for grazing-incidence wide-

angle X-ray scattering (GIWAXS) measurements (Figure S9 of
the Supporting Information and Figure 4). Data were acquired

for films as cast and after annealing for 3 h at 150 °C. Although
differential scanning calorimetry data shows no thermal
transitions in the range of 50 to 250 °C (data not shown),
comparing GIWAXS data from annealed (Figure 4) and not
annealed (Figure S10 of the Supporting Information) films
suggests that annealing at 150 °C induces cold crystallization.
For each polymer, the integrated profiles extracted from the

two-dimensional detector images in Figure 4 are displayed in
Figures 5 and S11 in the Supporting Information. The (100)
and (010) peaks at q ∼ 0.3−0.4 Å−1 and q ∼ 1.5−1.7 Å−1

correspond to backbone-side chain lamellar and π−π stacking,
respectively, but it is apparent from the detector images and
line profiles that the overall crystallinity is low for all three
copolymers. The absence of higher order reflections and the
presence of broad peaks indicate a high degree of disorder and
short coherence lengths, which is consistent with previous
reports22 and implies that crystallinity and long-range order will
have only a minor influence on charge transport. Results
obtained on untreated and SAM-treated substrates were similar,
as shown in Figure S9 of the Supporting Information, but
slightly sharper peaks observed from ODTS treated samples
indicate that the polymers were more uniformly oriented with
the silane monolayer. Reorientation of PBnDT-FTAZ crystal-
lites from edge-on to face-on with respect to the substrate has
been reported following solvent annealing.10 A comparison
between our as cast and thermally annealed films (Figure S10
of the Supporting Information and Figure 4), however, do not
reveal any obvious change in orientation.
In contrast, a transition from primarily edge-on to face-on

orientation occurs gradually as the extent of fluorination

Figure 3. (a) Average threshold voltages, (b) average ON/OFF ratios,
and (c) average charge mobilities for devices comprised of polymers
with various degrees of fluorine substitution in the active layer. Errors
bars are the standard deviation of multiple measurements (n ≥ 10).

Figure 4. GIWAXS images for (a) PBnDT-FTAZ, (b) PBnDT-
mFTAZ, and (c) PBnDT-HTAZ films on ODTS-treated silicon.
Samples were annealed 3 h at 150 °C.
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changes when ODTS treated substrates are used (Figure 4).
Nevertheless, all polymers exhibit a significant population of
face-on crystals when cast and annealed on bare Si substrates
(Figure S9 of the Supporting Information). We hypothesize
that the low surface energy of ODTS (28.1 mJ/m2)23 promotes
edge-on texturing of the crystallites when compared to high
energy substrates (bare Si, 61.4 mJ/m2)23 due to interactions
with the alkyl side chains, but F−H interactions between the
polymer and ODTS can also play a role to promote face-on
orientations for fluorinated materials. Interestingly, although
older work has hypothesized that edge-on orientations can
promote in-plane charge transport,24 we observe the highest
mobilities for devices where the active layer is mostly face-on
(PBnDT-FTAZ devices). Furthermore, recent evidence
suggests that transport through conjugated polymers is quasi
one-dimensional, such that both edge-on and face-on crystal
texturing can lead to efficient charge transport.25,26 Thus, we
speculate that further work is needed to explore whether edge-
on crystallites in the active layer always enhance charge
transport, or whether developing strategies to promote edge-on
stacking in PBnDT-FTAZ will enhance charge mobilities.
A close scrutiny of the out-of-plane line profiles reveals that

the position of the (010) peak shifts toward higher q for the
fluorinated analogues. The π−π distances decrease from
roughly 4.09 Å for PBnDT-HTAZ to 3.71 Å in PBnDT-
FTAZ films. The smaller π-stacking distance is consistent with

the tighter packing observed in fluorine-substituted aromatic
moieties.27 The PBnDT-mFTAZ film also exhibits a reflection
near 1.49 Å−1, which is apparent in PBnDT-HTAZ for films
cast on ODTS but not annealed (Figure S10 of the Supporting
Information). Thus, this peak is likely due to the (001)
reflection or a mixed index reflection and not π-stacking. The
azimuthally integrated (010) peak intensities, provided in
Figure 5b, also reveal a significant rise in the amount of π-
stacking with fluorine content, as evidenced by the vastly
greater intensity. As such, we propose that the reduced distance
between rings and the increased amount of π-stacking in the
active layer explain the increase in charge mobilities extracted
from devices.
In conclusion, our work has characterized the charge mobility

of a series of nonfluorinated and fluorinated PBnDT-TAZ
copolymers in TFTs. Mono- and difluorinated analogues of
PBnDT-HTAZ allowed the effect of fluorine substitution to be
decoupled from ancillary influences and revealed that the
fluorine atoms improved charge transport within the
copolymer. An optimization study investigating the effects of
different types of SAM treatments and thermal annealing
conditions was conducted, which demonstrated that ODTS
surface treatments maximized charge transport. Average hole
mobilities of 0.08 and 0.14 cm2/V·s, exceeding that of
P3HT17,28−30 and approaching that of PBTTT,31,32 are
achieved with the mono- and dual-fluorinated PBnDT-TAZ
despite the low degree of long-range order in both copolymers.
None of the copolymers were highly crystalline, but probing

the structure with GIWAXS shows that the excellent charge
mobility originates from decreased π-stacking distances and an
increase in the overall amount of π-stacking induced by the
fluorine substituents. As such, the observed 0.38 Å decrease in
the stacking distance from 4.09 Å without fluorination to 3.71 Å
with fluorination served to boost performance in devices by
roughly a factor of 5. A change in the crystallite orientation to a
face-on alignment was also noted upon fluorination, although
we hypothesize that this most likely did not augment
performance in TFTs. We propose that attractive interactions
between electron-rich donor and fluorinated electron-deficient
acceptor units yield very close π-stacking crystallites. The small
diameter of the fluorine atom does not induce steric
hindrances, thereby permitting tight packing. As such,
PBnDT-FTAZ and similar fluorinated donor/acceptor materi-
als offer a promising route for improving the charge mobility of
organic devices.
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