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ABSTRACT: We report an open circuit voltage (VOC)
increase by physical pressing of all-polymer solar cells with
bulk heterojunction (BHJ) films of poly(3-hexylthiophene)
and poly(9,9-dioctylfluorene-co-benzothiadiazole). When
compression force was applied in the direction normal to
the BHJ film plane, VOC was increased for all-polymer solar
cells with a lithium fluoride (LiF) nanolayer (∼1 nm thick)
between the BHJ and cathode layers. However, VOC was rather
decreased for all-polymer solar cells without the LiF layer upon
compression. Interestingly, the VOC change (both increase and
decrease) was linearly proportional to the intensity of pressing
(compression) forces. The reason for the VOC increase in the
device with the LiF layer has been assigned to the improved
LiF dipole alignment and interfacial contacts during rearrangement of the nanolayer (LiF) nanomorphology upon pressing.
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■ INTRODUCTION

Since the early breakthroughs in bulk heterojunction (BHJ)
organic solar cells,1−8 their power conversion efficiency (PCE)
has recently reached 8−10% by employing new organic
materials and/or inverted/tandem device structures.9−16 Most
of these high PCE organic solar cells are fabricated with the
BHJ films of electron-donating (p-type) polymers and electron-
accepting (n-type) fullerene derivatives, which can be prepared
by wet-coating processes such as spin-coating, spray-coating,
inkjet-coating, slot-die coating, etc at room temperature.17,18

However, the stability (lifetime) issue is still unsettled for the
polymer:fullerene solar cells, and the morphological instability
in the polymer:fullerene mixtures has been suggested as one of
major reasons for their low stability.19−23 On this account, all-
polymer solar cells have been increasingly highlighted because
they have an all-polymer BHJ layer that replaces the
crystallizable small molecule (fullerene derivative) with an
electron-accepting polymer.2,24−31 Disappointedly, however,
the PCE of all-polymer solar cells is yet far lower than that
of polymer:fullerene solar cells, which can be mainly ascribed to
the too well-mixing between the electron-donating polymer
chains and the electron-accepting polymers leading to poor
charge percolation paths.24−26

Hence, in order to maximize the charge transport and
collection in all-polymer solar cells, a lithium fluoride (LiF)
layer has been inserted between the BHJ layer and the electron-
collecting electrode because built-in electric fields (a driving
force for charge collection in short circuit condition) in all-
polymer solar cells can be increased by the LiF layer insertion

due to the dipole-induced energy band alignment
(shift).26,32−34 In these previous works, the LiF layer was
simply deposited by thermal evaporation and followed by
deposition of electron-collecting electrodes, but no attempt has
been tried to improve the interfaces between the LiF layer and
the BHJ layer or the electron-collecting electrode.
In this work, we attempted to make better LiF interfaces by

physically pressing both sides of the top and bottom electrodes
(i.e., compression of devices) in normal-type all-polymer solar
cells with the BHJ films of p-type poly(3-hexylthiophene)
(P3HT) and n-type poly(9,9-dioctylfluorene-co-benzothiadia-
zole) (F8BT) (Figure 1a). For better understanding of the
pressing effect, the pressing force (pressure) was gradually
changed during measurement under an air mass 1.5G condition
(100 mW/cm2). Results showed that open circuit voltage
(VOC) was impressively increased by pressing all-polymer solar
cells with the LiF layer, and the VOC increment was
proportional to the intensity of pressing (compression) forces.
However, interestingly, all-polymer solar cells without the LiF
layer showed rather decreased VOC trends.

■ EXPERIMENTAL SECTION
Materials and Solutions. The P3HT polymer (weight-average

molecular weight = 50 kDa; polydispersity index = 2.2) was used as
received from Rieke Metals (Nebraska, U.S.A.), while the F8BT
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polymer (weight-average molecular weight = 46 kDa) was supplied
from American Dye Sources (Quebec, Canada). Two binary blend
solutions of P3HT and F8BT (P3HT:F8BT = 8:2 and 6:4 by weight)
were prepared using chlorobenzene as a solvent at a solid
concentration of 40 mg/mL.
Thin Film and Device Fabrication. To fabricate all-polymer solar

cells, indium−tin oxide (ITO)-coated glass substrates were patterned
to have 8 mm × 12 mm ITO strips by employing a photoengraving
technology (photolithography and etching processes). The patterned
ITO−glass substrates were cleaned with isopropyl alcohol and
acetone, followed by UV−ozone treatment. On top of the cleaned
ITO−glass substrates, a hole-collecting buffer layer (HCBL) was spin-
coated using poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) (PH500, HC Starck) solution and then thermally
annealed at 230 °C for 15 min. Next, the P3HT:F8BT blend films
(thickness = 90 nm) were spin-coated on the PEDOT:PSS layer

(thickness = 40 nm) that was coated on the ITO−glass substrates,
followed by soft-baking at 50 °C for 15 min. These samples were
loaded into a vacuum chamber equipped inside an argon-filled
glovebox for top electrode deposition. A LiF nanolayer (∼1 nm) was
first deposited on one set of the active layer (P3HT:F8BT)-coated
samples by thermal evaporation, followed by deposition of aluminum
(Al) electrodes. Only Al electrodes (without LiF) were deposited on
another set of the samples. Then all devices were thermally annealed at
150 °C for 10 min. The active area of all devices was 0.09 cm2.

Measurements. To measure current density−voltage (J-V) curves
of all-polymer solar cells, we setup a specialized sample holder system
of which pressing pistons were sealed, and its inner environment
became inert by purging argon gas. After loading the devices into the
sample holder inside an argon-filled glovebox, the sample holder was
taken out of the glovebox and mounted on a home-built measurement
stage under a solar simulator (92250A-1000, Newport Corp.). Next,
the light J-V curves under 1 sun condition (air mass 1.5G, 100 mW/
cm2) were measured using an electrometer (Keithley 2400) for all-
polymer solar cells that were pressed by varying the pressing force up
to 0.8 kg (pressure = 8.9 kg/cm2) (Figure 1b).

■ RESULTS AND DISCUSSION
As shown in Figure 1b, both P3HT and F8BT polymers were
well dissolved in chlorobenzene, and no phase separation was
observed in solutions for the two compositions. After spin-
coating, we could obtain well-coated uniform films without any
microscale phase segregation (see the middle photographs in
Figure 1b). However, the color of films was different depending
on the polymer composition: The higher the P3HT content,
the darker the film color. In particular, almost no photo-
luminescence could be observed from the P3HT:F8BT blend
films under illumination of UV lamp (wavelength = 365 nm),
which supports efficient charge separation between donor
(P3HT) and acceptor (F8BT) phases on a nanoscale in the
present P3HT:F8BT films as observed in our previous
reports.26,30,31 Using these blend films, we fabricated all-
polymer solar cells with or without the LiF layer in order to

Figure 1. (a) Chemical structure of P3HT and F8BT. (b)
Photographs of blend solutions (left), blend films under room right
(middle), and blend films under UV light (365 nm) (right). The
weight ratio of P3HT and F8BT is given on top of each photograph.

Figure 2. (a) Photograph of sample holder that has a pressing component on its bottom part and Ar environment in its inner part where solar cells
are mounted. (b) Illustration for compressing experiment of all-polymer solar cells under air mass (AM) 1.5G condition (1 sun, 100 mW/cm2).
(Left) All-polymer (P3HT:F8BT) solar cell without the LiF layer. (Right) All-polymer solar cell with the LiF layer. (c) Photographs for the devices
with the LiF layer before and after pressing. The weight ratio of P3HT and F8BT is given on top of each photograph.
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examine the influence of the LiF layer that has a strong dipole
moment (D = 6.284).41 These all-polymer solar cells were
loaded into a sample holder equipped with a pressing part on
the bottom part of which the inner part is charged with argon
gas (Figure 2a). Then we measured current density−voltage (J-
V) curves by varying pressing forces under illumination of
simulated solar light (100 mW/cm2) (Figure 2b). Here, we
note that the devices were almost not hurt by pressing as
observed from photographs in Figure 2c.
As shown in Figure 3a, the light J-V curve of the device

(P3HT:F8BT = 6:4) without the LiF layer became worse as the

applied pressing force (PAPP) increased. A pronounced open
circuit voltage (VOC) reduction (from 0.61 V at PAPP = 0 kg to
0.47 V at PAPP = 0.8 kg) was measured in the presence of the
similar short circuit current density (JSC) decrease. In the case
of the 8:2 devices (Figure 3b), the device pressing resulted in
the similar deterioration in device performances, even though
the extent of deterioration was relatively smaller for the 8:2
devices than the 6:4 devices. Here, we note that the JSC value
without pressing (PAPP = 0 kg) was higher for the 8:2 device
than the 6:4 device, but the VOC trend was reversed (Table I).
However, the fill factor (FF) was not greatly changed (<4% for
the 6:4 devices and <8% for the 8:2 devices), which may reflect
no intrinsic change in the BHJ morphology in the P3HT:F8BT
layers. In contrast to the FF trend, the series resistance (RS) was
noticeably increased by ∼83% for the 6:4 devices and ∼29% for
the 8:2 devices between PAPP = 0 kg and PAPP = 0.8 kg). As a
result, the power conversion efficiency (PCE) was decreased by
∼66% for the 6:4 devices and ∼50% for the 8:2 devices. Hence,
we think that the interface between the active layer
(P3HT:F8BT) and the Al electrode might be degraded by
pressing.
Interestingly, however, we found that the VOC value of the

6:4 devices with the LiF layer was apparently increased by
increasing the pressing force (from 0.78 V at PAPP = 0 kg to
0.96 V at PAPP = 0.8 kg), though the VOC increment was not

exactly the same as for the pressing force increment (Figure
4a). In particular, the JSC change seemed to be almost marginal
(∼2% between PAPP = 0 kg and PAPP = 0.8 kg) (Table I). This
VOC increasing trend upon device pressing was also observed

Figure 3. Light J-V curves according to the pressing force (PAPP): (a)
6:4 (P3HT:F8BT) device without the LiF layer and (b) 8:2 device
without the LiF layer. Arrows denote the direction of increasing PAPP.

Table I. Summary of Solar Cell Parameters According to
Pressing Forces (PAPP) for All-Polymer (P3HT:F8BT) Solar
Cells with (w/) or without (w/o) the LiF Nanolayer

P3HT:F8BT (6:4) P3HT:F8BT (8:2)

parameters PAPP (kg) w/ LiF w/o LiF w/ LiF w/o LiF

JSC(mA/cm2) 0 0.487 0.016 0.345 0.153
0.2 0.471 0.014 0.340 0.145
0.4 0.469 0.012 0.337 0.144
0.6 0.485 0.011 0.329 0.118
0.8 0.477 0.010 0.324 0.115

VOC (V) 0 0.78 0.61 0.85 0.38
0.2 0.82 0.57 0.89 0.38
0.4 0.83 0.53 0.92 0.37
0.6 0.95 0.49 0.92 0.37
0.8 0.96 0.47 0.97 0.33

FF (%) 0 25.2 26.5 27.5 26.6
0.2 24.9 27.1 27.8 26.3
0.4 25.1 27.4 28.1 26.5
0.6 25.0 26.6 27.9 28.1
0.8 24.9 26.4 27.8 28.8

PCE (%) 0 0.096 0.003 0.081 0.015
0.2 0.096 0.002 0.084 0.015
0.4 0.098 0.002 0.087 0.014
0.6 0.115 0.001 0.084 0.012
0.8 0.114 0.001 0.087 0.011

RS (kΩ cm2) 0 15.13 215.62 20.09 22.77
0.2 19.95 196.22 22.18 27.74
0.4 19.82 234.95 19.89 26.81
0.6 22.54 328.30 20.63 26.98
0.8 21.70 394.99 23.64 29.32

Figure 4. Light J-V curves according to pressing forces (PAPP): (a) 6:4
(P3HT:F8BT) device with the LiF layer and (b) 8:2 device with the
LiF layer. Arrows denote the direction of increasing PAPP.
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for the 8:2 devices (from 0.85 V at PAPP = 0 kg to 0.97 V at PAPP
= 0.8 kg) (Figure 4b), in which the JSC value was slightly
decreased at PAPP = 0.2−0.6 kg but became the same at PAPP =
0.8 kg as for the unpressed device (Table I). In addition, the FF
values were almost unchanged for the devices with the LiF layer
irrespective of the blend composition. As a result, the PCE
value was increased by ∼14% for the 6:4 devices and ∼13% for
the 8:2 devices (Table I). However, we need to pay attention to
the RS change for the devices with the LiF layer. The RS value
was increased by ∼49% (at PAPP = 0.6 kg) for the 6:4 devices,
while the RS increment was ∼18% (at PAPP = 0.8 kg) for the 8:2
devices. If we consider only the RS increase factor, the device
performance should be worse in every case when the pressing
forces were exerted to the devices. However, the PCE of the
device with the LiF layer could be increased due to the VOC
increase by pressing the devices. In principle, it is reasonable to
accept the improved device performance because the built-in
electric field enhanced by the increased VOC can speed up the
charge transport so that the number of charge carriers
(electrons and holes) photogenerated by light absorption
could be relatively higher for the pressed devices than the
unpressed devices.
For the detailed analysis on the VOC increase by pressing, the

VOC values were plotted as a function of pressing force. As
shown in Figure 5a, the VOC change in the 6:4 devices was

clearly divided into two different trends. The VOC value was
linearly increased for the device with the LiF layer, whereas it
was linearly decreased for the device without the LiF layer. Here,
it is worthy to note that the VOC change is linear with the
pressing force for both increasing and decreasing cases. This
trend was similar for the 8:2 devices as shown in Figure 5b.
Hence, we can draw a short conclusion that the interfacial
change in the devices, whether the LiF layer exists or not, is
linearly proportional to the pressing force. The VOC increase

per pressing force was VOC/PAPP = +0.25 for the 6:4 device with
the LiF layer, while it was VOC/PAPP = +0.15 for the 8:2 device
with the LiF layer. Thus, the VOC of all-polymer solar cells with
the LiF layer can be increased by at least 0.15 V by pressing
them with PAPP = 1 kg. In the case of the devices without the
LiF layer, however, the VOC/PAPP was −0.18 (6:4 device) and
−0.05 (8:2 device), which indicates that pressing all-polymer
solar cells without the LiF layer (i.e., only Al electrodes) results
in the VOC decrease leading to worsening device performances.
Finally, we tried to get an insight on the reason for the VOC

increase by the existence of the LiF layer between the active
layer and the Al electrode. As shown in Figure 6a, the

theoretically calculated VOC value is 1.4 V for the P3HT:F8BT
device without the LiF layer.26,35,36 However, the measured
VOC value (maximum here is 0.61 V for the unpressed 6:4
device) was far lower than 1.4 V (Table I), which indicates the
presence of huge charge blocking resistance that could not be
overcome by the actual built-in voltage (only 1 V if considering
the work functions of the PEDOT:PSS layer and the Al
electrode). Upon pressing the device with only Al electrodes
(without the LiF layer), we can expect that only improvement
might be an enhanced physical adhesion between the polymeric

Figure 5. Open circuit voltage (VOC) as a function of pressing force
(PAPP): (a) 6:4 (P3HT:F8BT) device and (b) 8:2 (P3HT:F8BT)
device. The “w/” and “w/o” stand for “with” and “without”,
respectively. The dashed lines represent the linearly fitted results:
VOC/PAPP = 0.25 (6:4 device with the LiF layer), −0.18 (6:4 device
without the LiF layer), 0.15 (8:2 device with the LiF layer), and −0.05
(8:2 device without the LiF layer).

Figure 6. Flat energy band diagram for the device without the LiF
layer (a) and with the LiF layer (b). Both energy unit (eV) and minus
sign (−) in the numbers were omitted to avoid crowding figures. (c)
Illustration for the rearrangement of LiF molecules (dipoles) in the
LiF nanolayer between the P3HT:F8BT BHJ layer and the Al
electrode by pressing all-polymer solar cells: (left) before pressing and
(right) after pressing. (d) Scheme for the work function shift in the Al
electrode by the dipole rearrangement upon pressing all-polymer solar
cell with the LiF nanolayer.
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layer (P3HT:F8BT film) and the metallic layer (Al electrode) if
any. However, this adhesion improvement cannot contribute to
any VOC increase, although it could lead to the JSC increase
under an ideal pressing condition (however, we note that the
JSC increase was unable to achieve in the present experiment as
summarized in Table I). On the contrary, in the case of the
device with the LiF layer, the LiF layer (∼1 nm) was formed
first on the polymeric BHJ layer (P3HT:F8BT) and then the Al
electrode was deposited on top of the preformed LiF layer.37,38

Hence, we can guess that the thin LiF nanolayer might be
thermodynamically imperfect in terms of dipole alignment and
interfacial morphology when it comes to the typical surface
roughness of the P3HT:F8BT layers.26,30,31 In addition, the
device annealing at 150 °C might cause further unsettlement of
the LiF alignment.26,39 Therefore, as shown in Figure 6c,d, the
molecular (dipole) alignment and interfacial contact of the LiF
layer could be improved in due course of rearrangement of
interface morphology upon pressing. In other words, the
pressing force acts as a driving force to heal the interfacial
defects around the LiF layer. Here, we note that three LiF
molecules might be included in the ∼1 nm thick LiF layer
because the lattice constant of LiF is ∼0.4 nm, though the LiF
crystal formation could be imperfect in the thermally deposited
LiF layer.40 As a consequence, the better alignment of LiF
dipoles by device pressing is considered to contribute to the
recovery of the built-in electric field (more vacuum level
alignment) toward a theoretical value (Figure 6d).

■ CONCLUSIONS
We tried to press all-polymer solar cells by varying pressing
forces and found that the VOC value was increased for the
device with the LiF layer, but it was decreased for the device
without the LiF layer. In particular, the VOC change (both
increase and decrease) was linearly proportional to the pressing
forces. We found that the VOC enhancement could be possible
by 0.15−0.25 V per 1 kg pressing force for all-polymer solar
cells with the LiF layer. We concluded that the VOC increase for
the devices with the LiF layer is related to the improved LiF
dipole alignment and interfacial contacts during the interfacial
morphology rearrangement upon pressing (compression).
Finally, we expect that the present physical pressing method
can be effectively applied for other types of organic solar cells
such as polymer:fullerene solar cells, small molecule-based
organic solar cells, organic/inorganic hybrid solar cells, etc.
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