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ABSTRACT: In this study, we investigate the effects of fluorinated poly(3,4-ethylene dioxythiophene):poly(styrenesulfonate)
buffer layer on the performance of polymer photovoltaic cells. We demonstrate for the first time, the deterioration of the device
performance can be effectively mended by modifying the interface between the active layer and buffer layer with heptadecafluoro-
1,1,2,2-tetra-hydro-decyl trimethoxysilane (PFDS) and perfluorononane. Device performance shows a substantial enhancement
of short-circuit current from 7.90 to 9.39 mA/cm” and fill factor from 27% to 53%. The overall device efficiency was improved
from 0.98% to 3.12% for PFDS modified device. The mechanism of S-shape curing is also discussed. In addition, the stability of
modified devices shows significant improvement than those without modification. The efficiency of the modified devices retains
about half (1.88%) of its initial efficiency (4.1%) after 30 d compared to the unmodified ones (0.61%), under air atmosphere.
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B INTRODUCTION improving the device lifetime as well as PCE in solar cells.””” In
the past, most studies of the degradation of OSCs have focused
upon oxidative damage to the photoactive layer associated with
illumination of the device in the presence of molecular oxygen

Organic solar cells (OSCs) have attracted considerable
attention owing to their unique advantages such as low-cost
manufacturing and easy processability over large area via screen

printing, and roll-to-roll coating technologies.l’2 At the early and several light-dependent degradation pathways.'"~"* How-
stage of the development, solution-processed bulk-hetero- ever, in recent years, numerous reports in the literature have
junction OSCs showed a power conversion efficiency (PCE) demonstrated that one of the major causes to the device
of ~1%,> which was further improved steadily to ~5% in degradation was due to the contacts/interfaces problem.">~"'*

poly(3-heylthiphene) (P3HT) and [6,6]-phenyl C61-butyric Saive et al. showed an increased transport barrier at the PCBM/
acid methyl ester (PCBM) blend. However, the poor stability is

still a major hurdle for their wide range of applications.“_6 The Received: January 3, 2015
surface modification and control of interface between the anode Accepted: March 13, 2015
or anodic buffer layer and active layer have been reported for Published: March 13, 2015
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cathode interface resulted in a non-ideal cathode interface."
Oida et al. reported the degradation was associated with the
high series resistance to the injection current at the organic/
electrode interface.'” Meanwhile, several studies showed that
the key cause of deteriorated PEDOT:PSS in the device under
air exposure is light-independent and, rather, resulted primarily
from water absorption by the hygroscopic poly(3,4-
ethylenedioxythiophene):poly(4-styrene sulfonate) (PE-
DOT:PSS) layer.'”*° On the basis of the electrical character-
ization, Street et al. also found that the OSC was degraded due
to the PEDOT:PSS contacts and the active layer was unaffected
even after the ambient exposure.'® Though the degradation
mechanisms can be manifold or even controversial, here we
demonstrate a facile method to enhance the performance of
OSC, both the J—V characteristics of the as-fabricated device
and its stability.

As reported in the literature, a kink has been observed in the
J—V curve under illumination instead of the expected diode
shape in some cases.”’ This feature, commonly called as S-
shape, leads to reduced solar cell parameters such as fill factor
and Jsc and/or Voc. It had been reported that S-shaped J—V
curve results from the devices fabricated from the air-exposed
PEDOT:PSS.

Some possible mechanisms of S-shape curve formation have
been proposed. However till date no such literature exists to
answer how to solve this problem or further discuss the
different proposed mechanism. Interface engineering provides
some opportunity for changing the surface wettability’> or
tuning the dipole direction®® and the electrical property of the
modified layer,”* thus enhancing the corresponding device
efficiency.

In this letter, we first investigate the effects of moisture
damage of PEDOT:PSS layers on solar cell device performance.
It was found that the S-shape can be controlled by tuning the
air exposure time. A simple method to mend the S-shape
characteristic by modifying the surface of PEDOT:PSS with
(heptadecafluoro-1,1,2,2-tetrahydrodecyl)trimethoxysilane
(Cy3H,3F1;0;8i, PFDS) and perfluorononane (PFN) is
demonstrated to be effective for enhancing the device efficiency
and stability. Finally, we also discuss the possible mechanism
behind the curing of S-shaped curve.

B EXPERIMENTAL SECTION

The polymer solar cells in this work have two different structures.
Standard device structure is based on glass/ITO/PEDOT:PSS/
P3HT:PCBM/BCP/Ag, and modified device is based on glass/ITO/
PEDOT:PSS/PFAS or PFN/P3HT:PCBM/BCP/Ag as shown in
Figure 1. BCP is 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline,
which acts as the hole-blocking layer, and ITO is indium tin oxide.

The ITO-coated glass (15 Q-cm™) was cleaned using standard
procedure (cleaning under ultrasonic bath in detergent solution
followed by acetone and isopropyl alcohol). A buffer layer of
PEDOT:PSS (CLEVIOS P VP AI 4083) was obtained by spin
coating an aqueous solution onto ITO-coated glass substrates. It was
then annealed at 150 °C for 20 min under nitrogen ambient. The
optimized conditions of the PEDOT:PSS were similar to those in
Chang et al.*®

The impact of the degraded PEDOT:PSS layers on device
performance was investigated by monitoring the annealed PE-
DOT:PSS-coated ITO samples that were stored in five different
humidity environments for 24 h. For the humidity control, various
drying agents were placed together with the samples. Six samples were
prepared and labeled as (1) to (6) that represent different humidity
conditions. The used drying agents were (1) MgSO, and Na metal
(each with more than S0 g inside desiccator with N, ambient), (2)
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Figure 1. Schematics of the photovoltaic device structure consisting of
the following: (a) ITO/PEDOT:PSS/P3HT:PCBM/BCP/Ag (left).
ITO/PEDOT:PSS/PFDS or PFN/P3HT:PCBM/BCP/Ag (right).
(b) Band alignment of photovoltaic device in this work.

inside glovebox with N, ambient (humidity below 10 ppb), (3)
MgSO, only (50 g inside desiccator with N, ambient), (4) in
desiccator box for 1 h and then transfer into N, ambient (inside
glovebox) and (S) in air. Because of the different hygroscopicity of
these drying agents, hereafter, the samples are designated according to
the different humidity conditions, following the trend where humidity
of sample (1) < (2) < (3) < (4) < (S). Also note that fresh
PEDOT:PSS device (designated as sample 6) refers to the one
subjected to immediate casting of the active layer right after annealing
of PEDOT:PSS. The modifiers, PFDS and PFN, were dissolved in
chlorobenzene (CB) for spin-coating. The PFDS- or PFN-modified
PEDOT-PSS was then annealed at 150 °C for 20 s. After that,
solutions containing P3HT and PCBM of 1:0.6 weight ratio dissolved
in CB were cast on top of the PEDOT:PSS to form thin films that
were then annealed again at 150 °C for 20 min. Contact angle
measurements were done to confirm the presence of PFDS and PFN
after the active-layer coating. The samples were then transferred to a
vacuum chamber where BCP and Al layers of thicknesses S and 100
nm, respectively, were deposited by an INFICON TO0S54 thermal
evaporator.

The current density versus voltage (J—V) characteristics of the
devices were measured with an I—-V source meter (Keithley 2400)
under the dark condition and under the illumination of an AM 1.5G,
1-sun solar simulator (Newport’s Sol2A Class ABA Solar Simulators),
which was calibrated through a Si reference cell. Conductivity
measurements were done in air using four-point-probe technique.
The Fourier transform infrared (FT-IR) measurements were
performed at a Nicolet 6700 FT-IR spectrometer, using continuum
FT-IR microscope attachment (scan 512 times) and mercury cadmium
telluride (MCT) detector. X-ray photoelectron spectroscopy (XPS) of
PEDOT:PSS deposited on ITO/glass substrate was done using a VG
Scientific ESCALAB 250 spectrometer with a base pressure of 5 X
107! mbar (UHV) and monochromatized Al radiation 15 kV.

B RESULTS AND DISCUSSION

Effect of Moisture Condition. The effects of the moisture
were assessed based on device performance. Figure 2a shows
the J—V characteristics for all devices under different humidity
conditions. Device with fresh PEDOT:PSS had an efficiency of
4.11% and a fill factor of 0.63 (Table 1) with a quite ideal J—V/
curve. However, device efficiency gradually decreases with
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Figure 2. (a) The J—V characteristics and parameters for all devices
under different humidity conditions. (b) Chemical structure of PFDS
and PEN used in this work.

increase in the humidity. Also note that all parameters of the
device with PEDOT:PSS in air for 3 d show larger reduction
and also exhibit anomalous S-shaped curve with an efficiency of
0.47% and a fill factor of only 0.15. From these results, we know
that the S-shape phenomenon of J—V curves obviously plays a
significant role in device performance. Similar phenomenon has
been observed in the literature.”*”>® Reports have shown that
such phenomenon was due to (1) the presence of interfacial
dipole where the direction is opposite to the built-in
potential,29 (2) the reduction of hole surface recombination
velocity at the anodic interface,®® and (3) formation of hole
injection barrier between the active polymer layer and the hole
transporting layer.31 Nonetheless, until now, there exists no
demonstration for curing the S-shape. Furthermore, by trying

to solve this problem, we simultaneously have a better
understanding about the dominant underlying mechanism
causing the formation of S-shaped J—V curve.

To cure the S-shaped J—V curve caused by water moisture
deterioration, surface modification on hydrophilic PEDOT:PSS
layers was performed with two kinds of fluorine-containing
materials, namely, PFDS and PFN, which are hydrophobic
linear structures with high electron-affinity fluorine atoms as
shown in Figure 2b. PFDS has a silane functional group, so we
expect that the whole molecule might stand on surface and
dipoles will be formed at the interfaces, which will benefit the
charge-transporting property between PEDOT:PSS layer and
active materials. In contrast, PFN molecule will have better
penetration ability into PEDOT:PSS layer due to the absence
of silane group.

Effect of PFDS and PFN Modification. To investigate the
curing of the degraded PEDOT:PSS, four kinds of samples
were fabricated. They were (A) fresh PEDOT:PSS, (B)
degraded PEDOT:PSS, (C) degraded PEDOT:PSS with 0.1%
PFDS modification, and (D) degraded PEDOT:PSS with 0.1%
PEN modification. Degraded samples are those that experi-
enced the degradation process in which they were exposed to
air ambient for 24 h. Comparative J—V measurements were
performed to evaluate the resultant device performance, with
and without the modifiers, after the degradation process. Figure
3 shows the J—V characteristics of samples A-D. Device B with
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Figure 3. J—V characteristics and device parameters for samples A to
D.

degraded PEDOT:PSS shows S-shape characteristics and the
efficiency dramatically decreases about one-quarter, corre-
sponding to the Voc from 0.63 to 0.45 V and Jsc from 9.79
to 7.90 mA/cm?* (Table 2). However, the modified devices C
and D show ~3 times enhancement compared to the
unmodified device B, corresponding to improved efficiency
from 0.98% to 3.12% and 3.04%, respectively. Remarkably, this

Table 1. Device Performance for Samples 1 to 6

conditions V. [V] Jic [mA cm™?]
sample 1 0.63 + 0.01 9.76 + 0.42
sample 2 0.65 + 0.01 9.55 + 0.38
sample 3 0.64 + 0.01 9.38 + 0.28
sample 4 0.64 + 0.00 10.02 + 0.28
sample 5 0.49 + 0.02 6.47 + 0.62
sample 6 0.64 + 0.01 10.22 + 0.29

FF [%] PCE [%] Ry, (Qcm?) R, [Qcm?]
60 3.72 £ 0.16 948.9 6.2
57 3.52 + 0.12 7724 6.7
56 3.36 + 0.18 856.0 7.1
41 2.61 + 0.28 388.6 9.5
15 0.47 + 0.09 50.9 17.5
63 4.11 + 0.15 1264.0 6.0
6685 DOI: 10.1021/acsami.5b00048
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Table 2. Devices Performance for Samples A to D

conditions Ve [V] Jsc [mA cm™]
sample A 0.63 + 0.01 941 + 042
sample B 0.49 + 0.03 8.36 + 0.33
sample C 0.62 + 0.00 9.39 + 0.14
sample D 0.61 + 0.01 9.12 £ 0.17

FF [%
62.73
3338
53.40
55.08

] PCE [%] Ry, [Q cm?] Rs [Q cm?]
3.74 + 0.13 744.85 5.5
1.37 + 0.28 68.50 13.01
3.12 + 0.07 314.71 7.59
3.04 + 0.08 383.32 7.20

is the first demonstration that an S-shaped J—V curve can be
cured near to its normal state. Nevertheless, to study whether
the degradation could also be recovered by merely heating the
degraded sample (due to dehydration), further heating at 180
°C for 3 min was done for the unmodified degraded sample. As
shown in Supporting Information, Figure S1, clear S-shaped J—
V is still observed, indicating mere heating is not effective to
recover the device performance. We should notice here that the
effect of PFDS and PEN is almost comparable, although a
different mechanism contributes for S-shape curing, which will
be discussed later.

XPS and water droplet contact angle measurements were
used to confirm the presence of the modified materials. F(1s)
core spectra of samples C and D are shown in Figure 4a. The
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Figure 4. (a) F(1s) core spectra of samples C and D. (b) Images of a
water droplet on samples B—D.

peaks at ~689 eV originate from the C—F bond. It is observed
that sample C shows higher intensity than sample D, due to
presence or absence of silane anchoring group in these two
materials. Figure 4b shows the contact angle images of samples
A-D. It is well-known that the pristine PEDOT:PSS is
superhydrophilic, corresponding to a contact angle of 19°
(sample A), and the degraded PEDOT:PSS (sample B) shows
comparable contact angle value (17.9°). However, PFDS
(sample C) and PEN (sample D) modified PEDOT:PSS
show more hydrophobic property compared to pristine
PEDOT:PSS with the contact angles of 104° and 59°
respectively. Note that the higher concentrations of PFDS
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and PFN solutions, the thinner of the following active layer
forms. Because of the lower surface energy, the active layer will
form very poor thin film when PFDS solution with
concentration higher than 0.1% was used. However, smaller
effect was observed in the case of PFN solution when the
concentration was higher than 0.1%.

Figure Sa shows the secondary electron cutoffs from
ultraviolet photoelectron spectra (UPS) obtained from samples
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Figure S. (a) The secondary electron cutoffs from UPS obtained from
samples A to D. (b) The FTIR measurement of samples A, B, and D.

A—D. It shows that the onset of the secondary electron cutoffs
of sample B shifted to higher binding energy by 0.4 eV relative
to that of sample A, indicating the presence of an interfacial
dipole decreases the vacuum level of samples B, leading to a
barrier for the charge transpor’c.32 In contrast, the onset of
sample C shifted to lower binding energy by 0.2 eV relative to
that of sample B, implying that the dipole at the PEDOT:PSS/
active layer interface pointed to PFDS-modified PEDOT:PSS,
leading to an increase in built-in potential. However, the

DOI: 10.1021/acsami.5b00048
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secondary electron cutoffs of sample D did not show an
obvious difference when compared with sample B.

To further understand the possible mechanism of PEN
curing, we proceeded with other measurements. As mentioned
above, we expect PFN has better penetration ability into
PEDOT:PSS layer. Thus, FTIR measurement is performed.
The FTIR spectra of samples A, Band D are shown in Figure
Sb. The peaks appearing at 1644, 1180, 1127, 1037, and 1008
cm™' are contributed from the stretching vibration of C—C
aromatic skeleton, SO group symmetric vibration, in-plane
skeleton vibration of phenyl ring, SO3 group antisymmetric
vibration, and in-plane bonding vibration of phenyl ring,
respectively.*®> The FTIR results of poly(styrene sulfonic acid)
(PSSA) hydrogel in different salt solutions have been
discussed.** They found that the intensity of the 1644 cm™!
peak in deionized water is much higher than the 1000—1200
cm™' ones, implying that the 1644 cm™' peak has been
significantly interfered by the presence of water. On the
contrary, in KF solutions, the 1000—1200 cm™ peak has
become much stronger than that at 1644 cm™ due to the
dehydration of PSSA hydrogel and the presence of fluorine ion
near hydrated SO3. We also observed that the 1644 cm™ peak
of sample B is much higher than the 1000—1200 cm™! ones,
indicating that the SO3 group was blocked by the presence of
water. However, the 1000—1200 cm™' peak of sample D
became much stronger than that at 1644 cm™. It may imply
that PEN molecules partially penetrate into the PEDOT:PSS
film to dehydrate the water-blocked SO3 group.

The penetration of PFN can be clearly observed by XPS
depth profile measurement. Figure 6 shows the XPS depth
profile with samples C and D. The results show that the PFDS
molecule located mainly at the surface of PEDOT:PSS.
However, the modification with PEN molecule always shows
the F 1s signal within the depth of 5 nm. We suggested that the
diffusion of PFN molecule might happen when the active layer
was annealed at 150 °C for 20 min. This result can support the
FTIR results about the dehydration of water-blocked SOj3
group and to make evident our early expectation that the
PFN molecule without silane group may have better
penetration ability into thin film.

To investigate how the PEN penetration affects the device
characteristics, the conductivities of samples A to D were
measured by four-point probe technique. Sample A shows the
best conductivity of 5.17 X 107> S cm™' with the least air-
exposed time, but the conductivity of sample B was greatly
reduced to 3.27 X 107> S cm™'. However, once modifying
PEDOT:PSS with PFDS and PEN (samples C and D), the
conductivity can be recovered by almost 2 orders of magnitude
larger to 1.34 X 102 S em™ and 137 X 1072 S cm™,
respectively. The enhancement of conductivity after PFDS
(sample C) and PEN (sample D) modification is attributed to
two different mechanisms, the preferred dipole formation at the
interface for PFDS and the hopping center recovery of SO3
group for PFN, which we mentioned above.

Stability of PFN-Modified Device. Finally, to demon-
strate the function of PEN material for preventing PEDOT:PSS
from moisture damage, we make the devices with fresh
PEDOT:PSS (sample A) and PFN-modified PEDOT:PSS
(sample D) exposed to atmospheric air for different times. The
illuminated J—V characteristics of the OCSs exposed to
atmospheric air for different times is shown in Figure 7a, and
Figure 7b shows the influence of the air-exposure duration time
of the devices on all parameters of PCE, Jsc, Voc, and FF. The
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Figure 6. XPS depth profile of sample C (upper) and D (lower).

performance of the device with PFN-modified PEDOT:PSS
(Figure 7c) is better than that with pristine PEDOT:PSS for
the same time intervals of air exposures. When the devices are
exposed to air for 60 d, a PCE of 1.88% is recorded for the
device with PFN-modified PEDOT:PSS, but the PCE of the
device with pristine PEDOT:PSS is 0.61%. Commercial organic
solar panels might need the protecting coating barrier against
the absorption of air. Our result shows that the formation of
hydrophobic layer on the PEDOT:PSS surface may protect
PEDOT:PSS from water deterioration, which may minimize
the unavoidable degradation during the fabrication process and
is propitious to improve the stability of OSC eventually.

B CONCLUSIONS

In this work, we investigated the effects of moisture
deterioration of PEDOT:PSS buffer layer on the performance
of polymer photovoltaic cells. We demonstrated, for the first
time, the device with damaged PEDOT:PSS can be effectively
recovered by modifying the interface with PFDS and PFN
materials. The overall device efficiency shows obvious enhance-
ment to 3.12% for PFDS and 3.04% for PEN, compared with
0.98% for degraded PEDOT:PSS device. We also proposed that
the mechanism of S-shape curing is attributed to the beneficial
dipole formation for PFDS modification, which improves the
transport ability over the interface, and the dehydration of
water-blocked SO3 group due to the good penetration ability of
PEN, which recovers the conductivity of the buffer layer. The
device stability is also enhanced by using PFN-modified
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Figure 7. (a). The J—V characteristics and (b) device stability test for
sample A and (c) sample D.

PEDOT:PSS with PCE of 1.88% compared to control device of
0.61% after 60 d. This stability enhancement can be attributed
to the protection of hydrophobic layer on the PEDOT:PSS
surface from water absorption.

B ASSOCIATED CONTENT

© Supporting Information

Mlustration of the comparison between the effect of heating and
PEDS modification on the device performance, monitored by
the J—V measurement. This material is available free of charge
via the Internet at http://pubs.acs.org.
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