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ABSTRACT: In this study, we fabricated conventional structured
organic solar cells (OSCs) by introducing a hole extraction layer
(HEL) that consisted of poly(3,4-ethylenedioxythiophene):polystyr-
enesulfonate (PEDOT:PSS) and conjugated polymer electrolyte
(CPE) poly[9,9-bis(4′-sulfonatobutyl)fluorene-alt-thiophene] (PFT-
D). PFT-D has a −SO3

− functional group that acts as a conjugate base
against the −SO3H of PSS. In addition, the molecular dipole of PFT-D
can screen the Coulombic attraction between PEDOT chains and PSS
chains. By blending PEDOT:PSS and PFT-D, the acidity of the HEL
solution and changes to the surface morphology and potential of the
HEL film as a function of exposure time in air were reduced. As a
result, the half-life of the OSC fabricated with blended HEL was five
times better at room temperature and 40% humidity without
encapsulation as compared to the pristine PEDOT:PSS-based device.

KEYWORDS: organic solar cell, stability, hole extraction layer, conjugated polymer electrolytes, morphological stability,
surface potential, phase separation

■ INTRODUCTION

Organic solar cells (OSCs) are devices in which a low-cost
technology is implemented for producing large-area and
lightweight flexible solar modules. In particular, they are
regarded as clean and renewable energy devices for next-
generation portable, wearable, and building-integrated applica-
tions.1,2 Recently, OSCs with power conversion efficiencies
(PCEs) of more than 10%, which makes commercialization of
such devices possible, have been reported.3−5 Thus, the long-
term stability of OSCs resulting in a 10−10 target (10% PCE
and 10 years of stability) has been spotlighted as an important
issue.6,7

The photoactive layer (PAL) of OSCs consists of a bulk
heterojunction (BHJ) structure comprising a blend of donor
and acceptor materials. Excitons formed in the PAL by light are
separated into holes and electrons at the interface of the donor
and acceptor. The separated charge carriers generate a current
by moving into the anode and cathode individually through the
highest occupied molecular orbital (HOMO) level of the donor
material and the lowest unoccupied molecular orbital (LUMO)
level of the acceptor material. However, energy barriers that
form between the PAL and the electrodes prevent the transport
of charge carriers. In order to solve the energy-level mismatch
and improve the PCE of OSCs, interfacial layers are introduced
between the PAL and the electrodes.8−10 These electron- and
hole-extracting layers (EELs and HELs, respectively) are
drawing attention as important materials in interface engineer-

ing.7,11 The introduction of EELs and HELs greatly contributes
not only to the PCE of OSCs but also to improved device
stability.
Zirconium acetylacetonate (ZrAcac),9 cesium carbonate

(Cs2CO3),
12 and conjugated organic materials such as poly-

[(9,9-bis(3′-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-
(9,9-dioctylfluorene)] (PFN),13 3,3′,3″,3‴-((pyrene-1,3,6,8-
tetrayltetrakis(benzene-4,1-diyl))tetrakis(oxy))tetrakis(N,N-di-
methylpropan-1-amine) (PBPA),14 3,6-bis(5-(4-(3-
(dimethylamino)propoxy)phenyl)thiophen-2-yl)-2,5-bis(2-
hexyldecyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (DPPA),15

etc., are used as EEL materials. π-Conjugated polymers such as
poly(3,4-ethylenedioxythiophene):polystyrenesulfonate (PE-
DOT:PSS), conjugated polymer electrolytes (CPEs), and
transition metal oxides such as molybdenum oxide (MoOx),

16

nickel oxide (NiOx),
17 tungsten oxide (WO3),

10 etc., have been
reported as HEL materials.7,18−21 PEDOT:PSS is widely used
as the hole-transporting material of OLEDs, OSCs, and thin-
film solar cells and as a transparent electrode material not only
because of its solution processability but also because of its
excellent electrical and optical properties.7,18−22 However,
PEDOT:PSS reduces the lifetime of devices by its acidic and
hygroscopic properties.7 In order to offset the drawbacks of
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PEDOT:PSS, studies on additives to PEDOT:PSS solutions
have been reported.23−25

Kim et al. reported the results of a study in which sodium
hydroxide, which is a strong base, was added to a PEDOT:PSS
solution for the purpose of reducing its acidity. However, as the
amount of added NaOH was increased, the performance of the
OSC decreased.23 Ouyang et al. reported the fabrication of a
next-generation transparent electrode by improving the
conductivity of PEDOT:PSS by proton transfer through the
addition of a weak organic acid.24 Kim et al. reduced the acidity
and hygroscopic property of PEDOT:PSS through a con-
densation reaction with PSS by adding poly(ethylene glycol)
methyl ether (PEGME). As a result, they reported that the PCE
of the device improved by 21% and that the half-life of the
device improved 3.5 times as compared to a pristine
PEDOT:PSS-based OSC.25 In addition, Cao et al. reported
that corrosion of ITO and diffusion of indium were reduced by
treating neutral PEDOT:PSS with UV-ozone and an oxygen
plasma. Consequently, the PCE of the devices with neutral
PEDOT:PSS decreases by only 20% after 50 days.26 However,
despite many studies on the improved performance and
stability of OSCs through PEDOT:PSS modification, there is
insufficient research on the relationship between the changes in

the surface properties of the interfacial layer and the lifetime of
OSC devices.
Recently, we synthesized a poly[9,9-bis(4′-sulfonatobutyl)-

fluorene-alt-thiophene] (PFT) CPE and applied it as an HEL
to an OSC device.27 PFT, which is neutral with a pH of 6.7−7.0
and whose dipole moment is used to tune the work function of
ITO electrode into 4.95 eV, is a suitable material for hole
transporting/extracting. However, the OSC device with the
PFT HEL showed a somewhat lower PCE value than the
PEDOT:PSS-based device because its work function was
slightly lower than that of PEDOT:PSS (5 eV).
In this study, a PFT CPE was modified to a PFT-D CPE by

using a Na2S2O8 oxidant, and various concentrations of PFT-D
were added to PEDOT:PSS. To improve the conductivity and
stability of the PEDOT:PSS film, a molecular dipole in PFT-D
can be generated between the conjugated backbone and −SO3

−

functional group of the side chain by removing sodium ions28,29

to screen the Coulombic attraction between PEDOT and PSS
through association with PEDOT.30 We improved the long-
term stability without changing the efficiency of the OSC
devices by changing the surface morphology and potential of
the HEL via the PFT-D additives. Furthermore, we identified
the effects of the stability of the HEL morphology and surface
potential on the lifetime of the OSC devices. It was concluded

Figure 1. Chemical structures of (a) PCE-10, (b) PC71BM, and (c) PFT-D and (d) device structure of the OSCs.
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that the changes in the morphology and surface potential of the
HEL surface decreased as a function of the time and that the
stability of the OSC devices increased more than five times.

■ EXPERIMENTAL SECTION
Fabrication of OSC Devices. To fabricate the OSC devices,

patterned ITO glass substrates were washed by sonication in
detergent, 2-propanol, and deionized water in sequence. After
cleaning, the ITO glass substrates were dried at 120 °C and UV−
ozone treated for 15 min. For the HEL solution, PFT-D in
concentrations of 0, 0.2, 0.4, and 0.6 wt % was added to PEDOT:PSS
(Heraeus, P VP AI 4083). The solutions were filtered through a 0.45
μm PTFE filter and spin coated onto the ITO glass substrates and
annealed at 140 °C (0 wt %) or 120 °C (0.2, 0.4, and 0.6 wt %) for 10
min to form HELs with thicknesses of 30 nm. Solutions with a PFT-D
concentration greater than 0.6 wt % were not filtered through the 0.45
μm PTFE filter (Figure S1, Supporting Information). When the
solutions were coated without filtering, the surface of the HELs was
not uniform, which can affect the reliability of the devices. The
prepared samples were then transferred to a N2-filled glovebox, and
poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b′]-
dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]-
thiophene)-2-carboxylate-2−6-diyl] (PCE-10, 1-materials) and [6,6]-
phenyl C71 butyric acid methyl ester (PC71BM) (1:1.5, w/w) in
chlorobenzene/1,8-diiodooctane (97:3, v/v) solution were spin coated
onto the samples to form photoactive layers with thicknesses of 80 nm.
To form an electron extraction layer, a PFN solution (2 mg/mL in
methanol with 2 μL/mL of acetic acid) was spin coated onto the
photoactive layer of the samples. Finally, an Al cathode (100 nm) was
thermally deposited in a high vacuum chamber (<10−7 Torr). The
active area of the fabricated OSCs was 7 mm2.
Measurements. The thicknesses of the prepared thin films were

measured using an Alpha Step 500 surface profiler (KLA-Tencor) and
atomic force microscopy (AFM, psia XE-100, contact mode). The
optical transmittance of the HELs and the light absorption of PCE-10
were characterized using an ultraviolet−visible (UV−vis) spectrometer
(Agilent 8453). The sheet resistances of the ITO electrode were
measured by using a four-point probe station (MST 6000C). The
surface morphologies and potentials of the HELs were characterized

by AFM (psia XE-100, noncontact mode) and external electrostatic
force microscopy (EFM). The work function of the ITO/HELs was
measured by scanning Kelvin probe microscopy. X-ray photoelectron
spectroscopy (XPS, PHI 5000 Versa Probe II) was used to investigate
the surface composition of the HELs. The current density−voltage (J−
V) characteristics of the fabricated OSCs were assessed using a
Keithley 2400 source measurement unit and an AM 1.5G solar
simulator (Oriel 96000 150 W solar simulator). The incident photon-
to-current conversion (IPCE) was measured to determine the best
performance of the devices.

■ RESULTS AND DISCUSSION

Figure 1 shows the molecular structure of PCE-10, PC71BM,
and PFT-D and the device structure of the fabricated OSCs.
OSCs with conventional structures were fabricated as shown in
Figure 1(d).
The device performance of the OSCs is presented in Figure 2

and summarized in Table 1. In Figure S3 and Table S1, the
device performance of OSC devices based on the
PTB7:PC71BM system is also shown. The OSC device with
PEDOT:PSS showed a maximum PCE of 7.8%, with an open-
circuit voltage (VOC) of 0.76 V, a short-circuit current density
(JSC) of 14.1 mA/cm2, and a fill factor (FF) of 72.8%. On the
other hand, when 0.2 wt % PFT-D was added to PEDOT:PSS,
a VOC of 0.77 V, a JSC of 14.9 mA/cm2, and a FF of 71.3% were
obtained, resulting in a PCE of up to 8.2%. This PCE
improvement was mainly because of increased JSC caused by the
addition of PFT-D. As can be seen in Figure S2 and Figure S4
(Supporting Information), the higher PCE is a result of the
increased current generation by the absorption of more light in
the PAL, which itself was the result of the enhanced optical
transmittance in the 560−750 nm wavelength range corre-
sponding to the main absorption band of PCE-10 and of
improved charge carrier extraction from the PAL to the external
circuit. Values for the PL quenching rate were calculated from
the difference between the area of the PL spectrum of PCE-10

Figure 2. (a) J−V characteristics and (b) EQE characteristics of OSCs.

Table 1. Device Performance Parameters of the OSCsa

PFT-D concentration Voc [V] Jsc [mA/cm2] FF [%] PCE [%] Rsh [Ω cm2]

0 wt % 0.76 (0.76) 14.1 (14.20) 72.8 (71.85) 7.8 (7.75) 523
0.2 wt % 0.76 (0.76) 14.6 (14.57) 71.8 (71.50) 8.0 (7.92) 959
0.4 wt % 0.77 (077) 14.9 (14.67) 71.3 (71.23) 8.2 (8.04) 1190
0.6 wt % 0.76 (0.76) 14.7 (14.72) 71.5 (70.93) 8.0 (7.94) 1010

aThe values in the parentheses represent the average values of four cells.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.6b09846
ACS Appl. Mater. Interfaces 2016, 8, 31791−31798

31793

http://pubs.acs.org/doi/suppl/10.1021/acsami.6b09846/suppl_file/am6b09846_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b09846/suppl_file/am6b09846_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b09846/suppl_file/am6b09846_si_001.pdf
http://dx.doi.org/10.1021/acsami.6b09846


only and the BHJ films. As the quenching rate increases, the
dissociation and extraction of charge carriers improve.31−33 As a
result, the values of the quenching ratio were 83.3%, 85%,
85.6%, and 84.9% for pristine PEDOT:PSS and PEDOT:PSS
with 0.2, 0.4, and 0.6 wt % PFT-D added, respectively. These
results were confirmed by the fact that the external quantum
efficiency (EQE) was improved in the 560−750 nm wavelength
area by adding PFT-D, as shown in the IPCE data of Figure
2(b).
Figure S2 (Supporting Information) shows the light

absorbance of PCE-10, used as the donor polymer of the
PAL, and the optical transmittance of ITO/HEL as a function
of the amount of added PFT-D. PCE-10 mainly absorbed light
in the 560−750 nm wavelength range (λmax = 704 nm). The
HELs on ITO, where PFT-D (0.2−0.6 wt %) was added to
PEDOT:PSS, showed slightly higher transmittance values of
more than 560 nm (Table S1, Supporting Information) than
the pristine PEDOT:PSS. In particular, at λmax = 704 nm for
PCE-10, the optical transmittance values (84.06−84.48%) of
the PFT-D-added HELs on ITO were slightly higher than that
of pristine PEDOT:PSS on ITO (83.61%). Thus, an increase in
the amount of light irradiating the PAL is expected.
The fabricated OSC devices were stored without encapsu-

lation at a constant temperature (25 °C) and humidity (40%)
under indoor light (∼200 lx). The changes in the PCE of the
devices as a function of time for approximately 200 h are
presented in Figure 3. As PFT-D was added to PEDOT:PSS,

the PCE that was slightly increased now decreased as a function
of time. In the case of the device in which pristine PEDOT:PSS
was used as the HEL, the PCE rapidly decreased, and the half-
life of the device was 32 h. On the other hand, when 0.2, 0.4,
and 0.6 wt % PFT-D was added to PEDOT:PSS, the PCE
slowly decreased, and the half-lives of the devices were 54, 87,
and 168 h, respectively, because of degradation of the Jsc and FF
of the devices (Figure S5, Supporting Information). The Jsc and
FF of the devices decreased as a function of time stored in
ambient air, whereas Voc was almost constant (Figure S5(b),
Supporting Information) because of changes in the electrical
conductivity of the ITO electrode and in the surface potential
of the HEL film. By introducing HELs in which PFT-D was

added to PEDOT:PSS, the half-lives of devices were improved
more than five times.
PFT-D is a neutral material with −SO3

− ions. It can therefore
act as a conjugate base for the strongly acidic PSS. The acidity
of PEDOT:PSS is due to the ionization of −SO3H, which is the
functional group of the PSS polymer chain. The process is
represented according to eq 1.

− ⇌ + −

= − −

+ −

+ −K

SO H H SO ,

[H ][ SO ]/[ SO H]
3 3

a 3 3 (1)

where Ka is the acid dissociation constant, which represents the
ionization equilibrium of −SO3H. Therefore, it always shows a
constant value under the same temperature conditions. The
equilibrium reaction in eq 1 can be reversed by the addition of
PFT-D, so that the pH can be increased as the proton
concentration of the solution is decreased.
Figure 4 shows the XPS spectra of the HEL (with both

pristine and 0.4 wt % PFT-D added to PEDOT:PSS). Both
devices were stored at room temperature (25 °C) with a
relative humidity (40%) for 3 days. As shown by the In 3d
spectra of the surface of the HELs in Figure 4(a), the amount of
indium atoms on the surface of the pristine PEDOT:PSS film
dramatically increased due to corrosion of the ITO after 3 days.
However, the devices with 0.4 wt % PFT-D added to
PEDOT:PSS showed only slightly increased intensity com-
pared to pristine PEDOT:PSS film. The sheet resistance of the
ITO with pristine PEDOT:PSS increased from 8.6 to 13.6 Ω/
sq. However, devices with PFT-D added showed relatively low
sheet resistances of 11.2, 10.4, and 9.8 Ω/sq for 0.2, 0.4, and 0.6
wt % of PFT-D, respectively.
Figures 4(b) and (c) show S 2p XPS spectra of the surface of

HELs stored for 10 h and 3 days, respectively. The red solid
lines, cyan dots, and purple dots indicate S 2p signals of
−SO3H, −SO3

−, and PEDOT, respectively.34 As can be seen in
Figure 4(b), by adding 0.4 wt % PFT-D to PEDOT:PSS, the
−SO3

− peaks decreased, and the −SO3H peaks increased,
compared with a pristine PEDOT:PSS film because of the
reverse reaction of eq 1. In other words, the −SO3

− of PFT-D
deactivated the ions of PSS and associated with PEDOT,
screening the Coulombic attraction between PEDOT and
PSS.30 In contrast, for pristine PEDOT:PSS, the −SO3

− peaks
increased, and the −SO3H peaks decreased after 3 days. In this
case, the (i) forward reaction of eq 1 and (ii) phase separation
of PEDOT:PSS could create PSS-rich regions on the surface of
PEDOT:PSS.
Furthermore, the S 2p signals of PSS were confirmed to be

more intense than those of PEDOT as shown in Figure 4(b)
and (c), suggesting that PSS-rich regions formed on the surface
of the PEDOT:PSS film. However, the spectra with 0.4 wt %
PFT-D-added PEDOT:PSS did not change very much,
compared with that of pristine PEDOT:PSS.
The performance and stability of OSC devices are

significantly related to the surface morphology, potential, and
stability of the HELs. We therefore measured the surface
morphology and potential of the HELs through AFM and
EFM. The results are shown in Figure 5 and Figure 6,
respectively. Figures 5(a)−(d) show the initial surface
morphology of the HELs. In Figure 5(a), the surface of the
pristine PEDOT:PSS showed a fine morphology with no
aggregation of PEDOT or PSS chains. However, when PFT-D
was added, the PEDOT chains aggregated due to separation of
the PEDOT and PSS through screening of the Coulombic

Figure 3. Normalized PCE variation of the devices as a function of
time stored in ambient air at 25 °C and 40% humidity under 200 lx
interior lighting.
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attraction between PEDOT and PSS,24,30 and smooth, fine
films formed on the ITO electrode. As the PFT-D content
increased, the value of the root-mean-square roughness (RRMS)

increased as a result of the increased grain size. This increase in
grain size increased the shunt resistance (Rsh) of the OSC
devices by improving the conductivity of the HELs (Figure S6,
Supporting Information). The conductivity of HELs increased
up to the optimal concentration of PFT-D (0.4 wt %) with
growth of the PEDOT-rich region. Moreover, when 0.6 wt %
PFT-D was added, the conductivity was slightly decreased by
the larger PEDOT grains and PSS insulation barrier which
caused a longer average distance between the conductive
grains.35,36 By adding PFT-D to PEDOT:PSS, the resistance of
the devices decreased compared to the device with pristine
PEDOT:PSS HEL.24,37−39 As a result, the performance of the
devices with PFT-D was slightly enhanced.
PEDOT:PSS forms defects due to aggregation caused by

moisture in the atmosphere, and the lifetime of devices using
PEDOT:PSS can decrease as the defects grow over time.37

Figure 5(e) shows the surface morphology of pristine
PEDOT:PSS after 3 days. In the figure, the aggregation of
PEDOT:PSS as compared to Figure 5(a) is confirmed. As a
result, the value of RRMS significantly decreased from 1.013 to
0.633 nm.33,40 On the other hand, in the AFM images of the
HELs with PFT-D added [Figures 5(f)−(h)], it is seen that the
aggregation of PEDOT:PSS was effectively inhibited as the
PFT-D content increased. The changes in the RRMS values were
0.141 and 0.132 nm for PEDOT:PSS HELs with 0.2 and 0.4 wt
% PFT-D added, respectively, suggesting that the aggregation
of the remaining PEDOT chains, which were associated with
PSS chains, was partly inhibited by the addition of 0.2 and 0.4
wt % of PFT-D. However, in the case where 0.6 wt % PFT-D
was added [Figures 5(d) and (h)], the change in the RRMS value
was 0.028 nm, which means that the effect of the surrounding
environment on the surfaces of the HELs was minimized as
compared to the pristine PEDOT:PSS (0.381 nm). In contrast,
the surface morphology and phase of PALs (Figures S7 and S8,
Supporting Information) did not change significantly like the
HELs. The RRMS values decreased by only ∼0.1 nm after 3 days,
suggesting that a change in the surface of HELs has a more
important role than that of PAL in the degradation of devices.
Also, as seen in Figure 6, when PFT-D was added, the surface

potential change (ΔSP) of the HELs after 3 days decreased as
compared to that of the pristine PEDOT:PSS (ΔSP = 26.22
mV). In the case of the HEL in which 0.6 wt % PFT-D was
added, the stability of the OSC was the best, and the ΔSP value
was the smallest, 13.77 mV. The surface potential acts as an
indicator because it is very sensitive to the electronic states of
the surface due to surface charge density or surface traps,
surface reconstruction, and chemical composition.41 PE-
DOT:PSS forms PSS-rich regions in the upper layer of a film
and PEDOT-rich regions in the bottom layer.42 This vertical
phase separation of PEDOT:PSS can be explained by the
aggregation of PEDOT chains and the difference in the surface
energy between PEDOT chains and PSS chains. Over time, the
surface potential could increase because of increasing PSS
density on the surface, resulting in aggregation of the PEDOT
chains and vertical phase separation. As a result, after 3 days in
the case of pristine PEDOT:PSS and PEDOT:PSS doped with
0.2 wt % PFT-D, the surface potential increased by 26.22 and
28.05 mV, respectively. Simultaneously, the Jsc of devices with
HELs consisting of pristine PEDOT:PSS and PEDOT:PSS
doped with 0.2 wt % PFT-D significantly decreased by 9.4 mA/
cm2 (14.1 mA/cm2 to 4.7 mA/cm2) and 9.6 mA/cm2 (14.6
mA/cm2 to 5.0 mA/cm2), respectively. However, the changes
in Jsc of the devices with HELs doped with 0.4 wt % (ΔSP =

Figure 4. (a) In 3d XPS spectra of pristine and 0.4 wt % PFT-D added
PEDOT:PSS and (b), (c) S 2p XPS spectra of pristine and 0.4 wt %
PFT-D added PEDOT:PSS after (b) 10 h and (c) 3 days. The red
solid lines, cyan dots, and purple dots indicate S 2p signals of −SO3H,
−SO3

−, and PEDOT, respectively.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.6b09846
ACS Appl. Mater. Interfaces 2016, 8, 31791−31798

31795

http://pubs.acs.org/doi/suppl/10.1021/acsami.6b09846/suppl_file/am6b09846_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b09846/suppl_file/am6b09846_si_001.pdf
http://dx.doi.org/10.1021/acsami.6b09846


16.14 mV) and 0.6 wt % (ΔSP = 13.77 mV) PFT-D were 4.7
mA/cm2 and 2.5 mA/cm2, respectively, suggesting that ΔSP are
more closely related to ΔJsc than other factors. On the other
hand, the work function of ITO with different HELs had a
similar value of about 5 eV (Figure S9, Supporting
Information). After 3 days, the work function of the ITO
with HELs was slightly higher, and Voc of devices was almost
the same. The work function of electrodes is well-known to
affect the built-in potential of devices.42 Therefore, the
degradation of devices depends on a decrease in Jsc, which is
affected by the surface potential of HELs. By controlling the
surface morphology of the HEL films with the addition of PFT-
D, changes in the surface potential can be minimized, and the
long-term stability of the OSCs can be improved.

■ CONCLUSION

In this study, the PCE and long-term stability of OSC devices
were improved by adding the conjugated polymer electrolyte
PFT-D to PEDOT:PSS. PFT-D reduced the acidity of the HEL

solution by acting as a conjugate base of PSS. It also improved
the conductivity of the HEL films by causing the aggregation of
PEDOT chains by screening the Coulombic attraction between
PEDOT and PSS. Also, the surface morphology and surface
potential of the HELs could be controlled by adding PFT-D.
The effect of the surrounding environment on the surface
morphology and surface potential of the HELs with PFT-D
added was reduced as compared to that of the pristine
PEDOT:PSS film. It was confirmed that the improved stability
of the surface morphology and potential of the HEL films had a
significant effect on the long-term stability of the fabricated
OSC devices. As a result, the maximum PCE of the OSCs was
8.2%, and the half-life of the devices was enhanced more than
five times as compared to the device with a pristine
PEDOT:PSS HEL. Although the device with PEDOT:PSS
with 0.6 wt % PFT-D added showed slightly lower PCE than
with 0.4 wt % PFT-D added, its long-term stability increases its
usefulness. It is expected that the results of this study will

Figure 5. (a)−(d) AFM images of surface morphology of as-cast HELs: (a) PEDOT:PSS, (b) PEDOT:PSS with 0.2 wt % PFT-D, (c) PEDOT:PSS
with 0.4 wt % PFT-D, and (d) PEDOT:PSS with 0.6 wt % PFT-D. (e)−(h) AFM images of surface morphology of HELs after 3 days: (e)
PEDOT:PSS, (f) PEDOT:PSS with 0.2 wt % PFT-D, (g) PEDOT:PSS with 0.4 wt % PFT-D, and (h) PEDOT:PSS with 0.6 wt % PFT-D.

Figure 6. (a)−(d) Surface potentials of as-cast HELs: (a) PEDOT:PSS, (b) PEDOT:PSS with 0.2 wt % PFT-D, (c) PEDOT:PSS with 0.4 wt %
PFT-D, and (d) PEDOT:PSS with 0.6 wt % PFT-D. (e)−(h) Surface potentials of HELs after 3 days: (e) PEDOT:PSS, (f) PEDOT:PSS with 0.2 wt
% PFT-D, (g) PEDOT:PSS with 0.4 wt % PFT-D, and (h) PEDOT:PSS with 0.6 wt % PFT-D.
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contribute to the production of OSC devices with improved
performance and lifetimes via a continuous printing process.
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Baumgarten, M.; Chen, L.; Müllen, K.; Li, C. Trifluoromethyl-
Functionalized Bathocuproine for Polymer Solar Cells. J. Mater. Chem.
C 2016, 4 (21), 4640−4646.
(41) Zhou, H.; Zhang, Y.; Seifter, J.; Collins, S. D.; Luo, C.; Bazan, G.
C.; Nguyen, T.-Q.; Heeger, A. J. High-Efficiency Polymer Solar Cells
Enhanced by Solvent Treatment. Adv. Mater. 2013, 25 (11), 1646−
1652.
(42) Lim, K.-G.; Kim, H.-B.; Jeong, J.; Kim, H.; Kim, J. Y.; Lee, T.-W.
Boosting the Power Conversion Efficiency of Perovskite Solar Cells
Using Self-Organized Polymeric Hole Extraction Layers with High
Work Function. Adv. Mater. 2014, 26 (37), 6461−6466.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.6b09846
ACS Appl. Mater. Interfaces 2016, 8, 31791−31798

31798

http://dx.doi.org/10.1021/acsami.6b09846

