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ABSTRACT: The low mechanical durability of polymer solar
cells (PSCs) has been considered as one of the critical hurdles
for their commercialization. We described a facile and powerful
strategy for enhancing the mechanical properties of PSCs
while maintaining their high power conversion efficiency
(PCE) by using monodispersed polystyrene nanoparticles (PS
NPs). We prepared highly monodispersed, size-controlled PS
NPs (60, 80, and 100 nm), and used them to modify the
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) anode buffer layer (ABL). The PS NPs played two
important roles; i.e., they served as (1) binders in the
PEDOT:PSS films, and (2) interfacial modifiers between ABL and the active layer, resulting in remarkable improvement of the
mechanical integrity of the PSCs. The addition of PS NPs enhanced the inherent mechanical toughness of the PEDOT:PSS ABL
due to their elastic properties, allowing the modified ABL to tolerate higher mechanical deformations. In addition, the adhesion
energy (Gc) between the active layer and the modified PEDOT:PSS layer was enhanced significantly, i.e., by a factor of more than
1.5. The Gc value has a strong relationship with the sizes of the PS NP, showing the greatest enhancement when the largest size
PS NPs (100 nm) were used. In addition, PS NPs significantly improve the air-stability of the PSCs by suppressing moisture
adsorption and corrosion of the electrodes. Thus, the modification of ABL with PS NPs effectively enhances both the mechanical
and the long-term stabilities of the PSCs without sacrificing their PCE values, demonstrating their great potential as applications
in flexible organic electronics.
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■ INTRODUCTION

Polymer solar cells (PSCs) have attracted significant attention
because of their various advantages, such as light weight,
flexibility, and low cost.1−5 Recently, numerous efforts have been
made to enhance the performance of the PSCs, and their power
conversion efficiency (PCE) has been increased rapidly to 8−
9%.6−12 However, conjugated polymers typically have much
lower mechanical strength compared to their metal counterparts
as well as general engineering plastics. Therefore, the PSCs made
of conjugated polymer layers have a low mechanical integrity,
associated with adhesive and cohesive debonding of the layers.13

In particular, the weak interfacial adhesion of the multilayered
PSCs causes low processing yields and poor stabilities of the
PSCs, resulting in their degradation during subsequent
operation.13−15 Considering the potential applications of the
PSCs as printable and portable devices on a flexible substrate, the
weak mechanical integrity of the PSCs must be addressed.
However, despite such importance, the research progress related

to enhancing the mechanical properties of PSCs has been
minimal compared to the progress in improving their PCE
numbers.16−18

Wh i l e po l y (3 , 4 - e thy l ened io xy th i ophene) :po l y -
(styrenesulfonate) (PEDOT:PSS) film is the most widely used
anode buffer layer (ABL) in high performance PSCs due to its
high electrical conductivity and water solubility,19 there are a
number of challenges that should be overcome including strong
acidity, brittleness, instability of its conductance, and reduced
conductivity at large strains.20−22 From amechanical perspective,
the interface of the hydrophobic active layer and the hydrophilic
PEDOT:PSS film was typically the weakest point among the
relevant layers in the PSCs, so that two layers can be easily
delaminated even with small applied stress.23−26 For example,
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the poly(3-hexylthiophene):phenyl C61-butyric acid methyl ester
(PCBM) and PEDOT:PSS films had a very low adhesion energy
of only ∼1.5 J m−2.27 Furthermore, the PEDOT:PSS produces
acidic and hygroscopic environments that accelerate the
degradation of PSCs.28−31 To alleviate these problems, the
PEDOT:PSS films have been modified with interfacial modifiers,
such as surfactants and self-assembled monolayers.32−37

However, none of the previous works have focused on the effect
of the modification of the PEDOT:PSS ABL on the mechanical
durability of the PSCs.38−40

In this paper, we developed a series of cross-linked,
monodispersed polystyrene nanoparticles (PS NPs) with three
different sizes of 60, 80, and 100 nm that were used for modifying
the PEDOT:PSS ABL. A systematic study of their effects on the
mechanical and electrical properties of the ABL film as well as the
characteristics and stabilities of the PSCs was described as a
function of the size and volume fraction (ϕNP) of PS NPs
(Scheme 1). The PS NPs have two major roles to enhance the
mechanical properties of the PSCs. First, the fracture toughness
and tensile strength of the pristine PEDOT:PSS could be
remarkably improved due to the interlocking force between the
PEDOT:PSS domains by the PS NPs acting as “binders”.
Second, the PS NPs can be used as “interfacial modifiers”
between the hydrophilic PEDOT:PSS ABL and the hydrophobic
active layer. For example, the adhesion energy (Gc) between the
ABL and the active layer was dramatically improved with
addition of the PS NPs. Interestingly, the interfacial property
between PEDOT:PSS and the active layer was more strongly
dependent on the size of the PS NPs than on the ϕNP value. In
addition, the PS NPs in the PEDOT:PSS film could effectively
suppress the moisture adsorption and the corrosion of ITO
cathode. Therefore, we demonstrated highly efficient PSCs
exceeding 7.5% PCE value while simultaneously enhancing their
mechanical properties and long-term stabilities.

■ EXPERIMENTAL SECTION
Materials. Commercially available PEDOT:PSS (PH500), poly-

[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5- b′]dithiophene-2,6-diyl]-
[3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-]thiophenediyl]]
(PTB7), and phenyl C71-butyric acid methyl ester (PC71BM) were
purchased from BASF, 1-material, and Nano-C, respectively.
Synthesis of Three Different Sizes of PS NPs. Styrene was

purified with an aluminum oxide column. The other organic reagents
were used without further purification, which included poly(vinyl-
pyrrolidone) (PVP) (Mw = 55 000 g/mol), divinylbenzene (DVB), and
2,2-azobis(2-methylpropionamidine) (AIBA). The different concen-

trations of PVP, DVB, and styrene monomer were carried out in a
deionized water in a 200 mL, two-neck flask and was stirred at 50 °C.
After 30 min of stirring, AIBA was added to the solution. The reaction
temperature was gradually increased to 70 °C. After heating for 24 h at
70 °C, the mixture was cooled down to room temperature. The resultant
PS NPs were filtered and repeatedly washed by being centrifuged in
deionized water and methanol to remove the residual styrene and PVP.
The samples were dried in a vacuum oven at 50 °C for 12 h. The size and
size distribution of the PS NPs were measured using a Hitachi S-4800
scanning electron microscope. The three different sizes of PS NPs were
determined to have average diameters of 62± 3, 79± 4, and 103± 6 nm,
respectively.

Preparation and Characterization of Mechanical Properties
of PEDOT:PSS and PS NP-PEDOT:PSS Films. Bending tests were
performed on the PEDOT:PSS and PS NP-PEDOT:PSS films by using
a universal mechanical test machine (eXpert 4000, ADMET). To
prepare the samples, the PS NP solution was added to the PEDOT:PSS
solution with different volume fractions, and they were spin coated for
40 s at 2000 rpm on the O2-plasma treated polyimide (PI) substrate (0.3
cm × 3.1 cm × 0.2 mm), and tests were performed at room temperature
at a constant bending radius (γ = 2 mm) for 500 times. As the films were
deformed by uniaxial bending, the electrical resistance of the films was
characterized with Keithley 2400 and Agilent 34410A multimeter using
the four-point probe technique. Field emission scanning electron
microscopy (FE-SEM) was performed to determine the size distribution
of PS NPs, and observe the surface morphologies of the PS NP-
PEDOT:PSS films after the mechanical tests.

Charaterization of PSCs. BHJ-type photovoltaic cells were
fabricated using an ITO/ABL/PTB7:PC71BM/LiF/Al structure. The
photovoltaic performances of the devices were characterized using a
solar simulator (Newport Oriel Solar Simulators) with air mass 1.5 G
filters. The intensity of the solar simulator was carefully calibrated using
an AIST-certified silicon photodiode. The current−voltage behavior was
measured using a Keithley 2400 SMU. The active area of the fabricated
devices was 0.10 cm2.

Characterization of Mechanical Properties of PSCs. For the
double cantilever beam (DCB) fracture mechanics test, all samples were
fabricated using the following procedure. A 25 nm thick Li layer and a 75
nm thick Al layer were deposited on the active layer by a thermal
evaporation process. This additional metal thin film structure was
employed as a stiff elastic standoff layer in order to prevent plastic
deformation of epoxy and associated plastic energy contributions to the
adhesion energy of the active layer. Also, they are essential for
preventing the permeation of epoxy into the active layer. Afterward,
353nd epoxy (Epo-Tek 353ND consisting of bisphenol F and imidazole;
Epoxy Technology) with 1 μm thickness was coated on the Al layer, and
dummy glass substrate was attached for making a sandwich structure.
The fracture mechanics testing of the DCB specimen was conducted by
using a high-precision micromechanical test system (Delaminator
Adhesion Test System, DTSCompany). Supporting Information Figure

Scheme 1. Schematic Illustration of Different Sizes of PS NPs and Their Applications in theModification of the PEDOT:PSS Film:
(a) PS NPs as Binders in the PEDOT:PSS Polymers, and (b) PS NPs as Interfacial Modifers between PEDOT:PSS and Active
Layer
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S3(a) also shows the specimen structure for DCB test. The sandwiched
thin films between glass substrates were loaded under constant
displacement rate of 2 μm s−1 while the applied load was continuously
monitored as a function of displacement as shown in Supporting
Information Figure S3(b). The Gc was calculated by following previous
works..41,42 The Scotch tape peel test was performed using a universal
test machine (INSTRON UTM 5940) at 25 °C with a crosshead speed
of 50 mm/min, and then the applied load was monitored as a function of
displacement.

■ RESULTS AND DISCUSSION

Preparation of Different Sizes of Cross-Linked PS NPs.
Highly monodispersed and cross-linked PS NPs were synthe-

sized via emulsion polymerization as shown in Figure 1. The size
of the PS NPs can be controlled by tuning concentrations of the
styrene, stabilizer, and DVB as cross-linking agent.43We carefully
controlled the reaction conditions including nucleation time and
concentrations of DVB in order to produce highly mono-
dispersed PS NPs. The higher ratio of styrene monomer to
others during the reaction produces the larger size PS NPs. The
detailed experimental conditions are described in Supporting
Information Table S1. We synthesized a series of three different
PSNPs with sizes of 62± 3, 79± 4, and 103± 6 nm, respectively.
For convenience, the three different sizes of PS NPs were

Figure 1. Scanning electron microscopy (SEM) images of three different sizes of PS NPs: (a) 62± 3 nm, (b) 79± 4 nm, and (c) 103± 6 nm. The scale
bar is 1 μm.

Figure 2. (a) σ/σ0 values of the pristine PEDOT:PSS, NP60-1, NP60-2, and NP60-3 on the PI substrate as a function of bending cycles at constant
bending radius (γ = 2 mm). (b) The σ/σ0 values of the pristine PEDOT:PSS, NP60-1, NP80-1, and NP100-1 as a function of the bending cycles. (c)
SEM images of pristine PEDOT:PSS and NP60-1, NP80-1, and NP100-1 after the 500 bending cycles. The scale bars are 1 μm.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/am507710p
ACS Appl. Mater. Interfaces 2015, 7, 2668−2676

2670

http://dx.doi.org/10.1021/am507710p


denoted as NP60, NP80, and NP100, based on their
approximate values.
Preparation and Characterization of PS NP-PEDOT:PSS

Films. To control the mechanical and surface properties of the
PEDOT:PSS films, we incorporated three different sizes of PS
NPs with different ϕNP into the PEDOT:PSS film (PS NP-
PEDOT:PSS). The synthesized PS NPs can be dispersed stably
in water, which facilitates the spontaneous fabrication of the PS
NP-PEDOT:PSS film by simple one-step fabrication via a spin-
coating process. The PS NP-PEDOT:PSS films were prepared
on the PI substrate by spin-casting from the mixture of aqueous
solutions of PS NP and PEDOT:PSS with different ϕNP ratios.
The ϕNP value represents the volume fraction of PS NPs to (PS
NP + PEDOT:PSS) in the aqueous solution. To estimate the
ϕNP value in each sample, wemeasured the exact masses of the PS
NPs and the PEDOT:PSS before preparing different PS NP-
PEDOT:PSS inks. We prepared 9 different PS NP-PEDOT:PSS
films that were made from three different sizes of PS NPs and
three different ϕNP values. For convenience, we labeled the PS
NP (60 nm size)-PEDOT:PSS films with different ϕNP values of
0.2, 0.4, and 0.6 as NP60-1, NP60-2, and NP60-3, respectively.
Also, the PS NP (80 nm size)-PEDOT:PSS films with different
ϕNP values of 0.2, 0.4, and 0.6 were denoted asNP80-1,NP80-2,
and NP80-3, respectively. Similarly, the PS NP (100 nm size)-
PEDOT:PSS films with different ϕNP values of 0.2, 0.4, and 0.6
were denoted asNP100-1,NP100-2, andNP100-3, respectively.
First, to investigate the effect of the PS NPs on the mechanical

properties of PS NP-PEDOT:PSS film, we applied a bending
stress, which is a simple method for evaluating the fracture
toughness of polymers, onto the pristine PEDOT:PSS and PS
NP-PEDOT:PSS films. To monitor the effect of the bending
stress, we measured the electrical conductivity (σ) of the PS NP-
PEDOT:PSS film by four point probe method after applying the
bending stress; this measurement was repeated 500 times at a
constant bending radius (γ = 2 mm). The initial electrical
conductivity (σ0) values of pristine PEDOT:PSS and all PS NP-
PEDOT:PSS were similar in the range 0.9−1.2 S/cm, which
agrees well with the previously reported values of the
PEDOT:PSS film (Clevios PH500).22 Also, the addition of PS
NP even with largeϕNP did not affect the intrinsic conductivity of
the PEDOT:PSS films because PS NP-PEDOT:PSS films could
maintain the percolated conducting pathway through the
PEDOT:PSS domain up to ϕNP= 0.8.37 Figure 2a shows the
variation of normalized electrical conductivity (σ/σ0) of the
pristine PEDOT:PSS, NP60-1, NP60-2, and NP60-3 as a

function of the number of bending cycles. The σ/σ0 value of the
pristine PEDOT:PSS film decreased rapidly from 1 to 0.8 after
500 times of the bending test, whereas, after applying the same
bending stress, the σ/σ0 values ofNP60-1,NP60-2, andNP60-3
were decreased to 0.86, 0.92, and 0.94, respectively. These results
indicated that higher amount of PS NPs at the given size of the
NPs could reduce the crack formations and propagations in the
PEDOT:PSS film. In addition, we examined the size effects of PS
NPs on the σ/σ0 values, as shown in Figure 2b. The addition of
the larger size PS NPs, i.e., NP80-1 and NP100-1, resulted in
relatively higher σ/σ0 values than NP60-1 at the same bending
test conditions. Thus, the fracture toughness of PS NP-
PEDOT:PSS can be enhanced gradually by increasing the ϕNP
values of the PSNPs and their size. These trends can be explained
by the findings in the fracture response study using the particle-
reinforced polymer composites.44−46

For better understanding of the fracture toughness improve-
ments by addition of the PS NPs, we investigated the surface
morphologies of the pristine PEDOT:PSS, NP60-1, NP80-1,
andNP100-1 after applying the 500 bending cycles. As shown in
Figure 2c, the surface morphology of the pristine PEDOT:PSS
film exhibited numerous cracks and deformations that are
commonly observed from brittle polymers.47 As the cracks in the
film were propagated in the direction perpendicular to the
bending stress, the electrical conductivity decreased rapidly due
to the disconnection between the PEDOT:PSS domains. In
contrast to the pristine PEODT:PSS, the NP60-1, NP80-1, and
NP100-1 had far less pronounced deformations without any
crack formation due to the presence of the highly elastic PS NPs
in the film.48

Next, we compared the surface resistance (R) of the
PEDOT:PSS, NP60-1, and NP80-1 films during tensile test at
high strain rate (1 × 10−3 s−1) (Supporting Information Figure
S1). The normalized resistance (R/R0) was gradually decreased
as the applied tensile strain increased up to 40% because
conductive PEDOT within the PEDOT:PSS films was better
aligned following the direction of the applied stresses.49,50 Above
the strain of 40%, cracks occurred in the pristine PEDOT:PSS
film, and they spread out extensively; eventually the R value
increased sharply at 40% strain due to significant crack
propagation. In stark contrast, the introduction of PS NPs
enhanced the tensile strength of the films, and the R values of the
NP60-1 and NP80-1 films were stable up to 60% strain. This
occurred because the highly elastic characteristics of the PS NPs
allowed them to act as binders within the brittle PEDOT:PSS

Figure 3. SEM images show the cross-sectional morphologies of the PSNP-PEDOT:PSS/ITO films: (a) pristine PEDOT:PSS, (b)NP60-3, (c)NP80-
3, (d)NP100-3 films. The images were taken at a tilt angle of 2°. The scale bars are 300 nm. Contact angle measurements. Representative photographic
images of diiodomethane droplet on the PS NP-PEDOT:PSS films: (e) pristine PEDOT:PSS, (f) NP60-3, (g) NP80-3, (h) NP100-3 films.
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film.51 However, we did not observe a strong dependence of the
R/R0 change as a function of the PS NP size, because the PI
substrate failed first at approximately 60% strain, which is lower
than the critical strain value to produce serious propagation of
the cracks in the NP60-1 andNP80-1 films. The effect of the PS
NPs on the tensile properties of the films was also proven by
comparing the surface morphologies of the PEDOT:PSS,NP60-
1,NP80-1, andNP100-1 films after the tensile stretching tests at
40% strain (Supporting Information Figure S2). The crack
phenomenon in PEDOT:PSS was significantly reduced by
adding the PS NPs, but we did not observe the distinct difference
in the surface morphologies of the NP60-1, NP80-1, and
NP100-1 films. The results of both bending and tensile
experiments consistently supported that the PS NPs can be
used successfully as binders to enhance the mechanical stabilities
of the PEDOT:PSS film.
In addition to the effect of the PS NPs as binders, they can be

used for enhancing the interfacial adhesion between the
hydrophilic PEDOT:PSS film and the hydrophobic active layer
because the addition of hydrophobic PS NPs into the
PEDOT:PSS can alleviate the mismatch of the hydrophobicity
between two layers. To examine this effect, first, we investigated
the surface properties of the PS NP-PEDOT:PSS films in terms
of the sizes and ϕNP values of the PS NPs. The surface properties
were quantified by measuring the static contact angles (CA) of
diiodomethane on each different film. Figure 3a−d shows the
representative cross-sectional morphologies of pristine PE-
DOT:PSS, NP60-3, NP80-3, and NP100-3, and Figure 3e−h
shows the results of the CA measurements using diiodomethane.
The prisitine PEDOT:PSS film had a smooth surface. In contrast,
the 60, 80, and 100 nm PS NPs produced a random pattern of
corrugated surface on the PS NP-PEDOT:PSS film,52 because
their sizes were larger than the optimum thickness (∼50 nm) of
the PEDOT:PSS film used in this study. For example, the average
depth of the corrugated surface features on the NP100-3 was
determined to be approximately 50 nm, which was in good
agreement with the difference between the size of the PS NPs
(100 nm) and the thickness of PEDOT:PSS (50 nm). This
protruded fraction of the PS NPs on the PEDOT:PSS film
increased with the size of the PS NPs, producing the more
hydrophobic surface of the PS NP-PEDOT:PSS. In this respect,
the CA values of pristine PEDOT:PSS, NP60-3, NP80-3, and
NP100-3 were remarkably reduced from 17.3°, 13.8°, 11.2°, to
less than 5°, respectively. Also, the CA values of the films
decreased with the increasing ϕNP values of PS NP-PEDOT:PSS
(i.e.,NP60-1, 16.2°;NP60-2, 15.7°; andNP60-3, 13.8°), but the
ϕNP effects on the CA values were much less significant. The
hydrophobic characteristics of PS NP-PEDOT:PSS were
controllable by changing the PS NP sizes and the ϕNP
values.53−57 These results indicate that the incorporation of the
PS NPs into PEDOT:PSS film can enhance the interfacial
interaction between the hydrophilic PEDOT:PSS layer and the
hydrophobic active layer.
Application of PS NP-PEDOT:PSS Films for PSCs. To

investigate the effects of PS NPs on the performance and long-
term stability of the PSCs, bulk heterojuction (BHJ)-type PSC
devices that consisted of ITO/pristine PEDOT:PSS or PS NP-
PEDOT:PSS ABL/BHJ active layer/LiF/Al were fabricated on
the basis of PTB7 as the electron donor and PC71BM as the
electron acceptor.58,59 The active layer of the devices was
prepared under the identical conditions including the same blend
ratio of PTB7 to PC71BM (1:1.5, w/w) and the same solvent
concentration. Also, when fabricating the PSC devices, such as

spin-coating the active layer on top of the PS NP-PEDOT:PSS,
the cross-linked PS NPs were stable with respect to swelling or
dissolution in any organic solvent. Table 1 and Figure 4 show the
device characteristics of the PSCs as a function of the ϕNP values
and the sizes of the PS NPs. The control device containing
pristine PEDOT:PSS exhibited the PCE value of 7.56%, the open
circuit voltage (VOC) of 0.76 V, the short-circuit current (JSC) of
15.42 mA cm−2, and the fill factor (FF) of 0.65. This result was in
good agreement with the previously values reported for
optimized PTB7-based devices.58,60,61 Interestingly, all of the
devices with PS NP-PEDOT:PSS had comparable performances
of approximately 7.5%, irrespective of the PS NP sizes and the
ϕNP values (Figure 4). In particular, the PSC devices with the
NP60-1 and the NP60-2 had the PCE values of 7.62% and
7.77%, respectively. Therefore, the PS NP-PEDOT:PSS layers

Table 1. Characteristics of the PTB7:PC71BM Based PSC
Devices with Different PS NP-PEDOT:PSS ABLs

sample
volume

fraction (ϕNP) VOC (V) JSC (mA/cm2) FF PCE (%)

reference 0.76 15.42 0.65 7.56
NP60-1 0.2 0.76 16.14 0.62 7.62
NP60-2 0.4 0.76 15.56 0.66 7.77
NP60-3 0.6 0.76 14.60 0.67 7.46
NP80-1 0.2 0.76 15.95 0.62 7.53
NP100-1 0.2 0.76 16.07 0.60 7.40

Figure 4. (a) Current density−voltage (J−V) characteristics of PSCs
with the pristine PEDOT:PSS, NP60-1, NP60-2, and NP60-3 ABLs.
(b) Comparison of the PCE values of the PSCs as a function of ϕNP
values for different PS NP sizes. All devices were fabricated and
measured under the same condition of AM 1.5 illumination at 100 mW
cm−2.
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can be used successfully in PSCs without any deterioration of the
PCE, even for the addition of the largest PS NPs (100 nm).
Furthermore, the PS NPs provided the significant advantages of
improving the ambient stabilities of the PSCs. We investigated
the ambient stabilities of the PSCs with different sizes of PS NPs
by comparing the PCE values as a function of the storage time at
test conditions (i.e., at room temperature with 45% humidity
without encapsulation), as shown in Supporting Information
Figure S3. The PCE value of the control device decreased by 97%
after the device was exposed to air for 50 h. In contrast, the PSCs
with NP60-3, NP80-3, and NP100-3 had much greater
normalized PCE values of more than 55% for the same
conditions. Also, as shown in Supporting Information Figure
S4, these features were supported by the thermogravimetric
analysis (TGA) and X-ray photoelectron spectroscopy (XPS)
measurements, demonstrating that PS NPs effectively sup-
pressed the absorption of moisture by PEDOT:PSS polymers
and the indium diffusion to the active layer through the
PEDOT:PSS layer.28,62,63

Mechanical Properties of PSCs with PS NP-PEDOT:PSS
ABLs. In order to examine the effects of PS NP-PEDOT:PSS on
the interfacial properties and the mechanical durability of PSCs,
we carefully measured Gc between the PS NP-PEDOT:PSS film
and the PTB7:PC71BM BHJ active layer, which can be quantified
in terms of the macroscopic work of fracture per unit area to
separate two layers. We used the DCB fracture mechanics test for
measuring the Gc values as functions of the sizes and the ϕNP
values of the PS NPs (Figure 5). The detailed conditions of the
DCB test are illustrated in Supporting Information Figure
S5.64,65 First, we compared theGc values at the interface between
the PTB7:PC71BM blend film and the pristine PEDOT:PSS,

NP60-1, NP60-2, and NP60-3, respectively. The Gc value was
enhanced significantly by adding 60 nm size PS NPs from 2.2 ±
0.3 (pristine PEDOT:PSS) to 2.9 ± 0.2 J/m2 (NP60-1).
However, there were not many differences of the Gc values upon
increasing ϕNP values:NP60-2 (Gc = 2.8 ± 0.3 J/m2) andNP60-
3 (Gc = 2.8 ± 0.3 J/m2). Next, the effect of the NP sizes at the
same ϕNP value was investigated by comparing the Gc values of
the pristine PEDOT:PSS, NP60-3, NP80-3, and NP100-3
(Figure 5b). The Gc values increased remarkably depending on
the size of PS NPs (e.g., pristine PEDOT:PSS, 2.2 ± 0.3; NP60-
3, 2.8 ± 0.3; NP80-3, 3.2 ± 0.3; and NP100-3, 3.4 ± 0.1 J/m2).
These observations agree well with the changes of the surface
properties of the PS NP-PEDOT:PSS films (Figure 3 and
Supporting Information Table S2). Whereas the CA values on
the PS NP-PEDOT:PSS films did not change significantly with
different ϕNP values, the surface hydrophobicity of the NP60,
NP80, and NP100 at the same ϕNP values was increased
dramatically. The PS NPs can enhance the resistance against the
crack growth and the debonding between the active layer and the
PEDOT:PSS and improve their interfacial adhesion, resulting in
improved mechanical durability of the PSCs.
To gain a better understanding on the changes of theGc values

with different sizes of the PS NPs, the morphologies of the
debonded surfaces of the pristine PEDOT:PSS, NP60-3, NP80-
3, and NP100-3 were investigated after DCB experiments
(Supporting Information Figure S6), which represent the
interfacial morphologies between the PS NP-PEDOT:PSS/
BHJ active layers. The pristine PEDOT:PSS/BHJ active layer
showed a relatively smooth surface due to the low adhsion
energy. After the same DCB test, the PS NP-PEDOT:PSS film
had a much rougher surface compared to that without the PS

Figure 5. Comparison of adhesion energies (Gc) between the PTB7:PC71BM active layer and the PS NP-PEDOT:PSS film in the actual PSC devices.
Part a compares the Gc values of the pristine PEDOT:PSS, NP60-1, NP60-2, and NP60-3 ABLs with different ϕNP values, while part b shows the Gc
values of the pristine PEDOT:PSS, NP60-3, NP80-3, and NP100-3 for different PS NP sizes. Part c is a schematic illustration of the effect of different
sizes of PS NPs on enhancing the Gc values.
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NPs. Also, the surface roughness increased as the size of PS NPs
increased. The more hydrophobic surface of the PS NP-
PEDOT:PSS was generated with larger size PS NPs, resulting
in the stronger interfacial adhesion.
Furthermore, the effect of the PS NPs on the interfacial

adhesion of the PSCs can be simply demonstrated by the Scotch
tape peel test and directly visualized by the observation of the
debonded surfaces after the peel test (Figure 6a). The
PTB7:PC71BM blend films were prepared on the pristine
PEDOT:PSS, NP60-3, NP80-3, and NP100-3, following the
same conditions for the optimized PSCs. The Scotch tape was
attached to the top of the active layer, and then, they were peeled
off by applying the load of 1.8 N with a constant stretching speed
of 50 mm/min (Figure 6b). As shown in Figure 6a, the active
layer of the pristine PEDOT:PSS was detached at a lower load
(1.3 N) than the applied load (1.8 N) with displacement of 80
μm. In contrast, the PTB7:PC71BM BHJ film on the NP60-3,
NP80-3, and NP100-3 samples were well-maintained under the
1.8 N load. The inset images of Figure 6a show that the active
layer prepared on the pristine PEDOT:PSS was partially
detached after the peeling test whereas all of the active layers
on the NP60-3, NP80-3, and NP100-3 films were intact and
undamaged. These results were in excellent agreement with the
results of the DCB test, demonstrating that the PSNPs improved
the interfacial adhesion between PEDOT:PSS and the active
layer.

■ CONCLUSIONS

Three different sizes of PS NPs were introduced into
PEDOT:PSS ABL with different ϕNP values in order to improve
the mechanical and ambient stabilities of PSCs. The PS NP-
PEDOT:PSS films were successfully applied in the
PTB7:PC71BM based PSCs without any deterioration of their
efficiency; all of the devices with 60, 80, and 100 nm PS NPs
showed comparable performance of 7.5% but with much
enhanced stabilities. The PS NPs acted as not only the binders
in the PEDOT:PSS domains, but also the interfacial modifiers
between PEDOT:PSS and the active layer in the PSCs. The
fracture toughness and tensile strength of the PS NP-
PEDOT:PSS films were increased depending on the ϕNP values
and the sizes of PS NPs. Also, the addition of size-tuned PS NPs

modified the hydrophobic characteristics of the surface of PSNP-
PEDOT:PSS. Therefore, the surface-structured PS NP-
PEDOT:PSS films show much improved Gc values between
the ABL and active layer in the PSCs, in which the size of the PS
NPs had a significant effect on the Gc value. We demonstrated
that the use of PS NPs to modify the PEDOT:PSS films is a
simple yet powerful route for the fabrication of mechanically
robust, air-stable, organic electronic devices.
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Jørgensen, M. 25th Anniversary Article: Rise to Power−OPV-Based
Solar Parks. Adv. Mater. 2014, 26, 29−39.
(6) Zhong, H.; Li, Z.; Deledalle, F.; Fregoso, E. C.; Shahid, M.; Fei, Z.;
Nielsen, C. B.; Yaacobi-Gross, N.; Rossbauer, S.; Anthopoulos, T. D.;
Durrant, J. R.; Heeney, M. Fused Dithienogermolodithiophene Low
Band Gap Polymers for High-Performance Organic Solar Cells without
Processing Additives. J. Am. Chem. Soc. 2013, 135, 2040−2043.
(7) You, J.; Dou, L.; Yoshimura, K.; Kato, T.; Ohya, K.; Moriarty, T.;
Emery, K.; Chen, C.-C.; Gao, J.; Li, G.; Yang, Y. A Polymer Tandem
Solar Cell with 10.6% Power Conversion Efficiency. Nat. Commun.
2013, 4, 1446.
(8) Zhang, M.; Guo, X.; Zhang, S.; Hou, J. Synergistic Effect of
Fluorination on Molecular Energy Level Modulation in Highly Efficient
Photovoltaic Polymers. Adv. Mater. 2014, 26, 1118−1123.
(9) Ye, L.; Zhang, S.; Zhao, W.; Yao, H.; Hou, J. Highly Efficient 2D-
Conjugated Benzodithiophene-Based Photovoltaic Polymer with Linear
Alkylthio Side Chain. Chem. Mater. 2014, 26, 3603−3605.
(10) Cabanetos, C.; El Labban, A.; Bartelt, J. A.; Douglas, J. D.;
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