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Abstract—We review our recent progress toward realizing future
low-cost, high-efficiency, and scalable organic solar cells (OSCs).
First, we show that the transparent electrodes based on metal-
lic nanostructure is a strong candidate as a replacement of con-
ventional indium tin oxide (ITO) electrode due to their superior
properties, such as high optical transparency, good electrical
conductivity, and mechanical flexibility, and the versatility that
these properties can be adjusted independently by changing the
linewidth and thickness of the metal grid structure. Furthermore,
we exploited the unique optical properties due to the excitation of
surface plasmon resonance by the metallic nanogratings to enhance
the light absorption of organic semiconductors, and demonstrated
enhanced power conversion efficiency than devices made using
ITO electrode. In addition, we also investigated a new device fab-
rication process with a focus on the photoactive layer formation,
which produces the most optimum bulk-heterojunction morphol-
ogy compared with conventional annealing-based methods. Finally,
we successfully demonstrated that these approaches are scalable
to large-area and high-speed roll-to-roll processes. We believe that
the works highlighted in this paper represent one step forward to
realizing low-cost, high-efficiency, and large-area OSCs.

Index Terms—Bulk heterojunction (BHJ), nanoimprint lithog-
raphy (NIL), organic solar cell (OSC), roll-to-roll (R2R), surface
plasmons (SPs), transparent and conductive electrode (TCE).
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I. INTRODUCTION

COST-EFFECTIVE and highly efficient renewable energy
is becoming ever more important due to the rising energy

price and the serious issue of global warming from the burn-
ing of fossil fuels. Solar energy is a nonexhaustible and green
energy. Organic solar cells (OSCs) [1]–[3] offer a promising al-
ternative to inorganic solar cells due to their low cost, easy fab-
rication, and compatibility with flexible substrates over a large
area. Since their first report [4], the power conversion efficiency
(PCE) of OSCs has steadily increased and now reached up to
4%–6% [5]–[10]. However, further enhancement of the PCE
together with the low-cost fabrication is still required for practi-
cal applications [11]. This paper highlights the recent progress
in the approaches we developed to produce low-cost, highly
efficient OSCs, with a focus on future transparent conductive
electrode (TCE) with enhanced functionalities and scalable and
high-speed processing method of the organic materials.

Basic OSC structure consists of a number of organic semicon-
ductor layers sandwiched between two electrodes. Most of the
organic devices fabricated today use a thick, conductive metal
layer as the rear electrode and a TCE as the front electrode,
which receives light. TCE is very important component in any
photosensitive optoelectronic devices, such as organic LEDs
(OLEDs) and OSCs. An ideal TCE must be highly transparent
to allow the maximum transmission of light, and it must also be
conductive to provide uniform electrical current distribution.
In addition to these properties, it must be mechanically and
chemically stable, and should not cause the degradation of
the active materials it contacts in the device structure. Among
many candidates [12]–[25], indium-tin-oxide (ITO) is a highly
doped degenerate semiconductor with optical bandgap above
3 eV; these features make it both conductive and transparent to
wavelengths greater than approximately 400 nm [26]–[30]. As
a result, ITO is the most common material for TCE and shows
good performance in organic optoelectronic devices, such as
OLEDs and OSCs. Though widely used [28], [29], [31]–[33],
ITO faces several challenges for future low-cost, high-
performance, large-area, and flexible applications [34]–[38].
The price of ITO drastically increases due to the limited supply
of the indium and the increasing demand from the rapidly
expanding liquid crystal display (LCD) display market. The
migration of indium from ITO into organic layer can reduce the
device performance [34], [39]. Moreover, it is not adequate for
flexible applications because of the poor mechanical strength.
Therefore, there is a strong need to find alternative materials to
replace ITO as a high-transparency electrode.
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In addition to TCE, another important issue in OSC research
is the morphology control of organic photoactive layers. Be-
cause the efficient dissociation of the photogenerated excitons
and their charge transportation to each electrode through the
effective pathways are determined by the nanostructures of
electron-donor and acceptor in the photoactive layer, these mor-
phologies directly affect the device performances, such as the
PCE of solar cells. Accordingly, photoactive layer having bulk-
heterojunction (BHJ) structures have been widely exploited for
high-efficiency OSCs [5], [6], [40]–[42], because this type of
structure permit us to access the interpenetrating nanoscale net-
works of electron-donor and acceptor with domain sizes on the
order of exciton diffusion length, which has been measured to
be 4–20 nm in organic semiconducting materials [43]–[47], and
with large interfacial areas between the domains. Therefore,
such network can facilitate efficient dissociation of photoin-
duced excitons at the domain interface. This advantage has made
this approach a strong candidate for high-efficiency OSCs. How-
ever, randomly distributed blend morphologies in BHJ structures
inevitably require annealing treatment to form effective pathway
for the photogenerated charges to reach each electrode. Accord-
ingly, optimizing blend morphology to provide effective charge
pathway as well as large interfacial area is one of the most crucial
issues to achieve high-efficiency OSCs using BHJ structures.

In this paper, we describe our recent efforts to solve the afore-
mentioned issues in order to realize the future low-cost, high-
efficiency, and scalable OSCs. First, we have developed a type of
TCE based on metallic nanostructures. Developed transparent
metal electrode (TME) [48] is in the form of a periodic nanoscale
metal wire grid fabricated by nanoimprint lithography (NIL)
[49] and has high optical transparency and good electrical con-
ductivity. Moreover, unlike ITO, these properties are adjusted
independently by changing the metal linewidth and thickness in
the metal grid structure. In addition, we showed that such TME
can be fabricated by a roll-to-roll (R2R) process for low-cost
and scalable manufacturing (see Section II). Not only do metal
electrodes provide excellent optical transmittance and electrical
conductivity, but also the nanoscale metallic nanowire structures
exhibit unique optical properties due to the excitation of surface
plasmon (SP) resonance (SPR), which can be exploited in spe-
cially designed solar cells and demonstrated 35% PCE enhance-
ment as compared to the devices made with conventional ITO
electrode (see Section III). Finally, newly developed fabrication
method [50] to achieve optimized morphology of photoactive
layer, especially for polymer solar cells, toward high-efficiency
solar cell and its application to scalable efforts will be also ad-
dressed (see Section IV). All devices shown in this paper were
characterized under ambient condition without encapsulation.

II. TME FOR OSC APPLICATION

A. Introduction

TME [48] is in the form of nanoscale periodically perforated
dense metal mesh films on glass or plastic substrate, as shown
in Fig. 1. The high-transparency metal electrodes are fabricated
by NIL [49] and have several advantages over other highly
transparent electrodes including ITO. First, the work function
of nanopatterned TME can be easily tuned by choosing different
metal materials, which allows systematic studies of the effect of

Fig. 1. Schematic of TMEs. a: Main grating for TME. b: Secondary grating
for electrical connectivity of main grating a.

the electrode work function on the device performance. Second,
a high electrical conductivity can be achieved without seriously
compromising the transparency [48]. Third, the light absorption
and the resulting PCE of OSC can possibly be increased by
means of a light trapping phenomenon induced by the grating
structure [51]–[54]. Lastly, large-area OSC having a TME could
be realized at a low cost by using a newly developed R2R
nanoimprint technique [55].

B. Design of TMEs

The TMEs are fabricated based on two design considerations:
1) the linewidth of the metal mesh is designed to be subwave-
length to provide sufficient transparency and to minimize light
scattering and reflection and 2) the period of the mesh “a” in
Fig. 1 is chosen to be submicrometer to ensure the uniformity
of the current collection from the organic semiconductors. This
mesh serves as the main part of the TME. An orthogonal mesh
with a period of “b” is used to ensure the electrical connec-
tivity of the main grating lines in case some of lines may be
disconnected due to defects in the fabrication processes. The
optimum period of metal grating can be determined by consid-
ering the sheet resistance of poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS), which in turn determines
the voltage drop between the adjacent metal lines, as the pho-
tocurrents are collected. The total voltage drop in the device
area, assumed to be 0.1 cm2 , can then be estimated by con-
sidering the number of metal lines in the whole device area at
certain period of grating. If we allow the total voltage drop to be
about 10 mV, then the optimum period can be determined [25].
As shown in Fig. 2, the optimum period of the TME can be
found in the red area. The more the red in the area, the better the
OSC performance will be. Outside the red area, the TME will
still be able to collect generated photocurrent, but with reduced
efficiency.

C. Fabrication of TME on Glass Substrate

Such large-area TMEs are fabricated by NIL [49], [56], which
is ideal for this application due to its inherent high resolution and
high throughput features. The details of the fabrication of the
mold for NIL and TME are described in previous publications
[25], [48]. Fig. 3(a) shows the fabricated mold with a period
of 700 nm and linewidth of 70 nm for the main grating. The
secondary grating with a period of 10 μm and a linewidth of
400 nm was used to ensure the electrical connectivity of the main
grating while minimizing the transmittance loss. NIL created
large-area TME successfully, as shown in Fig. 3(b).
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Fig. 2. Calculated optimum period of the nanopatterned metal grating in TME
as a function of the sheet resistance of the PEDOT:PSS layer. Choosing the metal
grating period and the PEDOT sheet resistance within the red region will lead
to negligible loss of photocurrent. Copyright Wiley-VCH Verlag GmbH & Co.
KGaA. Reproduced with permission from [25].

Fig. 3. SEM images of (a) mold with a period of 700 nm and linewidth of
70 nm and (b) fabricated TME using the mold of (a) on glass substrate. Copyright
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission from
[25].

Nanoscale patterning of the metal film provided high-
transparency conductive electrode, whose transmittance is com-
parable to the commercially available standard ITO electrode,
as shown in Fig. 4(a).

High-transparency metal electrodes using Au, Cu, and Ag
are shown, but any other metals can be used for this purpose
as well. Fig. 4(b) shows the typical behavior of the average
transmittance of the metal electrode in the visible range as a
function of different sheet resistance. TMEs with a linewidth
of 120 nm were considered in this case. As shown in Fig. 4(b),
the sheet resistance of the metal electrode can be decreased to
less than a few ohms per square with only a small decrease of
the average transmittance. This characteristic is another advan-
tage over an ITO electrode, in which the sheet resistance has
to be compromised in order to achieve high transmittance. Low
sheet resistance (i.e., high electrical conductivity) of the trans-
parent electrode is one of the most important aspects in OSCs,
especially in large-area devices because the resistance of the
transparent electrode in large-area OSC causes additional re-
duction of the device fill factor (FF), resulting in reduced PCE.
Therefore, developed TMEs are very promising, not only be-
cause they can avoid the disadvantage of the ITO electrode, but
also because they can meet the requirement of both high opti-
cal transmittance and high electrical conductivity, for large-area
OSC applications.

Fig. 4. (a) Optical transmittance of the ITO and TMEs with a period of 700 nm
and linewidth of 70 nm. (b) Average transmittance versus sheet resistance of
TMEs with a linewidth of 120 nm. Copyright Wiley-VCH Verlag GmbH & Co.
KGaA. Reproduced with permission from [48].

D. Fabrication of TME on Plastic Substrate

The TMEs we developed [48] showed promising potential
as a replacement for the ITO electrode. However, the litho-
graphic technique used, i.e., NIL, for the fabrication of TME
is not compatible with the flexible substrate. The conventional
NIL requires high pressure and high temperature when imprint-
ing thermoplastic material, which can cause deformation of the
flexible substrate. Therefore, other nanoscale patterning tech-
niques that can easily produce the nanostructure metal mesh
pattern are needed. We have developed a nanolithography based
on metal transfer printing using a flexible poly(dimethysiloxane)
(PDMS) stamp, as shown in Fig. 5, which can produce nanoscale
metal patterns directly on plastic substrate [57] [e.g., polyethy-
lene terephthalate (PET)] or polymer (e.g., PEDOT:PSS) coated
PET substrate [58].

Fig. 6 shows the optical transmittance spectra, photograph,
and SEM image of the high-transparency Cu mesh electrode
fabricated by metal transfer printing on PEDOT:PSS-coated
PET substrate. Though other metals such as Au and Ag can
be used than Cu, here we show the result of Cu mesh electrode
because of its much lower cost. Cu, being one of the cheapest
metals, is well suited for practical low-cost and large-area OSC
applications.

The fabricated Cu electrode was found to be much more
flexible than the ITO by simple bending test and the results are
shown in Fig. 7. In the case of the transparent Cu electrode, it can
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Fig. 5. Schematic of the fabrication of nanopatterned metal electrode on a PEDOT:PSS coated plastic substrate by using a flexible PDMS stamp. Copyright
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission from [25].

Fig. 6. Optical transmittance spectra of ITO electrode and Cu mesh electrode
on PET substrate. (Inset) Photograph and SEM image of the high-transparency
Cu mesh electrode.

Fig. 7. Normalized conductance versus inverse of the radius of curvature of
the Cu mesh and the ITO electrode.

be bent to about 3 mm radius of curvature with no degradation
of the conductance. On the other hand, the ITO exhibited a
reduction of the conductance even at a radius of∼30 mm, which
can reach close to zero due to the microcracking in ITO film on
the order of 20 μm after the bending.

The fabrication of the nanopatterned metal electrode using
the metal transfer printing technique can be extended to cost-
effective and large-area fabrication, such as roll-to-roll NIL
(R2RNIL) [55], [59] with the use of flexible molds. As a proof
of principle, we fabricated nanoscale metal (e.g., Au) gratings
on large-area PET substrates using an R2R process [58] (see

Fig. 8. Photograph of large area (32 mm × 184 mm) Au nanogratings fabri-
cated by R2R process. (Inset) SEM image of fabricated Au nanogratings.

Fig. 8). The inset in Fig. 8 shows the SEM image of transferred
Au nanograting on PET substrate. Other metals such as Ag and
Cu can also be easily fabricated using such a continuous process.

E. OSCs Using TME

To evaluate the potential use of the nanopatterned metal elec-
trode as a high-transparency conducting electrode for OSCs,
BHJ devices based on a blend of poly(3-hexylthiophene)
(P3HT) and [6,6]-phenyl C61 butyric acid methyl ester (PCBM)
as active material were fabricated using such an electrode and
compared to the one made with the commercial ITO electrode
on glass substrate. The fabricated solar cells have an area of ap-
proximately 0.1 cm2 (circular shape shadow mask with 3.5 mm
diameter). The patterned Al cathode has isolated island-type ge-
ometry to exclude the overestimation of the photocurrent when
a crossbar-type geometry is used [25], [60]. The issue of the
photocurrent overestimation in case of crossbar-type device fab-
rication will be discussed in Section IV. The measured current
density (J) versus voltage (V) characteristics at 1 sun air mass
(AM) (AM 1.5G) are shown in Fig. 9. The results reported in
Fig. 9 are averaged using the data obtained by at least 20 cells for
each electrode. The J–V characteristics of the solar cells having
the nanopatterned TMEs and ITO electrode are very similar to
each other, thus indicating that such electrodes are interchange-
able. All devices showed a PCE of ∼2%. Note that such PCE
is lower than the ones reported in literature because all of our
devices were fabricated and tested in ambient environment with
no special control of oxygen and moisture. PEDOT:PSS and
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Fig. 9. Current density versus voltage characteristics of similarly fabricated
OSCs with varied electrodes, including nanopatterned Au, Cu, Ag, and ITO
electrode. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced
with permission from [25].

the blend material were spin-coated and baked in a N2 glove
box. The device fabricated with the metal electrode on flexi-
ble PET substrate also performed similarly to the conventional
ITO device. These results indicate that the TME can potentially
replace the ITO electrode with better flexibility and lower cost.

III. SP-ENHANCED EFFICIENCY OF OSCS USING

TRANSPARENT SILVER NANOWIRE ELECTRODE

A. Introduction

To enhance the PCE of the device, both the light absorption
in the organic layer and the electrical transport of the photogen-
erated carriers must be enhanced [2], [3], [61]. High absorption
of the incident light can be achieved by using a thick organic
active layer. However, a thick active layer increases the series
resistance and recombination loss due to the low carrier mo-
bility of the organic materials, resulting in a reduced FF, and
thus, reduced efficiency [62]. Therefore, an effective approach
to enhance the efficiency of a thin-film OSC is to increase
the light absorption of the organic film without having to in-
crease the photoactive layer thickness. For this purpose, several
light trapping approaches including a folded configuration [63],
diffraction grating [51], [53], [64], photonic crystal [65], and
SPR [66]–[73] have been investigated and have demonstrated
promising results. Among these approaches, the utilization of
the SPR in metallic nanostructures is one of the most promising
ways as SPs exhibit strongly enhanced electromagnetic fields
in the vicinity of metal by the incident light, which can lead to
increased optical absorption in the organic film, and therefore,
higher efficiency. Ag nanoparticles have been widely used to
increase optical absorption by the SPR effect [67], [70], [71].
However, the field enhancement from metallic nanoclusters is
highly localized around the nanoclusters and the possible ex-
citon quenching can limit the utility of such nanoclusters in
thin-film OSCs [67]. Moreover, most of the works using Ag
nanoparticles have been done on conventional device structure
in which ITO is used as a transparent electrode. It would be very
attractive if the transparent electrode itself can excite the SPR,
and thus, increasing the optical absorption of the organic layer
of the device. Such attempts have been reported using randomly

Fig. 10. (a) Optical transmittance of the ITO, AgW, and AgN electrode.
(b) SEM image of the AgN electrode.

perforated Ag films and periodic Ag gratings [72], [73]. Even
though these approaches demonstrated relative enhancement of
the optical absorption by the SPR in OSCs, none of them could
compare with standard ITO devices, due to the overall much
lower efficiency obtained by these devices. Recently, we have
demonstrated the enhancement of PCE of the organic thin-film
solar cell using periodic Ag nanowire electrodes, as compared
to that of conventional device using ITO electrode through the
SPR in Ag nanowire electrodes [74].

B. Fabrication of Ag Nanowire Electrodes

The period and thickness of Ag nanowire electrodes investi-
gated in this paper are 220 and 40 nm, respectively. Two sets of
Ag nanowire electrodes with different linewidth (95 and 55 nm)
are prepared based on our initial simulation results that showed
different field-enhancement factors for the Ag nanogratings with
different duty cycles. Ag nanowires with wide (95 nm) and
narrow linewidth (55 nm) are referred to as AgW and AgN,
respectively, hereafter. These Ag nanowire electrodes are fabri-
cated using NIL and shadow evaporation technique [48]. Fig. 10
shows the optical transmittance of the fabricated Ag nanowire
electrode together with that of conventional ITO electrode and
an SEM image of AgN nanowire electrode.

As shown in Fig. 10(b), uniform, transparent Ag nanowire
electrodes are successfully fabricated by NIL. The average trans-
mittance, referenced to air in the visible range, of Ag nanowires
with a linewidth of 95 and 55 nm, and ITO electrode is 58%,
77%, and 87%, respectively. Periodically, patterned Ag films
exhibited the light absorption at specific wavelength range by
SPR, as shown in optical transmittance spectra. The resonance
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Fig. 11. (a) Schematic and (b) SEM image (without Ag cathode) of the fabricated device.

wavelength is around 425 nm and is expected to red shift to the
absorption band of the organic semiconductor when it is coated
over the Ag nanowires due to increased refractive index [75].

C. OSCs Using Transparent Ag Nanowire Electrodes

Small molecular weight OSC (SMOSC) using copper ph-
thalocyanine (CuPc) and buckminsterfullerene (C60) as an elec-
tron donor and acceptor, respectively, were fabricated. The fabri-
cated devices have the layered structure of anode (Ag nanowire
or ITO), PEDOT:PSS, CuPc, C60 , bathocuproine (BCP), and
cathode (thick Ag film) from bottom to top. The cathode was
formed by depositing Ag through the circular-shape shadow
mask with the diameter of 1 mm. Fig. 11 shows (a) a schematic
of the fabricated device and (b) cross-sectional SEM image of a
device fabricated using the Ag nanowires, but without the thick
Ag cathode.

As shown in Fig. 11, there is a difference in cross-sectional
view between the schematic and the real sample due to the thick-
ness (40 nm) of Ag nanowire electrodes and nature of thermal
evaporation of small molecules. Fabricated samples have a sinu-
soidal shape with a maximum height difference of about 30 nm.
The effects of nonplanar shape of the device are discussed later.
Conductive PEDOT:PSS was used for the following three pur-
poses: 1) it facilitates the transport of the photogenerated holes
to the Ag nanowire electrodes; 2) it prevents the direct contact of
organic active layer to Ag nanowire, which reduced the chance
of the device shunt; and 3) it would also block the potential
exciton quenching by the metal. Several devices with different
thicknesses of the organic layers were fabricated to investigate
the dependence of the optical field enhancement by the SPR on
the organic layer thicknesses in a given Ag nanowire geometry.
For all cases, the thickness of the PEDOT:PSS and BCP was
fixed at 30 and 8 nm, respectively. The total organic layer thick-
ness was controlled by changing the thickness of CuPc and C60
while attempting to keep the ratio of two materials the same.
Table I summarizes the thicknesses of the organic layers of the
fabricated devices. For all considered cases, devices were fabri-
cated using commercial ITO, or AgW and AgN electrodes. More
than 20 devices for each case were fabricated and measured.

The measurement results showed that the device parameters
such as Voc and FF were similar for both the ITO and Ag devices
at each organic layer thickness (see Table I) except device #5,
which showed much reduced Voc ,∼0.37 V that can be attributed
to the shunt path between the edge of the Ag nanowires and the
top cathode due to the very thin organic layer (70 nm). De-

TABLE I
THICKNESS OF THE ORGANIC LAYERS OF THE FABRICATED DEVICES

vices #1 and #2 having relatively thicker organic layer showed
smaller FF (0.4) for both ITO and Ag devices as compared with
that (0.5) for the devices #3 and #4 with thinner layers. This is
because thicker organic layer presents higher resistance to the
photocurrent due to low carrier mobilities of organic materi-
als. Similar Voc and FF for both ITO and Ag devices indicate
that the patterned Ag electrode did not affect the device fabri-
cation using thermal evaporation of small molecule materials
and the collection of the photogenerated carriers. While having
similar Voc and FF for all devices, the short-circuit current (Jsc)
showed a dramatic difference. Overall, the Jsc of the ITO device
decreases with reducing organic layer thickness because of the
lower absorption in thinner devices. In sharp contrast, the AgN
device showed enhanced Jsc as the organic layer thickness de-
creases, as shown in Fig. 12(a). For thick organic layers (devices
#1 and #2), the Jsc of the device made with AgN is comparable
to that of the ITO device. For organic layers thinner than 100 nm
(devices #3, #4, and #5), the Jsc of the device with AgN was
enhanced as much as 43% compared to that of ITO device, as
the thickness of the total organic layer decreases to 70 nm. This
is consistent with our simulation results that showed stronger SP
enhancement effect for thinner organic layers. The device made
with AgW also showed a similar behavior to AgN device, but
the overall enhancement was lower due to the low transmittance
of the AgW electrode, as shown in Fig. 10(a). Fig. 12(a) shows
the dependency of the Jsc and PCE of each device (ITO, AgN,
AgW device) on the thickness of the organic layer. Fig. 12(b)
shows the J–V curve of the device #4 that exhibits the highest
enhancement of the Jsc and the overall PCE. In fact, the device
#5 showed the highest enhancement of the Jsc , but the PCE was
low due to the low Voc .

Each device has a different thickness of the organic layer re-
sulting in different absorption efficiency. Thus, the enhancement
factor of the Jsc of the Ag devices was extracted by normalizing
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Fig. 12. (a) Jsc versus thickness of the organic layer of the devices fabri-
cated. (b) J–V curves of the device #4 in which AgN device exhibited highest
enhancement of the Jsc and overall PCE.

Fig. 13. Enhancement factor versus thickness of the organic layers. Dotted
lines show the expected Jsc of the Ag device based on the transmittance of each
electrode without absorption enhancement.

the Jsc of the Ag devices with that of the ITO device and is
shown in Fig. 13. The dotted lines show the expected Jsc purely
based on the transmittance of each electrode when there is no
absorption enhancement. We believe that the SPR enhances the
light field and this lead to the enhanced absorption efficiency
accordingly, thus resulting in the increased Jsc . The difference
between actual enhancement (solid line) and expected enhance-
ment (dotted line) can be regarded as a net enhancement factor
when the transmittance of each electrode is considered. The ac-
tual enhancement in the AgW device is much lower than that of

Fig. 14. (a) Measured EQE spectra of the ITO, AgW, and AgN device in case
of 80-nm-thick organic layers (device #4). (b) EQE enhancement factor of the
AgW and AgN device as referenced to the ITO device. Note the scattered data
points around 800 nm was due to the low EQE in ITO control device, which
was magnified by the numerical divisions.

the AgN device. This result tells us that the transmittance of the
anode is also a very important factor for the device to achieve
high PCE. As a result of the increased Jsc , absolute PCE en-
hancement was achieved for the device with AgN electrode due
to the increased Jsc , as compared to the device with ITO elec-
trode. For device #3 with organic layer thickness of 90 nm, the
PCE of the ITO and AgN device is 1.2% and 1.41%, respec-
tively, which leads to about 18% enhancement of the PCE. For
device #4 with organic layer thickness of 80 nm, the enhance-
ment achieved was even higher. About 35% PCE enhancement
was achieved with the PCE of 0.96% and 1.32% for the ITO
and AgN device, respectively.

In order to get the conclusive evidence that increased Jsc
is due to the enhanced absorption due to the excitation of SP,
incident photon-to-current efficiency (IPCE) was measured for
each device. The obtained external quantum efficiency (EQE)
spectra for device #4 are shown in Fig. 14(a). The AgN device
showed EQE enhancement for wide visible range. Since the
EQE is approximately proportional to the absorption efficiency,
the increase in Jsc can be attributed to the enhanced absorption
by the organic semiconductors in the Ag nanowire electrode.
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Fig. 15. Optical field intensity inside AgN device having the total organic
layer thickness of 80 nm at a wavelength of 420, 570, and 620 nm, from left to
right.

The enhancement factor of the absorption efficiency of the Ag
device relative to the ITO device as a function of wavelength can
be extracted from the ratio of the EQE between the Ag devices
and the ITO device. As shown in Fig. 14(b), AgN device showed
more EQE enhancement than ITO device over a wavelength
range 450–700 nm. About a 2.5-fold EQE enhancement was
achieved at around 570 nm for the AgN device #4.

Simulations based on rigorous coupled-wave analysis
(RCWA) were performed to map the internal optical field of
the device structure shown in Fig. 11(a). Measured complex
refractive-index data for each organic layer were used. Fig. 15
shows the optical field profile inside the structure at different
wavelengths in case of AgN device #4 having total thickness of
organic layer of 80 nm. From the Fig. 14(b), at a wavelength of
around 420 nm, the AgN device shows an EQE enhancement
factor lower than 1 (ITO shows better EQE). The EQE of the
AgN device showed the strongest enhancement at a wavelength
of around 570 nm and moderate enhancement at a wavelength
of around 620 nm. Simulation results match well with these
experimental ones, as shown in Fig. 15. One thing to note in
Fig. 15 is that the highest optical field is at the vicinity of the
grating structure, where the PEDOT:PSS layer is. Therefore, by
reducing the PEDOT:PSS thickness while maintaining the same
total thickness of the organic layers, will increase the absorp-
tion efficiency of the organic active material, resulting in more
enhanced photocurrent, and thus, enhanced device efficiency.
More simulation works for optimal device structure and dimen-
sion that can further enhance the PCE of the device are currently
under way.

Are there other effects which can explain the observed en-
hancement of Jsc? There are two other possibilities: light trap-
ping by the light diffraction in grating structure and the de-
vice area increase caused by using 40-nm thick Ag grating as
an anode. Both can be shown to play little role in our device
because the 220-nm period grating has no diffraction effect in
the visible absorption band of the organic semiconductors; and
devices fabricated with thicker metallic wires showed very sim-
ilar device performance including PCE.

IV. MORPHOLOGY-OPTIMIZED SCALABLE

BHJ POLYMER SOLAR CELLS

A. Introduction

It has been well known that BHJ morphologies of photoac-
tive layer in polymer solar cells, composed of electron-donor
and acceptor, strongly depend on their processing conditions. A
number of studies have been dedicated to finding the efficient
ways to optimize BHJ blend morphology using P3HT: PCBM
as a model system. Thermal annealing (TA) and solvent-assisted

annealing (SAA) treatments after spin-casting the blend film are
widely accepted as general approaches to obtain well-organized
interpenetrating networks composed of highly crystallized com-
ponents can be achieved [5], [6], [42]. However, recent works
that investigated phase separation of components in the direc-
tion normal to the film and electrode surface revealed that the
BHJ structures fabricated by these methods do not produce op-
timized morphology: a nonuniform vertical distribution exists
with P3HT phase dominant near the cathode and PCBM phase
dominant near the anode [76]–[79]. Such nonuniform distribu-
tion is opposite to the ideal solar cell structure that requires
a donor-rich phase near the anode and an acceptor-rich phase
near the cathode, and therefore, unfavorable to charge trans-
port to the electrodes. In addition, both annealing processes
require relatively long processing time (e.g., tens of minutes
for TA [6] or a few hours for SAA [5]) and spin-casting de-
position can only be applied to small and rigid substrate, mak-
ing these approaches not suitable to practical large area and
mass production of polymer solar cells. Even though high-
speed fabrication processes on flexible substrates have been re-
ported, their device performances still cannot compare to those
polymer solar cells made by spin-casting followed by anneal-
ing treatments [80]–[82]. This is because the traditional high-
speed R2R coating method may not provide sufficient annealing
time for crystallization, and hence, result in lower device effi-
ciency [80]–[82]. Recently, we introduced a novel route that
allows Evaporation of Solvent through Surface ENCapsulation
and with Induced ALignment (ESSENCIAL) of polymer chains
by applied pressure (see Fig. 16) [50]. The essence of this ap-
proach is to utilize a gas-permeable silicone cover layer for
solvent evaporation that simultaneously protect the otherwise
free polymer surface and induce shear flow of the blend so-
lution by an applied pressure. This process not only leads to
optimized morphology having more uniform distribution and
high crystallinity of the components favorable for charge gener-
ation and transportation that cannot be achieved by conventional
TA and SAA methods, but also is applicable to high-speed dy-
namic process that is ultimately demonstrated in an R2R process
while preserving high device performances. Polymer solar cells
fabricated in this paper have the following planar configuration:
transparent substrate/ITO/PEDOT:PSS (∼45 nm)/P3HT:PCBM
(∼240 nm)/LiF (∼1 nm)/Al (∼80 nm, island-type circular shape
with 3.5 mm diameter).

B. BHJ Morphologies Depending on Processing Methods

The effects of different processing methods on the crys-
tallinity of the conjugate polymer were investigated first. The
chain ordering of the conjugate polymer in a BHJ structure
is one of the essentials to achieve improved crystallinity for
high-efficiency solar cell, because the improved organization
of polymer chains facilitates hole transport and the long con-
jugation length enhances the absorption of light resulting in
efficient exciton generation [3]. The absorption spectrum of the
blend film fabricated by ESSENCIAL method was compared
with that made by the spin-casting method in Fig. 17. To further
evaluate the efficiency of the ESSENCIAL method, the samples
treated by TA and SAA after spin-casting, which were generally
used to improve the crystallinity of the P3HT, were also
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Fig. 16. Schematic of the ESSENCIAL process for fabricating polymer solar cells. (a) Applying blend solution. (b) Active layer formation during solvent
evaporation through a gas-permeable silicone cover layer under pressure. (c) Isolated island-type cathode deposition on top of polymer blend film after removing
the PDMS stamp. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission from [50].

Fig. 17. Absorption spectra of the blend films. The spectra have been normal-
ized to the PCBM peak around 325 nm. Copyright Wiley-VCH Verlag GmbH
& Co. KGaA. Reproduced with permission from [50].

examined. The enhanced vibronic peaks in the absorbance spec-
tra as well as significant red shift, which indicate a higher degree
of ordering of P3HT chains [83], were observed in the ESSEN-
CIAL sample. Additionally, this processing could be completed
in just a few seconds, but the enhancement found in this sample
was much higher than that in samples thermally annealed for
20 min and was even comparable to that of the solvent-annealed
sample in which P3HT crystals were slowly grown for 2 h. Such
property permits this method to be applied to high-speed R2R
process and can produce well-ordered P3HT domains.

In addition to improved polymer crystallinity, the nan-
odomains of each blend component should be well connected in
order for the holes from charge-separated excitons to be effec-
tively transported to anode, and the electrons to cathode through
continuous pathways. However, the nonuniform distribution of
the donor and acceptor components found in spin-casted sam-
ple, even after TA or SAA, is not helpful to the effective charge
transport to the electrodes [76]–[79]. This nonuniform distribu-
tion of components in vertical direction is a consequence of the
surface energy difference between P3HT (26.9 mN·m−2) and
PCBM (37.8 mN·m−2), which pushes P3HT to the low surface
energy air surface to minimize the overall free energy [77]–[79].
In contrast, much uniform vertical distribution is expected for

TABLE II
WEIGHT RATIO OF PCBM TO P3HT CALCULATED FROM

XPS FOR DIFFERENCT PROCESSING METHIDS

films prepared by the ESSENCIAL process, because the gas-
permeable silicone film effectively provides a higher surface en-
ergy than that of air surface. X-ray photoelectron spectroscopy
(XPS) results presented in Table II clearly illustrate these trends.
Though the weight ratio of PCBM to P3HT in the blend solu-
tion is 1 : 1, the weight ratio of PCBM to P3HT of thermal- and
solvent-assisted annealed samples measured at the top surface
were reduced to 0.411 and 0.488, respectively, which indicates
a large accumulation of P3HT at the top. But the ESSENCIAL
sample produced much more balanced value (0.855), which im-
plies more uniform distribution of components in the vertical
direction.

In order to confirm that the uniformly distributed components
in ESSENCIAL-treated sample are truly beneficial to effec-
tive charge transport by providing more continuous pathways
through the film, we constructed hole- and electron-only de-
vices in order to evaluate the charge transport properties in the
phase-separated blend film [84], [85]. The hole-only device was
fabricated by replacing LiF with high work-function molyb-
denum oxide (MoO3) to block the injection of electrons from
the Al cathode, and electron-only device by using low work-
function cesium carbonate (Cs2CO3) to replace PEDOT:PSS to
block the hole injection from the ITO anode [85]. The logJ–logV
plots of hole- and electron-only devices, fabricated by different
methods, are measured under dark condition, and both hole- and
electron mobility were calculated by fitting data to the space-
charge-limited-current (SCLC) model at low voltage [86]

J =
9
8
ε0εrμ

V 2

L3

where εoεr is the permittivity of the component, μ the
carrier mobility, and L the thickness of the organic layer.
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TABLE III
CALCULATED CARRIER MOBILITIES DEPENDING

ON THE DIFFERENT PROCESSING METHODS

Table III shows the calculated hole and electron mobilities, de-
pending on the processing methods. The most optimized trans-
port pathways for both charge carriers were achieved in the
post-heat-treated ESSENCIAL sample, and well-balanced mo-
bilities (μe/μh ∼ 1.2) were obtained. Even though the electron
mobility of the thermally annealed device was not well matched
with the SCLC model, the significantly lower expected values
(10−8 ∼ 10−7 cm2 · V −1 · s−1) do not affect any conclusions
here.

As a last aspect, the domain size in the BHJ structures and
their effects on the exciton quenching were investigated using
atomic force microscopy (AFM) and photoluminescence (PL)
(see Fig. 18). Compared with the nonuniform mixture where one
phase is dominant at one surface, more uniformly mixed donor
and acceptor phases throughout the film are expected to have
finer interpenetrating nanodomains that are advantageous to effi-
cient dissociation of photogenerated excitons, and hence, result
in suppressed PL from the donor polymer. It has been reported
that the PL of annealed sample is enhanced as compared with
just spin-casted film, because the higher crystallinity induced
by annealing gives relatively poor exciton dissociation due to
the reduction of interfacial contact area between the donor and
acceptor domains [87]. On the other hand, the improved charge
transport of the annealed samples due to increased crystallinity
can offset the poor exciton dissociation effect, still producing
high-efficiency solar cells [61]. Therefore, the solvent-assisted
annealed sample having higher crystallinity than the thermal-
annealed sample showed well-defined domains in AFM phase
images, and this improved crystallinity induced the enhance-
ment of PL in Fig. 18(d). As for the heat-treated ESSENCIAL
sample, finer interpenetrating networks than the solvent-assisted
annealed sample were expected due to the more uniform distri-
bution of the blend, and well-defined nanodomains were much
more discernable in AFM phase images. These uniformly dis-
tributed and fine-interpenetrating nanodomains not only permit
good charge pathways, but also facilitate the efficient exciton
dissociation; therefore, suppressing the PL from the donor, and
consequently, gave the lowest PL [see Fig. 18(d)].

Another remarkable merit of the ESSENCIAL-based device
is that PEDOT:PSS layer used on top of transparent anode in
OSCs was not indispensable to this processing. PEDOT:PSS
is the most widely used buffer layer between ITO anode and
the active organic semiconductor to improve the performance
of the polymer solar cells. One of the important roles of this
PEDOT:PSS layer is to provide efficient electron blocking [88]
to prevent electron leakage from the BHJ acceptors [89]. If PE-
DOT:PSS is not used, our experiments on the annealed devices
after spin-casting showed significant drop of FF (e.g., from 0.65

Fig. 18. (a)–(c) AFM phase images. (d) PL spectra. The images in (a)–(c)
and the curves in (d) correspond to thermal-annealed sample, solvent-assisted
annealed sample, and 1-min heat-treated ESSENCIAL sample, respectively.
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permis-
sion from [50].

Fig. 19. J–V curves of thermal-annealed devices and 1-min heat-treated
ESSENCIAL devices.

to 0.55) that result in much reduction in PCE (see Fig. 19). How-
ever, the ESSENCIAL-based device shows only small drop of
FF (e.g., from 0.69 to 0.67) that result in negligible effect to PCE,
as shown in Fig. 19. This effect is consistent to the improved
morphology in ESSENCIAL devices discussed earlier. Because
in the devices with spin-casted film, large amount of PCBM are
nonuniformly assembled near the ITO anode, inducing electron
leakage. However, the uniform distribution of components in
ESSENCIAL-based devices drastically reduces these electron
leakage pathways. Therefore, this observation alone can be an
important evidence for the uniform distribution of components
in the blend film fabricated by the ESSENCIAL method. More-
over, avoiding the use of PEDOT:PSS can significantly reduce
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Fig. 20. Photograph of the R2R apparatus and the resultant flexible polymer
solar cell before electrode deposition. Copyright Wiley-VCH Verlag GmbH &
Co. KGaA. Reproduced with permission from [50].

the processing time as it eliminates the PEDOT:PSS coating
and the baking step to remove residual H2O molecules from
PEDOT:PSS used in conventional fabrications, which is espe-
cially attractive for high-speed R2R processing.

The advantages of ESSENCIAL method to induce superior
BHJ morphology in short processing time pave the way to scal-
able high-efficiency polymer solar cell fabrication. Here, we
demonstrated fabrication of polymer solar cells using an R2R
apparatus composed of dual rollers and tensioned belt covered
with gas-permeable silicone film, which enables coating of the
P3HT:PCBM polymer blend with uniform thickness and fast
solvent evaporation in a continuous fashion (see Fig. 20). Ac-
cording to the dynamic elastic contact model developed for the
R2R nanoimprinting [59], the thickness of coated active layer
can be controlled by the solution concentration and roller pres-
sure, which is the same condition as the small-scale ESSEN-
CIAL experiment discussed earlier, and the film uniformity can
be preserved by the belt tension during the solvent evaporation
process. Fig. 20 show 3-in-wide uniform BHJ active layer film
made of P3HT:PCBM blend on an ITO-coated PET substrate
using the continuous R2R process. After 1-min baking, the de-
position of LiF and Al cathode complete final devices.

C. Device Performances of OSCs

The device performances including PCE and J–V curves were
measured under AM 1.5G simulated sun light (at 100 mW·cm−2

intensity). In device fabrication, isolated island-type metallic
cathode was used to exclude the overestimation of the pho-
tocurrent commonly occurred in devices using crossbar-type
electrodes [60], [90]. The patterned crossbar-type electrode ge-
ometry is the most commonly used configuration for OLEDs be-
cause this structure allows easy addressing of individual pixels.
The same crossbar-type electrode geometry has been adapted
to OSC fabrication for the same convenience by many labora-
tories. However, we found that while acceptable for OLEDs,
the crossbar-type electrode geometry can lead to an incorrect
analysis of PCE of the OSCs. We observed that the solar cells
having the island-type electrode geometry gave a consistent cell
performance, but the performance of the crossbar-type cells var-
ied greatly depending on the size of the illuminated light beam
on the cells relative to the overlapped area of the crossbar elec-
trodes [87]. When the illuminated area was larger than the over-

TABLE IV
PERFORMANCES OF DEVICES FABRICATED BY

DIFFERENT PROCESSING METHODS

lapped area of the crossbar electrodes, even though there was
no ITO electrode outside the overlapped region, the conductive
PEDOT:PSS layer plays the role of an effective anode. In other
words, the crossbar-type cells can be regarded as composed of
two OSCs connected in parallel: one is the solar cell having ITO
anode and cathode in the overlapped region, and other is a par-
asitic one having PEDOT:PSS as an effective anode instead of
ITO. To prove this, we built PEDOT:PSS/P3HT:PCBM/LiF/Al
OSCs on a glass substrate without ITO to mimic the parasitic
OSCs. Indeed, the devices showed photovoltaic characteristic,
but with an FF of only 0.25, which is much smaller than the
FF of 0.61 of the equivalent device having ITO [87]. This also
explains why the decrease of FF of the crossbar-type OSCs is
accompanied by the increase of Jsc when the illuminated beam
size increased, which is due to the contribution of the parasitic
OSC to the total measured Jsc . Our experiments showed that
PCE could be overestimated as much as by 30%, and this could
be even higher depending on electrode design and measurement
conditions [90].

Using the isolated island-type Al cathode, the performances
of the devices depending on the processing methods were sum-
marized in Table IV. The values reported in the table are aver-
aged using the data obtained by at least 20 cells. The devices
fabricated by the ESSENCIAL method followed by the ther-
mal treatment showed the highest PCE due to the optimized
domain morphologies and charge pathways that resulted in both
increased short-circuit current and FF. The favorable morphol-
ogy also led to the lowest series resistance (Rs ∼ 1.2 Ω·cm2),
as expected. The devices fabricated by the R2R process, the
scalable version of the ESSENCIAL process, also show the
comparable PCE (∼3.5%). We believe that this new process
is equally applicable to BHJ structures using other materials
(e.g., the low-bandgap polymer semiconductors that demon-
strated higher PCE [91]), making it a potential manufacturing
technique for mass production of low-cost and high-efficiency
polymer solar cells.

V. CONCLUSION

We reviewed the recent progress in the area of TMEs, OSC
efficiency enhancement by SPR in periodic Ag nanowire elec-
trode, and by new processing method of organic materials.
Transparent electrodes based on metallic nanostructure have
proved to be a strong candidate as a replacement of conventional
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ITO electrode. They have high optical transparency and good
electrical conductivity. Moreover, unlike ITO, these properties
can be adjusted relatively independently by changing the metal
linewidth and thickness in the metal grid structure. Further-
more, they exhibit a greater flexibility than conventional ITO.
Not only do metal electrodes provide excellent characteristics
mentioned earlier, but also nanoscale metallic nanowire struc-
tures exhibit unique optical properties due to the excitation of
SPs, which has been exploited in specially designed solar cells
to achieve enhanced light absorption, and thus, enhanced PCE.
About 35% enhancement of PCE was demonstrated for the OSC
using transparent Ag nanowire electrode as compared with the
device using conventional ITO electrode. Further enhancement
is possible by designing optimal structure of Ag nanowires to
match the peak absorption in the organic materials. In addition,
the novel ESSENCIAL-based technique shows the most op-
timum BHJ morphology compared with conventional methods
and permits us to realize high-efficiency polymer solar cell using
high-speed R2R process. We believe that the works highlighted
in this paper may help to realize low-cost, high-efficiency, and
large-area OSCs.
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