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Organic solar cells featuring nanobowl structures

Hung-Yu Wei,a Jen-Hsien Huang,b Chih-Yu Hsu,c Feng-Chih Chang,d

Kuo-Chuan Ho*ac and Chih-Wei Chu*be

Although organic solar cells having a bilayer configuration provide continuous conducting pathways for

carrier transport to the requisite electrodes, their efficiencies have remained low because of the short

exciton diffusion lengths of organic semiconductors. In this paper, we describe unique spatial organic

solar cells featuring nanobowl array structures that capture more light and generate more power than

planar organic solar cells. To construct bilayer solar cells, we used electrochemical deposition (with

polystyrene beads as the template) to fabricate poly(3,4-ethylenedioxythiophene) nanobowl arrays,

functioning as the hole extraction layer, on indium tin oxide substrates and then deposited copper

phthalocyanine and a fullerene (C60 or C70) to function as the active layer, onto the nanobowl arrays. By

implementing this spatial structure, we could control the active layer's thickness, such that it would be

suitable for exciton dissociation, while maintaining a high absorption of incident light (by increasing the

absorber volume without decreasing the area of the donor–acceptor interface, such that the light path

in the active layer was increased) and ensuring high exciton dissociation efficiency (by enlarging the

donor–acceptor interface). Relative to an equally thick planar control active layer the photocurrent

generated by such bilayer solar cells increased by approximately 90%.
1 Introduction

Organic solar cells (OSCs) are attracting attention for their
potential applications in renewable energy because of their
extraordinary low cost, light weight, and mechanical exibility.
In 1986, Tang1 rst developed small-molecule donor–acceptor
(D–A) heterojunctions to dissociate strongly bound photo-
generated excitons; since then, the power conversion efficiencies
(PCEs) of OSCs have increased dramatically. Further increases in
efficiency have been achieved in many different aspects of OSCs,
including materials synthesis,2,3 process control4 and device
architecture.5–7 Recently, the PCEs of small-molecule hetero-
junction solar cells (SMHSCs) have reached in excess of 5%.8,9

Althoughsmallmoleculeshavemanyadvantages foruse inOSCs,
includingwell-denedmolecular structures, simplepurication,
and better batch-to-batch reproducibility, SMHSCs have received
less attention because their performance continues to lag
behind that of their bulk heterojunction counterparts.10–14
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The ideal active layer in a heterojunctionOSC should feature a
largeD–A interface, thereby allowing dissociation of every exciton
generated within the active layer. In addition, the donor and
acceptor materials should both feature continuous pathways
throughwhich their carriers canbe transported to their respective
electrodes.15–17 A nal requirement for the active layer should be
that it is sufficiently thick to absorb a signicant fraction of the
sunlight. For OSCs featuring a heterojunction between two layers
of neat materials, the carriers can always travel along continuous
pathways to their corresponding electrodes, with the depositing
sequence ensuring that eachmaterial is in contactwith its correct
electrode to minimize the carrier transport time and the proba-
bility of back electron transfer; nevertheless, the necessary
compromise between photon absorption and carrier generation,
due to the short exciton diffusion lengths (10–30 nm) and low
carrier mobilities of organic semiconductors, will still limit the
device performance.18 Although thermal and solvent treatment
can enlarge the D–A interface, resulting in increased power
conversion efficiency (PCE),19,20 such strategies are highly
dependent on the nature of the materials—that is, not every
material changes its morphology aer solvent or thermal treat-
ment. Intermixing layers can be introduced into OSCs to
circumvent the trade-off between losses resulting from the
limited absorption of thin layers and the recombination losses
arising from thicker layers, leading to PCEs of greater than
6%.2,3,21 Although the intermixing structure provides quite a large
interface for exciton dissociation, the random distribution of
donors andacceptors can result in inadequate percolationwithin
This journal is ª The Royal Society of Chemistry 2013
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the bulk blend for carrier transport, potentially increasing the
probability of carrier recombination and decreasing carrier
mobilities. To solve those problems, many groups have investi-
gated ordered bulk heterojunction (OBHJ) structures prepared by
lling metal oxide nanostructures (e.g., TiO2, ZnO) with poly-
mers.22–30 OBHJ structures have distinct advantages over their
disordered counterparts in that their morphologies can be
controlled precisely and the organic semiconductors can retain
their intrinsic transportproperties. Theefficiencyof suchsystems
is, however, moderate because of incompatibilities arising from
the nanostructure dimensions of the metal oxide. Moreover,
because the absorption of metal oxides in the visible region is
minimal, it does not contribute much to the photocurrent.

An alternative, highly promising strategy toward increasing
optical absorption is to employ periodic nanostructured elec-
trodes or buffer layers. Many techniques can be used to form
nanostructures on the hole transfer layer [poly(3,4-ethyl-
enedioxythiophene):polystyrenesulfonate (PEDOT:PSS)],
including nanoimprinting,31 lithography,32 direct laser interfer-
ence patterning,33 templating with patterning,34,35 and the use of
electrochemical polymerized nanostructure;36 as a result, the
active layer will adopt the shape of the nanostructured electrodes
or buffer layers. Resulting improvements in PCE can be attrib-
uted to improvements in both optical and electrical properties.
As light passes through the structure, its scattering increases the
effective path in the active layer, thereby increasing the absorp-
tion relative to that for an active layer of the same thickness but
lacking the nanostructural features. In addition, the structure
possesses a graded refractive index, which effectively suppresses
reection, and a structure pitch that can be designed to match
the carrier diffusion length and minimize charge loss through
recombination. In this paper, we demonstrate a spatial OSC
constructed on a periodic PEDOTnanobowl array.We fabricated
periodic arrays of nanostructures by using electrochemical
deposition to ll the interstitial sites of templating polystyrene
(PS) beads with PEDOT, obtaining active layers with precisely
dened shapes. Because the exciton diffusion length is limited at
10–30 nm,37–42 the thickness of the active layer was restricted. An
active layer having a nanobowl structure provides a longer light
path and a largerD–A interface, and a greater absorber volume in
the same projection area, leading to higher absorption and
greater exciton dissociation than those obtained by a planar
active layer at the same thickness.
2 Experimental
2.1 Fabrication of structured PEDOT lm and structured
active layer

The PS solution was prepared by adding colloidal particles
(diameter: 400 nm; density: 1.05 g cm�3; 9.7% solid; Bangs
Laboratories Fishers, IN, USA; 1.35 mL) into a dispersion solu-
tion (Triton X-100–MeOH, 1 : 100; 1.00mL). The PS solution was
spin-coated onto the ITO substrate using a two-step procedure
(10 rpm for 20 s, then 1500 rpm for 40 s) to form an ordered
template. The ITO substrate presenting well-ordered PS beads
was stored overnight so that the PS beads could form a more-
organized, xed template.43,44
This journal is ª The Royal Society of Chemistry 2013
The PEDOT layer was electrodeposited onto the ITO
substrate presenting the ordered PS beads by applying a
potential of 1.0 V (vs. Ag/AgCl), using a Pt counter electrode,
until a charge density of 2 mC cm�2 was reached. The bath
solution was deionized water containing 0.1 M LiClO4 (Aldrich,
95+%), 0.01M 3,4-ethylenedioxythiophene (EDOT, Aldrich), and
1 wt% sodium dodecyl sulfate (SDS) as a surfactant. Aer the
PEDOT lm had been deposited, the substrate was immersed in
pure toluene for 12 h to remove the PS beads. The remaining
PEDOT lm possessed a bowl-like structure.45,46

CuPc layers (as the p-type layer) having thicknesses ranging
from 20 to 60 nm were deposited (thermal evaporation) along
the structured PEDOT; 40 nm C60 (or C70), as the n-type layer,
was subsequently deposited. A 60 nm Al cathode was deposited
on the fullerene layer. The whole device was then transferred to
a hot plate and annealed at 150 �C for 20 min.
2.2 Morphology and material characterizations

Surface morphologies of the nanostructures were measured
using a scanning electron microscope (FEI Nova 200) and an
atomic force microscope (Veeco di Innova). Cyclic voltammetry
was performed using a three-electrode cell with 0.5 M LiClO4 in
MeCN as the electrolyte; a fabricated PEDOT lm as the working
electrode; a Pt sheet as the counter electrode; and nonaqueous
Ag/Ag+ (containing 0.01 M AgNO3 and 0.1 M TBAClO4 in MeCN)
as the reference electrode. Spectroelectrochemical data were
recorded using a Shimadzu UV-1601PC spectrophotometer.
Ultraviolet photoemission spectroscopy was performed using a
PHI 5000 VersaProbe (ULVAC-PHI, Chigasaki, Japan). UV-Vis
absorption spectra were recorded using a Jasco ISN-723 inte-
grating sphere that analyzed reected light. A plane surface with
diffuse-reection MgO coating was used to prevent the light
passing through the sample. External quantum efficiencies
(EQEs) were measured by comparing the photocurrent of a
sample device and a standard Si device at different wavelengths
of incident light.
3 Results and discussion

Fig. 1(a) illustrates the fabrication of the spatial active layer. In
this approach, a planar D–A interface forms merely a circular
plane, whereas the D–A interface along the bowl-like structure is
a hemisphere in the same projected area normal to the device.
Hence, the D–A interface for a planar active layer is pR2,
whereas it is 2pR2 for a spatial active layer. Because the opti-
mized active layer thickness for a bilayer solar cell is usually
close to 100 nm,47,48 the nanobowl features would be fully
covered by the subsequently deposited active layers if the
diameter of each bowl were less than 200 nm. On the other
hand, the height of the bowl-like structure is half the diameter
of the beads. Considering the thickness of the active layer,
larger PS beads would create nanobowls having sharp edges and
a rough surface; such an active layer would not fully cover the
surface of the structured PEDOT and would, thereby, lead to a
short circuit; therefore in this study we employed 400 nm PS
beads to maintain the nanobowl features and prevent short
Energy Environ. Sci., 2013, 6, 1192–1198 | 1193
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Fig. 1 (a) Schematic representation of the fabrication of a nanostructured active layer. (b–d) Top-view SEM images of (b) the as-prepared PEDOT structure and (c and
d) the structures obtained after deposition of (c) 40 nm CuPc and (d) 40 nm CuPc (40 nm)/C60 (40 nm); insets: cross-sectional views. (e–g) Corresponding AFM images.
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circuiting. Aer depositing a 40 nm lm of CuPc and a 40 nm
lm of C60 (or C70), we used scanning electron microscopy
(SEM) to characterize the surface features [Fig. 1(b)–(d)].
Although the thermal deposition process allowed the active
materials to cover the PEDOT surface, the features of the
nanobowls remained; that is, they were not lled up by the
coating of the active layer materials, as evidenced in Fig. 1(d).
We recorded cross-sectional SEM images of the PEDOT nano-
bowl structures before and aer depositing the active layer
[insets of Fig. 1(b)–(d)], observing that the materials were
deposited with precisely dened shapes; as the walls of the
nanobowls became increasingly thicker, the active layer fully
covered the nanobowl PEDOT surface, suggesting that short
circuiting would be prevented. Fig. 1(e)–(g) display the
morphologies of the nanobowl PEDOT, CuPc, and C60 layers, as
analyzed using atomic force microscopy (AFM). The height of
the features in the pristine nanobowl PEDOT layer was
approximately 185 nm, close to half of the PS bead diameter.
Although the features of the CuPc and C60 layers formed on the
1194 | Energy Environ. Sci., 2013, 6, 1192–1198
PEDOT gradually decreased in height, the bowl-like features
remained evident, consistent with the cross-sectional SEM
images.

Fig. 2 presents the current density (J)–voltage (V) character-
istics of the four devices, CuPC/C60/planar PEDOT, CuPC/C60/
structured PEDOT, CuPC/C70/planar PEDOT, and CuPC/C70/
structured PEDOT,measured under 100mWcm�2 airmass (AM)
1.5G solar simulated light. Table 1 summarizes the photovoltaic
properties of these solar cells. As expected, the open circuit
voltage (VOC) remained constant for all devices. The short circuit
current (JSC) and ll factor (FF) of the solar cell featuring CuPc/
C60 as the active layer both increased dramatically, from 4 to 7.37
mA cm�2 and from 45.2 to 55.9%, respectively, aer introducing
the structured PEDOT; accordingly, the PCE of this solar cell
increased from 0.9 to 2.0%. In addition, the series resistances of
thedevicedecreased aer employing the structuredPEDOT. This
behavior arose because the charge carriers will travel along the
path providing the lowest resistance in PEDOT layer. Thus, in
the case of planar PEDOT, the charge carriers passed through the
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 Current density–voltage (J–V) characteristics of four devices: CuPc/C60

planar active layer (solid black), CuPc/C60 structured active layer (solid red), CuPc/
C70 planar active layer (open black), and CuPc/C70 structured active layer (open
red).

Fig. 3 (a) Absorption and (b) EQE spectra of active layers comprising CuPc/C60

(black) and CuPc/C70 (red) in the presence (open dots) and absence (solid dots) of
the structure.
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entire thickness of the PEDOT layer; for our bowl-like PEDOT,
however, the distance between the CuPc/PEDOT interface and
the PEDOT/ITO interface was not uniform. At regions of thin
PEDOT, the charge carriers would pass directly through the
PEDOT lm to reach the ITO surface, but at regions of thick
PEDOT the charge carriers might transfer along the PEDOT
surface for a distance and thenpenetrate througha regionof thin
PEDOT to reach the ITO – if doing so is the path with the lowest
resistance among all possible routes. Thus we get lower series
resistances in device while incorporating structured PEDOT,
resulting in improving the FF.

The low absorption of C60 results from its high degree of
symmetry, which makes the lowest-energy transitions formally
dipole forbidden. Therefore, when we replaced C60 with a less-
symmetrical fullerene, C70, these transitions became allowed
and provided a dramatic increase in light absorption,49 man-
ifested by a further increase in PCE to 2.5%. To clarify the cause
of the increase in JSC aer introducing the structured PEDOT, we
recorded UV-Vis absorption spectra to determine the absorption
capabilities of spatial and planar active layers of the same
thickness. Fig. 3(a) reveals that although the characteristic peaks
appeared at essentially the same wavelengths, the absorption of
the active layer deposited on the structured PEDOT was much
higher than that on the planar PEDOT. The higher absorption of
the spatial devices relative to theplanar devices is consistentwith
the large differences in their values of JSC.
Table 1 Photovoltaic properties of the four devices: CuPc/C60 planar active laye
structured active layer

VOC (V) JSC (mA cm�2)

Planar PEDOT/CuPc/C60/Al 0.5 4.00
Planar PEDOT/CuPc/C70/Al 0.5 4.82
Structured PEDOT/CuPc/C60/Al 0.5 7.37
Structured PEDOT/CuPc/C70/Al 0.5 9.18

This journal is ª The Royal Society of Chemistry 2013
We suspected that the photocurrent might be enhanced not
only from the increased light path but also other optical effects.
To understand the inuence of the structured PEDOT on the
increased value of JSC, we measured the external quantum effi-
ciencies (EQEs) for the four devices [Fig. 3 (b)]. The EQE of the
device featuring the nanostructures was almost twice that of the
planar device over a wide range of wavelengths (350–800 nm),
consistent with its improved value of JSC. Because the EQE
curves of the devices prepared with and without a structured
active layer were sensitive to the wavelength of incoming light,
trapping and reabsorption of reected light were probably not
the main factors inuencing the values of JSC.

Considering the anti-reection effect of thenanostructure, we
also investigated the cell performances in response to light at
r, CuPc/C60 structured active layer, CuPc/C70 planar active layer, and CuPc/C70

FF (%) PCE (%) Rs (U) Rsh (kU)

45.2 0.904 43.7 6.14
40.1 0.966 37.0 4.55
55.9 2.061 14.6 11.9
53.8 2.469 9.35 3.22

Energy Environ. Sci., 2013, 6, 1192–1198 | 1195
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Fig. 4 Current density variations with respect to the incident angle of light. The
devices incorporated CuPc/C60 (red dots: with structure; black dots: without struc-
ture; dashed lines: simulated value of current by cosine law at different angles).

Fig. 5 Current density–voltage (J–V) characteristics of devices incorporating
structured active layers deposited on PEDOT layers that had been subjected to
various biases.
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various incident angles (Fig. 4). The current densities of both
devices, regardless of the presence or absence of the structured
active layer, obeyed the cosine law (Iq ¼ I0 � cos q).50 If the
nanostructure exhibited any anti-reection effects, we would
expect the absorption spectra to feature fewer valleys at certain
wavelengths.51 Because the absorption spectra of the devices
featuring the structured PEDOT had the same characterization
peaks (and valleys) as those of the devices prepared without the
structured PEDOT, and because the photocurrents at large
angles were no greater than the theoretical values from the
cosine law, we conclude that the structure did not exert a
remarkable anti-reection effect, possibly because the similar
refractive indices of PEDOT (1.4–1.6) and CuPc (ca. 1.5)52,53 led to
almost no refractive index gradient in the region of the struc-
tured hole extraction layer and the active layer. Accordingly, we
believe that the enhancement in current density resulted from
the larger junction D–A interface and the elongated light path in
the active layer. We suspect that if we were to employ a donor
material having a refractive index much greater than 1.5, the
light trapping would contribute to more efficient light absorp-
tion, resulting in further increase in cell efficiency. Deposition of
a silver thin lm along the nanostructure provides a plasmonic
effect that can increase the absorption of the active layer in both
organic and inorganic solar cell system.54–56

PEDOT is an electrochromic material that can be switched
from its oxidized transparent light-blue state to its reduced
dark-blue state; its optical and electrical properties can be tuned
electrochemically upon applying different biases in lithium
perchlorate electrolytes.57,58 To further optimize the device
performance, we tested the effect of the applied bias on the
structured PEDOT layers prior to depositing the active layer.
Fig. 5 displays the J–V characteristics of devices featuring a
structured PEDOT under various treated biases.

The device performance changed signicantly upon varying
the treated bias; Table 2 summarizes the photovoltaic parame-
ters. Tuning the treated bias from�1 to +0.4 V, we found that the
values of JSC and VOC increased monotonously from 2.07 to
10.03 mA cm�2 and from 0.32 to 0.53 V, respectively. We limited
1196 | Energy Environ. Sci., 2013, 6, 1192–1198
the oxidation potential to +0.4 V (vs. Ag/Ag+ in acetonitrile)
because the overoxidation starting potential was approximately
+0.5 V (vs. Ag/Ag+ in MeCN). Electrochemical overoxidation is a
rapid process that can permanently reduce the electronic
conductivity of polythiophenes; indeed, we observed decreasing
device performance prior to the physical properties of the PEDOT
lm becoming irreversible.45 The transmittance spectra of the
PEDOT lm recorded at applied biases ranging from�1.0 to +0.4
V reveal [Fig. 6] that the PEDOTlms behaved as semiconducting
materials (having optical band gaps and lower transmission)
when they were subjected to greater reduction (negative) biases
and as conducting materials (higher transmission) when they
were treated with greater oxidation (positive) biases. The
increasing transmission upon increasing the applied oxidation
bias is in good agreement with the monotonous increase in the
value of JSC.

The absolute values of the highest occupied molecular
orbital (HOMO) energy level were determined by measuring the
shi in the secondary electron cutoff from the ultraviolet
photoemission spectra of the PEDOT lms subjected to
different biases. We observe a clear trend: the HOMO energy
levels of the PEDOT lms decreased from 5.20 eV when the
applied bias was +0.4 to 4.16 eV when the applied bias was�1 V.
Upon varying the applied biases from�1 to +0.2 V, the values of
VOC and FF of the corresponding devices increased from 0.32 V
and 35.6% to 0.52 V and 56.5%, respectively, consistent with the
shi in the HOMO energy level. Moreover, the higher HOMO
energy level resulted in a decreased energy barrier for carrier
collection and, therefore, increased values of JSC and FF.
Although the PEDOT lm subjected to a bias of +0.4 V provided
a higher HOMO energy level and greater transmission, leading
to even higher values of VOC and JSC, respectively, the conduc-
tivity of the hole transport layer was too high, resulting in
decreased shunt resistance and, therefore, a decreasing FF
(Fig. 5 and Table 2). Combining the effects of the nanostructure
and electrochemical treatment, the highest-performing device
exhibited values of VOC, JSC, and FF of 0.52 V, 9.26 mA cm�2, and
56.5%, resulting in a PCE of 2.72% under AM 1.5G illumination.
This journal is ª The Royal Society of Chemistry 2013
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Table 2 Photovoltaic properties of the solar cell devices incorporating structured active layers deposited on PEDOT layers that had been subjected to various biases

Treated potential
(vs. Ag/Ag+) VOC (V) HOMO (eV) JSC (mA cm�2) FF (%) PCE (%) Rs (U) Rsh (kU)

�1.0 0.32 �4.16 2.07 35.6 0.236 32.9 3.64
�0.8 0.36 �4.27 3.47 38.1 0.467 26.3 2.79
�0.6 0.39 �4.35 4.64 40.5 0.733 27.7 3.08
�0.4 0.44 �4.46 5.80 43.0 1.097 17.5 2.69
�0.2 0.49 �4.62 7.99 46.2 1.809 21.9 3.07
0.0 0.50 �4.83 8.98 48.1 2.158 17.7 3.68
0.2 0.52 �5.01 9.26 56.5 2.720 11.4 5.06
0.4 0.53 �5.20 10.03 46.6 2.487 2.25 1.78

Fig. 6 Transmittance spectra of PEDOT under different applied potentials (vs.
Ag/Ag+ in 0.1 M LiClO4).
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4 Conclusions

Relative to planar bilayer OSCs, those possessing an active layer
having a nanobowl structure can feature a signicantly
increased light path in the active layer, thereby enhancing the
absorption of incident light, and a mathematical doubling of
the D–A interface, thereby increasing the carrier collection
efficiency, resulting in higher photocurrent generation. At the
same thickness of the CuPc/C70 active layer, we obtained a PCE
of 2.47% from an OSC device incorporating a nanobowl active
layer, in contrast to a value of only 0.97% for the corresponding
device possessing a planar active layer. To further optimize the
device efficiency, the electrical and optical properties of the
PEDOT lm could be tuned by applying potentials prior to
depositing the active layer. The highest performance appeared
when we treated the PEDOT lm under an applied bias of +0.2 V
prior to depositing the active layer; the efficiency of these CuPc/
C70-based solar cells reached as high as 2.72%. By combining
the benets of high absorption and a large D–A interface, such
nanobowl structures might open a new route toward next-
generation, high-efficiency, low-cost organic photovoltaic
systems.
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