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bstract

Data are presented on high performance and air-stable organic solar cells with modified electrode architecture (MAOSCs), which have a patterned
ransparent anode determining the real active area of devices and a large area of reflective cathode covering the whole area of an active layer based
n poly(3-hexylthiophene) (P3HT) and 1-(3-methoxycarbonyl)-propyl-1-phenyl-(6,6)C61 (PCBM). Based on the finite-difference time-domain

FDTD) scheme as a numerical method, improved light trapping within the photoactive layer, resulting from the efficient reflection of incident
ight at the large area of cathode, can be attained by modifying the conventional organic solar cell structures. Here, an improved power conversion
fficiency of 4.3% was obtained in the case of MAOSCs under 1 Sun with air mass (AM) 1.5 global (G) condition. In addition, the stability of
AOSCs in air was remarkably improved due to the limited exposure of their active layers to air.
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. Introduction

Since their introduction [1–3], organic solar cells (OSCs)
ased on small molecules and conjugated polymers have under-
one considerable development, including improvements in
rganic synthesis and fabrication technologies, thus providing a
hance to enhance the power conversion efficiency. Among the
lass of conjugated polymer-based solar cells [4–8], one of the
ost attractive systems under recent consideration is the P3HT

nd PCBM bulk heterojunction [5–8]. As is well-known, 4–5%
ower conversion efficiencies of OSCs under 80 or 100 mW/cm2

lluminations with AM 1.5 G conditions have been reported in
ecent years. However, several problems such as a severe mis-
atch between the spectrum of the polymer and solar spectrum,

oor stability, phase segregation, and low mobility of charge
arriers must be still overcome [9–11].

Typically, P3HT and PCBM based heterojunction OSCs are

abricated by solution processes, including spin-coating, dip-
oating, and doctor blading, with an active film thickness of
bout a few tens of nanometers to ∼200 nm. It is widely believed
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hat this active layer should be thick enough (∼240 nm) to absorb
ost of the solar radiation over the wavelengths of 450–600 nm

11]. However, a thick active layer results in the increase of
eries resistance of the device due to the limited charge carrier
obility of conjugated polymers. This indicates that a trade-

ff exists between the absorption of incident light and series
esistance, leading to a compromised OSC design that limits the
ower conversion efficiency (ηp) of OSCs. Hence, approaches
or novel device design to achieve light trapping within active
ayer to maximize the use of incident light illuminated into the
olar cell have been suggested [12–15]. Until now, there are
nly a few approaches for light trapping in case of OSCs, in
ontrast to the Si solar cell. For example, Roman et al. showed
hat soft embossed gratings result in enhanced light trapping in
hotodiodes [12] and more recently, Cocoyer et al. reported that
he introduction of submicrometric periodic surface structures
eads to the enhancement of the absorption of organic photo-
oltaic cells [13]. However, one of the most preferential and the
implest implementations of light trapping concept is to opti-
ize the backside metallization for high reflectance, ensuring
hat the incident light will cross the cell twice [14].
Here, we demonstrate organic solar cells with modified elec-

rode architecture (MAOSCs) with improved efficiency and
nhanced air-stability. As compared to the conventional OSCs,
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aving a whole area of transparent conducting oxide (TCO)
node and a patterned small area of reflective metal cathode
etermining the real active area of devices, MAOSCs reported
ere are fabricated with a patterned TCO determining the real
ctive area of devices and a whole area of reflective metal cath-
de which is evaporated onto the active layer. In the MAOSC
esign, the entire incident light is redirected to the active layer
hrough efficient reflection from a whole area of metal cathode
overing the entire active layer, leading to improved efficiency
s a result of enhanced light absorption. Furthermore, due to
he encapsulation effect provided by covering a whole area of
he active polymer layer with the metal cathode, air exposure of
he oxidatively weak conjugated polymer is efficiently reduced;
onsequently enhanced stability can be expected.

. Experimental

From Fig. 1, it can be seen that the proposed MAOSCs consist
f five layers; the same structure as conventional OSCs except for
he inverted area of two electrodes. After successive cleaning in
n ultrasonic bath with acetone and isopropyl alcohol for 20 min,
ollowed by drying in nitrogen stream, photolithography and
et-etching processes were performed on the indium-tin-oxide

ITO-Samsung Corning Co., Ltd.) coated glass for the prepara-
ion of the patterned TCO anode to produce an active area of
.0434 cm2, by using a Cr mask and HCl/HNO3/H2O mixture
s a wet-etching solution. Then, the ITO coated glass substrates
ere cleaned again by a special detergent, followed by ultra-

onification with an organic solvent. Before commencing OSC

abrication, the cleaned substrates were baked in a convection
ven at 110 ◦C for about 12 h.

Bulk heterojunction solar cells with and without modi-
ed architecture were fabricated according to the following

t
U
w
m

ig. 1. A plan-view photomicrograph and schematic cross-sectional representation o
ith modified architecture (MAOSCs) (c and d).
tobiology A: Chemistry 194 (2008) 161–166

rocedures. First, ITO was treated with O2 plasma for
he formation of a hydrophilic surface. Next, poly(3,4-
thylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS,
aytron P VPAI 4083) was spin-coated onto ITO with a thick-
ess of ∼20 nm from an aqueous solution after passing through
0.45 �m filter, followed by drying at 120 ◦C for 10 min in air.
he PEDOT:PSS layer was used only to improve hole-transport
nd reduce the probability for electrical shorts. A chlorobenzene
olution comprised of P3HT and PCBM with a 1:0.5 weight
atio was then spin-coated on top of the PEDOT:PSS layer, and
nnealed at 110 ◦C for 10 min to enhance the degree of ordering
f P3HT [7]. The P3HT and the PCBM were purchased from
ieke Metals and Nano-C, respectively. The molecular weight
nd polydispersity index of P3HT are ∼40000 and ∼1.5, respec-
ively. Finally, the reflective metal cathode consisting of 100 nm
g on top of 20 nm Ca was thermally evaporated through a

hadow mask to produce an active area of 0.0434 cm2 and with-
ut the shadow mask for the fabrication of conventional OSCs
nd MAOSCs, respectively, in a vacuum at 10−6 Torr. Here,
e have carefully controlled the processes to produce the same

eal active area (0.0434 cm2) for both conventional OSCs and
AOSCs, as shown in Fig. 1.
Cell performance was measured under 1 Sun using a xenon

ight source and an AM 1.5 global filter. Photocurrent–voltage
I–V) measurements were performed using a Keithley 4200
nstrument in air. A calibrated silicon reference solar cell cer-
ificated by the National Renewable Energy Laboratory (NREL)
as used to confirm the measurement conditions of our set-up.
The optical properties of photoactive layers spin-coated onto
he whole area of ITO and patterned ITO were investigated via
V/vis absorption spectral measurements at room temperature
ith a Perkin-Elmer Lambda 12 UV/vis spectrophotometer. For
odeling of light propagation in OSC and MAOSC, the FDTD

f the conventional organic solar cells (OSCs) (a and b) and organic solar cells
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Fig. 2. The light profile simulated by computational steps of FDTD in (a) the
conventional OSC structure and (b) the MAOSC structure. Each detector was
located under the glass (Detector 1), in the middle of the active layer (Detector
2), and on the top of the reflective cathode (Detector 3), respectively, as shown
in Fig. 1(b and d).

Table 1
Photovoltaic parameters and efficiencies of conventional OSCs and MAOSCs
with two different thicknesses of the active layer (P3HT:PCBM)

Thickness
(nm)

Voc (V) Jsc

(mA/cm2)
FF
(%)

ηp

(%)
S.-I. Na et al. / Journal of Photochemistry an

ethod was applied [16–19]. In addition, the stability of OSCs
nd MAOSCs was compared in air for 2520 min without any
ncapsulation of either cell.

. Results and discussion

First, based on the finite-difference time-domain (FDTD)
cheme as a numerical method, light profile within the photoac-
ive layer was investigated [16–19]. The FDTD method solves

axwell’s equations by first discretizing the equations via cen-
ral differences in time and space, and then numerically solving
hese equations by use of software. In order to use the FDTD
lgorithm to study the propagation of the light in each conven-
ional OSC and MAOSC structure shown in Fig. 1, the physical,

aterial, and numerical parameters such as the thickness and
efractive index of the layers involved are all considered. More-
ver, the plan wave as normal incident light starting from glass
s applied, with a wavelength of 500 nm. Fig. 2 presents the
ight propagation. Each photon detector (Detector 1, 2 and 3) is
ocated under glass, in the middle of the active layer, and on top
f the reflective cathode, respectively, as shown in Fig. 1. The
onitor value refers to the quantity of the total photons calcu-

ated by each detector and cT (�m) means that the unit of time
hanges as a unit of distance, where c is the speed of the light in
vacuum (∼3 × 1014 �m/s).

As expected, the monitor value of Detector 1 in MAOSC
ncreases when compared to that of the conventional OSC, as
hown in Fig. 2(a and b), because almost all photons are redi-
ected down due to the large area of the reflective cathode
overing the whole active layer. Moreover, MAOSC Detector 3
ndicates that few photons exist on top of the reflective cathode,
hereas Detector 3 of the conventional OSC shows a similar
rofile for the propagating light as Detector 2 as most of the
etected photons in the middle of the active layer go out through
he active layer, as shown in Fig. 2(a). But, interestingly, the light
rofile in the middle of the active layer (Detector 2) of MAOSC
as seen to continuously change, with an oscillatory nature,

s shown in Fig. 2(b). This variance indicates that photons can
ove around the active area for a long time. Consequently, the

ncreased probability and ability to trap the light in the active area
as confirmed by simulation based on FDTD and an improve-
ent of photocurrent and efficiency of devices could be expected

20–22].
Fig. 3 presents the resulting current–voltage characteristics

f conventional OSCs and MAOSCs. Here, two kinds of active
ayer having thicknesses of ∼90 and ∼160 nm were prepared by
ontrolling the spin rate in order to observe the effect of active
ayer thickness on the performance of the conventional OSCs
nd MAOSCs. Detailed information on the open circuit voltage
Voc), photocurrent density (Jsc), fill factor (FF) and ηp is listed
n Table 1. In the case of conventional OSCs, even though the
hotocurrent was increased by increasing the active layer thick-
ess from ∼90 to ∼160 nm, the ηp was not improved. This can

e attributed to a decrease in the FF value from 57.0 to 50.4% due
o an increase in the total series resistance resulting from a cor-
esponding increase in the active thickness. As is well-known,
ecause the FF is limited by the carrier drift length, a high mobil-

Conventional OSC ∼160 0.638 10.1 50.4 3.25
∼90 0.642 9.10 57.0 3.33

MAOSC ∼160 0.630 12.01 49.2 3.72
∼90 0.634 12.3 55.1 4.30
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Fig. 4. (a) UV–vis absorption spectra of active materials coated onto the conven-
tional and patterned ITO coated glass substrates. (b) UV–vis absorption spectra
of the conventional and patterned ITO coated glass substrates. (c) The absorp-
t
c
o

ig. 3. Current–voltage characteristics of conventional OSCs and MAOSCs in
ir under the standard illumination condition (100 mW/cm2 with AM 1.5 G
onditions).

ty of carriers or thin film is necessary for efficient charge carrier
xtraction without the significant loss from recombination
9].

In the case of MAOSCs, the Jsc values of two kinds of
AOSCs, with ∼90 and ∼160 nm thick active layers, were

omparable and these Jsc values increased as compared to both
hin and thick conventional OSCs. On the other hand, the FF of

AOSCs was slightly lower compared to the conventional OSC
ith the same thickness. It is attributed to the increased resis-

ance, resulting from the reduced area of the ITO by patterning.
pecially, the ηp of the MAOSC with ∼90 nm thin active layer
as dramatically increased (4.30%), as compared to that of the

onventional cell (3.33%), as a result of the increased photocur-
ent density. Theηp of the MAOSC was enhanced about 1.3 times
hen compared to that of the conventional OSC, even without
ptimization of electrodes [23]. The ηp of the conventional OSC
ith a Ca/Ag cathode electrode is similar to that of the previous

eport [24]. The efficiency variation of the conventional OSCs
nd MAOSCs is all within ±0.2% under 100 mW/cm2.

The increased Jsc value of MAOSCs indicates the increased
harge generation, resulting from the enhanced ability of active
aterials to absorb the incident light via light trapping, as

bserved in the FDTD simulation result. In other words, because
f the large area of the reflective cathode covering the whole
rea of the active layer, incident light is redirected to the
ctive layer from the cathode; consequently the photon could
e trapped more effectively in the active layer, ultimately result-
ng in increased light absorption of active materials. In addition,
ecause of the reduced ITO anode area, loss of incident light,
aused by reflection at the interface and absorption by ITO, can
e decreased and this reduced loss of incident light can also
ffect the photocurrent of devices.

To investigate the effect of the reduced area of ITO on the pho-
ocurrent, the absorbance of conventional OSCs and MAOSCs

as measured by the UV/vis absorption spectra. Fig. 4(a) shows

he UV–vis absorption spectra of P3HT:PCBM on the unpat-
erned and patterned ITO coated glass substrates and Fig. 4(b)
xhibits the absorption spectra of the substrates. The lower

a
i
I
i

ion spectra of active materials extracted by subtracting the absorption by ITO
oated glass substrates (Fig. 3(b)) from the absorption spectra of active materials
n the ITO coated glass substrates (Fig. 3(a)).

bsorption of P3HT in the range of ∼400–500 nm was observed

n the absorption spectra of the active layer on the patterned
TO substrate. The lower absorption in this wavelength region
s attributed to the decreased absorption of ITO resulted from
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ig. 5. The efficiencies of two types of conventional OSCs and MAOSCs mea-
ured in air for 2520 min.

he reduced area of ITO by patterning, as shown in Fig. 4(b).
o compare the effective light absorption by P3HT in both
evices, Fig. 4(c) was extracted by subtracting the absorption
y ITO coated glass substrates (Fig. 4(b)) from the absorption
pectra of active materials on the ITO coated glass substrates
Fig. 4(a)). Fig. 4(c) shows the slightly enhanced absorption
pectrum of P3HT in MAOSCs resulted from the smaller ITO
rea of MAOSCs than that of conventional OSCs. Therefore,
ore efficient light absorption was possible by reducing the ITO

rea. However, considering the dramatically increased Jsc of the
AOSC, the effect of enhancement in absorption by changing

he ITO architecture can be considered very small.
Furthermore, in the case of MAOSCs, by applying the large

rea metal electrode covering a whole area of the active polymer
ayer, the encapsulation effect limiting the exposure of the active
ayer to air can be expected. The change of efficiencies with an
ncrease in time (minutes) for two types of conventional OSCs
nd MAOSCs was investigated, as shown in Fig. 5. During the
easurement of stability, the samples were kept in air without

ny encapsulation, with humidity kept between 45 and 55%. As
hown in the figure, the efficiencies of conventional OSCs dra-
atically decreased compared to those of MAOSCs due to the

egradation under air exposure, mostly resulting from the water
dsorption [25]. Specifically, after air exposure for 1500 min,
onventional OSCs have ∼0% of their original values, similar
o those of the recent report [25], whereas two MAOSCs still
how a relatively good efficiency of over 70% of their original
alues. This ability to maintain efficiency indicates that the sta-
ility of the active layer is dramatically improved due to the large
rea reflective cathode (Ca/Ag) covering the entire active layer
n the MAOSC, decreasing the chance of exposure to detrimen-
al conditions such as oxygen and moisture. Considering the
urrent state of technology based on the OSCs with efficien-
ies approaching ∼5%, a commercialization of OSCs could be

ome true in the near future. One of the crucial points needed
or practical device applications of OSCs is the stability in the
mbient conditions. Studies on the stability of OSCs have typ-
cally focused on the optimization of the encapsulated devices,

[

[
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nd the encapsulation process is usually performed in the glove
ox to limit the degradation of the efficiency by exposure to air
25,26]. Based on this situation, our modified architecture of
SCs showing both improved efficiency and excellent stability

n air can be considered as a promising structure for the com-
ercially applicable OSCs with an easier and more effective

ncapsulation process in air.

. Conclusions

In summary, high performance MAOSCs, having a large area
eflective metal cathode covering the entire active layer based
n the P3HT and PCBM bulk heterojunction, have been demon-
trated. Based on the simulations in FDTD, improved photon
rapping within photoactive layers can be expected in MAOSCs.
n addition, newly designed OSCs also exhibit improved air-
tability due to the limited exposure of the active layer. To
his extent, an improvement in ηp of 4.3% was obtained in
he case of MAOSCs, and an efficiency of over ∼70% of the
riginal values was maintained after exposure in air for 1500
in.
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