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We investigated the optical and electrical properties of room-temperature-
deposited indium-tin-oxide (ITO)/Ag (19 nm)/ITO multilayer films as a func-
tion of ITO layer thickness. The optical and electrical properties of the ITO/Ag/
ITO films were compared with those of high-temperature-deposited ITO-only
films for use as an anode in organic solar cells (OSCs). The ITO/Ag/ITO
multilayer films had sheet resistances in the range 5.40–5.78 X/sq, while the
ITO-only film showed 14.18 X/sq. The carrier concentration of the ITO/Ag/ITO
films gradually decreased from 2.01 9 1022 to 7.20 9 1021 cm�3 as the ITO
thickness increased from 17 nm to 83 nm. At 530 nm, the transmittance of the
ITO/Ag/ITO (50 nm/19 nm/50 nm) films was �90%, while that of the ITO-only
film gave 96.5%. The multilayer film had a smooth surface with a root mean
square (RMS) roughness of 0.49 nm. Poly (3-hexylthiophene) (P3HT):[6,6]-
phenyl-C61 butyric acid methylester (PCBM) bulk heterojunction (BHJ)-based
OSCs fabricated with the ITO/Ag/ITO (50 nm/19 nm/50 nm) film showed a
power conversion efficiency (PCE) (2.84%) comparable to that of OSCs with a
conventional ITO-only anode (3.48%).
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INTRODUCTION

Organic solar cells (OSCs) based on a polymer-
fullerene composite active layer have attracted a
great deal of interest for their applications in next
generation photovoltatic devices because of their
low fabrication cost, light weight, flexibility, and
printing-based simple process.1–3 In particular,
bulk-heterojunction OSCs fabricated with a mixture
of poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-
C61 butyric acid methyl ester (PCBM) were exten-
sively investigated, and their power conversion
efficiency (PCE) was shown to reach up to �3%.4,5

To increase the PCE of OSCs, anodes should be
designed to have a low resistivity and a high
transmittance that is required to maximize the

absorption of photons. Particularly, the PCE of
large-area OSCs is sensitively dependent on the
series resistance of anode materials, namely, their
electrical and interfacial properties.6–9 So, the
development of high-quality transparent conducting
oxide (TCO) films is crucial to the improvement of
the performances of OSCs. Currently, radio-fre-
quency (RF)/direct current (DC) sputtering- or ion
plating-grown Sn-doped In2O3 (ITO) films are the
most commonly used transparent anodes for OSCs
because they have low resistivities (�10�4 X-cm),
high optical transmittances (�83% at 550 nm), and
relatively high work functions (�4.8 eV).10 Despite
their excellent electrical and optical properties,
however, conventionally used ITO electrodes have
a drawback of using high process temperatures
(higher than 300�C) that are required to obtain
crystalline ITO phase, lower resistivity, and high
transmittance.11,12 However, for the fabrication of
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flexible OSCs on polyethylene terephthalate (PET)
substrate or the low-cost fabrication process of
OSCs, high process temperatures must be avoided.
Thus, for the fabrication of high-performance and
low-cost OSCs and/or flexible applications, it is very
important to develop a low-temperature-grown TCO
electrode with low resistivity and high transmit-
tance that are comparable to those of high-temper-
ature-grown crystalline ITO. For this reason, the
dielectric/metal/dielectric (D/M/D) multilayer struc-
tures13–16 have been widely investigated to develop
an alternative to crystalline ITO. For example, Kim
et al.17 investigated the effect of Ag layer thickness
on the physical properties of ITO/Ag/ITO multilayer
films and showed that the ITO/Ag/ITO (43 nm/
16.1 nm/43 nm) multilayer films produced good
transmittance (79.4% at 550 nm) and low sheet
resistance (8.9 X/sq.). Choi et al.18 investigated the
opto-electrical and structural properties of ITO and
Ag layers as a function of RF powers and deposition
temperatures. They reported that ITO/Ag (14 nm)/
ITO had a resistance as low as 4 X/sq and a
transmittance of 90% at 550 nm when ITO films
were grown 55–60 nm thick at 200�C. Kim et al.19

investigated the opto-electrical properties of ITO/
Ag/ITO (50 nm/17 nm/50 nm) multilayer films
deposited on PET substrates and showed that they
gave a sheet resistance of 6.7 X/sq. and a transmit-
tance of 83.2% at 550 nm. Kim et al.20 also inves-
tigated the electrical and optical characteristics of
ITO/Ag/ITO films (35 nm/8 or 12 nm/35 nm). They
reported that ITO/Ag (8 nm)/ITO multilayer had a
sheet resistance of 8.9 X/sq. and a transmittance of
85.10%, while ITO/Ag (12 nm)/ITO multilayer
showed a sheet resistance of 4.4 X/sq. and a
transmittance of 85.27%. OSCs fabricated with a
laser-patterned ITO/Ag/ITO multilayer yielded
PCEs of 3.12 and 2.85%, where the Ag thickness
was 8 nm and 12 nm, respectively. In our previous
work, we investigated the electrical characteristics
of inverted OSCs based on P3HT: PCBM bulk
heterojunctions (BHJ) fabricated with optimized
ZnO/Ag/ZnO multilayer.21 The ZnO/Ag/ZnO multi-
layer films showed lower sheet resistances (3.6–3.9
X/sq) than ITO 14.2 X/sq, and the ZnO/Ag/ZnO
(40 nm/19 nm/40 nm) film had a transmittance
of � 95% at 550 nm, which is comparable to that
of ITO (�96%). OSCs fabricated with the ZnO/Ag/
ZnO (40 nm/19 nm/40 nm) film showed a PCE of
2.63% that is comparable to that of OSCs with a
conventional ITO cathode (2.71%). In this study, we
investigated the optical and electrical properties of
ITO/Ag/ITO multilayer films as a function of ITO
thickness and compared them with those of com-
mercial ITO-only film. It should be noted that the
reference ITO-only film was deposited at 270�C by a
company using an RF sputtering system. However,
ITO/Ag/ITO films were deposited at room tempera-
ture. Haacke’s figure of merit (FOM) was calculated
to characterize the performance of the multilayers.
OSCs were fabricated with ITO-only and ITO/Ag/

ITO electrodes and their electrical and optical
properties were characterized.

EXPERIMENTAL PROCEDURES

ITO/Ag/ITO multilayer thin films were sequen-
tially deposited on Corning Eagle XG glass sub-
strates at room temperature by an RF magnetron
sputtering system. Ceramic ITO (99.999% purity)
and pure Ag (99.99% purity) targets were used
under a base pressure of less than 1 9 10�6 Torr.
Before being loaded into the sputtering chamber,
the glass substrate (1.5 9 1.5 cm2) was cleaned with
acetone, methanol, and deionized water for 15 min
per cleaning agent in an ultrasonic bath, and finally
dried in a N2 stream. Prior to deposition, both the
ITO and Ag targets were pre-sputtered for 30 min to
remove contaminants. ITO and Ag were deposited
using RF powers of 90 W and 30 W, respectively.
During sputtering, the glass substrates were con-
stantly rotated at a speed of 12 rpm for ITO and
27 rpm for Ag. The thickness of an Ag layer was
fixed at 19 nm and those of upper and lower ITO
layers varied from 17 nm to 83 nm. Hall measure-
ments by the van der Pauw technique were carried
out with a magnetic field of 0.55 T (HMS 3000,
Ecopia). The four-point-probe technique was used
for measuring sheet resistance. Transmittance of
the multilayers was measured with a ultraviolet
(UV)/visible spectrometer (UV-1800, Shimadzu).
The crystal structure of the multilayers was deter-
mined with x-ray diffraction technique (XRD; ATX-
G, Rigaku). In addition, the surface morphology of
the multilayer films was assessed using an atomic
force microscopy (AFM) system (XE-100, Park
systems).

P3HT:PCBM-based BHJ-based OSCs were fabri-
cated with optimal ITO/Ag/ITO films, and their
electrical performance was compared with that of
OSCs with reference ITO films. Figure 1 shows
schematic diagrams of OSCs that are composed of
glass substrate, a transparent electrode (ITO or
ITO/Ag/ITO), a hole transport layer (HTL) [poly(3,4-
ethylenedioxythioph-ene):poly(styrenesulfonate),
PEDOT:PSS], an active layer (P3HT:PCBM), and
cathode (Ca/Al) electrode. Prior to the fabrication of
OSCs, optimal ITO/Ag/ITO and conventional ITO-
coated glass samples were consecutively cleaned by
mucasol, acetone, isopropanol, and de-ionized
water, followed by UV/ozone treatment for 10 min.
Note that the conventional ITO (150 nm thick) on
substrate supplied by AMG had a sheet resistance of
14.18 X/sq, which was deposited at 270�C. After
that, PEDOT:PSS (AI4083) was spin-coated on the
ITO/Ag/ITO and ITO anodes, which were subse-
quently annealed at 120�C for 10 min in air. Then, a
blend of P3HT (25 mg, Rieke Metals) and PCBM
(25 mg, Nano-C) in 1,2-dichlorobenzene (2 ml) was
spin-coated onto the PEDOT:PSS layer in a nitro-
gen-filled glove box. After that a solvent-annealing
treatment was performed by keeping the
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photoactive films inside a covered glass jar for
120 min, and each sample was subsequently
annealed at 110�C for 10 min. The organic layer-
coated samples were rapidly transferred to a glove
box to avoid water condensation. Finally, a Ca/Al
cathode (20 nm/100 nm) (4.65 mm2) was deposited
on the photoactive layer by a thermal evaporator.
The Ca/Al cathode layer was patterned by a shadow
metal mask. All organic and cathode layers on the
ITO/Ag/ITO and ITO anodes were all at once coated
by the same coating processes. The photocurrent
density–voltage (J–V) characteristics of OSCs fab-
ricated with ITO/Ag/ITO and ITO electrodes were
examined using a Keithley 2400 source measure
unit under 100 mW/cm2 illumination with AM 1.5 G
irradiation from a solar simulator.

RESULTS AND DISCUSSION

Figure 2 shows the XRD patterns obtained from
ITO-only (150 nm) and ITO/Ag (19 nm)/ITO multi-
layer films as a function of ITO thickness (dITO). The
ITO-only layer has peaks at 2h = 21.4�, 30.5�, 35.4�,
37.6�, 41.8�, 45.6�, 51.0�, 55.9�, and 62.1� that
correspond to the (211), (222), (400), (411), (332),
(431), (440), (611), and (622) planes, respectively
(JCPDS No. 71-2195). It is noted that the ITO-only
layer exhibits a very strong (222) peak, which can be
attributed to the texturing of ITO.22 Except for the
17-nm-thick ITO multilayer sample, the ITO/Ag/
ITO samples have peaks at 2h = 21.4�, 30.5�, 35.4�,
37.6�, 51.0�, and 62.1� that correspond to the (211),
(222), (400), (411), (440) and (622) planes of ITO,
respectively (JCPDS No. 71-2195). However, the
peaks are slightly shifted towards the lower-angle
side. Although the exact mechanism for this behav-
ior is not clearly understood at the moment, it may
be attributed to the facts that the multilayer ITO
layer is much thinner than the ITO-only layer and
the middle Ag layer is inserted between the ITO
layers. For the ITO/Ag/ITO samples, there are
additional peaks at 2h = 38.3� and 64.6� that corre-
spond to the (111) and (220) plane of Ag (JCPDS No.
87-0720). Despite the low deposition temperature,
the ITO films show crystalline characteristics,
which could be ascribed to the crystalline transition
temperature (T/Tm< 0.19–150�C) of ITO films.23,24

It is noted that the 17-nm and 33-nm-thick ITO
multilayer films show fewer crystalline peaks than
other multilayer samples. The intensity of the (400)
peak of ITO increases with increasing ITO thick-
ness; this is due to the increased ITO thickness.

Figure 3 shows the optical transmittance
obtained from the ITO-only (150 nm) and ITO/Ag
(19 nm)/ITO multilayer films as a function of dITO.
The conventional ITO-only film shows an optical
transmittance of 96.5% at a wavelength of 530 nm.
For the ITO/Ag (19 nm)/ITO samples, the transmit-
tance reaches an overall maximum and then grad-
ually decreases with increasing wavelength. The
transmittance at 530 nm is measured to be 69.7%,
84%, 90%, 73.2%, and 46.5% for the 17 nm, 33 nm,
50 nm, 67 nm, and 83 nm-thick samples, respec-
tively. The transmission window (full width half
maximum) slightly widens and gradually shifts
toward lower energies as dITO increases. It is noted
that the 83-nm-thick sample shows a broad trans-
mission minimum at �415 nm. This could be
attributed to interference between reflective partial
waves.25

Figure 4 exhibits the carrier concentration and
Hall mobility of the ITO/Ag (19 nm)/ITO multilayer
films as a function of dITO. The ITO-only film gave a
carrier concentration of 8.46 9 1020 cm�3. For the
multilayer samples, the carrier concentration mod-
erately decreases from 2.01 9 1022 to 7.20 9 1021

cm�3 as dITO increases from 17 nm to 83 nm. The
decrease in carrier concentration with increasing
ITO thickness can be explained as follows. The 19-
nm thick metallic Ag layer makes a major contri-
bution to the carrier concentration. Compared with
conventional ITO electrode with a sheet resistance
of 14.18 X/sq. that was deposited at 270�C, the
room-temperature-deposited ITO (in O/M/O) had
much higher sheet resistance. For example, room-
temperature-deposited ITO (100 nm thick) had a
sheet resistance of 175.99 X/sq. Thus, an increase in
the thickness of room-temperature-deposited resis-
tive ITO would result in a reduction in the carrier
concentration (Fig. 4) because the volume fraction
of Ag in the ITO/Ag/ITO layer decreases with
increasing ITO thickness. The mobility of the ITO-
only sample was 44.97 cm2/Vs. For the multilayer
samples, the mobility varies from 18.12 to

Fig. 1. Schematic diagrams of OSCs consisting of substrate, transparent electrode, a hole transport layer, an active layer, and cathode
electrode.
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20.72 cm2/Vs with the ITO thickness. Because the
Ag thickness is constant, the mobility characteris-
tics may be explained by the dominant contribution
of interface scattering.26

Figure 5 shows the sheet resistance and resistiv-
ity of the ITO/Ag (19 nm)/ITO multilayer films as a
function of dITO. The ITO-only sample had a sheet
resistance of 14.18 X/sq. The multilayer samples
exhibit low sheet resistances ranging from 5.40 to
5.78 X/sq. The ITO-only sample exhibited a resis-
tivity of 1.63 9 10�4 X-cm. For the multilayer
samples, the resistivity increases from 1.60 9 10�5

to 4.78 9 10�5 X-cm as dITO increases from 17 nm to
83 nm. The resistivity is inversely proportional to
the mobility and the carrier concentration.27 Thus,
with the fact that the mobility slightly varies with
increasing dITO, this indicates that the resistivity
could be dominated by the carrier concentration.

Figure 6 shows calculated Haacke’s FOMs (uTC)
of the ITO/Ag (19 nm)/ITO multilayer films as a
function of dITO. FOMs (uTC) was calculated using
the equation, uTC = Tav

10/Rs Ref. 28, where Rs is the
sheet resistance and Tav is the average optical
transmittance in the range 450–750 nm. Tav can be
estimated using the relation, Tav ¼

R
vðkÞTðkÞdðkÞ=

R
vðkÞdðkÞ, where T(k) is the transmittance and v(k)

is the photopic luminous efficiency function defining
the standard observer for photometry.29 uTC

increases, reaches a maximum at 50 nm and then
decreases as dITO increases. The 50 nm-thick ITO
multilayer sample exhibits a maximum uTC of
51.89 9 10�3 X�1. As dITO varies, the sheet resis-
tance slightly changes from 5.40 to 5.78 X/sq., while
the transmittance at 530 nm varies from 46.5% to
90%. This denotes that uTC can be dominated by the
contribution of transmittance. Note that the ITO
(50 nm)/Ag (19 nm)/ITO (50 nm) multilayer sample
gives higher uTC than the ITO-only film
(43.06 9 10�3 X�1). Considering the fact that the
ITO-only showed higher transmittance than the
ITO/Ag/ITO sample, the higher uTC can be attrib-
uted to the dominant contribution of the lower sheet
resistance.

Figure 7 illustrates a surface morphology of the
ITO (50 nm)/Ag (19 nm)/ITO (50 nm) multilayer
film. The AFM image reveals a uniform surface
without cracks or pits. The surface is smooth with a
root mean square (RMS) roughness of 0.49 nm. For
OSCs, the organic layers (HTL; PEDOT:PSS, active
layer; P3HT:PCBM) are spin-coated on the

Fig. 2. XRD patterns obtained from a reference ITO and ITO/Ag
(19 nm)/ITO multilayer films as a function of ITO layer thickness.

Fig. 3. Transmittance spectra of ITO and ITO/Ag (19 nm)/ITO mul-
tilayer films various ITO layer thicknesses.

Fig. 4. Carrier concentration and Hall mobility of ITO/Ag (19 nm)/
ITO multilayer films with various ITO layer thicknesses.

Fig. 5. Sheet resistance and resistivity of ITO/Ag (19 nm)/ITO mul-
tilayer films with various ITO layer thicknesses.
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electrode, and; hence, the smoothness of the elec-
trode is critical. In other words, the smooth surface
of the underlying electrode is vital for the uniform
deposition of the organic layers, because the perfor-
mance of OSCs is sensitively affected by the unifor-
mity of the electrode.

Figure 8 shows the current density–voltage (J–V)
curves obtained from P3HT:PCBM BHJ-based
OSCs fabricated with conventional ITO-only and
optimized ITO (50 nm)/Ag (19 nm)/ITO (50 nm)
anode electrodes. The inset shows the device struc-
ture. A PCE of the OSCs can be given as30:

PCE =
Pout

Pin
¼ VOCJSCFF

Pin
; ð1Þ

where Pout is the power output of a device, Pin is the
power of incident light source (mW/cm2), VOC is
open-circuit voltage, JSC is short-circuit current
density, and FF is the fill factor. PCE and
other parameters are estimated. The ITO-based
OSCs show JSC = 9.01 mA/cm2, VOC = 0.63 V, FF =
61.62%, and PCE = 3.48%. On the other hand, the
ITO/Ag/ITO-based OSCs give JSC = 7.40 mA/cm2,
VOC = 0.62 V, FF = 62.19%, and PCE = 2.84%.

Because FF sensitively depends on the sheet resis-
tance of electrodes,31 the higher FF of the ITO/Ag/
ITO-based OSCs could be ascribed to the lower
sheet resistance (5.4 X/sq).

Although the ITO/Ag/ITO electrode showed
higher FOM than the conventional ITO-only elec-
trode, the ITO/Ag/ITO-based OSCs did not produce
better performance than the ITO-based OSCs. This
may be explained in terms of inferior mobility
(18.12–20.72 cm2/Vs) which is much lower than
that of the ITO-only sample (44.97 cm2/Vs)
(Fig. 4). The lower mobility could be due to the
different interface characteristics and crystal qual-
ity. In other words, unlike the ITO-only electrode,
there are additional interfaces, such as oxide/Ag and
Ag/oxide, which may serve as scattering centers for
carriers. In addition, as shown for the XRD results
(Fig. 2), the crystal quality of the oxide films was
not better than the high-temperature-deposited
ITO-only film. Therefore, if the deposition condi-
tions for the ITO/Ag/ITO electrode are best opti-
mized, better performance would be realized. This is
particularly true for flexible OSCs, where high-
temperature depositions are not allowed; the cur-
rent ITO-only films were deposited at 270�C. There-
fore, with the facts that OSCs with ITO/Ag/ITO
electrode show PCEs comparable to that of OSCs
with an ITO electrode and the ITO/Ag/ITO was
deposited at room temperature; these imply that the
optimal ITO/Ag/ITO electrode can be a potentially
important electrode for flexible display devices, to
which a high-temperature-deposited conventional
ITO electrode cannot be applied.

SUMMARY AND CONCLUSIONS

The electrical and optical properties of ITO/Ag
(19 nm)/ITO multilayer films were characterized as
a function of ITO thickness for use as an anode in
OSCs. The ITO/Ag/ITO multilayer films showed
lower sheet resistances than a conventional ITO-
only layer. The transmission window slightly

Fig. 6. Calculated Haacke’s FOMs (uTC) of ITO/Ag (19 nm)/ITO
multilayer films as a function of ITO layer thickness.

Fig. 7. An AFM image obtained from an ITO/Ag/ITO (50 nm/19 nm/
50 nm) multilayer film.

Fig. 8. J–V curves obtained from P3HT:PCBM BHJ-based OSCs
fabricated with reference ITO-only and optimal ITO/Ag/ITO elec-
trodes. The inset shows a device structure.
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widened and shifted toward lower energies with
increasing ITO thickness. The ITO/Ag/ITO (50 nm/
19 nm/50 nm) film showed somewhat lower trans-
mittance than the ITO-only layer. The ITO/Ag/ITO
(50 nm/19 nm/50 nm) film gave higher FOM than
the ITO-only layer. P3HT:PCBM BHJ-based OSCs
fabricated with the ITO (50 nm)/Ag (19 nm)/ITO
(50 nm) yielded a PCE of 2.84%, while that with a
commercial ITO-only anode produced 3.48%. This
indicates that the optimal ITO/Ag/ITO multilayer
films can be a reliable transparent conducting
electrode for use in flexible display applications.
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