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a b s t r a c t

Effects of Ag film thickness on the optical and the electrical properties in CuAlO2/Ag/CuAlO2 multilayer
films grown on glass substrates were investigated. Atomic force microscopy images showed that Ag films
with a thickness of a few nanometers had island structures. X-ray diffraction patterns showed that the
phase of the CuAlO2 layer was amorphous. The resistivity of the 40 nm-CuAlO2/18 nm-Ag/40 nm-CuAlO2

multilayer films was 2.8 × 10−5 � cm, and the transmittance of the multilayer films with an Ag film thick-
ness of 8 nm was approximately 89.16%. These results indicate that CuAlO2/Ag/CuAlO2 multilayer films
grown on glass substrates hold promise for potential applications as transparent conducting electrodes
in high-efficiency solar cells.

© 2010 Elsevier B.V. All rights reserved.
eywords:
xide materials
hin films
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ptical properties
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. Introduction

Transparent conducting oxide (TCO) films have attracted a great
eal of interest for potential applications as transparent electrodes

n electronic and optoelectronic devices due to their excellent
lectrical and optical properties. The efficiency and performance
f devices in promising applications, such as solar cells, organic
ight-emitting diodes (OLEDs), and photodetectors, are significantly
ffected by the electrical and the optical properties of the TCO films
1–3]. The prospect of potential applications of next-generation
lectronic and optoelectronic devices utilizing TCO films has led to
ubstantial research and development efforts to form TCO films that
ct as a window layer for light transmission, photocurrent genera-
ion, and current collection in thin film photovoltaic technologies

4,5]. Among the various kinds of TCO films, ZnO:Al, In2O3:Sn,
nO2:F, and TiO2:Nb have been the most extensively studied n-
ype semiconductors [6–9]. However, relatively little work has been
one on p-type TCO films [10]. Rapid advancements in p-type TCO

∗ Corresponding author. Tel.: +82 2 2220 0354; fax: +82 2 2292 4135.
E-mail address: twk@hanyang.ac.kr (T.W. Kim).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.10.180
CuAlO2 film growth technologies utilizing p- and n-type TCO films
have made possible the fabrication of transparent optoelectronic
devices, such as solar cells, OLEDs, and photodetectors [11–14].

However, because the conductivity of CuAlO2 films is 3 orders of
magnitude smaller than commonly used n-type TCO, the improve-
ment of the electrical property of CuAlO2 films is essential for
applications in practical devices. Metal-based transparent con-
ductor films with a sandwich multilayer have been suggested to
achieve low electric resistance and excellent transmittance in the
visible region [15–19]. Very thin metal film is used to improve
the electrical conductivity, and semiconductor or dielectric layers
deposited on both sides of the metal film suppress reflection from
the metal in the visible region, resulting in an enhancement of the
selective transparent effect. Even though some studies concerning
the formation and the physical properties of the multilayer films
consisting of a very thin metal layer sandwiched between dielec-
tric layers have been conducted [15–22], very few studies on the

electrical and optical properties of CuAlO2/Ag/CuAlO2 multilayer
films grown on glass substrates have been performed.

This paper reports data for the effect of Ag thickness on the
optical and the electrical properties of CuAlO2/Ag/CuAlO2 mul-
tilayer films grown on glass substrates using a radio-frequency

dx.doi.org/10.1016/j.jallcom.2010.10.180
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:twk@hanyang.ac.kr
dx.doi.org/10.1016/j.jallcom.2010.10.180
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agnetron sputtering method. The thicknesses of the Ag thin films
ere varied to enhance the optical and the electrical properties of
uAlO2/Ag/CuAlO2 multilayer films with low resistivity and high
ransmission. Atomic force microscopy (AFM) and X-ray diffraction
XRD) measurements were performed to investigate the surface
nd the structural properties of the CuAlO2/Ag/CuAlO2 multilayer
lms, and Hall effect measurements were carried out to determine
heir resistivity. Transmittance measurements were performed to
nvestigate the optical properties of the films.

. Experimental details

CuAlO2/Ag/CuAlO2 multilayer films with various Ag thicknesses were prepared
n glass substrates using a tilted dual target RF magnetron sputtering system at
oom temperature. The CuAlO2 target was prepared using the solid-state reaction
f the stoichiometry mixture of Cu2O and Al2O3 powder in a furnace at 1200 ◦C
or 24 h. The substrates were degreased in trichloroethylene (TCE), rinsed in de-
onized water, etched in a mixture of HF and H2O (1:1) at room temperature for
min, and rinsed in TCE again. After the glass substrates were cleaned chemically,

hey were mounted onto a holder in a deposition chamber. After the chamber was
vacuated to 2 × 10−6 Torr, the deposition was done at a room temperature. Ar gas
ith a purity of 99.9999% was used as the sputtering gas, and the flow rate of the
r gas for the growth of CuAlO2/Ag/CuAlO2 multilayer films is 10 SCCM. Prior to
uAlO2/Ag/CuAlO2 multilayer film growth, the surfaces of the CuAlO2 and the Ag
arget were polished using Ar+ pre-sputtering. The CuAlO2 and Ag depositions were
one on a glass substrate at a system pressure of 0.005 Torr and a radio-frequency
RF) power (RF = 13.26 MHz) of 100 W. The distance between the substrate and
he targets was 7 cm. The multilayer films were deposited continuously without
reaking the vacuum at room temperature.

The AFM measurements were performed using XE-100 atomic force microscopy.
he XRD measurements were performed using a Rigaku D/Max-B diffractome-
er with Cu K� radiation. The Hall effect measurements were performed using a
our-point probe. The optical transmittance measurements were performed with a
V–vis spectrophotometer in the wavelength range of 300–800 nm.

. Results and discussion
The thickness of the upper and lower CuAlO2 layers was fixed to
0 nm to investigate the effect of Ag film thickness on the surface,
ptical, and electrical properties of CuAlO2/Ag/CuAlO2 multilayer
lms. Fig. 1 shows the XRD patterns for the CuAlO2/Ag/CuAlO2

Fig. 2. Atomic force microscopy images for the (a) CuAlO2 film with a thickness o
Fig. 1. X-ray diffraction patterns for the CuAlO2/Ag/CuAlO2 multilayer films grown
on glass substrates with different Ag film thicknesses.

multilayer films grown on glass substrates at different Ag film thick-
nesses. XRD patterns showed that the (1 1 1) diffraction peak at
37.9◦ corresponding to the Ag films is clearly observed, indicating
that the as-grown Ag films have a single crystal phase. The broad
peak around 24.5◦ is related to the glass substrate. The XRD patterns
for the CuAlO2/Ag/CuAlO2 multilayer films indicate that the inten-
sity of the Ag (1 1 1) peak increases with increasing thickness of Ag
film from 2 to 18 nm. There was no XRD peak corresponding to the
CuAlO2 layer observed, indicating that the as-grown CuAlO2 films
have an amorphous phase. Therefore, the multilayer films contain-
ing a single crystalline Ag film and amorphous CuAlO2 layers are
formed on glass substrates.
Fig. 2 shows the AFM images for the (a) CuAlO2 film with a thick-
ness of 40 nm and the Ag films with thicknesses of (b) 2, (c) 4, (d)
6, and (e) 8 nm. After the CuAlO2 film was deposited on the glass
substrate, Ag films were deposited on the CuAlO2 coated glass sub-

f 40 nm and the Ag films with thicknesses of (b) 2, (c) 4, (d) 6, and (e) 8 nm.
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substrates using radio-frequency magnetron sputtering at room
temperature. The morphology of the Ag films with a thickness
of 8 nm was uniform. The morphology of the Ag films inserted
in the CuAlO2 films significantly affected the optical transmit-
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As-grown film
ig. 3. Optical transmittance spectra observed for the CuAlO2/Ag/CuAlO2 multilayer
lms with different Ag films thicknesses of (a) 6, (b) 8, (c) 10, (d) 12, (e) 14, and (f)
6 nm.

trate. The morphology of the CuAlO2 film deposited on the glass
ubstrate showed a uniform surface with a root mean square (RMS)
alue of 0.5 nm, as shown in Fig. 2(a). The morphology of the Ag
lm with a thickness of 2 nm exhibits a discrete island rather than
continuous property, as shown in Fig. 2(b). The morphology of

he Ag film with a thickness of 4 nm is similar to that of Ag film
ith a thickness of 2 nm, as shown in Fig. 2(c). The surface of the
g film with a thickness of 6 nm contains irregular holes, as shown

n Fig. 2(d). The morphology of the Ag film with a thickness of 8 nm
xhibits a homogeneous surface, as shown in Fig. 2(e). The homo-
eneous morphology of the Ag film inserted between the CuAlO2
lms significantly affects the optical and the electrical properties
f the CuAlO2 films on glass substrates. An Ag film with a thickness
f 8 nm with a homogeneous surface increases the transmission of
he CuAlO2/Ag/CuAlO2 multilayer film, and the Ag film can decrease
he resistivity of the CuAlO2/Ag/CuAlO2 multilayer film.

Fig. 3 shows the transmittance spectra for the
uAlO2/Ag/CuAlO2 multilayer films with different Ag film thick-
esses in the wavelength range between 200 and 900 nm. While
he transmittance of the multilayer films increases with an
ncrease in the thickness of the Ag film from 6 to 8 nm, their
ransmittance decreases with increasing Ag film thickness above
nm. The transmittance peak with a maximum intensity for the
uAlO2/Ag/CuAlO2 films appears at an approximately 550 nm
avelength, regardless of the Ag film thickness. The maximum

ransmission of the CuAlO2/Ag/CuAlO2 films as a function of the Ag
lm thickness is shown in Fig. 3(b). The maximum transmission for
he CuAlO2/Ag/CuAlO2 multilayer film with an Ag film thickness of
nm is approximately 89.16%. The increase of the transmission for

he CuAlO2/Ag/CuAlO2 multilayer film with an Ag film thickness
f 8 nm originates from the homogeneous surface of the inserted
g film. The optical transmittances of the CuAlO2/Ag/CuAlO2
ultilayer films in the visible wavelength region significantly

epend on the thicknesses of the Ag layer.
Fig. 4 shows the resistivity as a function of the Ag film thick-

ess for the CuAlO2/Ag/CuAlO2 multilayer films. The resistivity
ecreases with increasing Ag film thickness. The morphology of
he Ag film for the CuAlO2/Ag/CuAlO2 multilayer film with an Ag
lm thickness of 6 nm has irregular and discrete pores, as shown
n Fig. 2(d), resulting in an increase of resistivity. The resistivity
f the CuAlO2/Ag/CuAlO2 multilayer film with an Ag film above
he film thickness of 8 nm significantly decreases with increasing
g film thickness. The dramatic decrease of the resistivity for the
uAlO2/Ag/CuAlO2 multilayer film with an Ag film above the film
Ag  Thickness  (nm)

Fig. 4. Resistivity as a function of the Ag film thickness for the CuAlO2/Ag/CuAlO2

multilayer films.

thickness of 8 nm might be attributed to the homogeneous surface
of the embedded Ag film and to the increase of the Ag film thickness.
The resistivity of the CuAlO2/Ag/CuAlO2 multilayer film with an Ag
film thickness of 18 nm is as low as approximately 2.8 × 10−5 � cm,
which is much smaller than the resistivity of the conventional ITO
film.

The resistivity variations of the CuAlO2/Ag/CuAlO2 multilayer
films with an Ag thickness of 10 nm annealed at different anneal-
ing temperatures in an oxygen atmosphere are shown in Fig. 5. The
resistivity decreases with increasing annealing temperature from
100 to 350 ◦C. The lowest resistivity of 4.05 × 10−5 � cm for the
CuAlO2/Ag/CuAlO2 multilayer films was obtained at an annealing
temperature of 350 ◦C because the crystallinities and the heteroin-
terface qualities of the CuAlO2/Ag/CuAlO2 multilayer films were
improved with increasing annealing temperature.

4. Summary and conclusions

The CuAlO /Ag/CuAlO multilayer films were grown on glass
Annealing  Temperature  (
o
C)

Fig. 5. Resistivity variations of the CuAlO2/Ag/CuAlO2 multilayer films with an Ag
thickness of 10 nm annealed at different annealing temperatures in an oxygen atmo-
sphere.
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ance and the resistivity of the CuAlO2/Ag/CuAlO2 multilayer films
eposited on glass substrates. The maximum transmittance of
he CuAlO2/Ag/CuAlO2 multilayer films with a thickness of 8 nm
as 89.16%. The resistivity of the CuAlO2/Ag/CuAlO2 multilayer
lms with an Ag film thickness of 18 nm was as small as about
.8 × 10−5 � cm. The resistivity of the CuAlO2/Ag/CuAlO2 multi-

ayer films was decreased as a result of the thermal annealing
reatment. These results indicate that CuAlO2/Ag/CuAlO2 multi-
ayer films grown on glass substrates hold promise for potential
pplications as TCO films in solar cells.
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