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Abstract. Nanoscaled gallium-doped ZnO (GZO) thin films, bi-layer Pt/GZO thin films, and tri-layer
GZO/Pt/GZO thin films were prepared and their characteristics were investigated. These films were
deposited on glass substrates using either rf or dc magnetron sputter deposition. The deposition time
and the target-to-substrate distance were varied to obtain different total film thicknesses and layer
thicknesses. Effects of total film and layer thicknesses on the optical properties and the electrical
properties were studied. Theoretical calculations were performed to discuss effect of the thickness on
the optical transmittance of the GZO film. As-deposited GZO films show high electrical resistivity,
which was greatly reduced by 2 to 3 orders of magnitude due to the introduction of a surface layer of Pt
film. However, the optical transmittance was also reduced. This was improved by using an addition
anti-refractive GZO surface layer on the Pt/GZO. A GZO/Pt/GZO film exhibiting visible light
transmittance greater than 75% and electrical resistivity in the order of 10 ohm-cm was obtained.

Introduction

The development of transparent conductive oxide (TCO) thin films and coatings has been of great
interest as they are an important integral part of a number of electro-optical devices. For example, they
are used as electrodes to convey electrical signals which are crucial for the operations of the devices.
They are also used in other applications such as optical filters, heat mirrors, low emittance films for
advanced glazing, protective coating, and decorative coatings. These TCO thin films include Sn-doped
indium oxides (ITO)[1,2,3], Al-doped zinc oxides (AZO) [2,4], Ga-doped zinc oxides (GZO)[2,5,6],
and F-doped tin oxides (FTO)[7]. As-deposited TCO thin films often exhibit less than desirable
electrical resistivity as well as optical transmittance. To improve the electrical and optical properties,
TCO thin films are deposited at elevated temperatures or subjected to post-deposition various forms of
heat treatments. However, when low melting point substrates are used, high-temperature deposition
and heat treatments are not viable. Efforts have therefore been made to improve the electrical
conductivity via the development of multilayer structures consisting of TCO/metal/TCO.

A majority of studies on multilayer structures were to develop electrodes for use in flat panel
displays. These multilayer structures include ZnS/Ag/ZnS films[8,9,10] , ITO/Ag/ITO films[11,12],
1ZO/AgPd films[13], oxide/Ag alloy/-oxide/Ag alloy/oxide where the oxide is either ITO or Sn-doped
CdO (ICO) films[14], and ZnO/Al/ZnO films[15]. Three-layer TiO,/Ag/Ti0O,, three-layer ZnS/Ag/ZnS,
and five-layer TiO,/Ag/TiO,/Ag/TiO, were also investigated for application in heat mirrors[16,17].
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Furthermore conductive transparent thin films of TiO,/Ag/TiO, were investigated for use as electrodes
in dye sensitizing solar cells[18]. It appears that Ag is a popular metal used in various multilayer
structures. However, a disadvantage is that defects originating from Ag layer corrosion were
observed[19,20]. Therefore, based on the consideration of thermal stability, Pt is used in this study as
the metallic mid-layer. Also, to have better electrical properties, Ga doped ZnO, i.e., GZO, is used as
the TCO layer. In this study, thin films of GZO, Pt/GZO, and GZO/Pt/GZO were prepared and
investigated for their optical as well as electrical properties.

Experimental

GZO thin films were deposited on glass substrates at room temperature using rf magnetron sputter
deposition. The GZO target was a 3-inch 5% Ga doped ZnO. The rf power and working pressure were
respectively 150W power and 10 mTorr. Three working distances or target-substrate distances were
used. They are 5 cm, 6 cm and 6.5 cm. Different deposition times (1 min, 3 min, 5 min, 7 min, 10 min,
and 15 min) were used. Pt thin films were then deposited on the GZO films using dc magnetron sputter
deposition to form bi-layer Pt/GZO films. The working pressure and dc power used for the Pt thin film
deposition were 10 mTorr and 20W, respectively. The 3-inch Pt target has a purity of 99.99%.
Different deposition times (30 sec, 45 sec, 60 sec, and 75sec) were used to obtain Pt films with
different thicknesses. Finally, GZO thin films having various thicknesses were deposited on the bi-
layer Pt/GZO films to form tri-layer GZO/Pt/GZO films. The tri-layer GZO/Pt/GZO films therefore
have different combinations of layer thickness. The surface morphology of the resulting films was
analyzed using high resolution scanning electron microscopy (HRSEM). The crystallinity was
examined using glazing incident x-ray diffractometry (GIXD). The film thickness was determined
using a-step profilometry and spectroscopic ellipsometry. The refractive indices and distinction
coefficients of the films were also obtained from spectroscopic ellipsometry measurements. The
optical properties of GZO, Pt/GZO, and GZO/Pt/GZO thin films were investigated using UV-Vis
optical spectroscopy. Finally, the electrical resistivity was determined using a 4-point probe.

Results and discussion

All the GZO obtained exhibit a hexagonal structure with a preferred (002) orientation. The grain
size and the surface roughness of GZO films increase with the film thickness. The thickness of GZO
thin films obtained at different deposition
conditions was found to increase linearly with

the deposition time. Fig. 1 shows the
thickness of GZO thin films obtained at a 2
working distance was 5 cm. The thickness 200 -
was determined using o-step and ellipsometry,
both of which give almost identical results.
GZO thin films obtained at working distances
longer than 5 cm are thinner due to the
thermalization effect[21]. The optical
transmittances of GZO thin films obtained at
different working distances are also different. 50 -
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Fig. 1 Thickness as a function of deposition time
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these films are respectively 58 nm, 55 nm, and 53 nm. Due to the nanoscale thicknesses, which are less
than the skin depths, these films exhibit UV transmittances. The skin depth is approximately 160 nm
for ZnO[22]. The UV transmittance increases with decreasing film thickness. Meanwhile, the UV
transmittance decreases with the electromagnetic radiation frequency due to a reduced skin depth at a
higher frequency. In the visible range, all the GZO films exhibit optical transmittances that are greater
than 80%. It appears that a thinner film has slightly better visible light transmittance seemly due to less
absorption. However, such a thickness effect cannot be overlooked by just considering the absorption.
Fig. 2B shows the optical transmittances at 500 nm for GZO thin films having different thicknesses.
These films were obtained at rf = 150W power, pressure = 10 mTorr, working distance = 5 cm, and
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Fig. 2 Optical transmittances of GZO thin films obtained at different (A) working distances and
(B) Deposition times. Only the optical transmittances at 500 nm are shown in (B).

various deposition times. The filled circles and the solid line represent respectively the experimental
data and the best fit. It is seen that the transmittance varies up and down with the thickness.

Optical absorption alone cannot explain the data. The optical transmittance, T, across a single
boundary can be described by the following equation'?

i I,cos 8§, _ n,cos 0, (E, ’ (1)
I, cos @, n,cos@, \E,

n

in

where [; is the transmitted flux density, Ii, the incident flux density, 0 the refracted angle, Oin the

incident angle, n; the refractive index of transmitting medium, n;, the refractive index of incident
medium, E; the electric field in the transmitting medium, and E;, the electric field in the incident

medium. For more than one boundaries, the relationship between the incident wave and the transmitted
wave is
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E; and H; are respectively the electric and magnetic fields across boundary j (i =1, 2, to n+1).
{ coskh  (isink,h)/Y } is called the material characteristic matrix of the medium between
B 0 0 J
.=

Y isink,h coskyh
boundary j and j+1. koh is the phase change across the medium where k, =27/A4 (A the wavelength)

and h=ndcos®, (n=n+ik is the complex form of the refractive index and d is the thickness of the

medium). Y, =&,/ 1, (ﬁ] cosé’j) and /&, / 1, (77 i/ cos&’j) when the electric field is perpendicular

and parallel to the plane-of-incidence, respectively. In Yj, € is the electric permittivity of free space
and yy is the permeability of free space. Therefore, assuming that all the boundaries are perfect, the
optical transmittance can be calculated using Eq. (1) where E;, and E; are determined using Eq. (2).
The n/k values measured in this study were used in the calculations and n; = n;, = 1 for the air. Also
both 6; and 6, are equal to 1 in this study. The calculated results are represented by the dotted line
shown in Fig. 2B. Although the experimental data do not quite agree with the calculated data, possibly
due to the non-isotropicness of GZO and the imperfect boundaries, the wavy trends are clearly similar.

Although the GZO films obtained exhibit
optical transmittances greater than 80%, the
electrical resistivity ranges from ~10" to ~107
ohm-cm, which are not quite desirable. However,
with a surface layer of nanoscale Pt film, the 01}
electrical resistivity is largely reduced, as shown
in Fig. 3. The electrical resistivity of the 22-nm
GZO film 1s 0.78 ohm-cm, which is reduced by 2
to 3 orders of magnitude due to the presence of a
surface Pt film.

The reduction of the electrical resistivity due
to the addition of a Pt surface layer can be
explained by the so-called parallel model[23]. 0.0001
While the surface Pt film reduces the electrical
resistivity, it also reduces the optical transmittance
as shown in Fig. 4. The thicker the Pt film is the
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Fig. 3. Electrical resistivity of GZO films

without and with a surface Pt layer
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lower the optical transmittance is. This is
attributed to the higher refractive index of the Pt
film than that of the GZO thin film. The
refractive indices of Pt films are shown in Fig. 5.
When the difference in the refractive index is
larger, the more the transmittance is reduced.
The refractive index of the 22-nm GZO is 1.54.
Therefore, the refractive index difference
between the Pt and GZO films reduces as the Pt
thickness increases. This would have given
increased transmittance with the Pt thickness
but not decreased transmittance as shown in

80

60

Transmittance (%)

40

20

Pt Thickness (nm)

Fig. 4. Transmittance of GZO films without and
with a surface Pt layer.
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Fig. 4. The contradictory is lifted as the distinction coefficient of the Pt film is considered. As shown
in Fig. 5, the distinction coefficient increases with the Pt thickness. A higher distinction coefficient
leads to more absorption. Therefore the transmittance would then decrease with the Pt thickness from
the view point of distinction coefficient. It is apparent that the effect of the distinction coefficient
overrides that of the refractive index. As a result, the transmittance decreases with the Pt thickness, as
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Fig. 5. The refractive index and distinction Fig. 6. Comparison of the optical transmittance

coefficient of Pt film at wavelength = 500 nm. of Pt/GZO and GZO/Pt/GZO films. Each GZO
has a thickness of 22 nm while the Pt thickness
varies.

shown in Fig.4.

To improve the optical transmittance, an anti-refractive nanoscale GZO thin film is then deposited
on Pt/GZO. As shown in Fig. 6, the optical transmittance is improved. However, the improvement is
limited. The best optical transmittance, near 50%, occurs for the 22-nm GZO/4-nm Pt/22-nm GZO thin
film. Theoretical calculations similar to that mentioned above suggest the thickness of the GZO outer
layer plays a critical role[24]. A GZO outer layer with a thickness between 58 nm to 68 nm and a 4-nm
thick Pt mid-layer were determined to be optimal[25]. Therefore, a 66-nm GZO/4-nm Pt/66-nm GZO
thin film was prepared and measured for its optical transmittance. The result is given in Fig. 7. For
comparison, the optical transmittance of a 22-nm
GZO/4-nm Pt/22-nm GZO tri-layer thin film is
also given. An apparent improvement is seen. %
The optical transmittance in the visible range is sl

greater than 75%. This film also exhibits a low
electrical resistivity in the order of 10 ohm-cm. or
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Fig. 7. Optical transmittances of GZO/Pt/GZO
thin films.
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Summary

We have investigated nanoscale GZO thin films, bi-layer Pt/GZO thin films, and tri-layer
GZO/Pt/GZO thin films for their characteristics. GZO thin films exhibit optical transmittances greater
than 80% in the visible range. The optical transmittance depends on the film thickness. Although the
optical transmittance is high, the electrical resistivity is also high, in the order of 10” to 10 Q-cm. A
Pt surface layer is introduced to form bi-layer Pt/GZO films. The electrical resistivity is therefore
largely reduced by 2 to 3 orders of magnitude. While the electrical resistivity is reduced, the optical
transmittance is also reduced. The optical transmittance of Pt/GZO thin film is then enhanced by using
an additional surface anti-refractive layer of GZO film. Through optical simulations, a GZO/Pt/GZO
film exhibiting visible light transmittance greater than 75% and electrical resistivity in the order of 10™
ohm-cm is obtained.
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