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The metallic-glass film of ZrCu layer deposited by co-sputtering was utilized as the metallic layer in
the bi-layer structure transparent conductive electrode of ITO/ZrCu (I1ZC) deposited on the PET substrate
using magnetron sputtering at room temperature. In addition, the pure Ag metal layer was applied in
the same structure of transparent conductive film, ITO/Ag, in comparison with the IZC film. The ZrCu
layer could form a continuous and smooth film in thickness lower than 6 nm, compared with the island
structure of pure Ag layer of the same thickness. The 30 nm ITO/3 nm ZrCu films could show the optical
transmittance of 73% at 550 nm wavelength. The 30 nm ITO/12 nm ZrCu films could show the better sheet
resistance of 20 §2/sq, but it was still worse than that of the ITO/Ag films. It was suggested that an alloy
system with lower resistivity and negative mixing heat between atoms might be another way to form a
continuous layer in thickness lower than 6 nm for metal film.

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

1. Introduction

Transparent conductors are materials, usually in thin-film form,
which simultaneously combine low resistance and high trans-
parency. Transparent conductor films deposited on substrates are
used in a variety of applications such as organic light-emitting
devices, solar cells and flat panel displays (FPD) [1-3]. At present,
indium tin oxide (ITO) thin films as transparent conductive elec-
trodes are widely used in different applications because of their low
electrical resistance and high transmittance in the visible range of
the spectrum [4,5]. For the goal of getting better sheet resistance
(<100 €2/sq), the thickness of ITO thin film must reach to 100 nm
[6,7], but this would lead to a disadvantage owing to the high cost
of indium. In order to decrease the use of ITO materials by reducing
the thickness of ITO film, the transparent conductor films in thick-
ness lower than 100 nm with the sandwich structure of ITO-metal
layer-ITO have been verified the performance of good conductiv-
ity and transparency in visible light range [3,8-11] due to higher
carrier concentration in the middle layer of metal film [11]. The
metal materials of middle layer were generally silver or copper,
some of highly conductive metals, and the optimal thickness of
middle layer was about 8-12nm [8,11] to couple the good trans-
mittance in visible light and higher conductivity. The thinner metal
film (<8 nm)would exhibit worse conductivity due to the discontin-
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uous film of island structure; however, the thicker and continuous
metal film would result in the high reflectivity to lower the entire
transmittance in visible spectrum because of the continuous film
structure and higher plasma frequency of metal materials. The same
sandwich structure could also get the similar optical and electrical
performance in other transparent conducting oxide, for example,
ZnO-Ag-ZnO [12] or ZnS-Ag-ZnS [13].

The metallic glass was a metallic material without the long-
range order of crystalline structure, displaying an amorphous
structure. In the traditional process, such as the rapid quench-
ing method from liquid to solid state, Inoue [14] has proposed
some empirical rules, namely, multicomponent systems consist-
ing of more than three elements, significant difference in atomic
size ratio above 12%, and negative heats of mixing among the con-
stituent elements. Systems satisfying these rules could have the
chance to be fabricated into bulk metallic glasses (BMGs). Nev-
ertheless, the processing and material composition windows for
fabricating the metallic glasses would be broader if they are pre-
pared from the vapor to solid state. For example, sputtering or
evaporation deposition can be proceeded at much higher cooling
rates (100 to 1012 K/s) than of rapid solidification (103 to 108 K/s).
These metallic-glass films could exhibit better surface roughness
[15] and other unique properties as compared with the pure metal-
lic films [16,17]. The superior surface roughness of metallic-glass
films may be due to high nucleation rate during deposition even
if at the early stage of film growth. Therefore, this high nucle-
ation rate of metallic-glass films would have the chance to form
the continuous film with the thinner metal layer in the sandwich
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Table 1
Detailed parameters of film depositions.
ITO film Co-sputter ZrCu film Ag film
ITO target Zr target Cu target Ag target
Base pressure 9 x 1076 Torr 9 x 10-6 Torr 9 x 106 Torr 9 x 10-6 Torr
Working pressure 8 x 1073 Torr 4 x 1073 Torr 4 %1073 Torr 4 x 1073 Torr
Ar flow rate 50 sccm 30sccm 30sccm 30sccm
Discharge power 150W 140W 84W 80w

structure or bi-layer structure of transparent conductor films. This
transparent conductor films with thinner metal layer could have
an opportunity to perform the good transparency and conductivity,
simultaneously.

To date, various studies have documented the characteristics of
ITO multilayer with pure metal. However, the studies of metallic-
glass films substituting for pure metal are still seldom addressed.
Hence, the bi-layer structures, consisting of a metallic-glass film
of ZrCu alloy and an outer layer of ITO, were chosen to prepare
the transparent conductive film deposited on a flexible substrate of
polyethylene terephthalate (PET). We also investigate the influence
of metallic-glass film on optoelectronic properties of this transpar-
ent conductive electrode, and compare the difference with the same
structure films when pure Ag film is replaced by the ZrCu film.

2. Experimental method

The bi-layer structure of ITO/ZrCu films (termed IZC films)
and ITO/Ag films (termed IA films) were deposited by the sput-
tering process onto the PET substrate (DuPontTeijin ST504). The
transmittance of PET is 88% at wavelength of 550 nm and the thick-
ness of 125 wm. The ITO target with composition of 90 wt.% In, O3
and 10wt.% SnO,, and the metallic-glass film of ZrCu alloy was
deposited by the co-sputtering method. All targets are measuring
4in. in diameter and the deposition conditions are listed in Table 1.
The thickness of the ITO layer was fixed at 30 nm and that of the
metallic films was varied from 3 to 12 nm. The morphology and
components ratio of films were examined by scanning electron
microscopy (SEM) with energy dispersive spectrometry (EDS). The
crystalline structures of films were also examined by grazing inci-
dence in-plane X-ray diffraction (GIXD). The sheet resistance was
measured using a 4-point probe technique. Optical transmittance
and reflectivity were measured in the range of 200-1000 nm by
UV-vis-IR spectrophotometer (N&K analyzer 1280).

3. Results and discussions

In order to conveniently observe the film morphology of initial
growth, the ZrCu and pure Ag layers were first deposited on the
Si-wafer substrate, since the non-conductivity of PET substrate is
unfavorable for SEM observation. Fig. 1 shows the surface morphol-
ogy of two films in 3 nm and 6 nm thickness. The ZrCu layers 3 nm
or 6 nm in thickness were uniformly and smoothly deposited on the
Si substrate, suggesting that this ZrCu thin layer was a continuous
film; however, the 6 nm Ag film still appeared the discontinuous
island structure, showing the trace of initially lateral growth. The
component ratio of ZrCu layer was identified by SEM-EDS to be
Zrs54Cuyg. The XRD pattern of the ZrCu layers deposited on Si wafer
is presented in Fig. 2, and the diffraction result appears one broad-
ening and diffuse peak, typical for the amorphous structure. In
addition, the deposited ITO layer is also the amorphous structure.
The pure Ag layer deposited on Si wafer is the crystalline phase
and appears the preferred orientation of (11 1) peak, as shown in
Fig. 2.

As the pure Ag atoms deposited on a “perfect” surface, the
embryo radius depended on the surface tension, activation energy

of desorption and depositional temperatures, and it could be
thought as homogeneous nucleation. Apart from the above fac-
tories affecting the embryo radius, the negative heat of mixing
between Zr and Cu atoms (AHpix ~ —23 kjmol~!) would increase
the attractive force during the deposition of ZrCu layer by co-
sputtering. This attractive force could lead to chemical cluster
sites and promote the amorphous ZrCu layer to be heteroge-
neously nucleated. This heterogeneous nucleation of ZrCu layer
deposited at room temperature would show a smaller radius of
embryo and a higher density of embryo number than the homoge-
neous nucleation of pure Ag layer; therefore, the ZrCu layer would
readily show the continuous and smooth film even if at 3 nm thick-
ness.

The optical transmittance and reflectivity of IZC and IA films
on the PET substrate are shown in Fig. 3, as a function of metal-
lic thickness. The transmittance of the pure single-layer ITO film
was about 83% in the visible wavelength of 550 nm. The IZC films
showed the similarly transparent trend with pure ITO film in the
measured spectrum, but the transmittance declined with increas-
ing amorphous ZrCu layer thickness, as shown in Fig. 3(a). The
transmittance of IZC films with 3 nm thickness of ZrCu layer was
73% at 550 nm wavelength and it is relatively fixed from 500 to
1000 nm wavelengths. However, for IA films, the maximum trans-
mittance of IA films with pure Ag film 6 nm in thickness was about
73% at wavelength of 480-540 nm, and the transmittance gradu-
ally declined to 54% upon further increase of wavelength. The rate
of decline in the transmittance upon the wavelength of 500 nm
was severer in the 9nm Ag film than that of the 6 nm Ag one.
As for the optical reflectivity, the reflectivity of the IZC films with
ZrCu films of varying thicknesses maintained within the ratio of
10-23%. By contrast, the reflectivity of IA films at wavelengths
greater than 550 nm gradually increased with increasing Ag thick-
ness.

Taking account of the conservation of energy, the incident
energy into the transparent substance could be expressed as

Incident power=1=T+R+1L, (M

where Tis defined as the ratio of the transparent power to the inci-
dent power, R is the ratio of reflective power to the incident power,
L is energy loss due to absorption or scattering power. Table 2 lists
the transparent, reflective and energy loss ratio for all transpar-
ent films at 550, 750 and 950 nm wavelength. For IZC films, the
energy loss, L, of incident energy was directly proportional to the
thickness of amorphous ZrCu layers; nevertheless, the energy loss
in IA films was indirectly proportional to the crystalline Ag film
thickness. Based on the observation of Fig. 1, the thickness of Ag
layer lower than 6 nm was still in the island structure stage of film
growth, and this discontinuous film of island structure would eas-
ily lead to the light scattering. As the Ag layer deposited to 9 nm,
it might form a continuous film to gradually reflect the incident
light especially at longer wavelengths [11]. It was suggested that
the energy loss of IA films might be dominated by the scattering
of discontinuous Ag layer. In contrast to the island structure in Ag
layer with a thickness lower than 9 nm, the ZrCu layer deposited
by co-sputtering was a continuous film even with a thickness of
only 3 nm. This continuous and smooth metal layer without the
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Fig. 1. The surface morphology of thin metal layer deposited on Si wafer: (a) 3 nm ZrCu layer, (b) 6 nm ZrCu layer, (¢) 3 nm Ag layer and (d) 6 nm Ag layer.

Fig. 2. X-ray diffraction for the (a) ITO/Ag and (b) ITO/ZrCu bi-layer deposited on the Si wafer.

island structure would successfully reduce the scattering of inci-
dent light. Based on the energy loss directly proportional to the
thickness increase of ZuCu layer, it is suggested that the absorption

of ZrCu layer to incident light dominates this energy loss.

Fig. 4 shows the sheet resistance of IZC and IA films. Based
on assumption of the parallel combination of the two layers, the

resistivity of amorphous ZrCu and crystalline Ag layers could be

calculated as:

Pmetal = dmetal (

-1
1 _dmo
Rsq  prro ’

Table 2
Transmittance and reflectivity at 550, 750 and 950 nm light wavelengths for the IZC and IA films.
ITO, 30 nm 1ZC, 30/3 nm 1ZC, 30/6 nm 1ZC, 30/9 nm 1ZC,30/12 nm IA, 30/3 nm IA, 30/6 nm 1A, 30/9 nm
550nm  82.4%(10.2%) 72.5% (13.1%) 62.6% (14.7%) 53.3% (13.0%) 45.4% (14.1%) 59.2% (9.9%) 72.2% (5.1%) 57.2% (27.0%)
(7.4%) (14.4%) (22.7%) (33.7%) (39.5%) (30.9%) (22.7%) (15.8%)
750nm  86.0% (8.5%) 75.5% (10.9%) 65.1% (12.7%) 55.3% (12.9%) 45.4% (16.0%) 57.4% (12.1%) 62.9% (15.2%) 31.7% (55.1%)
(5.5%) (13.6%) (22.2%) (31.8%) (38.6%) (30.5%) (21.9%) (13.2%)
950nm  87.8% (7.5%) 77.3% (9.7%) 67.1% (11.0%) 57.3% (12.4%) 45.7% (16.5%) 56.3% (13.3%) 53.9% (26.2%) 20.0% (69.0%)
(4.7%) (13.0%) (21.9%) (30.3%) (37.8%) (28.4%) (19.9%) (11.0%)

PS: () represents the reflectivity, () represents the light loss.
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Fig. 3. Optical transmittance and reflectivity spectra for (a) transmittance of ITO/ZrCu bi-layer, (b) reflectivity of ITO/ZrCu bi-layer, (c) transmittance of ITO/Ag bi-layer and

30nm ITO, and (d) reflectivity of ITO/Ag bi-layer and 30 nm ITO.

where p is the resistivity of metal or ITO layers, d is the thickness of
metal or ITO layers and Rsq is the sheet resistance of IZC or IA films,
and these results are also shown in Fig. 4. The sheet resistance of
ITO in 30 nm thickness was 950 €2/sq. The sheet resistance of 1ZC
films varied from 623 to 20 2/sq with increasing thickness of ZrCu
layer from 3 to 12 nm, and appears to be worse than that of IA films
varying from 42 to 0.7 2/sq with increasing thickness of Ag layer
from 3 to 9 nm. The resistivity of Ag layer is seen to be lowered
from 13.2 to 0.6 .2 cm with increasing Ag layer thickness from 3
to 9 nm. The variation of Ag resistivity could be interpreted from
the viewpoint of electron transmission path. The electron trans-
mission would be scattered at the Ag and ITO interface due to the
island structure of Ag layer, especially for thicknesses lower than
6 nm. As the thickness of Ag layer grew to 9 nm, it would develop
a continuous film to form an unobstructed path for electron trans-
mission [11]. In contrast with the severe variation on resistivity
of Ag layer, that of ZrCu layer nearly maintained at the region of
150 €2 cm after the thickness of ZrCu layer is greater than 3 nm.

Fig. 4. Resistivity of ZrCu and Ag layers, and sheet resistance of IZC and IA films as
a function of metal layer thickness.

The resistivity of the ZrCu thin-film layer (Zrs4Cugg ) was close to the
180 €2 cm of amorphous Zrs3Cus; alloy [18]. The result showed
that the ZrCu layer could nearly reach the theoretical resistivity
at layer thickness of 6 nm as a result of the formation of continu-
ous film at 3-6 nm thickness by Zr and Cu co-sputtering. Although
the ZrCu layer could form a continuous film in thinner thickness
of 3-6 nm by the negative heat of mixing between the Zr and Cu
atoms, inducing a large amount of nucleation sites, the amorphous
structure of ZrCu layer readily resulted in the electron scattering
during carrier transmission to show the lower conductivity than
that of the crystalline metal pure Ag. Therefore, introducing other
alloy systems with lower resistivity and lower Tg (glass transition
temperature), for example MggyCuyg (with a much lower resistiv-
ity of 52 w€2 cm and lower Ty of 130-140°C) or others, could form a
continuous layer in thickness lower than 6 nm to perform the bet-
ter transmittance. And the subsequent surface annealing to induce
the crystallization would be suggested improving the conductiv-
ity owing to eliminating the electron scattering of the amorphous
structure. This metallic-glass layer by co-sputtering deposition dif-
fering from the pure metal layer, which need the thicker layer than
9nm to form a continuous film, would be an another choice.

4. Conclusions

ITO/ZrCu (I1ZC) and ITO/Ag (1A) bi-layer films were deposited on
PET substrate using magnetron sputtering at room temperature.
The amorphous structure of ZrCu layer deposited by co-sputtering
could form a continuous film in thickness thinner than 6 nm by the
large amount of nucleation sites due to the negative heat of mixing
between the Zr and Cuatoms. IZC (ITO 30 nm/ZrCu 3 nm) films could
show the optical transmittance of 73% at 550 nm wavelength. With
increasing the thickness of metal layer, the reflectivity of IZC films
did not show the same characteristic of higher reflectivity of 1A
films at wavelengths longer than 550 nm. The IZC (ITO 30 nm/ZrCu
12 nm) films could show the better sheet resistance of 20 £2/sq, but
it was still worse than that of the IA films. It was suggested that
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an alloy system with lower resistivity and negative mixing heat
between atoms might be another way to form a continuous layer in
thickness lower than 6 nm for metal film for transparent conductor
designs.
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