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Effect of SnO, thickness variation on property of SnO,/Ag/Nb,0s/Si0,/SnO, multi
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This study systematically investigates the dependence of the optical and electrical properties as a function of top SnO, thickness
of SnO,/Ag/Nb,0s/Si0,/SnO, multi-layer films deposited on a glass substrate at room temperature. The results of an EMP
simulation suggested that a multilayered thin film consisting of SnO, (45 nm)/Ag (10 nm)/Nb,Os (10 nm)/SiO, (10 nm)/Sn0O,
(30 nm) exhibited a high transmittance of 88.8% at 550 nm while the experimentally-measured transmittance showed 85.3%,
which was somewhat lower than what is shown with the simulation data. The lowest R, and p value were of about 5.81 Q/sq
and 5.81 x 105 Q - cm, and these were obtained with a multi-layered structure consisting of SnO, (40 nm)/Ag (10 nm)/Nb,Os
(10 nm)/SiO; (10 nm)/SnO, (30 nm). However, the sheet resistance and resistivity of the SnO,/Ag/ Nb,Os/SiO,/SnO, multi layer
film increased systematically with an increase in the thickness of the SnO, layer from 40 to 55 nm. The @y values of the SnO,/
Ag/Nb,05/Si0,/SnO, multi layer films were shown to be in the range from 10.3 to 33.5x 10~ Q.
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Introduction In order to reduce the fringe effect, which is due to
the reflectance change at the interface, an index
Transparent conducting electrodes (TCEs) are matching layer with high and low refractive index
important in a wide variety of applications, incluiding materials can be placed between the metal and TCO as
in optoelectronics, photovoltaic devices and systems one of possible solutions using a TMT structure. In
such as solar cells, organic light emitting diodes, and particular, the presence of the index matching layer is
liquid crystal displays [1-2]. So far, research has been known to reduce the visibility of the drive lines and the
successfully conducted in the area of transparent sense lines in the touch sensor panel [16-17]. However,
conducting oxide (TCO) materials [3-8], and recently, none of previous studies have been undertaken to study
insertion of ultrathin metal layer sandwitched between the modification of the optical properties through the
the two TCO layers has been studied to develop addition of index matching layers into tri-layer structures.
transparent TCEs. The TCO/metal/TCO (TMT) multi In the present study, a hybrid film with a SnO,/Ag/
layer structures have been designed to achieve both a SnO, structure including index matching layer were
high conductivity and high transmittance in the visible investigated. For the index matching materials, SiO, (n
range and have also shown a relatively better chemical =1.46) and Nb,Os (n = 2.34) were selected due to their
stability than for a single-layered metal film [9-15]. low and high refractive index as well as outstanding
Among many commercial applications, touch screens thermal stability. The present research systematically
are becoming increasingly popular because of their evaluates the optical characteristics of a SnO,/Ag/
ease and versatility of operation as well as their cost Nb,Os/SnO, multilayer film with a varying thickness
effectiveness. However, when the touch sensor panel in of the SnO, top layer. The optical characteristics are
touch screens is used in a bright environment, the investigated, and the experimental results are compared
incident light can hit the interface between the layers of to those obtained with the simulation program named
the stackup with mismatched refractive indices and can EMP (essential macleod program).
reflect off those interfaces. The light reflected from
those interfaces can give rise to the appearance of Experimental Details
fringes on the touch sensor panel, which can be
visually distracting, and this problem poses one of the Simulation
most critical issues for commercial applications. Prior to the experiments, the EMP was used to simulate

the optical characteristics including the transmittance,
reflectance and color in the multi-layer thin films. The
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SnO, were calculated via ellipsometry measurements and
were placed in the program. Second, the SnO,/Ag/Nb,Os/
Si0,/SnO, multi-layered structures were designed and
simulated using various parameters such as the wavelength
ranges (380 ~ 780 nm), thickness (10 ~ 55 nm) and layers
of the structure. Finally, an analysis of the parameter
effect was performed with a system modification for the
optical properties whether it is appropriate for the
optimum simulation.

Film preparation

For the purpose of this study, an SnO, (40 ~ 55 nm)/
Ag (10 nm)/Nb,Os (10 nm)/SiO, (10 nm)/SnO, (25 nm)
multi layered film with more than about 85%
transmittance was selected after taking a number of
simulations by modifying the stacking sequence and by
adjusting the thickness of each layer. Fig. 1 shows a
schematic diagram illustrating the structure of the SnO,/
Ag/Nb,Os/SiO,/SnO, multilayer film. A hybrid structure
consisting of Sn0,/Ag/Nb,0s/Si0,/SnO, was deposited on
the soda lime glass substrate via sequential RF/DC
magnetron sputtering at room temperature. Prior to
deposition, the soda-lime glass substrate (75 x 25 x 1 mm°)
was ultrasonically cleaned in acetone, ethanol and IPA
for 30 min at 50 °C. Thin film layers of SnO,, SiO,,
and Nb,Os were deposited via RF magnetron sputtering
onto soda-lime glass substrates at room temperature.
High purity Ar (35sccm) was introduced into the
chamber by using a mass flow meter with a total
pressure at 5.5 mTorr. An Ag layer was deposited via
DC magnetron sputtering, and the total film thickness
was of about 100 nm. The thickness of each layer was
controlled through an increase in the sputtering time at
constant optimized conditions. The refractive index »
and the extinction coefficient £ of each monolayer were
evaluated using an ellipsometer (Elli-SE) in the visible
range from 350 to 750 nm with a step width of 5 nm.
The micro-structural examination and surface roughness
of the films was investigated via field emission electron

SnO, (40-55nm)

Ag(10nm)
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SiO, (10nm)
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Fig. 1. A schematic diagram illustrating the structure of the SnO»/
Ag/Nb,05/Si0»/SnO, multi layer film.
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microscopy (LEO-1530) and atomic force microscopy
(AFM) in the contact mode. The transmittance and
reflectance of the films were estimated using a UV-VIS-
NIR spectrophotometer (Konika-Minolta CM-3600d)
with a light source of D65. In addition, the interfacial
properties of the SnO,/Ag/Nb,0s/Si0,/SnO, electrodes
were analyzed using AES depth profiling. The sheet
resistance was then detected using a four-point probe
system.

Results and Discussion

Optical Properties

The refractive index » and extinction coefficient k are
necessary to obtain an accurate analysis from the EMP
simulation. Fig. 2 represents the measured refractive
index n and the extinction coefficient & for SiO,,
Nb,Os, SnO, and the Ag thin film in the visible range,
as evaluated by the ellipsometry measurements using an
ellipsometer (Elli-SE). The refractive indexes obtained
for the SiO,, Nb,Os, SnO, and Ag thin films were of 1.52,
242, 2.09 and 0.12, respectively, which are somewhat
higher than that of a theoretical value. The slightly
high value of »n is thought to rise from the low
density and low crystallinity of each film due to their
low processing temperature. Furthermore, the extinction
coefficients measured for SiO,, Nb,Os, SnO, and Ag are
0.02, 0.0, 0.0 and 2.98, respectively. Table 1 shows a
comparison of the refractive index »n and the extinction
coefficient k£ with theoretical and experimental data,
respectively.

Prior to the experiments, the EMP was carried out to
simulate the optical characteristics. The results of the
simulations indicated that the film thickness of the top
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Fig. 2. (a) The measured refractive index » and (b) extinction
coefficient & for SiO,, Nb,Os, SnO, and Ag thin film in visible
range.

Table 1. Comparison of the refractive index » and extinction
coefficient & with theoretical and experimental data.

Theoretical value Experimental value

Materials
n k N k
Sn0O2 1.46 0 1.52 0.02
Nb205 2.34 0 242 0
Sn0O2 2.04 0 2.09 0
Ag 0.15 3.47 0.12 2.98
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Fig. 3. (a) Simulated and (b) experimentally-measured optical
characteristics on SnO,/Ag/Nb,Os/Si0,/SnO, multi layer film as a
function of thickness of the top SnO; layer.

Sn0O, layer varied from 40 to 55 nm, the SiO,, Nb,Os
and Ag layers were fixed at 10 nm, and the bottom
Sn0O, layer remained at 30 nm. Fig. 3(a) exhibited the
optical simulation spectra of the transmittance on SnO,
(40 ~ 55 nm)/Ag (10 nm)/Nb,Os (10 nm)/SiO, (10 nm)/
SnO, (30 nm) multi layer film as a function of the top
layer of SnO, thickness. As can be seen from the
simulation spectra in Fig. 3(a), the transmittance
gradually decreased from 89.0% to 86.7% at a 550 nm
wavelength and the top SnO, thickness increased from 40
to 55nm. Also, the reflectance of multi-layer films
gradually increased from 10.9% to 13.3% as a function of
top SnO, thickness. Fig. 3(b) shows the experimentally
measured transmittance taken from the same multilayer
films as a function of the top SnO, thickness. However,
when compared to that obtained through a simulation,
the transparencies obtained from the experimental
spectra dramatically increased from 77.4% to 85.3% at
550 nm wavelength, and the transmittance gradually
decreased, relatively. The reflectance also decreased
from 22.4% for 40 nm top SnO, layer to 14.1% for
45 nm top SnO, layer at 550 nm wavelength; a similar
trend has been exhibited for transmittance spectra. This
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Fig. 4. XRD patterns obtained from SnO, (45 nm)/Ag (10 nm)/
Nb,Os (10 nm)/SiO; (10 nm)/SnO, (30 nm) multi layer film with
stacking process.

might be attributed to light scattering on each layer of the
film surface and the interface instability due to the
elemental diffusion. Moreover, the substrate temperature
was also considered to cause a difference in the crystalliny
of each layer between the experimental and the EMP
simulation results.

Phase identification and surface morphology analysis

Fig. 4 presents the XRD patterns obtained from
SnO, (45 nm)/Ag (10 nm)/Nb,Os (10 nm)/SiO, (10 nm)/
SnO, (30 nm) multi layer film with stacking process. As
can be seen in Fig. 4, all as-deposited films appear to be
amorphous during the deposition process. The broad
diffraction peak at 26 ° for all samples is caused by the
glass substrate, which can be explained by the thin film
with about 100 nm thick having a nanocrystalline phase,

Ra = 0.76nm

Fig. 5. The change in surface roughness of the SnO,/Ag/Nb,05/Si0,/SnO, multilayer films with stacking process.
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formed during the DC/RF sputtering process. Also one
prominent peak of Ag (111) at around 38.2° was
observed after the deposition of Ag on SnO,/SiO,/
Nb,Os multi layer film. Fig. 5 shows the AFM images
of SnO, (45nm)/Ag (10 nm)/Nb,Os (10 nm)/SiO,
(10 nm)/SnO, (30 nm) multilayer film. While the film
deposition was performed, the surface roughnesses are
very smooth and remained relatively small below the
2 nm.

Electrical properties analysis

The variation in the sheet resistance (R;) and
resistivity (p) of the coated multi layers as a function of
the SnO, layer thickness are displayed in Fig. 6. The
resistance measured for the multi layers, R,, can be
defined as a function of the resistance of the single
layers coupled in parallel, as described in the following
equation [18]:

1 _ 1 +___L N 1 n 1 N 1
Rs Rguopor Rag Runjo, Rsio, Rsnogop

(1)

Where R; is the sheet resistance of the multi layers,
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Fig. 6. Variation in the sheet resistance (R;) and resistivity (p) of
Sn0O,/Ag/Nb,0s/Si0,/SnO, coated multi layer as a function of top
SnO; layer thickness.
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Fig. 7. The calculated ®1¢ with an increase in the top SnO, layers
in SnO,/Ag/Nb,Os/Si0,/SnO, multi layer film.
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Rsn0200ps Rug Rip20s and Rgno60; are the sheet resistance
of the top SnO,, Ag, Nb,Os and the bottom SnO,,
respectively.

From Fig. 6, the lowest Rg and p value were of about
5.81 Q/sq and 5.81 x 10 Q- cm, which were obtained
with the multi-layer structure consisting of SnO,
(40 nm)/Ag (10 nm)/Nb,Os (10 nm)/SiO, (10 nm)/SnO,
(30 nm). Moreover, the sheet resistance and resistivity of
the SnO,/Ag/Nb,0s/Si0,/SnO, multi layer films increased
systematically with an increase in the thickness of the top
SnO, layer from 40 to 55 nm. In general, the total
resistivity of the trilayer is determined mainly by the Ag
layer [8]. However, in this study, the sheet resistance
varied as a function of the top SnO, layer thickness. In
TCO applications, an optimization of the coating
parameter plays a key role on the electric and optical
characteristics. The figure of merit (Orc), as derived by
Haacke [19], is an important factor that represents the
relationships between the sheet resistance and optical
transmittance.

Fig. 7 demonstrated the ®pc calculated with an
increase in the top SnO, layer. The ®c value of the
Sn0,/Ag/Nb,0s/Si0,/SnO, multi layer film was shown
to be in the range from 10.35~33.6x 107 Q. The
Sn0,/Ag/Nb,Os/Si0,/SnO, multi layer with a 55 nm
SnO, thickness resulted in a decrease in ®@r¢ due to
the decrease in transmittance. The highest ®@pc value
(33.6x107° Q") for the SnO,/Ag/Nb,0s/Si0,/SnO,
film was obtained at the top SnO, thickness of 45 nm.

Conclusions

In summary, this study systematically investigated
the characteristics of RF/DC sputtering grown hybrid
films with a structure structure consisting of SnO,/Ag/
Nb,05/S10,/Sn0O, with a varying SnO, thickness. EMP
was adopted to estimate the optical characteristics, and
the refractive index » and extinction coefficient £ were
measured to make a comparison with experimental
results. The transmittances were dependent on the
SnO, thickness. The measured transmittance suggested
that a multilayered thin film of SnO, (45 nm)/Ag
(10 nm)/Nb,Os (10 nm)/SiO, (10 nm)/SnO, (30 nm)
exhibited a high transmittance of 85.3 % at 550 nm.
The XRD patterns obtained from the SnO, (45 nm)/Ag
(10 nm)/Nb,Os (10 nm)/SiO, (10 nm)/SnO, (30 nm)
multi layer film appear to be amorphous because the
fabrication of films was prepared at room temperature.
The lowest R, and p value were about 5.81 Q3/sq and
5.81 x 10°Q - cm, acquired with the multi-layered film
with a structure of SnO, (40 nm)/Ag (10 nm)/Nb,Os
(10 nm)/SiO, (10 nm)/SnO, (30 nm). However, the
sheet resistance and resistivity of the SnO,/Ag/Nb,Os/
Si0,/SnO, multi layer films increased systematically
with an increase in the thickness of the top SnO, layer
from 40 to 55nm. The SnO,/Ag/Nb,Os/SiO,/SnO,
multi layer with 55 nm of SnO, thickness resulted in a
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decrease in @rc due to the decrease in transmittance.
The highest ®r¢ value (33.5 x 107 Q') of the SnO,/
Ag/Nb,Os/Si0,/Sn0O, film was obtained at the top
SnO, thickness of 45 nm.
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