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The electromagnetic interference (EMI) shielding efficiency (SE) of multilayered
thin films in which indium-tin-oxide (ITO) and Ag were deposited alternately from
3 Layer to 9 Layer on Poly Methly Methacrylate (PMMA) substrates at the room
temperature using a RF sputtering. We measured optical and electrical character-
istics by UV-spectrometer and 4 point probe method. The measurement of EMI
shielding efficiency (SE) in the frequency ranges from 50 MHz to 1.5 GHz was per-
formed by using ASTM D 4935–89 method. We compared the measured EMI SEs
with theoretical simulation data. Our EMI SE multi-layers showed relatively low
resistivities and high transmittances. In this study, we obtain good optical
and electrical characteristics with a minimum transmittance of about 60% at
550 nm wavelength and sheet resistance of 2 � 3 X=sq., respectively. Measured
EMI SEs were over 50 dB and similar to theoretical simulation data.

Keywords: Ag; EMI SE; ITO; PMMA; RF sputtering

INTRODUCTION

Today, we are frequently exposed to EM (Electro-Magnetic) waves like
X-ray, microwave of an electric oven, electrical wave of mobile phones
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and television, etc. Even if we have still no tangible evidences for the
danger of EM and thence it is controversial, it is reinforcing to restrict
about EM wave radiation of devices such as displays including the
mobile display. Thus, EMI technology was being emphasized and
EMI shielding materials are becoming of importance in the electronic
devices, especially in the display devices.

In this study, we prepared a multi-layered structure of oxide-metal-
oxide on the PMMA substrate and investigated their electro-optical
characteristics. EMI SE as functions of the film thickness and the
number of layers are measured. Also, measured EMI SEs were
compared with computational ones.

To begin with, we will introduce the EMI SE formula briefly. As
seen in Figure 1, EMI SE is the ratio of output energy to input energy
across shielding material and defined as [1,2]

SE ¼ 10 log
Pi

P0

� �
¼ 20 log

Ei

E0

� �
ð1Þ

where Pi(Ei) and P0(E0) means the input and the output energy,
respectively, and Ei and E0 do the input and the output electric fields,
respectively.

The EMI attenuation by a material occurs by three mechanisms.
The first mechanism is the reflection loss by impedance mismatching
between the air and the metal layer, which plays a major role in pro-
ducing loss in EMI SE mechanisms. The second one is penetration or
absorption loss. When the electromagnetic wave goes through EMI
materials, heat is generated by the ohmic loss. Last one is the multi-
reflection loss, it occurs by re-reflection from metal SE film both
boundary layers to inside metal layer. Finally, we can describe the
EMI SE of monolayer films as [2]

SE ¼ SEA þ SER þ SEM ð2Þ

SE ¼ 20 log
1

4n
½ð1þ nÞ2 expð�ikdÞ � ð1� nÞ2 expðikdÞ�

����
���� ð3Þ

where the complex index of refraction n is related with the complex
wave vector k(¼nx=c) and d is the film thickness. In Eqs. (2), (3), each
EMI SE mechanism is given by

SEA ¼ 20 k2d log e ¼ 8:686 k2d ð4Þ

SER ¼ 20 log
1þ nj j2

4jnj ð5Þ
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SEM ¼ 20 log 1� expð2ikdÞ ð1� nÞ2

ð1þ nÞ2

�����
����� ð6Þ

where SEA, SER, and SEM denote the shielding efficiencies due to
reflection, absorption, and multiple reflections, respectively [3].

EXPERIMENTAL

The EMI filters were made of the indium-tin oxide (ITO) thin film and
the Ag film, deposited alternately from 3 Layer to 9 Layer on poly
methyl methacrylate (PMMA) substrate at room temperature using
a RF sputtering. A disk-shaped target of 3 inches diameter ITO
(In2O3: SnO2 ¼ 90:10 wt%) and Ag 99.99% purity was used in the thin
film deposition process. In Figure 2, we wer explaining RF sputtering
system for coating EMI SE filter.

Optical transmittance of multi-layered thin films was measured by
UV-VIS-NIR spectrometer (Shimazu Co.) in the wavelength range

FIGURE 1 Theory of EMI SE.
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from 300 nm to 1000 nm. The measurement of EMI SE in the fre-
quency ranges from 50 MHz to 1.5 GHz was carried out by using the
ASTM D 4935 method [4,5]. Electrical sheet resistance of multi-layers
was determined by the 4 point probe method.

RESULTS AND DISCUSSION

First, we optimized coating conditions of ITO and Ag single-layer. As
for Ag single-layer, we made experiments with changing value of
working pressure from 1.5 mTorr to 5.0 mTorr and one of supplied
power from 50 W to 100 W. As seen in Figure 3, Ag thin films have
good electrical characteristics when they are deposited at low working
pressures or high supplied powers. Figure 4 shows XRD pattern of Ag
films according to coating conditions. All samples showed the (1 1 1)
XRD peak. It was found that higher supplied power yield better crys-
tallization while working pressures seldom affect it. Second, as for ITO
single-layer, we made experiment as changing working pressures from
1.5 mTorr to 5.0 mTorr, supplied power from 80 W to 120 W and ratio of
O2=Ar from 0% to 0.5%.

FIGURE 2 RF magnetron sputtering system.
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Figure 5 shows that the specific resistivity of ITO film become lower
and the deposition rates became higher in the low working pressure
and in the high supplied power regions.

Figure 6 shows the change of the sheet resistance and transmit-
tance as a function of O2=Ar ratio. It was found that increasing ratio
of O2=Ar leads to decreasing the transmittance and increasing the
sheet resistance.

FIGURE 3 Electrical characteristic of Ag films as coating conditions. (a) as
working pressure, (b) as supplied power.
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Figure 7 shows XRD pattern of ITO films according to coating
conditions. All samples had no XRD peak, denoting a natural result that
all ITO films are amorphous since we coated on PMMA at room tempera-
ture and we could not perform any heat-treatment of the polymer films.
Table 1 shows Ag and ITO coating conditions to be optimized.

We prepared EMI SE multi-layers with optimized single layer
coating conditions and measured the transmittance, sheet resistance

FIGURE 4 The XRD patterns of Ag films as coating condition (a) as working
pressure, (b) as supplied power. (See COLOR PLATE IV)

112 J. H. Lee et al.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
4:

46
 0

9 
A

ug
us

t 2
01

2 



and EMI SE. Figure 8 shows the measured EMI SE and transmittance
characteristics of 3 layered EMI SE filters, as functions of the Ag and
ITO films thickness. In Figure 8, we can find that the Ag film largely
decides EMI SE characteristics while the ITO film decides optical
transmittance characteristic.

In Figure 9, the measured and computational EMI SE values
are compared in the frequency range from 50 MHz to 1.5 GHz.

FIGURE 5 Rate and specific resistivity of ITO films as coating condition.
(a) as working pressure, (b) as supplied power.
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The computational EMI SE values were obtained by using an Eq. (3).
As shown in Figure 9, computational EMI SE values were higher than
measured ones, approximately 10 dB.

Figure 10 shows the results of measure transmittance and EMI
SE as the number of layer increase 3 layer of air=ITO=Ag=ITO=

FIGURE 6 Change characteristic of ITO film as ratio of O2=Ar (a) Transmit-
tance, (b) Sheet resistance. (See COLOR PLATE V)
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PMMA to 9 layer of air=ITO=Ag=ITO=Ag=ITO=Ag=ITO=Ag=ITO=
PMMA. In TEM image of Figure 10, we verified that ITO=Ag were
alternately deposited in the our samples. It revealed that as the

FIGURE 7 The XRD patterns of ITO films as coating condition (a) as working
pressure, (b) as supplied power. (See COLOR PLATE VI)
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FIGURE 8 Change EMI SE and optical transmittance characteristic of EMI
SE filter as film thickness. (a) Ag film thickness, (b) ITO film thickness. (See
COLOR PLATE VII)

TABLE 1 Optimized Coating Conditions

Experiment parameters Value

Base Pressure Bellow 3� 10�5 Torr
Temperature RT
Anode-ITO Spacing 5 cm, 7 cm
RF Input Power ITO 100 Watt

Ag 80 Watt
Working Pressure ITO 3.0� 10�3 Torr

Ag 2.0� 10�3 Torr
Working Time ITO 161 � 224 s=384 s

Ag 124 � 194 s
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number of layer is increasing from 3 to 9, EMI SE increasing from to
and optical transmittance and sheet resistance are decreasing from
86.6% to 65.5% at 550 nm wavelength, from 4.3 X=sq. to 1 X=sq.,
respectively. Specially, in EMI SE filter of over 5 layer, we could
obtain good optical and electrical characteristics with a minimum
transmittance of about 60% at 550 nm wavelength and sheet resist-
ance of 1 � 3 X=sq., respectively.

Figure 11 shows SIMS patterns of EMI SE filter. We could find
that our films have diffusion layers containing a little of In, Sn
and O composition. We think that this fact will be a reason for
EMI SE difference between measured and computational ones as
seen in Figure 9.

FIGURE 9 Measured and computational EMI SE. (a) as Ag film thickness,
(b) as ITO film thickness. (See COLOR PLATE VIII)
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Figure 12 is XRD patterns of EMI SE filters. The results reveal that
the more increasing number of layer, the more increasing Ag peak, but
we couldn’t find ITO peak. It suggests that the crystallinity of Ag films
can be improved with increasing the Ag film thickness but ITO films
could not grow crystallized in this way.

CONCLUSIONS

In this study, we fabricated a multi-layered EMI SE filter with ITO
and Ag thin films for a display devices including the mobile display.
It was found that the Ag films decide mainly EMI SE characteristics
while the ITO films do the optical transmittance. The SIMS results
show that EMI SE filters deposited alternately ITO and Ag films have
a diffusion layer in the boundary between the ITO and the Ag film.
This diffusion layer leads to a decrease in the measured EMI SEs,
the compared computation ones. In this study, we could found that

FIGURE 10 Characteristic of EMI SE filter as number of layer. (a) Optical
transmittance, (b) EMI SE, (c) Sheet resistance, (d) TEM image. (See
COLOR PLATE IX)
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FIGURE 11 Result SIMS of EMI SE multi-layered filter. (a) 3 Layer,
(b) 5 Layer, (c) 7 Layer, (d) 9 Layer. (See COLOR PLATE X)

FIGURE 12 XRD pattern of EMI SE multi-layer filter. (See COLOR
PLATE XI)

Characteristics of the ITO=Ag Multilayer Structure 119

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
4:

46
 0

9 
A

ug
us

t 2
01

2 



as the number of layer is increasing from 3 to 9, EMI SE increasing
from to and optical transmittance and sheet resistance are decreasing
from 86.6% to 65.5% at 550 nm wavelength, from 4.3 X=sq. to 1 X=sq.,
respectively. Specially, in EMI SE filter of over 5 layer, we could
obtain good optical and electrical characteristics with a minimum
transmittance of about 60% at 550 nm wavelength and sheet resist-
ance of 1�3 X=sq., respectively.
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