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ITO/Au/ITO multilayer thin films were deposited onto polycarbonate substrate via magnetron sputtering
technique without intentional heating. The deposition times of both ITO and Au layers were studied to optimize
the overall transparency and conductivity. As-prepared thin films were characterized using X-ray diffraction
analysis, secondary ion mass spectroscopy, scanning and transmission electron microscopy, atomic force mi-
croscopy and physical property measurement system. The optical measurement results revealed that the
transmittance of the films were enhanced by increasing the gold deposition time up to 15 s. Beyond this point,

further increasing the duration caused a decrease in optical transmittance. Upon optimization of the Au de-
position time, the deposition duration of ITO layers was also studied to increase electromagnetic interference
(EMI) shielding effectiveness (SE). Maximum EMI SE in this work was measured as 26.8 dB, yielding 99.8%
power attenuation, which was verified by simulation results.

1. Introduction

Transparent conducting oxide (TCO) films play a key role in a
number of applications including displays, smart windows, solar cells,
photodetectors, electroluminescence devices and organic light emitting
diodes [1,2], IR-reflective coatings [3], heatable layers in defrosting
windows [4] and dissipating static charge [5,6]. To date, various al-
ternative TCOs such as indium tin oxide (ITO) [7], indium zinc oxide
(IZO) [8], gallium zinc oxide (GZO) [9] and aluminum zinc oxide (AZO)
[10,11] have been proposed to be used in these applications. Among all
alternatives, ITO dominates the field due to its performance in high
visible region transmission and low resistivity [7].

Thermoplastic polymers are used in many industrial applications
due to their impact resistance, toughness, durability and price ad-
vantage. However, they do not withstand the temperatures required for
some widely used deposition steps in semiconductor processing.
Magnetron sputtering with a heat treatment is the most common de-
position method for semiconductor processing, as it allows large scale
deposition [12]. However, heating is not applicable when the substrate
is a thermoplastic material. Therefore, in the case of thermoplastic
substrates, the electrical and optical properties should be improved by
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other means, rather than improving crystallinity via substrate heating
[13]. One of the most effective ways to realize improved optical
transmission and electrical conductivity is to use sandwich type struc-
tures such as dielectric/metal/dielectric (D/M/D) multilayer films [14].
In this structure, a very thin metal film is embedded as an interlayer to
improve the electrical conductivity without deteriorating the trans-
parency of the dielectric material. Metals such as Au, Ag, Cu, Al and
their alloys have been extensively studied for interlayer of D/M/D films
[15]. While the surface of other metals is easily altered in air/moisture
environments due to the formation of oxides, gold retains its shiny
aspect over time because gold oxides are not stable [16]. It is already
reported that the sheet resistance of sandwich structures including Au
interlayer remains constant for an exposure time of 600 h at 60 °C, in air
having a relative humidity of 90% [13].

Regarding to the quality of a thin metal interlayer between di-
electric components, the fabrication process generally gives rise to ag-
gregated gold islands before a homogeneous layer is deposited [17].
Sytchkova et al. [18] and Guske et al. [19] both reported that the
thickness of metal film should exceed 10 nm to prevent discontinuity of
the interlayer coat. Based upon this limitation, numerical studies have
been conducted to obtain the best thickness values of individual layers
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with further correlation with experimental studies [20]. Although
plenty of work has been done on flexible substrates [13,21], research
towards robust thin film deposition onto structural polymer substrates
is very limited. Especially, a sandwich structure on polymer substrates
consisting of a metal interlayer between TCO layers, providing op-
timum optical transparency and electrical conductivity with a focus on
effective EMI shielding remains elusive.

In this work, ITO/Au/ITO multilayer films were systematically de-
posited on polycarbonate (PC) and Soda Lime Glass (SLG) substrates
using magnetron sputtering technique. The deposition times of Au and
ITO layers were optimized to provide highest electrical conductivity
and visible light transparency. The structural, electrical, and optical
properties of the sandwich films were studied and the EMI shielding
behavior of the D/M/D films were evaluated via both numerical and
experimental methods. Through a detailed study on the factors influ-
encing EMI shielding performance like individual film thicknesses and
electrical conductivity, as well as carrier mobility and carrier con-
centration, the maximum shielding effectiveness of about 26.8 dB at
8-12 GHz, providing 99.8% power attenuation could be achieved by
ITO/Au/ITO multilayer thin films.

2. Material and methods
2.1. Deposition of multilayer films

Deposition of ITO and Au thin films were performed in a magnetron
sputtering system that was equipped with two cathodes [22]. DC power
was applied to both ITO and Au targets. The ITO target used in this
work was an In,O3 (90%) and SnO, (10%) containing disc with 2 in.
diameter and 0.25 in. thickness. A 99.99% pure disk with 2 in. diameter
and 0.0625 in. thickness was used as gold target for interlayer de-
position. ITO bi-layer and ITO/Au/ITO trilayer films were deposited on
Soda Lime Glass (SLG, 1 cm x 1 cm x 1 mm) and Makrolon® clear
polycarbonate sheet (PC, ASTM D1746 Haze value 1, 50 mm X 50 mm
x 21 mm) substrates at room temperature (RT) without intentional
substrate heating. They were then cut into smaller pieces with different
geometries using Dicing Saw and CNC machine for characterization
purposes. The substrates were ultrasonically cleaned in methanol and
deionized water for 20 min, respectively, and subsequently dried with a
flow of nitrogen. Moreover, the substrates were plasma treated to in-
crease the hydrophilicity on the surface under pure O, gas. The contact
angle measurements of substrates before and after plasma treatment is
shown in Table S1. Prior to deposition, the chamber was evacuated to a
pressure less than 2x10~° Torr. Then, the target was pre-sputtered for
5 min to remove the contaminants. The sputtering was performed at
~3x10 "2 Torr under pure Ar gas (40 sccm). In the first set of experi-
ments, initial ITO layer was deposited onto SLG and PC substrates for
7 min, while keeping the distance between target and substrate con-
stant. After that, Au was deposited on the ITO for various durations as
given in Table 1. It should be noted that Au deposition duration was

Table 1
Deposition times of the ITO/Au/ITO multi-layer thin films onto SLG and PC
substrates.

Coding  ITO deposition time Au deposition time ITO deposition time
(min) (s) (min)
7-0-7 7 0 7
7-3-0 7 3 0
7-3-7 7 3 7
7-7-7 7 7 7
7-11-7 7 11 7
7-13-7 7 13 7
7-157 7 15 7
7-17-7 7 17 7
6-156 6 15 6
8-15-8 8 15 8
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Fig. 1. GIXRD patterns of representative samples (a) 7-3-0, (b)7-0-7, (c)7-3-7,
(d)7-11-7 and (e) 7-15-7.
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Fig. 2. SIMS analyses of samples (a) 7-3-7 and (b) 7-15-7.

controlled using a pneumatic shutter driven by computer for precise
timing. Finally, ITO top-layer was deposited onto Au layer for 7 min.
The second set of specimens were prepared by changing the deposition
time of ITO and keeping the best value of Au deposition time as con-
stant at 15 s (see Table 1). The applied power on ITO and Au targets


http://www.astm.org/Standards/D1746

N. Erdogan, et al.

> -
ITO/Au/ITO

500 nm

Substrate

Current Applied Physics 20 (2020) 489-497

Top ITO Layer

Fig. 3. Representative cross section FESEM images of samples (a) 7-7-7, (b) 7-15-7, (c) 8-15-8, surface FESEM images of samples (d) 7-7-7, (e) 7-15-7, (f) 8-15-8 and
(g)-(i) HRTEM images of sample 6-15-6 with several magnifications. Inset shows cross section FESEM image of sample 6-15-6.

during depositions were 20 and 15 W, respectively. The sample coding
and deposition times of Au and ITO layers are listed in Table 1.

2.2. Characterization

2.2.1. Material characterization

Grazing incidence X-Ray Diffraction (GIXRD) was carried out in the
Grazing focusing geometry at a grazing angle of the incident X-ray
beam (w) 0.7° using a Panalytical X-Ray Diffractometer, with Cu-Ka
radiation (A 1.5406 10\). XRD patterns were recorded from
20 = 20-60° with a step size of 0.016° for all samples. Secondary Ion
Mass Spectroscopy (SIMS) was conducted using an oxygen gun with an
emission of 10.00 mA. A Veeco DEKTAK 150 profilometer was used to
determine the thickness of the films. The average roughness measure-
ments were performed on 10 um X 10 pm areas with tapping mode of
AFM-Asylum under ambient conditions. Surface and cross sectional
morphologies of films were analyzed using FESEM and HRTEM analyses
(Jeol, NanoSEM and HRTEM). HRTEM samples were prepared by
Focused Ion Beam (FIB) lithography, as shown in Fig. S1.

2.2.2. Optical and electrical characterization

Optical properties of the multilayer films were investigated by op-
tical transmittance measurements in 200-2500 nm wavelength range,
using a PerkinElmer Lambda 950 UV/VIS/NIR spectrophotometer.
Electrical measurements including conductivity, sheet resistance,

charge carrier concentration and carrier mobility were conducted using
a Cryogenic Physical Property Measurement System (PPMS).

2.2.3. Electromagnetic characterization

The EMI shielding effectiveness (SE) was tested using the ASTM
(American Society for Testing and Materials) D5568 method [23] using
a Network Analyzer (Keysight, former Agilent Technologies) with a
waveguide method. Measured frequencies ranged from 8.2 GHz to
12 GHz. EMI-SE values in terms of decibels (dB) were calculated using
the following equations:

EMI SE (dB) = —10log,,(Pr/P;) @))
1
EMI SE (dB) = =201 —_—
@ Og“’( |521|) @

where dB is the unit of the power ratio, which is typically used to
specify the shielding effectiveness, and Pt and P; indicate the power of
the transmitted and incident electromagnetic (EM) waves, respectively.

Moreover, the S,; parameters of the structures were also theoreti-
cally calculated through CST Microwave Studio to compare the ex-
perimental findings with simulation results. In terms of boundary
conditions, the electric field intensity at the sides and magnetic field
intensity at the top and bottom surfaces were set to zero for correctly
simulating the experimental setup. Besides, open boundary conditions
were employed along the propagation direction of the electromagnetic
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Fig. 4. Representative TM-AFM 2D and 3D topography images of (a) 7-7-7, (b) 7-11-7, (¢) 7-15-7 and (d) 8-15-8. RMS values were given as inset.

wave, perpendicular to the sample, to ensure that there is enough space
between the sample and the waveguides.

3. Results and discussion

The crystal structure plays an important role on the optical and
electrical characteristics of the prepared thin films. Fig. 1 shows the
GIXRD patterns of the films deposited with different stacking sequences
onto PC. Peaks located at 30.1 * 0.05° and 35.00 *= 0.05° can be
indexed to the (222) and (400) planes of ITO with bixbyite crystal
structure (JCPDS File No. 89-4596). No peak belonging to SnO or SnO,
was detected. It is previously reported that the polycrystalline ITO films
are only obtained when the substrate is heated up during deposition or
annealing the film after deposition [24]. However, the existence of both
(100) and (111) family of planes indicates the polycrystalline nature of
the films that were grown in the absence of substrate heating. While
ITO films deposited by various techniques are often reported to orient
in [111] direction [25], preferred orientations on (400) and (622)
planes were observed in ITO/Au/ITO multi-layer films on PC substrate.
Although ITO thin films, grown under pure Ar, were reported to have a
preferential (400) plane orientation, (222) plane orientation was ob-
served in this study in the absence of gold as can be seen in Fig. 1 (b).
Therefore, the (400) plane orientation of the films in this work is
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attributed to the introduction of Au interlayer. Furthermore, (400)
plane of ITO possesses a lower surface energy compared to (222) plane.
Once the (400) plane-oriented crystals are formed on the Au interlayer,
the film would grow preferentially using the firstly formed (400) plane-
oriented crystals as seed [26,27]. Since the ITO films grown at RT do
not have sufficient activation energy for the Sn to substitute at the In
sites, many of the Sn*? cations sit in the films as an interstitial ion
which leads to a higher interplanar spacing [28,29]. Therefore, 26 shifts
to lower values according to Bragg's law. Increasing interplanar spacing
suggests elongation of unit cell along the a-axis of ITO which might
result in the buildup of in-plane compressive stresses. Au (111) peak is
obvious for the bilayer sample which consists 3 s Au deposition onto
ITO layer without a top coat as indicated in Fig. 1 (a) (JCPDS File No.
04-0784). The broadening of the Au (111) peak might indicate that the
deposited Au was in the form of nanoparticles, instead of a continuous
film. Although the deposition duration of Au was short, the intensity of
(111) peak of Au was stronger than ITO (222) plane. Relatively low
intensity of ITO (222) plane was ascribed to the low crystallinity of the
film, as it was deposited on polished PC at RT without a subsequent
thermal annealing. Fig. 1 (b) shows that double layer deposition of ITO
for 7 min, without an Au interlayer, also resulted in a low crystallinity.
Nevertheless, (222) plane of ITO had a higher intensity when compared
to the sample 7-3-0. Furthermore, ITO (440) plane also appeared as
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Fig. 5. Conductivity, carrier concentration and carrier mobility of thin films deposited onto SLG with respect to (a) Au deposition time, (b) ITO deposition time and
temperature dependence of sheet resistance of thin films deposited on PC by changing (c) Au deposition time and (d) ITO deposition time.

indicated in Fig. 1 (b). The crystallinity increased due to thickening of
the film with the deposition of top ITO layer which has a partial crys-
talline structure. Bilayer ITO deposited on PC without Au interlayer was
observed to orient through [111] direction.

Fig. 1 (c) depicts the XRD pattern of 7-3-7 with an Au deposition of
3s. Crystallinity of ITO top layer considerably improved with the pre-
sence of Au. The intensity of (222) plane of ITO decreased rapidly.
Further increase of Au deposition time to 11 s slightly enhanced
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crystallinity as shown in the XRD pattern of 7-11-7 in Fig. 1 (d). It
should be noted that Au (111) peak is not clear in Fig. 1 (c) and (d)
because of the very high intensities of ITO peaks as a result of increased
crystallinity. The presence of Au (111) plane was clear upon closer
inspection of the related part of the diffractograms. As the Au deposi-
tion time increased to 15 s, the (111) peak of Au became visible and ITO
(400) and (622) peaks sharpened as can be seen in Fig. 1 (e).

SIMS analysis was conducted to investigate the elemental
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Table 2
Highest optical transmittance (Tmayx) and electrical properties of films deposited
on SLG.

Coding Tpax at Conductivity Carrier Carrier Sheet
550 nm (S/cm) mobility concentration resistance
(%) (ecm?/V-s)  (cm™3) (ohm/sq)
7-0-7 83.4 1165 14.68 5.10x10%° 83.27
7-3-7  81.0 1203 20.77 4.12x10%° 72.90
7-7-7 79.1 1750 15.24 8.31x10%° 49.25
7-11-7  81.6 2351 11.74 1.25x10% 35.29
7-13-7 824 3143 9.67 2.03x10% 27.07
7-15-7  84.6 3964 8.84 2.80x10% 20.68
7-17-7  82.4 5391 8.41 4.00x10%* 14.77
6-15-6 81.3 4308 7.88 3.40x10% 22,13
8-15-8 832 3842 9.59 2.50x10%! 18.46

distribution along the vertical path of the multilayers. SIMS depth
profiles of samples 7-3-7 and 7-15-7 are shown in Fig. 2. As can be seen,
the main elements of the ITO layers are In and Sn, the distribution of
the two elements was uniform in the vertical direction. On the other
hand, Au content increased quickly at a depth of around 50 nm as
shown in Fig. 2 (a) and (b), which indicated the end of first ITO layer,
and the beginning of Au interlayer. There is no significant interfacial
reaction or diffusion between ITO and Au layers as the films were de-
posited at RT. It is found from Fig. 2 that Sn signal was much weaker in
the spectrum of sample 7-3-7 than that of sample 7-15-7. Although the
deposition times were equal, the presence of higher amounts of Au
probably eased the deposition of Sn and increased its amount in the top
ITO film. In line with the expectation, the area under the Au peak was
greater in the sample 7-15-7 compared to 7-3-7 when the background is
excluded.

Fig. 3 shows cross section and surface FESEM analyses of the films
deposited onto SLG without additional coating. The representative
FESEM cross section images given in Fig. 3 (a)-(c), showed that the
thickness of the deposited films was uniform. Although the deposition
was conducted at RT, the films did not delaminate during cutting. As
expected, the interlayer could not be identified due to the limited de-
tection of FESEM analysis. Yet, the thickness measurement on FESEM
image was in good accordance with the surface profilometer result of
sample 7-7-7, as shown in Fig. 3 (a) and given in Table S2.

Furthermore, the films exhibited a smooth surface morphology
without any observable defects and/or cracks. Some lighter grains were
monitored in the surface morphology of sample 7-7-7 and 7-15-7 as can
be seen in Fig. 3 (d) and (e). The lighter grains are possibly the first
crystallized grains during deposition. Moreover, no grain growth is
identified in the FESEM image of sample 8-15-8 as shown in Fig. 3 (e).
Fig. 3 (g) and Fig. 3 (h) show the HRTEM images of sample 6-15-6 at
different magnifications. EDX spectrum taken during TEM is shown in
Fig. S2. Thickness of the Au layer, in-between the ITO layers, was about
9 nm as indicated in Fig. 3 (h). The high-magnification TEM image in
Fig. 3 (i), represented that the (400) lattice fringes of 2.57 A period
were parallel to the longitudinal axis of the top ITO layer. This means
that the top ITO layer grew along the (400) plane, confirming pre-
viously shown XRD results.

Fig. 4 shows the representative TM-AFM 2D and 3D topography
images (10 um X 10 pm) of the representative samples. RMS roughness
values ranging between 1 and 3 nm were calculated by processing AFM
topography images. Fig. 4 (a) shows the 2D and 3D topography of
sample 7-7-7. The highest RMS (2.27 nm) was calculated for this
sample and this may indicate the formation of Au aggregates among the
ITO layers. Au deposition is challenging due to its tendency to form
islands instead of a continuous film. It is previously reported that the
gold particles form disconnected island due to their surface diffusion in
the early stages of the gold deposition by different fabrication methods
[17]. The sizes of islands increase and then they coalesce to form a
network by continued deposition. A cross section TEM image of sample
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7-7-7 marking an Au aggregate is given in Fig. S3. Moreover, delami-
nation of sandwich structure during FIB litography was observed in
sample 7-7-7 probably due to inhomogeneous Au deposition as shown
in Fig. S3. On the other hand, sample 7-11-7 showed the lowest RMS
with 1.05 nm as depicted in Fig. 4 (b) which might indicate the for-
mation of the interlayer film. Increasing the deposition time of Au
caused higher roughness (1.53 nm) as evident in Fig. 4 (c) for 7-15-7.
Fig. 4 (d) depicts topography of sample 8-15-8. The RMS roughness
increased to 1.92 nm by increasing ITO deposition time. The roughness
results obtained by AFM analyses were close to those given in literature
[30,31] but slightly higher. Higher RMS roughness might be related to
DC magnetron sputtering method used in this study instead of RF [29].
RT deposition and preferential orientation along (100) plane also con-
tributes to roughness [32].

The electrical properties of D/M/D films are vital regarding to their
EMI shielding behavior as well as optical performance. In general, the
electrical conductivity of ITO films depends on the carrier mobility and
the carrier density, which are mainly determined by oxygen vacancies
or concentration of substituted Sn** on In" sites [30]. Variation of
electrical conductivity, carrier concentration and carrier mobility with
respect to the deposition times of Au and ITO onto SLG are given in
Fig. 5 (a) and (b), respectively. All results that were calculated using the
PPMS data are listed in Table 2. Sheet resistance was found to decrease
by increasing both Au and ITO deposition time. Although carrier con-
centration decreased in sample 7-3-7 when compared to 7-0-7, it started
to increase by further increasing of Au sputtering time.

Decrease of the charge carrier concentration with the first Au in-
sertion is probably related to the increasing crystallinity of top layer.
The introduced of Au interlayer behaved as nucleation sites for well-
crystalline ITO deposition. Defects inside the relatively amorphous 7-0-
7 may provide higher amount of carrier concentration [33] and short
deposition time (3s) resulting in very small amount of Au inside the film
may not contribute to carrier concentration effectively. Furthermore,
preferential orientation of ITO through (100) plane after Au insertion
may be effective on the decrease of carrier concentration. Thilakan
et al. [34] suggested that (100) plane-oriented ITO films had better
conductivity and carrier mobility compared to (111) plane-oriented
films. Similarly, carrier mobility decreased with the increase in Au
deposition time with the same exception. Since higher carrier con-
centration results in lower mobility and vice versa, sample 7-0-7 had
lower mobility compared to 7-3-7.

Upon further increase of Au deposition, carrier mobility decreased
sharply. The sharp decline of mobility may be related to the interface
formation as well as increased charge carrier concentration. Decreasing
rate of mobility slowed down after 11 s Au deposition, at which the film
probably transited to bulk structure after completion of continuous film
formation [15]. Moreover, the increase of ITO deposition time leads to
a decrease in charge carrier concentration by decreasing Au proportion
in the D/M/D films. Carrier mobility increases by increasing deposition
time of ITO due to increase of bulk structure as well as reduced carrier
concentration. As the decrease of charge carrier concentration was
slightly higher compared to the increase of mobility, conductivity
gently decreased as indicated in Fig. 5 (b). Fig. 5 (c¢) and (d) show
variation of sheet resistance of D/M/D films deposited on PC substrate
with temperature in the range between 240 and 300 K. It was found
that sheet resistance variation of multilayer D/M/D films was negligible
between 240 and 300 K. Sheet resistance distribution of single layer ITO
film along the surface of PC substrate is also given in Fig. S4.

Fig. 6 (a) and (b) demonstrate the optical transmittance of re-
presentative D/M/D films deposited onto SLG and PC substrates, re-
spectively. Transmittance was analyzed at RT in the 200-2500 nm
wavelength range. Visible light transmittance graphs from 400 to
700 nm are also given as inset images in Fig. 6. Overall transmittance at
550 nm is given in Table 2. Optical transmittance enhanced by in-
creasing ITO deposition time which improved the degree of crystal-
linity. Intercalation of Au layer decreased the transparency as indicated
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Fig. 6. Representative optical transmission spectra of D/M/D films deposited onto (a) SLG and (b) PC.

in Table 2. Several studies suggested that below a particular thickness
of metal layer (Ag, Au, etc.), D/M/D multilayer films show fairly high
sheet resistance and low optical transmittance due to unconnected
metal islands and severe scattering due to these islands [22,35]. As-
deposited multilayer films containing a gold interlayer with a deposi-
tion time of 15 s had the highest optical transmittance value, 84.6, as
shown in Fig. 6 (b). The transparency at 550 nm decreased to 82.5%
with further increase of Au deposition time. Although morphological
and electrical characterization suggested well-connected film formation
in sample 7-11-7, further increase of Au deposition time resulted in

higher transparency at 550 nm. Optical analyses indicated that con-
tinuous film formation with the highest transmittance and lowest
scattering obtained at Au deposition time of 15 s. In general, surface
plasmonics on the Au film causes reflectance of light [31]. However, D/
M/D structure with continuous metal film transmits visible light more
than the bi-layer film of ITO as given in Table 2. Optical transmittance
first increased and then decreased by increasing ITO deposition time as
shown in Fig. 6. It is known that optical transmittance is strongly re-
lated to the charge carrier concentration [36]. Accordingly, higher
amount of carrier concentration in sample 6-15-6 lead to a lower optical
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Fig. 7. (a) Measured EMI SE values of representative samples and (b) Measured and simulated S»; values of the samples. M: Measured and C: Calculated.

Table 3

Measured and simulated average EMI SE of samples between 8 and 12 GHz and highest optical transmittance of D/M/D films deposited on PC substrate.

Sample Simulated EMI SE (dB) Simulated S,; (dB) Measured S,; (dB) Measured EMI SE (dB) Power Attenuation % Tmax at 550 nm (%)
7-0-7 20.3 -10.3 -9.1 19.2 98.8 70.8
7-11-7 24.1 —-16.0 -12.9 22.2 99.4 69.2
7-15-7 26.1 -20.1 -18.3 25.2 99.7 71.2
7-17-7 27.2 —22.8 -21.8 26.8 99.8 69.6
6-15-6 25.8 —-19.5 —-16.4 24.3 99.6 68.0
8-15-8 26.5 -21.0 -21.7 26.1 99.8 70.3

transmittance. Maximum optical transmittance (Tp,.,) was achieved by
sample 7-15-7 as indicated in Fig. 6. Further increase of ITO deposition
is found to decrease transparency due to thickening of the ITO film (see
Table S2). The optical transparency order of samples at 550 nm did not
change for PC and glass substrates. Nevertheless, the transparency va-
lues and overall transparency changed noticeably in different sub-
strates.

EMI SE of the prepared D/M/D films were measured between 8 and
12 GHz, as shown in Fig. 7 (a) and Table 3. It is evident from the figure
that as-prepared D/M/D films provided an efficient shielding in the
widely used X-band. The primary mechanism of EMI shielding was
reflection of radiation through the mobile charge carriers (electrons
and/or holes). Moreover, a second mechanism was the absorption by
the electric and/or magnetic dipole of shielding materials.

ITO has a relatively low dielectric constant for the absorption of
radiation. EMI shielding performance of ITO is known to be strongly
depending on the sheet resistance and charge carrier concentration
[37]. Moreover, multiple internal reflections are often neglected when
EMI SE is more than 15 dB. From the above reasons, reflection is the
dominant factor on the EMI shielding performances of D/M/D films,
and therefore, they can be used in transparent EMI shielding applica-
tions by proper control of the electrical properties. As shown in Table 3,
Sample 7-17-7 with the lowest R and the highest charge carrier con-
centration, as well as the best conductivity showed excellent EMI
shielding performance approaching to 27 dB, which performed 99.8%
power attenuation. Moreover, EMI shielding performance was found to
decrease by increasing R; for all of the conditions tested. When the ITO
content is constant, EMI shielding performance tended to increase with
carrier concentration as can be seen in Table 3, where adding more Au
resulted in better shielding. On the other hand, R seemed to govern the
shielding behavior for varying ITO thicknesses, rather than carrier
concentration. For instance, although 7-15-7 possessed higher carrier
concentration, 8-15-8 yielded better shielding, thanks to its lower R;
value. Likewise, the lowest EMI SE was measured with sample 7-0-7

496

which possessed the highest R and the lowest conductivity. The results
strongly indicated the importance of sheet resistance on the EMI
shielding performance of sandwich structures.

Finally, measured S,; parameters were compared with the theore-
tically calculated S; values in the range of 8-12 GHz using commercial
CST microwave software as depicted in Fig. 7 (b). Normally, a linear So;
and EMI SE data are expected through the frequency range in the case
of a smooth thin film, which was the case for simulated data as shown
in Fig. 7 (b). There is a negligible noise in the measured plots and the
difference between the simulated and measured ones was inherently
caused by the mismatch in connectors and natural behavior of electrical
switching mechanism and harmonics [38]. The higher deviation of
measurement for 7-11-7 from the simulation might have been caused
by incomplete Au layer due to shorter deposition time.

4. Conclusions

D/M/D sandwich coatings, which greatly relieves the trade-off be-
tween visible light transparency and EMI shielding, were successfully
prepared by magnetron sputtering. Unlike most of the previous studies,
the sputtering was conducted in the absence of substrate heating as PC
substrates were used to converge industrial application. It was found
that the presence of the metal interlayer improved the electrical con-
ductivity and the optical transparency significantly by tailoring crys-
tallinity and morphology of the film. Moreover, we report that even
discontinuous Au interlayer in island-like structure, greatly improved
ITO crystallinity. On the other hand, preferential orientation through
(400) caused by intercalation of Au did not influence the electrical
properties of the D/M/D film. By optimizing the gold deposition time,
the sample with the best optical transparency was obtained at 15 s
deposition duration. In addition, deposition time of ITO was optimized
for the lowest sheet resistance without causing a significant decrease of
the carrier mobility. The EMI SE results of both measured and simulated
data showed power attenuation values ranging between 98.8 and
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99.8%. Overall, the ITO/Au/ITO sandwich films deposited on PC sub-
strate possessed successful EMI shielding results. We believe develop-
ment of novel robust films with higher conductivity and transparency
can make significant scientific contributions to EMI shielding studies in
the future.
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