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In this study, we designed and fabricated optical materials consisting of alternating ITO and Ag layers. This approach
is considered to be a promising way to obtain a light-weight, ultrathin and transparent shielding medium, which not only
transmits visible light but also inhibits the transmission of microwaves, despite the fact that the total thickness of the Ag
film is much larger than the skin depth in the visible range and less than that in the microwave region. Theoretical results
suggest that a high dielectric/metal thickness ratio can enhance the broadband and improve the transmittance in the optical
range. Accordingly, the central wavelength was found to be red-shifted with increasing dielectric/metal thickness ratio. A
physical mechanism behind the controlling transmission of visible light is also proposed. Meanwhile, the electromagnetic
shielding effectiveness of the prepared structures was found to exceed 40 dB in the range from 0.1 GHz to 18 GHz, even
reaching up to 70 dB at 0.1 GHz, which is far higher than that of a single ITO film of the same thickness.

Keywords: transparent shields, electromagnetic shielding effectiveness, optical transmittance, metal–
dielectric periodic structure
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1. Introduction

Transparent shields (TS) have attracted great attention
due to their promising applications, e.g., in personal electronic
devices and the avionics aboard aircrafts and airplanes.[1,2]

Such screens have been used as shields against electromag-
netic interference (EMI) in the radio frequency range.[3,4] Yet
it still remains difficult to achieve desirable results. For in-
stance, metallic meshes may be bulky and heavy. In compari-
son, ITO films are relatively cheap and allow for a high trans-
mittance in the visible range, but their shielding effectiveness
(SE) against EMI is rather poor, which is 20 dB at 18 GHz.[5]

At the same time, dielectric/metal/dielectric multilayers have
also been extensively studied because they allow us to com-
bine a high transparency with a good electrical conductivity.
Such coatings have mainly been used for the fabrication of
displays and solar energy control glasses.[6–8]

One-dimensional metal–dielectric photonic band gap (1D
MD PBG) materials consisting of alternating metal and di-
electric layers have been studied by a number of research
groups.[9–14] The main characteristics of such structures are as
follows: some wavelength ranges are mostly reflected, giving
rise to the so-called band gaps, while other wavelength ranges
are transmitted well due to the existence of pass bands.[15,16]

Both the location and the width of the gap generally depend
on the size of a unit, the index contrast, and the components’
thickness ratio.[17,18] It has been shown that the presence of
a 1D MD PBG can enhance the total optical transmittance,
and as a result, those structures have been described as “trans-
parent metals”.[19] Meanwhile, it has been demonstrated that
the total reflection can be improved by inserting metal layers
into a general dielectric photonic crystal.[14–16] Furthermore,
it was reported that the SE of 1D MD PBG materials can ex-
ceed 40 dB in 30-kHz range to 1000-MHz range.[20] In this
paper, we report an even better SE higher than 40 dB in the
range from 0.1 GHz to 18 GHz, and it is able to reach values
higher than 70 dB at 0.1 GHz. We hope to reveal the regu-
lation mechanism for adjusting the optical performance and
achieving a high SE of 1D MD PBG materials. So as to distin-
guish the difference between monolayer Ag film and the 1D
MD PBG structure, the optical properties of monolayer Ag
film was measured as well.

2. Fabrication and characterization of the 1D
MD PBG structure

In this work, 1D MD PBG material consists of alternat-
ing ITO and Ag layers, with the structure being periodic in
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the z direction and uniform in the x and y directions, as shown
in Fig. 1. A unit is composed by adjacent ITO and Ag layer.
ITO film was made to be the topmost layer to protect the Ag
from oxidation. Here η represents the film thickness ratio of
each layer of the Ag film (d2) to the ITO film (d1), as given by
Eq. (1).

η = d2/d1. (1)
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Fig. 1. (color online) Structure of 1D MD PBG.

The films of ITO and Ag were sequentially deposited on
glass substrates by magnetron sputtering. The system can
automatically deposit 18 layers without destroying the vac-
uum. Prior to the deposition, the substrates were ultrasonically
cleaned in acetone (CP). Then, the substrates were rinsed with
deionized water (18 MΩ·cm) and baked at 300 ◦C in vacuum.
The size of the substrate surface was 500 mm×400 mm. Be-
fore sputtering, the substrates were transported from the load-
ing chamber to the sputtering chamber via the substrate holder.
Both the ITO target (10-wt.% SnO2-doped In2O3) and the Ag
target (99.99% purity) had a surface area of 610 mm×128 mm.
The targets were fixed and the substrates were moved in front
of the target during the sputtering process. The target-to-
substrate distance was 140 mm. The ITO films were de-
posited at a power of 1500 W by DC magnetron sputtering
and the Ag layers were sputtered at 350 W via radio fre-
quency sputtering, respectively. During the deposition of the
ITO films, the argon (99.995% purity) and oxygen (99.995%
purity) flow rates were adjusted to 50 sccm and 1 sccm, re-
spectively. In order to prevent an oxidation of the Ag films,
the Ag films were deposited under argon atmosphere at a flow
rate of 50 sccm. The base pressure was about 10−3 Pa and
the working pressure was 0.67 Pa. The ITO and Ag growth
rates were 2.5 nm/s and 2.0 nm/s, respectively. The growth
rates were obtained by dividing the film thickness by the cor-
responding growth time, with the thickness measured using
an ellipsometer (SENTECH SE8000dv-PV) and the growth
time being controlled through the movement speed of the sub-
strate holder. After fabricating the 1D MD PBG samples, the

transmittance spectra of which in the UV-visible range from
300 nm to 800 nm were measured using a spectrophotometer
(Shimadzu UV-310) with a resolution of 1nm. Furthermore,
x-ray diffraction (XRD) measurements were carried out over
the 2θ range from 10◦ to 70◦, with a step size of 0.05◦ and a
scanning speed of 3◦·min−1, using a Bruker D8 x-ray diffrac-
tometer (theta-theta geometry). The surface morphology of
1D MD PBG samples was studied by scanning electron mi-
croscopy (SEM Hitachi SU3500). Accordingly, the SE was
characterized utilizing the shielding chamber method with a
screen size of 295 mm×165 mm. SE of a medium is defined
as follows:

SE(dB) = A1−A2, (2)

where A1 denotes the attenuation coefficient at a certain power
when the characterized medium is not installed in the shield-
ing chamber, which is composed of metal sheets, whereas A2

denotes the attenuation coefficient measured in the shielding
chamber in the case that the characterized medium is installed.
The difference between the measured and the standard value
was found to be less than ±4 dB. For the characterization pro-
cess, a radio frequency (SMT02) and a microwave signal gen-
erator (SMR40) were used. Additionally, a spectrum analyzer
(E4440A), a double cone, and a horn antenna (HK110, HL223,
and HF906) were also used.

The optical performance was investigated by means of fi-
nite difference time domain (FDTD) simulation.[21] For the
Ag films, the frequency dispersion of which was obtained via
a modified Drude model as follows:

εm = ε
′+ ε

′′ = ε∞−ω
2
p/(ω

2 +Γ
2)

+ iω2
pΓ /[ω(ω2 +Γ

2)], (3)

where ε ′ and ε ′′ represent the real and the imaginary part
of the permittivity of the Ag films, respectively. The values
for the plasmon frequency (ωp = 14.0× 1015 rad/s) and the
damping constant (Γ = 0.032× 1015/s) were taken from the
literature.[22] The empirical values of ε∞ for silver are about
5 which is a sum or integral value after taking all pertinent
transitions into account.[22] Additionally, the refractive index
of ITO films was determined to be 1.7702 using a SENTECH
SE8000dv-PV ellipsometer. In the visible wavelength range,
the imaginary part of permittivity of the ITO film is so small
that it can be ignored. For the simulations, the refractive in-
dex of the substrate was set to be approximately 1.52 for a
wide optical range. The permeability of Ag and ITO films was
treated as being constant (µ1 = µ2 = 1). The parameters used
during the simulations for all samples are listed in Table 1.
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Table 1. Parameters of different samples.

Samples Periods Structures d1/nm d2/nm η (d2/d1)

#1 – Ag 0 5 –
#2 – Ag 0 14 –
#3 – Ag 0 22 –
#4 3.5 (ITO/Ag)3/ITO 60 15 1:4
#5 4.5 (ITO/Ag)4/ITO 60 15 1:4
#6 5.5 (ITO/Ag)5/ITO 60 15 1:4
#7 – ITO 300 – –
#8 3.5 (ITO/Ag)3/ITO 80 20 1:4

3. Results and discussion
3.1. Sample structure and morphology

The SEM micrographs and XRD patterns obtained for the
prepared 1D MD PBG structure consisting of 3.5 periods of
Ag and ITO (sample #4) are shown in Fig. 2. As is shown in
the figure, the surfaces of Ag and ITO films are smooth and
the grains are relatively compact and small. In our work, the
size of Ag particles was typically larger than 100 nm due to
thermal diffusion when the deposition temperature was higher
than 100 ◦C for the same structure with sample #4. This is why
the sample was not deliberately heated during the deposition
process. The size of Ag grains in sample #4 is about 20 nm to
50 nm, which is clearly larger than that of ITO grains. This dif-
ference should be due to three dimensional growth mode of the
Ag grains.[23] The observed diffraction peaks in the XRD pat-
tern correspond to the (211), (222), (400), (411), (440), (611),
and (622) planes of the ITO phase. The Ag diffraction peak
was broad and weak. Both the films of Ag and ITO showed a
crystalline structure.
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Fig. 2. SEM images of Ag films (a) and ITO films included in #4 sample
and XRD (c) corresponding to sample 4.

3.2. Optical characterization

Next, the optical characteristics of the Ag films and the
1D MD PBG structure were investigated. The experimentally
obtained optical transmittances of the Ag films with the thick-
nesses of 5 nm, 14 nm, and 22 nm are presented in Fig. 3. Ob-
viously, the transmittance is approaching zero below 320 nm
for band-to-band transition. It suddenly reaches its maximum
at nearly 320 nm and then dramatically decreases. The thicker
the Ag films, the faster the drop of the transmission line with
increasing wavelength. One can see clearly the transparent
range is hardly adjusted.
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Fig. 3. (color online) The transmission of monolayer Ag films with
thickness 5 (#1), 14 (#2), and 22 nm (#3), respectively.

The transmission was simulated by FDTD in the range
from 400 nm to 800 nm for 1D MD PBG structure consist-
ing of 3.5 periods. Keeping the thickness of the Ag films at
20 nm, the thickness of each of the ITO layers was varied
from 10 nm to 100 nm and thus η was changed from 1:5 to
2:1. As shown in Fig. 4, the central wavelength of the trans-
mission spectrum red-shifts with η decreasing. In order to
further demonstrate the influence of η on the optical perfor-
mance, the transmissions of multiple samples were simulated
for η fixed at 1:1, 1:2, 1:3, and 1:4, respectively, which cor-
responds to central wavelengths of lower 400 nm, 410 nm,
475 nm, and 510 nm. The width of the transmission peak
remarkably broadened with the ITO film thickness increas-
ing. However, compared to the simulated transmittance of 1D
MD PBG sample containing the 40-nm ITO films which is
not given in the paper, it was found that, once the thickness
of the ITO layers exceeds 60 nm, two transmission peaks ap-
pear, which is in good agreement with previous results and is
due to the traveling wave interference across the multilayers
structure.[24,25] The maximum transmission can nearly reach
up to 100% due to the enhancement of the transmission caused
by the strong coupling between the waveguide mode and the
surface plasmon, when 1D MD PBG structure behaves as a
waveguide.[26]
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Fig. 4. (color online) Optical transmittance spectra of 1D MD PBG as
a function of d1 when d2 = 20 nm (a), transmission spectra of cases for
d1 = 20 nm, 40 nm, 60 nm, and 80 nm when maintain d2 being 20 nm (b).
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Fig. 5. (color online) Optical transmittance spectra of 1D MD PBG as
function of d2 when d1 = 60 nm.

To further investigate the effect of η on the optical per-
formance of 1D MD PBG structure, the thickness of the Ag
layers was varied from 10 nm to 15 nm to 20 nm, while the
thickness of the ITO layers was fixed at 60 nm, again with
3.5 pairs. Here, η is equal to 1:2, 1:3, and 1:4, respectively.
Compared to Fig. 4, the second peak has clearly disappeared
and there is only one peak in Fig. 5. This further suggests that
the existence of two peaks is due to the thicker ITO films. A
similar regulation mechanism was found, i.e., a redshift of the
central wavelength and a widening of the spectrum with η de-
creasing. Moreover, the transmittance was found to increase
with η decreasing, and the transmittance can reach more than

98% despite the fact that the total thickness of the Ag film is
much thicker than the skin depth (5 nm to 6 nm) in the optical
range.

When comparing the experimental and simulation results
obtained for sample #4, one can clearly see that the measured
central wavelength is in good agreement with the theoretical
results, as shown in Fig. 6(a). However, the experimental opti-
cal transmission intensity is far lower than that of the intensity
simulated by FDTD. This may be attributed to two reasons.
First, there may be a larger surface plasmon resonance absorp-
tion induced by the rough Ag film. Second, the small thickness
of the Ag film might have induced a higher optical absorption.
During FDTD simulation, the frequency dispersion of Ag was
obtained through a modified Drude model (Eq. (2)), in which
the damping parameter Γ is considered to be constant. How-
ever, in practice, Γ is not a constant but obviously increases
when the thickness of the metal film is lower than a few tens
of nanometers.[22] In the optical range, the value of ω is far
larger than that of Γ . Thus, according to Eq. (4), the imagi-
nary part of ε ′′ is proportional to Γ

ε
′′ = iω2

pΓ /[ω(ω2 +Γ
2)]≈ iω2

pΓ /ω
3. (4)

The fixed value of Γ , however, is no longer valid when
the thickness of the metal film is below a few tens of nanome-
ters. Γ is a collision rate related to the electron mean free path
l in the metal. For a metal nanostructure, the effective mean
free path l1 is reduced according to the following Eq. (5)[22]

1/l1 = 1/l +1/R. (5)

Here, R represents the thickness of the metal films. Then the
nanostructure damping parameter Γ1 that considers the size ef-
fect can be written as

Γ1 = Γ +a(νF/R), (6)

where a is of the order of one and depends on the specific
geometry and some other factors, and vF is the Fermi velocity.
According to Eq. (4), therefore, because Γ1 is much larger than
Γ as indicated in Eq. (6), the magnitude of ε ′′ is substantially
larger than the corresponding bulk value when the thickness of
the metal film is of the order of tens of nanometers or smaller.
Larger losses will be induced due to the larger magnitude of
ε ′′. However, the magnitude of ε ′ only slightly differs from
the value for the bulk metal because the real part of the dielec-
tric function ε ′ is only marginally related to the damping con-
stant. Thus, the central wavelength slightly changes, whereas
the transmission intensity drastically decreases. Samples #4,
#5, and #6 correspond to 3.5, 4.5, and 5.5 periods of the pre-
pared 1D MD PBG structure with an η of 1/4, as shown in
Fig. 6(b). The measured central wavelength corresponds to
496 nm, 502 nm, and 530 nm, respectively, and the transmis-
sion width slightly broadens. Interestingly, the transmittance
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of the 1D MD PBG structure increases and then decreases with
the number of periods, as shown in Fig. 6(b).
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Fig. 6. (color online) Experimental and simulated optical transmittance
spectra of #4 (a), and optical transmittance spectra of #4, #5, and #6 (b).

3.3. Shielding effectiveness

In a study based on the experiment, the period of 1D MD
PBG structure is 3.5 by selecting when sufficient shielding ef-
fect has been obtained.[27] In order to obtain a high SE, the in-
fluence of η on the SE was also investigated. The experimental
data are shown in Fig. 7. The thickness of the ITO films was
maintained at 40 nm, while η was varied from 1/4 to 1/3 and
1/2, respectively. The SE can obviously be increased at each
frequency by increasing the value of η , as illustrated in Fig. 7.
Most notably, SE could be improved from 40 dB to 65 dB at
3 GHz by increasing the value of η . It is a remarkable fact that
the SE can reach values higher than 40 dB in the range from
0.03 GHz to 18 GHz and even reach 70 dB at 0.1 GHz when
η is equal to 1:2. Commonly, in order to obtain a good SE,
the thickness of the shielding medium must exceed the skin
depth.[28] However, in our work, a perfect SE was obtained
despite the fact that the total metal thickness was only several
hundred nanometers, which is far thinner than the skin depth
in the microwave range. We also investigated SE of a 1D MD
PBG structure consisting of a 20-nm Ag film and found that
the SE was not enhanced but instead decreased when the thick-
ness of the ITO films was increased. Apparently, a high metal
proportion is beneficial for improving SE. The phenomenon is

due to the fact that the sign of εx or εy is opposite to that of the
air permittivity at radio frequency. Here, εx and εy denote the
effective permittivity in the directions that are parallel to 1D
MD PBG structure. A larger η is associated with a larger ab-
solute value of negative εx and εy. Then SE is enhanced with
the increasing η .
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Fig. 7. (color online) SE of samples with d1 = 1/4, 1/3, and 1/2 when
maintaining d1 being 40 nm.
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Fig. 8. (color online) SE of ID-PBG (#8) and ITO films (#7) with thick-
ness of 300 nm.

Compared to single ITO films of the same thickness,
which are extensively used as transparent shields, the SE can
be significantly improved over a wide frequency range from
0.03 GHz to 18 GHz when using the proposed 1D MD PBG
structure, as shown in Fig. 8. For instance, SE can be im-
proved to 50 dB from 20 dB at 1.5 GHz. Clearly, the fabri-
cating 1D MD PBG structures is a very promising approach to
obtain a light-weight and ultrathin shielding medium. As pre-
viously reported, better shielding or reflection performances
can be achieved by inserting a very thin metal layer between
two ITO films.[20] The very thin metal layer can reduce the
coating sheet resistance by short-circuiting.

3.4. Mechanism for tuning the optical performance

In this section, the mechanism for adjusting the opti-
cal performance will be discussed. When the thickness of
each layer is sufficiently thinner than the incident wavelength,
the 1D MD PBG structure can be described as homogeneous
and having isotropic permittivity and permeability parameters.
The whole system then could be treated as a single anisotropic
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medium with the permeability being equal to one and a per-
mittivity as described below.[29,30] The permittivity of the ITO
and the Ag films is defined as εd and εm, respectively, and can
be calculated as follows:

εx = εy =
εd +ηεm

1+η
, (7a)

1
εz

=
1

1+η

(
1
εd

+
η

εm

)
, (7b)

where x and y represent the directions parallel to the one-
dimensional photonic crystal, respectively, and z represents the
direction perpendicular to the surface of the photonic crystal.
According to Eqs. (7a) and (7b), εx and εz were calculated, as
shown in Fig. 9, where the sign of εz is always positive in the
range from 400 nm to 800 nm, whereas the value of εx sig-
nificantly decreases with increasing wavelength, and the sign
becomes negative at a certain wavelength (450 nm when η is

1:2). As is well known, a positive value of εx is necessary
for achieving a higher transmittance, and the optical reflectiv-
ity becomes larger and optical transmission will be inhibited
for negative values of εx. Then, the transmission bandwidth,
corresponding to the optical range with positive εx, as indi-
cated by the gray section in Fig. 9, will become broader. The
optical performance can be regulated by varying the structure
analogously to FDTD simulations. When εx is equal to 1, the
transmittance likely attains its maximum because of the low
reflectivity, which is caused by impedance matching. There-
fore, the wavelength corresponding to the maximum transmit-
tance was determined to be 434 nm and 476 nm for η of 1:3
and 1:4, respectively, as shown in Fig. 9. Correspondingly, as
shown in Fig. 5, the central wavelength simulated by FDTD
was 469 nm and 482 nm, respectively. The difference between
the theoretical and simulated results is acceptable.
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Fig. 9. (color online) Real and imaginary parts of the effective permittivity for thickness ratios of 1:1, 1:2, 1:3, and 1:4.

Additionally, when the incident light wave reaches 1D
MD PBG structure, the energy flow vector 𝑆0 no longer has
the same direction as the phase vector 𝑘0, and the angle be-
tween them is denoted by α . As a result, the energy flowing in
the z direction is a function of cosα , as shown in Eq. (8).[31]

Here, n and c denote the medium’s refractive index and the
speed of light in vacuum, respectively.

w = (n/c)(𝐸×𝐻) ·𝑘0

= (n/2c) |𝑆|𝑆0 ·𝑘0 = (n/c) |𝑆|cosα. (8)

Generally, the angle between 𝑆0 and 𝑘0 is equal to that
between the displacement vector 𝐷 and the field vector 𝐸, as

shown in Fig. 10. It can clearly be seen from Eq. (8) that the
energy flowing in the z direction decreases as α increases.

According to Eq. (9), if the signs of εx, εy, and εz are all
positive, α increases along with the absolute value of εx–εz.
However, as shown in Fig. 9, the absolute value of εx–εz obvi-
ously decreases with η increasing.D1

D2
D3

=

∣∣∣∣∣∣
εx 0 0
0 εy 0
0 0 εz

∣∣∣∣∣∣
 E1

E2
E3

 . (9)

This is why a smaller value of η promotes a higher opti-
cal transmission. The results generally are in good agreement
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with FDTD simulation results shown in Fig. 5.

H

D

E

k0 VP

Vr

S0

α

α

Fig. 10. Relationship of 𝐸, 𝐷, 𝑆0, and 𝑘0.

4. Conclusions
In summary, we have designed and fabricated 1D MD

PBG structures with various ITO to Ag film thickness ratios.
The theoretical and simulated results suggested that a high
thickness ratio of the dielectric layers contributes to the en-
hancement of the transparency in the visible region. The trans-
mission band will slightly shift and broaden when gradually
increasing the thickness ratio of the dielectric layers. The de-
scribed mechanism clearly revealed that the transmission mag-
nitude is determined by the angle between the energy flow
vector 𝑆0 and the phase vector 𝑘0, which is determined by
the absolute value of εx–εz. Moreover, the absolute value of
εx–εz decreases as the thickness ratio of the metal/dielectric
layers increases. The optical transparent band is determined
by the bandwidth of the wavelength with positive εx. The cen-
tral wavelength corresponds to the wavelength with εx = 1.
Therefore, the optical transmission spectrum can be adjusted
by varying εx. The central wavelength obtained through the-
oretical calculations, experiment, and FDTD simulations are
all in good agreement. In addition, we observed that, when
the thickness of ITO films is larger than 60 nm, there are two
peaks in the transmission spectrum. Noticeably, SE was found
to increase with the thickness ratio of the Ag films, and it can
exceed 40 dB in the range from 0.1 GHz to 18 GHz and even
reach 70 dB at 0.1 GHz. We also demonstrated that SE of the
prepared 1D MD PBG structure is far superior to that of tra-
ditional ITO films. Thus, the 1D MD PBG structure is a good

approach to obtain an ultrathin and light-weight electromag-
netic shielding medium. The good invisibility performance in
microwave range associated with a good transmittance in visi-
ble range indicates a high application potential of the prepared
structures.
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