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Enhanced optical transmission based on the electric field enhancement
effect in a compact metal-dielectric doubleJayered films

ZHONG Min"

( Hezhou University Hezhou 542899 China)

Abstract: Transmission enhancement is simulated verification based on a non-hollowing double layer of metamate—

rial filter. The proposed structure contains a continuous metallic film covering on a continuous dielectric layer. The

simulated transmission is enhanced obviously comparing the single metal layer structure. Effects of the dielectric

layer thickness and the incident angle on the transmission enhancement are simulated verification. It is found that

the maximized transmittance enhancement is achieved when the thickness hl is 20nm. Moreover the proposed

compact metal-dielectric doubledayered films shows a stability of transmittance enhancement when the incident an—

gle reaches to 45° which can be applied in many potential fields due to its non-hollowing design strategy.
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Introduction

Metamaterials have many unique properties such as
negative permeability and permittivi—
ty '?  etc. Metamaterials are used in multiple fields
including sub-diffraction imaging optical black hole
and so on *7 . Among these applications metamaterial
filter is a research hotspot. Researchers have proposed a
series of ways to enhance the transmittance of metamate—
rial filters **' . Krishnan A experimental confirm the op—
tical transmission enhanced due to the interaction be—

refractive index

tween the incident light and surface plasmon modes "
Lanju L design and simulate a wideband band-pass tera—
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hertz filter based on stacking metal and material layers
alternately " . Lei W adopts a simplified design strategy
that designing and experimental preparing a low-pass fil-
ter in the terahertz regime with a single metal layer cover—
ing on a single chip " . In addition to optimizing the de—
sign strategy another way to improve the transmission
properties of metamaterial filters is to obtain impedance
matching " . These reported results indicate that adop-—
ting structured design strategies to enhance transmission
is a popular research method currently. However this
method always results in a complex targeted structure and
an increase in requirements of the production equipment

which is not conducive to large-scale production as well
as to reduce costs. On the other hand the unstructured
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design strategy is a novel but unconcerned research meth—
od. This unstructured design strategy is to stack thin dif-
ferent materials films together to form a multilayer film
structure. This structural design strategy has the follow—
ing advantages: ( a) the complicated production equip—
ment is not required ( b) mass production and ( ¢)
cost reduction. Therefore unstructured multilayer film
structure is worth studying.

In this paper a material unstructured filter is de—
signed and simulated. The proposed compact metal-die—
lectric double-ayered films contain two materials: a met—
al layer covers on a nonmetallic layer. It is found that the
transmission and absorption can be enhanced simultane—
ously comparing to single metal layer structure. This in—
dicates that the proposed compact metal-dielectric doub—
ledayered films show good high transmittance and con-—
ductivity simultaneously. This strategy only needs to cov—
er a thickness appropriating layer of a dielectric layer on
the metal layer that the transmittance enhanced effect is
achieved. Therefore the proposed compact metal-dielec—
tric double-ayered films can be applied in many fields
such as solar cells liquid crystal display light-emitting
diodes and so on.

1 Structural design and optimization

1.1 Structural design and theoretical model
The proposed compact metal-dielectric double-ay—
ered films are shown in Fig. 1( a) . A silver layer covers
on a glass substrate and a CaCOj, layer covers on the sil-
ver layer. Simulation is performed by the software An-—
soft’ s HFSS 12.0. The proposed compact metal-dielec—
tric doubledayered films structure is a continuous struc—
ture in the xox plane as shown in Fig. 1('a) . A number
of similar multilayer film structures have been repor—
ted '°*' . The silver layer thickness is “h,” the dielec—
tric layer thickness is “h,”
thickness is “h;”.
the compact metal-dielectric doubledayered films is
“P”. Moreover the thickness hl is an adjustable struc—
tural parameter in simulation. Four ideal boundaries are
applied in the unit cell of the proposed compact metal-di-
electric doubledayered films * . These ideal boundaries
ensure no electromagnetic wave energy between unit
cells. In simulation electromagnetic waves are incident
perpendicularly to the surface of the structure. Specific
structural parameters are given in Table 1. The silver
layer is following the Drude model ® . The simulated
transmission is achieved as:
(1)

Here A( A) is the simulated absorption rate while R
(A) is the simulated reflection rate. The single metal
layer structure is also simulated as shown in Fig. 1( b) .
For the single metal layer structure the maximum trans—
mittance is achieved (20%) at 407 nm while the simu—
lated absorption is reduced with wavelength as shown in
Fig. 1 ( ¢). Moreover the simulated reflection is in-
creased with wavelength and reached to 82% at 1 000
nm as shown in Fig. 1(¢). When a dielectric layer is
covered above the metal layer the optical property shows
a dramatic change. For the proposed structure the simu-—
lated transmission shows a peak (38%) at 502 nm as

and the glass substrate

In simulation the lattice constant of

shown in Fig. 1( d) . At the same time the simulated ab-
sorption shows a peak at the resonance wavelength 498
nm as shown in Fig. 1( d) . Synchronously the simula—
ted reflection achieves a valley near to zero ( 1%) at 498
nm. These results indicate that simulated transmission
and absorption are enhanced due to cover a dielectric
layer on the metal layer. Multilayer film is a material
with high application value. Most of multilayer films are
demonstrated to achieve high absorption loss at optical
frequencies ***” . However in order to obtain a high ab—
sorption rate such materials often require the deposition
of different types of films resulting in a complicated
structure and an increase in manufacturing cost. For ex—
ample Chenying Yang et al propose and measure an Ag/
Si/Cr/ TiO, multilayer films for angle robust color filte—
ring ® . Timothy D. Corrigan et al design a broadband
multilayer films absorber through stacking up to 21 layers
of film * . Mehdi Keshavarz Hedayati et al manufacture
an Au/SiO,/ nanocomposite multilayer films absorber
with a broad absorption band from 400 ~ 750 nm * .
Comparing these reported multilayer film structural mate—
rials the proposed multilayer films in this paper reveals
two characteristics: ( a) the proposed multilayer films
just consists of only two layers of material and the die—
lectric layer is a readily available and low cost material.
(b) The absorption and transmittance are simultaneously
enhanced.

Fig.1 (a) Three-dimensional image of the proposed compact
metal-dielectric double-ayered films. ( b) Three-dimensional
image of the single layered film. ( ¢) Transmission absorp—
tion and reflection of the single silver layer film. ( ¢) Trans—
mission absorption and reflection of the proposed compact
metal-dielectric double-dayered films. The green part is the Ca—
CO, layer. The yellow part is the metal layer. The gray part is
the glass substrate
1 (a) - . (b)
. (¢ . (¢

CaCo,

2 Simulation results and discussion

2.1 Physical mechanism
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Table 1 Dimensional parameters of the proposed double lay—
er structure
1
Parameters P h, h, hy
Value( nm) 100 8 34 40

To understand the physics behind the transmission
and absorption spectrum in Fig. 1( ¢c-d) simulated elec—
tric field profile of the proposed structure across all layers
is calculated as shown in Fig. 2. For research conven-
ience the electric field of the single metal layer structure
is also calculated as shown in Fig. 2(a). It can be
found that high value of electric field profile is achieved
on the surface of the metal layer. In order to measure the
electric field strength a test point is selected 2 nm below
the surface of the metal layer as shown in Fig. 2. The
single metal layer shows an obvious reflection on the met—
al layer surface at 508nm which indicates a standing
wave is achieved. However inside the metal layer the
electric field intensity is drastically weakened which in—
dicates that the transmission or absorption of the single
metal layer is low as shown in Fig.2( a) . For the pro—
posed structure four calculating wavelengths are selected
in simulation ( 465 nm 508 nm 560 nm and 800
nm) as shown in Fig. 2( b-e). For the calculating
wavelength at 465 nm a similar electric field distribution
is found on the surface of the dielectric layer. However
the electric field intensity at the testing point in Fig. 2
( b) is obviously higher than that in Fig.2( a) . Moreo—
ver strong electric field distribution is found inside the
dielectric and metal layers which implies that higher ab—
sorption and transmission are obtained in dielectric layer
and metal layer respectively. Moreover the electric
field distribution in the dielectric and metal layers is fur—
ther enhanced at wavelength 508 nm in Fig.2( ¢) which
results in the absorption and transmission peaks in Fig. 1
(d). However the electric field distribution in dielec—
tric and metal layers is reduced at wavelength 560 nm
and 800 nm in Fig. 2( d-¢) which leads to the absorp-
tion and transmission reduce in Fig. 1( d) . These results
in Fig. 1( ¢c-d) and Fig. 2( a-e) indicate that the pro—
posed compact metal-dielectric doubledayered films can
achieve higher transmission than that of the single metal
layer structure. In order to analyze the electric field in—
tensity distribution characteristics of both structures the
electric field resonance enhanced factor is adopting in
this paper as following:

(2)

In the equation (2) the calculated electric field
( |E]) is tested in simulation at a fixed point which is 2
nanometers below the surface of the metal layer as
shown in Fig. 2( a-e) . The electric field resonance en—
hanced factor spectrum is shown in Fig. 3. It is obviously
that the proposed compact metal-dielectric doubledayered
films can achieve higher electric field distribution. The
maximum electric field distribution intensity is 70 times
of the single metal layer structure as shown in Fig. 3. At
the same time a higher transmission is achieved as
shown in Fig. 1.
In order to further reveal the resonance properties of the
compact metal-semiconductor double-ayered films an S—
parameter extraction method is employed *'** . The ef-

Fig.2 Simulated electric field distributions at different reso—
nance wavelength. The black point in figures is the electric
field strength test point

2

Fig.3 The electric field resonance enhanced factor at
different resonance wavelength

3

fective parameters extracted include effective permittivity
&, permeability . refractive index n, and imped-
ance z,, as shown in Fig.4 It is found that the real part
of £,,is 1. 12 and the real part of u,; is 1.02. There—
fore the effective impedance of z,, the compact metal—
semiconductor double-ayered films is given as following:
(3)
The real part of z,; is 0.92 at the transmission peak
wavelength 502 nm. This strong electromagnetic reso—
nance behavior leads to a impedance matching phenome—
non between the compact metal-semiconductor double—
layered films and the free space which results in the
transmission enhancement. Moreover the imaginary part
of z, is — 0. 03i at the reflection peak wavelength
498nm which implies the reflection of the electromag—
netic wave energy on the silver layer surface is reduced.
At the same time the effective refractive index n,; is giv—
en as following:
(4)
The real part of n is 1. 65 and the imaginary part is
+4.271 at the absorption peak wavelength 498 nm. The
large imaginary part of n, indicates that the absorption
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loss of electromagnetic wave energy in the CaCO; layer is
enhanced at the same time as shown in Fig. 2( b—¢) .

These electromagnetic resonance behaviors result in an
increase in transmission and absorption and a decrease
in reflection. When electromagnetic waves are incident
on the surface of the single silver layer structure most of
the energy is reflected ( transmission and absorption are
small) so the electric field strength on the surface and
inside of the silver layer is at a low level as shown in
Fig.2( a) . When the electromagnetic waves are incident
on the surface of the compact metal-semiconductor doub—
ledayered films the transmission and absorption are both
enhanced ( the reflection is reduced) due to these strong
resonance behavior in Fig. 4. Therefore the electric
field strength on the surface and inside of the CaCO, lay—
er and silver layer is increased as shown in Fig. 2( b-
c¢) . These results in Fig. 2 and Fig. 4 indicate that the e-
lectromagnetic properties of the entire multilayer film
structure are greatly improved by covering a layer of Ca—
CO, layer on a single silver layer.

Fig.4 The extracted effective parameters. (a) The effective
permittivity g,,. (b) The effective permeability ;. (¢) The
effective impedance z,;. (d) The effective refractive index ng

4 (a) ey (b)
Mo (€) zZ- (d) Moy

2.2 Dielectric layer thickness optimization

To exploit the effect of the thickness h, on the trans—
mission enhancement a set of simulations is carried out
while other structural parameters remain unchanged.
Fig. 5 shows the transmission spectrum of the proposed
compact metal-dielectric doubledayered films with differ—
ent thickness h,. When h, is increased from 8 nm to 12
nm transmission peak is enhanced to 43% at 561 nm
and the electric field resonance enhanced factor is 2. 3.
When h; =20 nm a maximum transmission 51% is a-
chieved at 640 nm. However when h, is larger than 20
nm the transmission peak is reduced. The transmission
peak shows a shifted to longer resonant wavelength with
h, increasing. For the single metal layer structure the
maximum transmission value is 20% at 407 nm. Reso-
nant transmission enhancement is achieved when a die-

lectric layer with appropriating thickness is covered on
the metal layer. These results indicate that the transmis—
sion enhancement can be manipulated by optimizing the
dielectric thickness h,. The transmittance enhancement
factor is adopted to reveal the relationship between the
dielectric layer thickness and the transmission enhance—
ment as following:

(5)

Here T, is the transmission of the proposed struc-
ture and T, ., is the transmission of the single metal
layer structure. It can be found that the transmittance en—
hancement factor is increased with the dielectric layer
thickness h, increasing as shown in Fig. 6. However

maximum values of transmittance enhancement factor are
not exact consistent with transmission peaks. It is be-
cause that the transmission spectrum of the single layer
structure shows a steep slope in 540 ~ 630 nm which
leads to the transmittance ratio increase.

Fig.5 Simulated transmission spectrum with different
dielectric layer thickness

5
Fig. 6  Transmission enhancement factor spectrum
with different dielectric layer thickness

6

According to the equation (1) simulated transmis—
sion value is directly defined by the simulated absorption
and reflection. In order to comprehensively study the op—
tical properties of the proposed compact metal-dielectric
doubleayered films simulated absorption and reflection
are also calculated in simulation as shown in Figs 7 and
8. For a 8nm-thick dielectric layer coating on the metal
layer the simulated reflection is reduced obviously as
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shown in Fig. 7. It is found that a simulated reflection
valley near to 1% is achieved at 498 nm. When A, is in-
creased from 8 nm to 20 nm the reflection shows a
slightly increased. The reflection valley is increased to
12% ( thickness is 20 nm) . When thickness Al > 20
nm the reflection valley shows a slightly reduced. More—
over the reflection valley shows a shifted to longer wave—
length with Al increasing as shown in Fig. 7. At the
same time absorption peaks are obtained with different
hl as shown in Fig. 8. The absorption peak shows an
increase with Al increasing. The simulated reflection and
absorption of the single structure is also provided in Fig.
7 and 8. For the single structure the reflection shows an
increase with wavelength and reaches 82% at 1000 nm.
However the simulated absorption is reduced with wave—
length and reaches 7% at 1 000 nm. In contrast to the
presence or absence of a dielectric layer in Figs 7 and 8

it can be found that the simulated transmission is signifi-
cantly enhanced after covering a dielectric layer on the
metal layer. The simulated absorption is also enhanced.

Fig.7 Simulated reflection spectrum with different di—
electric layer thickness

7
Fig. 8 Simulated absorption spectrum with different
dielectric layer thickness

8

2.3 Transmission enhancement with incident angle
Fig. 9 shows the transmission spectrum with different
incident angle. The incident angle is increased from 0°
to 45° in simulation. It can be found that the transmis—
sion peak shows a slight reduction when the incident an—
gle is increased to 30°. When the incident angle is in—

creased to 45° the transmission peak is reduced to
32% only decreased by 6% . These results indicate that
the proposed compact metal-dielectric doubledayered
films achieve stability of enhanced optical transmission to
incident angle.

Fig.9 Simulated transmission spectrum with different

incident angle

9

3 conclusions

In this paper we proposed a compact metal-dielec—
tric doubledayered film with a continuous dielectric film
covering on a continuous metallic layer. It is found that
the transmission can be enhanced obviously comparing
the single metal layer structure. Moreover the absorp—
tion is also enhanced while the reflection is reduced sim—
ultaneously. High stability of transmittance enhancement
is shown when the incident angle reaches 45°. Since the
proposed compact metal-dielectric doubledayered film is
non-hollowing structure this structure can be large-scale
and low cost manufactured in many potential fields.
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