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We have designed a novel self-similar plasmonic perfect absorber with a quasi-
three-dimensional (3D) shape based on parasitic elements, which is useful as a
refractive index sensor for near-infrared applications. In order to achieve
tunable attributes, we have applied the liquid crystal medium to provide a
tunable structure which can be considered to control the absorption parameter
and resonances. In fact, we have proposed a self-similar structure to obtain a
multi-band structure in the range of 800–1600 nm with an absorption value
up to 99.8%. The basic model is a single cross element, while each quarter is
filled up by L-shaped elements by forming a tapered shape like a pyramidal in
which the elements are arranged from large to small with various heights and
lengths which creates a ziggurat form. So this structure can provide a quad-
band absorber which we have implemented as a refractive index sensor with a
much higher figure of merit (FOM) in comparison to the flat formations. For
the final structure, the maximum values of the FOM and sensitivity (S) are
24,560 RIU�1 and 660 nm RIU�1, respectively.
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INTRODUCTION

Metamaterial (MMA) is known as a periodic or
non-periodic artificial structure, with unique prop-
erties that are not found in nature.1 Plasmonic
metamaterials (MMAs) are usually contained noble
metals so that the individual dimensions are
smaller than the operating wavelength.2 So, due to
their forms, they have different values of perme-
ability and permittivity.3 Thus, they show different
performance such as negative permittivity and
permeability.4,5 By some change in their shapes
and manipulating electromagnetic waves, it is pos-
sible to obtain different characteristics such as
negative refraction or perfect absorption.6–8

Because of these features, the metamaterials
(MMAs) can be used in applications such as solar

cells,9 near-field scanning optical microscopy
(NSOM),10 surface-enhanced Raman scattering
(SERS),11 and biological applications.12

Surface plasmon resonance (SPR) in nanostruc-
tures smaller than light wavelengths is called the
localized surface plasmons resonance (LSPR). Sur-
face plasmon polaritons (SPPs) are made by elec-
tromagnetic excitation which can be propagated at
the metal and dielectric interface.13 They are
important because of their ability to concentrate
electromagnetic fields and reduce their dispersion in
optical frequencies, which causes the development
of localized fields several times large.14 The plasma
frequency of the free electron gas can be obtained by
x2

p ¼ ne2
�
e0m, where n is the number density of free

electron gas, e0 is the air dielectric constant, and m
is the effective optical mass of each electron. At
frequencies much larger than the collision fre-

quency c, the permittivity is approximately e xð Þ ¼
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1 � x2
p

.
x2 and for frequencies smaller than the

plasma frequency, the permittivity has a negative
value and provides the propagation of plasmonic
waves.15 Because of the resonance frequency sensi-
tivity to the refractive index of the surrounding
environment, changing the refractive index of the
environment shifts the resonance frequency, which
provides the possibility for use in nano-sensor
applications.16

Plasmonic absorbers and antennas have been
considered for various applications such as optical
sensing as refractive index sensors, with compact
size and high figure of merit (FOM) with single
resonance17 for detecting materials such as anti-
gens, and also in the optical domain with multi-
resonance.18 On the other hand, the optical metal-
insulator-metal (MIM) couple line has been sug-
gested for higher accuracy because of its higher
figure of merit (FOM);19 however, the fabrication of
the metal-insulator-metal (MIM) line is a chal-
lenge, and absorbers with high figure of merit
(FOM) are more desirable. In addition, some noble
metals such as gold and silver are considered the
best plasmonic materials due to the ability to
stimulate plasmons.20

Previous studies on three-dimensional (3D) struc-
tures have been reported.21,22 For example, in,21 a
plasmonic hollow cylindrical absorber is proposed
and can be manufactured with new technologies, in
which the influence of the cylinder height on the
quality factor (Q-factor), and thus the absorption
rate is investigated. Also, in,22 a three-dimensional
(3D) metamaterial absorber is presented which is
applicable in an ultra-broadband frequency range.

In this paper, we have designed a quasi-three-
dimensional (3D) perfect absorber based on a novel
structure of self-similar and symmetrical formation
that is suitable for TE or TM mode. In fact, we have
applied the parasitic elements between the unit
cells to control the absorption and number of
resonances by considering the effect of the gap
between the elements on the capacitors of the
equivalent circuit23 Furthermore, we have
improved the absorption rate by designing a quasi-
three-dimensional (3D) nanostructure and examin-
ing the effect of the height of the fractal elements.

On the other hand, we have implemented the
liquid crystal (LC) as a substrate to design a tunable
structure and the liquid crystal (LC) molecules can
be adjusted by an external electric field.24 We have
calculated the figure of merit (FOM) and sensitivity
(S) of the sensor of the final model. As a matter of
fact, we have provided a perfect absorber which can
be useful for optical sensing with higher quality. We
have obtained the figure of merit (FOM) about
24000 RIU�1 and this is a high value more than the
metal-insulator-metal (MIM) refractive index
sensors.

ABSORBER DESIGNING AND MODELING

In this proposed perfect absorber, we have used
silver as a plasmonic material, so that using the
Drude model, the permittivity is expressed as
shown in Eq. 1:25

e xð Þ ¼ e1 �
x2

p

x2 þ icx
ð1Þ

where xp is the plasma frequency, e1 is the
dielectric constant (usually 1< e1 < 10), x is the
operating frequency of incident light and s ¼ 1=c is
the relaxation time and c is collision frequency,25 so
that xp ¼ 1:39 � 1016 Hz, e1 ¼ 3:7, and s ¼ 3:1�
10�14 s.

Figure 1 shows the geometry and designing steps
as a perfect absorber with ziggurat form. There is a
dielectric layer of aluminum oxide (Al2O3) with a
refractive index of 1.75 and thickness and the
length of Hd ¼ 45 nm and Ld ¼ 770 nm, respec-
tively, located between two silver layers. The spec-
ification of the silver metal is in accordance with the
data measured in the experiments of Johnson and
Christy.25 The thickness of the bottom silver sub-
strate is assumed to beHb ¼ 80 nm which is larger
than the skin depth26 and avoids any transmit-
tance. The designing is done in four steps. At first, a
cross element is examined with the thickness and
the length of Hc ¼ 70 nm and Lc ¼ 660 nm, respec-
tively. Then, each of the L-shaped parasitic ele-
ments with various heights and lengths are added
to the structure, while in the first step, the height,
the width and the length of the L-shaped element is
H1 ¼ 60 nm, W1 ¼ 20 nm, and L1 ¼ 285 nm, respec-
tively, and the gap with the cross is g1 ¼ 10 nm, for
the second step, the height, the width and the
length of the L-shaped element is assumed H2 ¼ 50
nm, W2 ¼ 20 nm, and L2 ¼ 220 nm, respectively,
and the gap with the previous L-shaped element is
g2 ¼ 15 nm. In the last step, in which the ziggurat
form is completed, the height, the width and the
length of the L-shaped element is H3 ¼ 45 nm, W3 ¼
20 nm, and L3 ¼ 145 nm, respectively, and the gap
with the previous L-shaped element is g3 ¼ 15 nm.
Recently, nano-antenna with a gap size of 7.5 nm is
designed and fabricated. It means 10 nm gaps are
possible for fabrication and we consider for our
simulation.27

In the next step, we have replaced the dielectric
layer with a liquid crystal (LC) medium to create a
tunable structure. Liquid crystal (LC) materials
have properties that are a combination of a crys-
talline solid and a conventional liquid and show
specific symmetries, depending on the orientation
and rotation angles of their molecules. In a nematic
liquid crystal (LC) which is an anisotropic med-
ium,28 the positions of molecules have a discrete
rotational symmetry but similar orientation. In
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addition, its permittivity is described by a second
rank tensor and we have assumed that eo ¼ 3 and
ee ¼ 4 are ordinary and extraordinary permittivity,
respectively.28

In order to analyze the proposed perfect absorber,
under a TE-mode plane-wave light source in z-axis
injection and backward direction, we have used
commercial software (Lumerical FDTD Solutions)
that utilizes a three-dimensional (3D) finite-differ-
ence time-domain (FDTD) method.29 In order for the
parameter settings to be based on the finite-differ-
ence time-domain (FDTD), which is a numerical
method for solving Maxwell’s equations and exploit-
ing Fourier transforms for calculating the complex
Poynting vector and the transmission or reflection
of light, we have applied periodic boundary condi-
tions on the x- and y-axis and perfectly matched
layers (PMLs) on the z-axis for absorbing optical
waves and minimizing reflection with 32 layers in
order to confirm the stability of our simulations.
Also, we have placed tow frequency-domain power
monitors above the plane-wave source and bottom of
the structure to calculating the reflected and trans-
mitted waves, respectively. Furthermore, the

illumination bandwidth range is considered in the
near-infrared region and is 800 nm to 1600 nm.

ABSORBER SIMULATION RESULTS
AND DISCUSSION

Designing the Quasi-3D Absorber
in the Ziggurat Form

As shown in Fig. 2, we have checked the absorp-
tion value for all four steps of design and the results
are presented. Since the transmission value is
almost zero due to the presence of the bottom metal
substrate and small value of the skin depth at this
frequency range,30 the absorption value (A) is
obtained as A ¼ 1 � R� T ¼ 1 �R,31,32 where R
and T are the reflection and transmission values,
respectively.33 In absorber structures, the cross or
any nanoparticles can be considered the central
nucleus. However, due to the structural simplicity
of the composite structure of cut wires, we can
extend the absorber to a more symmetric structure
by replacing with crosses, so high absorption can be
obtained in this more symmetric composite struc-
ture for both TE and TM polarizations.34

Fig. 1. The geometry and designing steps for perfect absorber with ziggurat form. (a) the single cross element (b) adding the first parasitic L-
shape element (c) adding the second parasitic L-shape element (d) adding the third parasitic L-shape element while the all dimensions are
Hd ¼ 45 nm, Ld ¼ 770 nm, Hb ¼ 80 nm, Hc ¼ 70 nm, Lc ¼ 660 nm, H1 ¼ 60 nm, W1 ¼ 20 nm, L1 ¼ 285 nm, g1 ¼ 10 nm, H2 ¼ 50 nm,
W2 ¼ 20 nm and L2 ¼ 220 nm, g2 ¼ 15 nm, H3 ¼ 45 nm, W3 ¼ 20 nm, L3 ¼ 145 nm, g3 ¼ 15 nm
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On the other hand, according to recent research,
capacitors between unit cells and adjacent elements
with the main elements are an efficient way to
control resonance frequency and absorption value.
Also, simple structures in sensor applications have
problems such as low sensitivity (S). Furthermore,
anisotropic nanoparticles make the structure sensi-
tive to polarization and incident angle which is one
of the most fundamental problems in manufactur-
ing these structures. Thus, by applying symmetric
nanoparticles as parasitic elements, we can design
polarization-independent structures. Moreover, we
can control the capacitor between adjacent elements
with the main element and create a new resonant
circuit.23 So, in addition to maintaining the main
resonant frequency, we can add new resonances,
thereby increasing sensitivity and the figure of
merit (FOM). As it is obvious here, by increasing
the number of parasitic elements, the absorption
values increased drastically while we can obtain a
perfect absorber. In addition, by using fractal
nanoparticles, we can produce multi-band responses
and tune optical properties. Fractals are the frag-
mented geometric shape that can be repeated
sequentially on smaller scales so that each part is
a reduced-size copy of the whole. Because of the
multiscale and self-similarity properties of fractals,
we can obtain multiple-band spectral responses
which by increasing the fractal order, the optical
resonances can increase.35,36

On the other hand, we have used the quasi-three-
dimensional (3D) shape as a method to enhance
absorption37 for all resonances. As the basic model,

we have investigated a single cross element that has
only a resonance peak at the wavelength of 1056 nm
and the absorption is about 95%. In fact, the
resonant frequency of the absorber can be expressed
by the inductance and capacitance of the equivalent
circuit. Whereas for the basic model, the inductance
is due to the metal cross element and the capaci-
tance is due to the gap between the unit cells, which
depends on the width and size of the gap. So the
resonance frequency can be obtained from

f ¼ 1=2p
ffiffiffiffiffiffiffi
LC

p
.23

In the first step, by adding an L-shaped element
in each quarter, two resonances are obtained at
1034 nm and 1214 nm with absorption of 96% and
78%, respectively, while the second absorption is not
attractive for us. In the second step, we have added
another L-shaped element with a smaller length
and height, and two resonances are obtained at
1068 nm and 1182 nm with higher absorption of
99% and 98%, respectively. Hence, as shown herein,
we can modify the resonances by making a trap and
concentrating the energy. In the last step, we have
improved the resonance number by adding another
L-shaped element and providing a ziggurat form. In
addition, it can provide a quad-band absorber with
absorbance of 94%, 99% at wavelengths of 869 nm
and 1073 nm, respectively, and the absorbance is
more than 99% at wavelengths of 1207 nm and
1464 nm, which can improve the quality of sensi-
tivity (S). Therefore, it is expected that our proposed
structure will be applicable in many devices such as
optical sensors.

Fig. 2. The normalized absorption for all four steps of designing the ziggurat form
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Fig. 3. The electric field intensity and distribution for all four steps of design of the ziggurat form at the resonance wavelengths (a) for the single
cross at 1056 nm; for the first parasitic L-shaped element in (b) 1034 nm and (c) 1214 nm; for the second parasitic L-shaped element in (d)
1068 nm and (e) 1182 nm; for the third parasitic L-shaped element in (f) 869 nm, (g) 1073 nm, (h) 1207 nm and (i) 1464 nm
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The electric field distribution is presented for all
studied cases in Fig. 3. According to Fig. 3a, we can
say that for a single cross, the electric field is
distributed only along the horizontal strip with the
maximum intensity of 1.4 9 104. Therefore, as
shown in Fig. 2, we do not have more than one
resonance at 1056 nm. In order to achieve more
resonance, we have added symmetric parasitic
elements with the L-shaped form to our proposed
structure. Generally, we follow the two main goals.
First, it can maintain the symmetry of the structure
and the incident wave polarization does not have an
impact on the structure. Second, we can create new
resonances and multi-band properties into the
proposed structure.

As shown in Fig. 3b and c, in the first step, the
field is distributed both in the parasitic elements
and the main cross. In the first resonance, the
electric fields focus on the edges of the rods with
maximum value 5.5 9 103, but in the second

resonance, the electric field is dispersed along the
horizontal strip of the cross with maximum value
6.8 9 103. However, we can see that the parasitic
elements have some effects on the main cross too.
This behavior can be seen also for the next step of
design. In fact, adding more parasitic elements can
reduce the effect of the main cross more. As
exhibited in Fig. 2, in the second step, two reso-
nances appear which are similar to the resonances,
as in the first step. So we expect the field behaviors
to be similar to the previous one as presented in
Fig. 3d. It should be noted, however, that we said
that by adding parasitic elements, their effect is
reduced by the cross, which can be seen in the
second resonance in Fig. 3e.

Finally, in our final structure, the number of
resonances reaches four. As presented in Fig. 3f, the
first resonance is made by the parasitic elements
and there is no coupling between this element and
the cross element. But in the second resonance as

Fig. 3. continued

Tavakoli and Sadeghzadeh3274



presented in Fig. 3g, the effect of the cross and first
parasitic elements combination are visible. Of
course, we can see this form of distribution of the
electric field in the previous structures in Fig. 3b
and d. For the third resonance, as shown in Fig. 3h,
the greater coupling effect is visible and we expect
more absorption for this resonance as we can see in
Fig. 2. Finally, as shown in Fig. 3i, the last reso-
nance in higher wavelength is oriented from the
third parasitic element.

Analyzing the Quasi-3D Absorber
in the Ziggurat Form

Determined based on the parallel surface or
coupling of elements.38–40 Furthermore, we should
note that surface plasmons are formed at the
interface of the metal and dielectric. Of course, the
plasmons also can be formed at the surface of the
metal and air.41 So, when the height is reduced, the
plasmon is distributed at the height. In addition,
the capacitance increases and the resonances shift
to higher wavelengths, or, in other words, lower
frequencies. It is noteworthy that due to the small
difference in layer height, which is in total less than
k=4, the radiation wave at the incidence of the
proposed structure acts as a relatively uniform
surface. But changes in the capacitor show their
behavior as impedance matching.42

In order to better understand, we used two tests.
In the first analysis, as shown in Fig. 4a, we have
considered the whole structure at the same height
to the cross element, and this state is called step 1.
Then, in step 2, we have considered the height of the
cross element at 70 nm and other elements at
60 nm. In step 3, we have assumed the height of
the cross is 70 nm while the first parasitic element
is 60 nm and other elements are 50 nm. At last, for
the final model, we have checked the ziggurat form
with different heights.

In step 1, we have four resonances, one with an
absorption of 80% at a wavelength of 844 nm and
the others with absorbance of about 98% at the
other wavelengths of 1079 nm, 1175 nm, and
1393 nm. In step 2, we have four resonances at
wavelengths of 851 nm, 1079 nm, 1189 nm, and
1412 nm with absorptions of 84%, 97%, 99%, and
95%, respectively. In step 3, we have four reso-
nances, one with an absorption of 90% at a wave-
length of 862 nm and the others with an absorbance
of about 99% at the other wavelengths of 1073 nm,
1207 nm, and 1443 nm. In the final model in which
the ziggurat form is completed, the resonances are
shifted to higher wavelengths with higher absor-
bances of 94% and 99% at wavelengths of 869 nm
and 1073 nm, respectively, and the absorbance is
more than 99% at wavelengths of 1207 nm and
1464 nm. In short, we can say the absorption for all
resonances is improved drastically. As the results
show, with these changes the impedance matching
is improved, and accordingly, the quality of the

ziggurat form is better than the other cases. The
more important point is that the resonances are
shifted to higher wavelengths.

Results from the second analysis are presented in
Fig. 4b. In order to verify the effect of the height of
each element, we have set the height of the ele-
ments similar to every element, with heights of
70 nm, 60 nm, 50 nm, and 45 nm. At first, we have
assumed the height of elements is 70 nm, and four
resonances have been obtained, the first with an
absorption of 80% at a wavelength of 844 nm, with
an absorbance of about 98% at wavelengths of
1079 nm and 1175 nm, and an absorbance of 90%
at a wavelength of 1393 nm. Then, the heights were
changed to 60 nm, and in this case, we have four
resonances, one with an absorption of 83% at a
wavelength of 853 nm, an absorption of about 99%
at wavelengths of 1076 nm and 1192 nm, and an
absorbance of 94% at a wavelength of 1412 nm.
When the height of all elements is 50 nm, we have
four resonances at wavelengths of 864 nm,
1076 nm, 1214 nm, and 1443 nm with absorptions
of 87%, 98%, 99%, and 97%, respectively. Finally,
the height of all elements is assumed to be 45 nm,
and we can see four resonances: with absorptions of
88% and 96% at wavelengths of 871 nm and
1079 nm, respectively, and an absorption of 98%
at the other wavelengths of 1229 nm and 1464 nm.

In brief, we have used and discussed the fractal
parasitic elements that are placed between the unit
cells to construct a new resonance circuit. Also, with
the information from the equivalent circuit of the
basic structure and the first resonance, we can
justify the number of resonances by varying the
length and gaps of the fractal parasitic elements, so
that the gap capacitances (Cm) can be expressed
as:40

Cm ¼ ce0ed
b

2

a

td
ð2Þ

where c is a constant appropriately chosen to take
the fringe effects, e0 is the permittivity of free space
(� 8.854 9 10�12 F m�1), ed and td are the relative
permittivity and thickness of the dielectric spacer,
respectively, a and b are the width and length of the
top nanostructures. In fact, in the final model, we
will have four capacitors and thus four resonances,
while by creating gaps between the parasitic ele-
ments, in addition to the capacitor caused by the
interaction with the bottom plate, more energy is
stored in the capacitors due to the coupling effect of
gaps. As a result, the absorption rate can increase.

On the other hand, the effect of the height of the
elements on the absorption rate and resonance
shifts has been investigated. By changing the height
of the fractal elements and reduction of the ohmic
loss rate, the quality factor (Q-factor), and thus the
absorption rate, can be increased. Also, resonances
shift to higher wavelengths or lower frequencies. So,
according to Fig. 4, we can see that the lower height

Quasi-3D Perfect Absorber Based on the Self-Similar Parasitic Elements as an Optical Sensor
with Tunable Attributes for Near-Infrared Application

3275



is more suitable for improving the absorption.
However, the ziggurat form shows better results.
Actually, the distributed wave in the ziggurat form
provides a surface with suitable impedance for
matching and acts like a taper structure the same
as a transmission line.

Designing the Quasi-3D Absorber
with Tunable Attributes

There are many materials available in the optics
field that have been used as controllers such as
organic material43 graphene44 and liquid crystal
(LC).45 Since intra-structural methods such as

Fig. 4. Analyzing the structure and the normalized absorption for the proposed ziggurat form (a) changing the height of each element, step by
step, (b) setting the height of the elements similar to every element with heights of 70, 60, 50, and 45 nm, respectively
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geometrical changes or properties of materials used
in nanostructures to control plasmonic resonance
are a static and limited method, the use of liquid
crystal is considered a viable option due to the
ability to adjust external parameters. Liquid crystal
(LC) is a suitable candidate for the development of
plasmonic structures, and by adjusting the orienta-
tion of the molecules, it provides tunable attri-
butes.24,28,45 Given the anisotropic optical
properties of the liquid crystal (LC) and depending
on their orientation, we have defined a transforma-
tion matrix as a function of two rotational angles
theta and phi with Uðh;uÞ as follows in Eqs. 3 and
4:46

U ¼ Uu �Uh

¼
cosu � sinu 0
sinu cosu 0

0 0 1

2

4

3

5�
cos h 0 sin h

0 1 0
� sin h 0 cos h

2

4

3

5

ð3Þ

etotal ¼ U � ediagonal ¼
cos h cosu � sinu sin h cosu

cos h sinu cosu sin h sinu

� sin h 0 cos h

2

64

3

75

�
e? 0 0

0 e? 0

0 0 ek

2

64

3

75 ¼
exx exy exz
eyx eyy eyz
ezx ezy ezz

2

64

3

75

ð4Þ

In the finite-difference time-domain (FDTD) solu-
tions (Lumerical software), to set up an anisotropic
material, we have used an appropriate grid attri-
bute object to set the transformation matrix U and
we have defined two rotational angles ðh;uÞ to
specify a spatially varying liquid crystal (LC) direc-
tor orientation. Also, in the material database, we
have defined the permittivity elements as the
ediagonal. As shown in Eq. 3, if the theta and phi are
supposed to be zero then we have only a diagonal
matrix with exx, eyy and ezz elements. On the other
hand, when we have assumed other value for phi
and theta, the other elements of the matrix’s entries
will not be zero and we have a complicated material
when the various elements change from zero to a
real value such as exz and ezx.

Our goal is to show that it is possible to control
the resonances by replacing the liquid crystal (LC)
medium and specifying a spatially varying liquid
crystal (LC) director orientation instead of a normal
substrate and also control the resonance by the
direction of the liquid crystal (LC).

In the definition of liquid crystal (LC) vectors, two
angles of h, u are effective, but since the collision of
the radiation wave and the wave propagation
direction is in h direction, so variations in u are
not effective. Therefore, we consider u to be con-
stant with zero value, so the Uu matrix turns into
an identity matrix. So, with changes of h, the
molecules of the liquid crystal (LC) change from
the vertical in the h equal to 0� to the horizontal
state in h equal to 90�.

Fig. 5. The normalized absorption for the prototype absorber for the various angle of the liquid crystal (LC)
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The results of these variations are presented in
Fig. 5 for four different cases. As shown, in general,
with these changes from h equal to 0� to 90�, the
effective permittivity of the structure is decreased,
and thus the frequencies increased, or, in other
words, the wavelength is decreased. As shown here,
we can control resonances and absorption by chang-
ing the theta angles. In the first case, when theta
and phi are 0�, the matrix has a diagonal form. Also,
in this case, as shown in Fig. 5, the resonances have
occurred at higher wavelengths and show more
distortion at lower wavelengths.

When theta is assumed to be non-zero, we have
five non-zero elements in our matrix. Actually, exz
and ezx are non-zero in this case as mentioned46

based on Eq. 3. As shown, by increasing theta (h),
the resonances are shifted to the lower wavelengths
and we do not have any distortions and when
h ¼ 90

�
, the result is similar to the basic model.

Using the Prototype Absorber as a Refractive
Index Sensing

Given that the plasmonic sensors have a high
sensitivity (S) due to their small dimensions, to
evaluate their performance, some parameters have
been introduced such as sensitivity (S) and figure of
merit (FOM).47 The sensitivity (S) indicates the
ratio of output-to-input changes, and by changing
the refractive index of the sensor environment to
Dn, the resonance wavelength kSPR changes to Dk, or
S ¼ Dk=Dn. In some cases, the figure of merit (FOM)
parameter is defined as FOM ¼ max DR=R� Dn½ �, so

that the R is the reflection value at the resonances
and DR is the reflection variation due to the small
variations of refractive index Dn.48,49

We have covered the nanoparticles with the
material under test (MUT) with a total size of
100 nm, to calculate these parameters. It is note-
worthy that due to the dependence of the surface
plasmon resonance on the adjacent dielectric refrac-
tive index, by changing the refractive index of the
covered material, the resonance peak in the reflec-
tion spectrum shifts. So the proposed structure can
be used as a refractive index sensor. We have
changed the refractive index (n) of the material
under test (MUT) from 1 to 1.2 with a step of 0.05.

Fig. 6. The normalized reflection of the prototype absorber for various refractive indexes

Table I. The sensitivity (S) and figure of merit
(FOM) of the prototype absorber for n = 1 to 1.2

n = 1.05 n = 1.1 n = 1.15 n = 1.2

Dk1 17.4 35.6 54.5 72
S1 348.7 355.9 363.3 359.9
FOM1 239.4 146.9 101.7 63.6
Dk2 11.7 26.7 39 51.6
S2 234.2 267 260 257.85
FOM2 2719.6 1671.75 1162.5 833.1
Dk3 26.2 53.5 86.2 116.3
S3 523.4 534.9 574.9 581.6
FOM3 4317.9 2579.7 1779.5 1347.4
Dk4 33 61.7 91.5 122.5
S4 660.6 617.3 610.3 612.7
FOM4 24560.2 16476.1 11734.6 8995.7

Tavakoli and Sadeghzadeh3278



Also, we have checked the wavelength shifts and the
reflection differences to obtain both sensitivity (S)
and figure of merit (FOM). In other words, for
improving the sensitivity (S) it is important to have
greater wavelength shift, and for increasing the
figure of merit (FOM) both lower reflection and
higher difference reflection are important.

Figure 6 shows the reflection of the prototype
absorber for various refractive indexes. As shown,
we have four resonances, thus we have checked the
sensitivity (S) and figure of merit (FOM) for all
resonances, and the calculated data are compared in
Table I. The maximum figure of merit (FOM) for
n = 1.05 with a value of 24560.2 RIU�1 has been
obtained. Furthermore, the maximum sensitivity
(S) has been achieved for the fourth resonance
which is about 660.6 nm RIU�1.

Moreover, the figure of merit (FOM) can be
expressed with another method based on the sensi-
tivity (S) and full-width half-maximum (FWHM)
while FOM ¼ sensitivityðnm=RIUÞ=FWHMðnmÞ.
Here, the maximum sensitivity (S) is 660 nm RIU�1

and the full-width half-maximum (FWHM) is 27 nm
for the last resonance and, therefore, the figure of
merit (FOM) can be calculated as 24.4 RIU�1.

Comparison of the Prototype Absorber
with Previous Models

We have compared the prototype structure with
various previous models in Table II. We have con-
sidered three different types of sensors: quasi-three-
dimensional (3D) absorber, planar absorber, and
metal-insulator-metal (MIM) waveguide. In fact, in
this research, we have used a quasi-three-dimen-
sional (3D) model, and in this absorber, the figure of
merit (FOM) is more than other conventional three-
dimensional (3D) and planar absorber, and it is
comparable with metal-insulator-metal (MIM)
structure which is known as the best type of sensor.

Usually, the sensitivity (S) and figure of merit
(FOM) are known as the two main factors for
determining the quality of a sensor. Therefore, we
have checked these factors and compared our
structure with other similar and non-similar mod-
els. Actually, the results show that our structure
has a mediocre sensitivity (S) while the figure of
merit (FOM) factor has been improved drastically in
comparison to other models.

Also, it should be noted that we have calculated
the figure of merit (FOM) in two methods and
compared them with the structures for which each
were separately used. The results show that our
prototype absorber in the first calculation method
has a greater figure of merit (FOM) (24650 (RIU�1))
than the other structures that used the same
method. As shown in Table II, only the metal-
insulator-metal (MIM) waveguide model with Fano
resonance has a greater value of figure of merit
(FOM) which is about 3.2 9 105 (RIU�1).49 How-
ever, the planar absorber17,50 has a lower figure of
merit (FOM) while it has been increased only up to
1090 (RIU�1).17

In the other case, by the second method, our
calculation for the figure of merit (FOM) has been
obtained to be 24.4 (RIU�1), which is higher than
quasi-three-dimensional (3D)26,37 and planar absor-
bers.32 In,26 a quasi-three-dimensional (3D) absor-
ber has been reported for which the figure of merit
(FOM) is about 16.54 (RIU�1).

Given that other structures have different fabri-
cation technologies, our proposed structure has a
high figure of merit (FOM) of 24.4 (RIU�1) compared
to similar models with a maximum of 16.54
(RIU�1).26 As a matter of fact, the narrow band-
width of the prototype absorber increased the
figure of merit (FOM), while in32 the bandwidth is
wider than our structure, so the figure of merit
(FOM) is reduced to 3.04 (RIU�1). In brief, we can
emphasize that this absorber has an appropriate

Table II. Comparison of the prototype absorber with previous models based on the figure of merit (FOM),
sensitivity (S) and structure form

FOM (RIU21) Sensitivity (nm RIU21) Structure form

This work 24560a

24.4b
660.6 Quasi-3D absorber

Ref17 1090a 700 Planar absorber
Ref19 6838a 1300 MIM waveguide
Ref26 16.54b 1518 Quasi-3D absorber
Ref31 3.04b 260.41 Planar absorber
Ref37 5.78b 1907 Quasi-3D absorber
Ref47 – 2320 MIM waveguide
Ref49 3.2 9 105a 820 MIM waveguide
Ref50 87a 400 Planar absorber
Ref51 37b 4270 MIM waveguide

aFOM with FOM ¼ max DR=R � Dn½ �
bFOM with FOM ¼ sensitivityðnm=RIUÞ=FWHM ðnmÞ
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figure of merit (FOM) value in comparison with
previous works.

Finally, we have compared the sensitivity (S) of
the prototyped sensor with other models. As we can
see from the Table II, the sensitivity (S) of the
suggested absorber is 660 (nm RIU�1) while this
value is about 400 (nm RIU�1) for planar struc-
ture.49 However, other metal-insulator-metal (MIM)
waveguide19,47,51 and quasi-three-dimensional (3D)
absorbers26,37 have greater sensitivity (S) than our
model. The maximum values of sensitivity (S) 820 to
4270 (nm RIU�1) have been reported for the metal-
insulator-metal (MIM) waveguide. The maximum
values of sensitivity (S) 176 to 700 (nm RIU�1) have
been obtained for the planar absorbers. In short,
given that our proposed absorber is a quasi-3D
structure and is more challenging to design than
other planer models, it still has a high figure of
merit (FOM) and sufficient sensitivity (S) when
compared to an optical sensor.

CONCLUSION

In this paper, we have suggested a self-similar
perfect absorber with a ziggurat form, which is
designed in four steps. In every step, the parasitic
elements have been added from large to small with
various heights and lengths, and in the last step,
the ziggurat form was completed. Also, we have
checked the absorption value for all four steps of
design, and the results have been compared. First,
we checked a single cross element that has only a
resonance, and by increasing the number of para-
sitic elements, the absorption values have
increased drastically, while in the last step, we
obtained a quad-band perfect absorber. Combining
basic absorber structures with quasi-three-dimen-
sional (3D) parasitic elements creates a new way of
designing plasmonic sensors, and since height
difference is an important factor in the design,
the determination of equivalent circuit capacitors
will be more complex than planar structures and so
is more challenging. Additionally, we have dis-
cussed the field intensity at the resonance wave-
lengths for all four steps of design. We have used
liquid crystal (LC) to provide a tunable structure,
and the resonances can be controlled by specifying
the spatially varying liquid crystal (LC) director
orientation instead of a normal substrate. In
addition, we have calculated the figure of merit
(FOM) and sensitivity (S) for the final structure, so
that the maximum values have been obtained
24560 RIU�1 and 660 nm RIU�1, respectively. It
should be noted that given that the dimensions of
the structure are very small, the manufacturing
process must be very accurate. Finally, we have
compared our proposed absorber with previous
models and as a result, this structure has a much
higher figure of merit (FOM) which is a suit-
able candidate for refractive index sensors.
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