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Abstract: This article investigates the effect of an addi-
tional thin dielectric layer on the top of the metasurface
(MS), on the transmission of electromagnetic waves in
the terahertz band. For this purpose, the split ring reso-
nator-based MS was designed and analyzed in the tera-
hertz band. The influence of permittivity, film thickness,
and suspension height on S21 transmission coefficient
characteristics was studied. For this purpose, a numerical
model was created and solved using the finite element
method. The conducted study can be helpful in three
cases. First, changing the suspension height of the dielec-
tric layer may allow tunable MSs using MEMS structures.
Also, this research can be used to determine the effect of
applying an additional layer of protection when using the
MS as a sensor to test substances that can damage it. In
addition, there is an opportunity to study the dielectric
properties of thin films using the proposed MS.
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1 Introduction

Metamaterials are a new class of artificial compound
materials, which exhibit exceptional properties not found
in naturally occurring materials [1]. Specifically, it can be
referred to ε-negative (ENG) or µ-negative (MNG)materials
of either negative permittivity or permeability, respec-
tively, double-negative (DNG) when both of these quanti-
ties are simultaneously negative in a specific frequency
band, and ε-near-zero (ENZ) or µ-near-zero (MNZ) mate-
rials when these quantities have small, close to zero,
values (this may be the case when the materials are near
their electric or magnetic plasma frequency) [2]. These
properties can be obtained by applying periodic or quasi-
periodic arrays of sub-wavelength unit (structural) elements
[3]. Much of the effort in the electrical engineering, material
science, physics, and optics communities emphasized
constructing efficient metamaterials and using them for
potentially novel applications in antenna, sensor, and
radar design, subwavelength imaging, and invisibility cloak
design [4]. Currently, research is being conducted on the
use of metamaterials and their planar version – metasur-
faces (MSs) for different frequencies (from microwaves to
visible light). An especially strong increase in interest is
observed for the terahertz band. Terahertz MS application
in communication technologies (6 G), sensors, and spectro-
scopy is anticipated and implemented [5–13]. Telecommu-
nications systems operating at higher operating frequencies
ensure faster data transfer, and for this reason, research is
being conducted on new communication systems operating
at terahertz frequencies [5,6]. To this end, there is a need to
develop new solutions for antennas, filters, and terahertz
lenses. The terahertz band is particularly important in
studying chemical and biological substances with the use
of the designed sensors. Examples of applications in which
terahertz sensors were used are as follows: analysis of blood
glucose [7], examination of cells for cancer [8], and the
study of liquid crystal [9]. Terahertz spectroscopy has been
developing in recent years. It has been used to test gases,
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liquids, and solids, but researchers focus primarily on the
study of liquids and solids. In the case of testing liquids,
the sample should be placed in a measuring cell with a
thickness of about 100 µm, due to the high water absorp-
tion capacity of terahertz waves. However, in the case
of solids, terahertz spectroscopy is particularly useful in
security control when detecting explosives and drugs [10].
Terahertz spectroscopy is used to study multilayer compo-
site materials [11] or investigation of art [12]. In addition,
spectroscopy is used to study emerging materials such as
metal halides, perovskites, metal oxides, metal–organic fra-
meworks, and 2D materials, due to the possibility of charge
transport study [13].

One of the possible applications is an evaluation of thin
layers. Earlier, thin films were measured using techniques
like stylus profilometry, interferometry, ellipsometry, spec-
trophotometric measurements, and X-ray microanalysis
[14–16]. Bolivar et al. [17] proposed using THz-TDS spec-
troscopy to determine the dielectric properties of materials.
On the other hand, previous studies [18–20] proposed an
eSRR MS for testing thin films. Park et al. [18] studied the
influence of dielectric constant for the proper design of a
microfluidic channel for liquid analysis. Analysis of liquids
in the vicinity of the gap is possible due to the extremely
confined electric field near the gap region of the MS.
According to Park and Ahn [19], the use of a quartz sub-
strate provides better distinguishability due to its lower
refractive index [19]. Another example of studying dielectric
properties is the use of a tunable MS using a MEMS-based
comb driver. It can be applied in particular to the analysis of
unconcentrated or live test materials [20].

In this work, an analysis of the influence of an additional
thin dielectric layer in the vicinity of the MS on its properties
was carried out, with particular emphasis on resonance fre-
quencies. Such an analysis may concern three cases:
– the dielectric layer and changing its parameters act as

a tuning mechanism influencing the configuration of
MS (reconfigurable MSs);

– analysis of the influence of an additional dielectric layer
(intended to protect theMS against the influence of external
factors, e.g., when MS is part of a sensor of chemical or
biological substances) on the properties of the MS;

– the additional dielectric layer acts as a thin tape, the
properties/homogeneity of whichwewant to test (appli-
cation in non-destructive testing, MS is a sensor illumi-
nated with a terahertz beam).

This study aimed to investigate the effect of dielectric
thin film on split ring resonator (SRR)-based MS. The trans-
mission coefficient S21 (scattering matrix parameter) char-
acteristics in the terahertz band for different thicknesses,

suspension heights, and electrical permittivity of the dielec-
tric layer were studied. The analysis of these three variables
allowed for a more comprehensive look at the impact of the
additional layer, which made it possible to propose poten-
tial applications and their limitations, something that has
not been presented in the literature so far. For this purpose,
an SRR-based structural element was designed, and a
numerical model was built in the Comsol Multiphysics
environment and solved using the finite element method
(FEM). The results obtained will allow a better under-
standing of the impact of an additional thin layer, the use
of the sensor, and to study the properties of thin films.

2 MS design

To design the SRRMS, a top-down assumption was made:
the first resonance frequency fr1 = 1 THz, and the second
fr2 < 3 THz. In addition, for both resonances, it was
assumed that the magnitude of the transmission coeffi-
cient obtained from the simulation |S21| < –40dB. The
design process was more complicated due to the multi-
layers resulting from the technological process used in
photolithography. For this reason, it was divided into
three stages. In the first stage, initial geometry was esti-
mated based on the literature [21]. In the next step, based
on initial geometry, a numerical model was built in the
Comsol Multiphysics environment. In the third step, the
geometric parameters of the MS were tuned to meet
the assumed electromagnetic parameters (fr1, fr2, and
|S21|). The designed geometry of the square SRR with a
description is shown in Figure 1, and the dimensions are
listed in Table 1. The obtained characteristics of the
reflection coefficient S11 and transmission coefficient S21
are shown in Figure 2. For both resonances, the electric
field distributions are shown, as illustrated in Figures 3
and 4. As can be seen, the highest values of the electric
field are in the vicinity of the gap at heights of up to a few
micrometers. Adding an additional layer near the gap affects
the electric field near the gap and, as a result, the resonant
frequencies change. The MS was developed on a silicon (Si)
wafer with a low boron content (10–20Ω cm) and a thickness
of 520 µm. This design can be realized using micro process
technology, such as layer deposition (SiO2 and Al) and layer
structuring using photolithography and etching processes.

3 Numerical model

The third step of the design and further analyses were
conducted using a FEM-based Comsol Multiphysics
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environment. The model geometry and additional dielec-
tric layer dimensions are illustrated in Figure 5. The
following configuration of basic parameters was used:
foil (additional dielectric layer) thickness tf = 20 µm, foil
permittivity ϵr = 2, and foil suspension height hs = 0 µm.
The following values of MS dielectric properties were
assumed for utilized materials. The permittivity of silicon
is εrSi = 12.11. The real and imaginary parts of silicon
dioxide complex permittivity for the terahertz range are
εrSiO2

′ = 4.45 and εrSiO2
″ = 0.03, respectively [22]. The value

of the aluminum refractive index nAl was described by a
Drude model [23].

n ε iε
ω

ω γ
i

ω γ
ω γ ω

1 ,r r
p p

p
Al Al Al

2

2 2

2

3 2= ′ + ″ = −

+

+

+

(1)

where ωp = 2.123 × 1016 rad/s is the plasmon frequency of
metal; it depends on the density of free electrons in the
metal, electron charge, electron mass, and dielectric con-
stant in a vacuum (for aluminum it is 2.123 × 1016 rad/s),
ω is the angular frequency of the incidence wave, and γ =
1.975 × 1011/s is the damping coefficient of the aluminum.

The electromagnetic wave was excited on Port 1,
while received on Port 2 enabling the calculation of the
S21 transmission coefficient. The reflection coefficient S11

Figure 1: SRR MS dimensions on a silicon wafer with top, and cross-
section view; figure not in scale.

Table 1: Dimensions of designed SRR MS

Dimensions (µm)

Periodicity, p 24.2
Square loop length, a 21.7
Line width, w 2.5
Gap, g 2.5
Aluminum thickness, tAl 0.5
Silicon dioxide thickness, tSiO2

0.17
Silicon thickness, tSi 520

Figure 2: Reflection and transmission coefficient for designed MS.

Figure 3: Electric field distribution for the first resonant frequency
with top and near the gap view.

Influence of a thin dielectric layer on resonance frequencies of square SRR MS  3



was calculated on Port 1. The side walls were given the
Floquet-periodic boundary conditions to reduce the com-
putational complexity. The application of an additional
dielectric layer of various thicknesses, dielectric para-
meters, and suspension heights does not affect the model
symmetry; thus, this allowed us to analyze just a single
structural element.

In the considered electromagnetic problem, the fol-
lowing frequency domain equation is solved [24]:
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where µr – relative permeability, E – electric field, k0 –
wave number, εr – relative permittivity, σe – electric con-
ductivity, ω – angular frequency, and ε0 – permittivity of
vacuum.

4 Analysis

During the analysis of the dielectric layer influence, its
thickness, permittivity, and suspension height over the
MS were evaluated. Changes in the values of two reso-
nant frequencies were analyzed (Figures 6 and 7). For a
clearer analysis, the resonant frequency shift parameter
was introduced:

f f f f f f∆ , ∆ ,r r tf r t r r tf t1 1_ 1_ fair 2 2_ r2_ fair= − = − (3)Figure 4: Electric field distribution for the second resonant fre-
quency with top and near the gap view.

Figure 5: Schematic view of the numerical model.

Figure 6: Analyzed frequencies (top); an exemplary set of charac-
teristics for dielectric layer (foil) thickness analysis (bottom);
hs = 0 μm.
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where Δfr1 and Δfr2 – resonant frequencies of absolute
shifts, fr1_tfair and fr2_tfair – resonant frequencies of MS
without the presence of additional thin layer, and fr1_tf
and fr2_tf – resonant frequencies of MS with the presence
of additional thin layer. The principle of determining this
parameter is shown in Figure 7.

An example set of characteristics obtained for the
increase in the film thickness in the case of the first reso-
nant frequency is presented in Figure 6 (bottom). The film
thickness analysis was carried out in the range from 0.5
to 30 µm, the results of the analysis in the case of both
resonances are shown in Figure 8. It is clearly seen that
the change in thickness until about 5 µm affects both
resonant frequencies, but for thicker layers, this effect
saturates, and no further changes are observed (because

of electric field distribution – concentration in the vicinity
of resonator’s gap – in a plane perpendicular to MS
plane). In the case of studying the effect of the relative
permittivity of the film, its value varied from 1 to 9. The
results of this analysis are shown in Figure 9. In the
case of both resonances, quasi-linear relationships were
obtained. Meanwhile, in the third analysis, the value of
the film suspension height was changed from 0 to 50 µm.
The results of this analysis are shown in Figure 10. Here
as in the case of the layer thickness analysis, visible
changes in resonance frequencies occur for distances
up to about 5 µm. Similarly, like in the case of layer thick-
ness analysis, this is due to the distribution (range) of the
electric field induced in the capacitive gaps of the ring
resonators. For bigger heights, both resonant frequencies
remain unchanged.

Figure 7: Principle of determining resonant frequency shift.

Figure 8: Results of foil thickness analysis.

Figure 9: Results of foil relative permittivity analysis.
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5 Conclusion

This work presents research on the influence of an addi-
tional thin dielectric layer and its parameters on the
transmission properties of the MS for electromagnetic
waves in the terahertz range. Resonant frequencies of
two basic resonances occurring in the MS based on the
rectangular SRR were adopted as the determinant of the
observed changes. Relatively high sensitivity to changes
in layer thickness below 5 µm was found. For thicker
layers, due to the depth of penetration of electromagnetic
fields in the vicinity of the structural element, the effect of
changing the resonant frequency, and thus the impact on
the MS resonance properties, disappears.

For the analyzed structural element, an additional
dielectric layer should be suspended at most 6 µm above
the MS surface. The greater height of the suspension does
not significantly change any of the resonance frequencies.

The increase in electric permeability of the tested
layer causes an increase in the deviation of both reso-
nance frequencies, while for fr2, the increase is greater.
In both cases, this relationship is linear.

The dependencies regarding the thickness and height
of suspension of the additional layer depend on the elec-
tric permeability as well as on the electromagnetic para-
meters of the MS and its operating frequency (the lower
the resonance frequency, the longer the corresponding
wavelength, and the greater the height of suspension
and layer thickness that can be evaluated).

Theoretically, changing the parameters of an addi-
tional dielectric layer can be an efficient mechanism for
changing the properties of a reconfigurable MS. Tuning
the height of the suspension of the layer allows you to
change the resonant frequency by 100 GHz, thickness by

40 GHz (fr1) and 100 GHz (fr2), while the change in dielec-
tric permittivity by 250 GHz (fr1) and 650 GHz (fr2). In fact,
a change in thickness is practically impossible to apply, a
change in the height of the suspension could be achieved
by the MEMS structure, while a change in dielectric per-
mittivity can be achieved by using materials with variable
dielectric properties (this unfortunately, concerns a narrow
range of changes).

If we consider the presented analysis from the point
of view of how the protective coating affects the operation
of the designed MS, hs = 0 µm should be considered.
Therefore, for the adopted geometry of the structural ele-
ment, it should be assumed that both resonant frequen-
cies will decrease by nearly 100 GHz compared to MS
without protective coating.

Moreover, the evident relation between resonant fre-
quencies and layer thickness, and dielectric parameters,
makes this configuration very efficient in the case of non-
destructive evaluation of thin foils including thickness
monitoring, defects detection, and homogeneity moni-
toring. However, in the case of this application, great
effort should be made to guarantee a constant lift-off
value (hs = const.).
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