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Abstract: Metasurfaces are an excellent platform for terahertz (THz) sensing applications, enabling
highly efficient light–matter interaction and overcoming the fundamental disadvantage of the rela-
tively long-wavelength THz range (30–3000 µm), which limits sensing of small features. The current
focus in developing metasurfaces is mostly directed toward single-resonance metasurfaces and
reconstruction of the dielectric constants of analyte from the saturation mode induced by the lim-
ited sensing volume of the metasurface. This paper presents a numerical demonstration of using a
multiresonance metasurface to extract the thickness and refractive index of a deposited film without
saturation of the sensor. It was shown that the multiresonance property enables determination of the
analyte characteristic via measurements with two different thicknesses and tracking changes in two
resonances. High-accuracy parameter retrieval is achieved when there are large differences in the
thicknesses. In contrast to the established approach, this method provides an efficient way to avoid
using relatively thick films.

Keywords: terahertz range; sensor; spoof localized surface plasmon resonance; multiresonance

1. Introduction

The remarkable characteristics of the terahertz radiation make THz spectroscopy a
promising technology for chemical and biological analysis [1]. THz waves’ excitation of
complex molecular vibrations and rotation transitions leads to the appearance of distinctive
fingerprint characteristics of molecules in the gas phase [2]. The energies of these transitions
are equal to the energy of the THz radiation, which is low enough to be non-ionizing. In
addition, THz waves can penetrate dielectric materials, such as plastics, fabric, ceramics,
etc. Although polar liquids absorb THz waves, terahertz absorption spectroscopy can be
used for the measurement and detection of the water content of samples [3]. All these
features allow researchers to find applications of THz waves in various sectors, such as
security, defense, pharmaceuticals, etc. [4–7].

However, since the wavelength in the THz range can be as big as several hundreds
or thousands of micrometers, it is almost impossible to measure very thin films with
conventional methods, such as conventional THz time domain spectroscopy [8,9]. Scientists
have proposed different solutions to this problem, including waveguides [10–12], photonic
crystals [13], as well as plasmonic structures [14] and metasurfaces [15]. Due to the variety
of principles, functions, and requirements of thin-film sensing approaches, it is difficult to
compare the performance of these techniques. Despite this, metasurfaces are considered to
be a desirable alternative because of their reduced complexity, flexible design, and because
they offer the possibility to directly manipulate the quality factors in comparison with other
methods [16].
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Metasurfaces are artificial structures that can be described as two-dimensional meta-
materials. They usually consist of periodically placed elementary subwavelength units that
are designed to have a customized electromagnetic response [17]. These artificial struc-
tures have expanded the capabilities of manipulating THz waves and sensing and even
mimicking the properties of different phenomena from the visible range, such as localized
surfaces plasmon polaritons [18]. As for sensing, metasurfaces have significantly improved
it across the entire electromagnetic spectrum, especially in the THz range. They enable
enhancement of the light–matter interaction with the substance under analysis, producing
a high confined electric field near the substance. This corresponds to the appearance of a
sharp change in the spectral response. The typical behavior is a shift in the metasurface
resonance dip because of a change in the metasurface dielectric environment. Tracking the
position of the dip, one can measure and detect even minute amounts of the analyte. This
feature, in addition to the unique properties of terahertz radiation, is optimal for label-free,
selective thin-film sensing [19,20].

Many authors have reported on metasurface-based thin-film sensors. Most of these
articles are devoted to split-ring resonators and their modifications, periodic slits in metallic
foil, and sensors based on extraordinary transmission, BIC, or spoof localized surface plas-
mon resonance [15,20–22]. Although these examples show good performance as sensing
platforms, they usually exploit a single-resonance approach to measuring the character-
istics of thin films. In general, measuring the change in one resonance dip is not enough
to simultaneously retrieve the thickness and refractive index of film of an unknown sub-
stance. To overcome this problem, different authors suggested either using the saturation
mode of the metasurface to study, for example, bacteriophage viruses [23,24], or measuring
only the concentration of substances excluding the thickness and refractive index from
consideration [25,26].

Although various metasurfaces have successfully demonstrated their single-resonance
capabilities for near-field enhancement, there are different applications in photonics that
require coverage of multiple operating frequencies. For instance, it has been shown that
multispectral metamaterials can be useful in the search for the highest response of sensors
on optically unknown target molecules (without recognizable absorption features) [27].
Furthermore, such types of metasurfaces may work in nonlinear photon generation, where
it could be possible to enhance the field at the second- and third-harmonic frequencies [28].
In addition, such metasurfaces can be used to enhance multiple characteristic frequency
peaks of molecule fingerprint spectra, differentiating two substances [29] and extending
the operating range of absorbers [30] and sensors [31].

In this work, one of the advantages of multiresonant metasurfaces is demonstrated
for the first time, namely, the possibility of simultaneously measuring the thickness and
refractive index of unknown non-absorbing substances. To this end, we use a modified
metasurface based on the Archimedean spiral with a C resonator. The paper is structured
as follows: first, we present basic information about the metasurface and approaches
to its simulations. Then, we show the step-by-step logic of refractometry measurement
with metasurfaces. Next, we describe the principles of measuring the refractive index
and thickness by using a non-dispersive analyte without absorption and suggest our own
approach based on the multiresonance nature of resonance spectra of the metasurface.
Finally, we summarize our findings, discussing perspectives of this method.

2. Materials and Methods

Archimedean spiral metasurfaces are a modification of another metamaterial called
textured cylinders. They are well known as structures that support spoof localized surface
plasmon polaritons (SLSPs) [18]. This modification has solved the limitation of work of
textured cylinders in the region of longer wavelengths. The combination of an additional
resonator with the spiral structure is associated with the electromagnetically induced trans-
parency (EIT) phenomenon [32], which enables excitation of high-Q resonances. In general,
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there have been many articles on the mechanisms underlying the excitation of spoof local-
ized surface plasmon polaritons and the appearance of EIT on such metasurfaces [18,32–42].

In this article, we continue investigating the properties of spiral-based metasurfaces
and their application to measuring the characteristics of analytes [35,43,44]. In [35], the
authors compared a logarithmic spiral metamaterial with an azimuthally grooved metal
cylinder and studied the influence of their various parameters on resonance excitation. The
next article [43] was devoted to different designs of metasurfaces based on Archimedean spi-
rals. Their disadvantages and advantages were analyzed. The last article [44] demonstrated
the sensor capabilities of Archimedean spiral metasurfaces with a C resonator and the ben-
efit of using phase spectra both experimentally and numerically. This work mainly focuses
on the methodology of using the multiresonance feature for analyte characterization.

To demonstrate the new approach, we chose the same structure parameters as in the
previous article [44] because of the technological feasibility of fabrication by the current
technology. We will briefly describe the influence of the parameters on the sensor perfor-
mance. The metasurface is an aluminum (σ = 1.5 · 107 cm/m) [45] Archimedean spiral with
a C resonator (see Figure 1a), which is placed on a polypropylene (εPP = 2.25·(1 - j·10 - 3))
substrate [46]. The substrate material has low values of dielectric losses and low cost, and
it is compatible with the photolithographic process. In addition, its low permittivity leads
to a relatively higher sensitivity, due to a higher electric field above the metasurface [47].
The metallization thickness tAl = 0.35 µm is limited by the fabrication process and the
skin depth, while the substrate thickness tPP = 15 µm corresponds to the commercially
available polypropylene films. Large substrate thickness can lead to the Fabry–Pero effect
interfering with the entire response of the metasurface. Thicker metallization increases the
sensitivity of the sensor [48]. The structure radius R = 192 µm makes it possible to control
the resonance frequency of the structure. The higher the radius, the lower the resonance
frequency. The disk radius r = 18 µm has the opposite effect on the resonant frequency [32].
The period of the metasurface influences the interaction between elementary units of the
metasurface, which can change the quality factor and sensitivity of the sensor. At the same
time, the period must be small enough for the resonance frequency of diffraction mode to
be as high as possible and to not overlap with the resonances of the structure. The periods
of the metasurface in the x- and y-directions are equal in both directions (px = py = 768 µm),
and this distance is great enough to avoid a strong hybridization effect [32,42]. The number
of arms m = 12 and their width w = 8 µm are related to nonlocal effects and spectrum
stability against small variations due to incidence angle error and losses in the metal. The
distance to the C-shaped resonator RC = 204 µm, its angular width α = 90 deg, and its
width wr = 8 µm relate to the symmetry of the structure, the position of the resonance dips,
and the efficiency of excitation of higher modes [43].
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To analyze the interaction of the metasurface with the analyte, we used the COMSOL
Multiphysics software with the numerical scheme shown in Figure 1a. To simulate the
periodic structure, we realized a standard Floquet cell consisting of periodic boundary
conditions (PBC), periodic ports, and perfectly matched layers (PML) [44]. Because of its
geometrical complexity, the mesh was developed without using an automatic algorithm
from the COMSOL. It was necessary to provide convergence of the numerical scheme and
save the computation resource. Inside the PML domains, we used an eight-layer structured
mesh. The same type of mesh but with four layers was applied to the analyte and substrate
domains. Both air domains had unstructured triangular meshes, and their minimum and
maximum element sizes were 100 and 10 times smaller than the wavelength relating to
the maximum frequency of the investigated spectral range. To prevent the excitation of
resonance modes by numerical ports, the height of these domains was made equal to the
doubled radiation wavelength corresponding to the minimum frequency of the spectrum
range of interest. The spiral structure was modeled as a transition boundary condition. For
reproduction of the geometry, the size of triangular elements around the spiral structure
was varied between w/4 and w/2 (see Figure 1b). In this configuration, because of high
memory requirements, it was impossible to apply the direct solver, and thus the iterative
solver was used instead. We stopped diminishing the mesh size when the shift of the
resonances and change in the amplitude of the resonances became negligible.

Because the metasurface is a combination of a C-shaped resonator and Archimedean
spiral, it supports several resonances under different polarization conditions of the incident
radiation. In the case of polarization parallel to the C resonator (E∥), the plane wave
excites two fundamental electric dipole modes of the spiral structure (I—0.297 THz) and
the C-shape resonator (II—0.34 THz), magnetic dipole mode (III—0.373), and diffraction
mode (IV—0.388 THz). If the polarization of the incident beam is perpendicular to the
C resonator (E⊥), only the fundamental electric dipole mode of the spiral structure and
diffraction mode will be observed (see Figure 2) [32,43,44]. The several dips in the spectra
not only allow one to expand the spectral range for analysis, but also improve the method
of retrieving the analyte characteristics, which will be shown below.
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3. Transmission Refractometry Measurement

Metasurfaces can be tuned to work in two different regimes: the refractometric and
spectroscopic operating modes. In the first case, the absorption line of the analyte is far
from the resonance dip of the metasurface, whereas in the second regime, the absorption
line overlaps with it. We will study the refractometry operating mode, in which it is
hypothetically possible to retrieve the real part of the refractive index and the thickness of
the analyte.

Specifically, our typical transmission measurement algorithm is as follows.

(i) Diaphragm measuring.

A frequency-tunable terahertz source of radiation produces a horizontally polarized
plane wave, which is incident on a diaphragm with size equal to or less than the size of
the metasurface. A detector records the transmitted beam at different frequencies. This
spectrum is used for calibration, and we can designate it as I0.

(ii) Measuring bare metasurface.

The next step is to record the spectrum of the bare metasurface. The same radiation is
transmitted through the spiral metasurface without the analyte, and the recorded intensity
Isam is normalized to the spectrum of the first step:

Tre f =
Isam

I0
. (1)

(iii) Measuring metasurface covered by analyte.

The sensing mechanism is based on the change in the measured metasurface reso-
nances as a result of a small change in the analyte covering the metasurface. Thus, at the
final step, the transmission spectra of the metasurface covered by the analyte are recorded:

Ta =
Ia

I0
. (2)

Comparing Ta and Tre f , we can estimate the characteristics of the analyte. We will
reproduce this measurement algorithm with simulation, in which Tre f and Ta are presented
in terms of the absolute value of the S parameter |S12|2.

4. Refractive Index Sensitivity

To retrieve the refractive index by using metasurfaces, it is necessary to identify
the parameters of their response on thin layers of analytes. One such characteristic is the
sensor’s sensitivity S to the real part of the refractive index. It can be found through changes
in the resonance frequencies in the amplitude, phase, or phase derivative spectra. Although
the imaginary part of the refractive index has little influence on the frequency shifts of the
resonances [23] when the sensor works in the refractometric regime, for simplicity and
certainty we assume that our analyte is lossless with the refractive index na and thickness
ta. This enables us to exclude additional effects from consideration. In addition, we study
only the amplitude transmission frequency spectra.

Let us consider a three-layer structure consisting of the substrate with a metasurface
covered with the analyte and surrounded by the medium with the refractive index nre f
(in our case, it is air with nre f = 1). As the refractive index changes, the response of the
metasurface in the absence of the absorption and with ta → ∞ is linear, and the resonance
frequency shift ∆ f can be described as follows [49]:

∆ f = fres − fre f =
d fres

dna
(na − nre f ) = S·(na − nre f ) = S·∆n. (3)
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If the analyte is a thin film of finite thickness, then the sensor response will be

∆ f = S·(ne f f − nre f ), (4)

where ne f f is the effective refractive index of the bilayer, which is the weighted average of
na and nre f .

Assuming that the evanescent electric field decays exponentially with the distance
from the metasurface and ne f f is proportional to this field, we can write down the weighting

factor as exp
[
− t

td

]
, where t is the transverse coordinate with zero at the surface of the

metamaterial and td is the characteristic decay length. Thus, ne f f can be described as [49]

ne f f =

∫ ∞
0 n(t)exp

[
− t

td

]
dt∫ ∞

0 exp
[
− t

td

]
dt

n(t) = na 0 < t ≤ ta
n(t) = nre f ta < t ≤ ∞ (5)

or

ne f f = nre f + (na − nre f )·
(

1 − exp
[
− ta

td

])
. (6)

Substituting Equation (6) into Equation (4), we obtain

∆ f = S·(na − nre f )·
(

1 − exp
[
− ta

td

])
(7)

or
∆ f
∆n

= S·
(

1 − exp
[
− ta

td

])
. (8)

Using Equation (8) and the terms of the sensor response, we can perform the replacements
td ↔ tsat and S ↔ Ssat , and then

S(ta) =
∆ f (ta)

na − nre f
= Ssat

(
1 − exp

[
− ta

tsat

])
, (9)

where Ssat is the saturation sensitivity, that is, the maximum sensitivity of the sensor, and
tsat is the saturation thickness. Ssat characterizes the maximum overlap of the field and the
analyte film, whereas tsat is the thickness at which the sensitivity of the sensor increases “e”
times. This behavior of metasurfaces has been reported by various authors [48,50–52].

The spectrum of our metasurface has four resonance dips with their own sensitivities.
Thus, Equation (9) can be rewritten as follows:

Sx(ta) =
∆ f x

res(ta)

na − nre f
= Sx

sat

(
1 − exp

[
− ta

tx
sat

])
, (10)

where x = {I, I I, I I I, IV} is the number of the resonance and ∆ f x
res(ta) = f x

res(ta)− fre f is
the resonance shift, depending on the analyte thickness and refractive index. With a sub-
stance with known refractive index and thickness, it is possible to obtain the characteristics
of sensors.

To check the above equations, we calculated the spectra of the metamaterial covered
with an analyte of different thicknesses and refractive indices. In each spectrum, we tracked
the change in the resonance frequency and then calculated the resonance shift induced by
the change in either the refractive index or thickness. The calculated points were fitted by
Equations (3) and (10), as shown in Figure 3.
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Figure 3 shows that the sensitivity of the magnetic dipole mode is higher than that
of the electric dipole mode; the fitting results are demonstrated in Table 1. The same is
true for the saturation thickness of the magnetic dipole modes, which is larger than that
of other modes. Although the figure of merit of the diffraction mode is similar to those of
other modes in simulations, it is the side mode that is highly dependent on the quality of
fabrication, which results in strong broadening of the resonance in experiments. This mode
can be used to determine the quality of fabrication of a structure, but it is of no interest for
sensor application [44]. Thus, it was excluded from consideration.

Table 1. Fitting results.

Mode Number I II III

Sx
sat, THz/RIU 0.061 ± 0.0016 0.069 ± 0.0023 0.078 ± 0.0018

tsat, µm 4.46 ± 0.24 4.42 ± 0.32 5.24 ± 0.224

5. Measurement Principles

An unknown substance can be examined with a metasurface if the sensitivity of the
latter has been calculated and measured for a known material. There are three options
for analyzing a thin non-absorptive film covering the sensor, which depend on the input
known characteristics as shown in Table 2.

Table 2. Options for analyzing a thin non-absorptive film.

№ Known Characteristics Characteristics to Find

A - Sensitivity
- Real part of refractive index - Film thickness

B - Sensitivity
- Film thickness - Real part of refractive index

C - Sensitivity of a multiresonance
metasurface

- Real part of refractive index
- Film thickness

A. The real part of the refractive index is known.

Considering na, Sx
sat, and tx

sat as known characteristics, we can obtain ta from Equation (10):

ta = tx
sat·ln

(
(na − nre f )Sx

sat

(na − nre f )Sx
sat − ∆ f x

res(ta)

)
. (11)
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Let us assume that we do not know the parameter of thickness for na = 2 and
∆ f I

res = 0.04 THz, related to the electric dipole mode. This point was marked with the big
green circles in Figure 3a. Taking into account the model error, we can obtain

ta = [4.46 ± 0.24]·ln
(

(2 − 1)[0.061 ± 0.0016]
(2 − 1)[0.061 ± 0.0016]− 0.04

)
= 4.78 ± 0.51 µm.

The result must be equal to 5 µm in the case of zero approximation error.

B. The film thickness is known.

Similar reasoning can be carried out in the case of a known analyte thickness:

na =
∆ f x

res(ta)

Sx
sat

(
1 − exp

[
− ta

tx
sat

]) + nre f (12)

For example, here, we consider the result for the magnetic dipole mode with the
known ta = 5 µm and ∆ f I I I

res = 0.018 THz (see Figure 3a):

na =
0.018

[0.078 ± 0.0018]
(
1 − exp

[
− 5

5.24±0.224
]) + 1 = 1.269 ± 0.015 RIU.

As in the previous case, the model does not yield an ideal result and is slightly further
away from the ideal 1.4 RIU.

The “A” and “B” measurement approaches are straightforward. These methods
provide the analyte parameters directly, but additional measurements of either the thickness
or refractive index must be made, which increases the complexity of the measurements
and adds some steps to the transmission refractometry measurement, and thus more
errors appear.

C. Only the sensitivity of the multiresonance metasurface is known.

During work with an unknown substance, we need to switch the sensor to a special
mode of measurement to collect additional data on the deviation induced by the substance.
Below, we will discuss a general approach, which works with any type of metasurface, and
an extra one, which can work only with multiresonant metasurfaces.

5.1. Saturation Measurement

If the thickness of the analyte is much greater than the saturation thickness, ta ≫ tsat,
then saturation of the sensor occurs, that is, exp

[
− ta

tsat

]
→ 0 , or in other words, the sensi-

tivity (Equation (10)) reaches its maximum:

Sx(ta) =
∆ f x

res(ta → ∞)

na − nre f
≈ Sx

sat. (13)

In an experiment, this condition is true when ta ≥ 4·tx
sat, since Sx(ta = 4·tx

sat) = 0.982·Sx
sat,

and the error will be less than 1.8%. However, from the viewpoint of the experiment, it is
necessary to keep increasing the thickness of the substance until the change in the resonance
shifting almost ceases.

The real part of the refractive index can be derived from Equation (13):

na =
∆ f x

res(ta → ∞)

Sx
sat

+ nre f . (14)
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Substituting Equation (14) into Equation (11), we can find the thickness for other films
of the analyte and modes:

ta = tx
sat·ln

(
∆ f x

res(ta → ∞)

∆ f x
res(ta → ∞)− ∆ f x

res(ta)

)
= tx

sat·ln
(

f x
res(ta → ∞)− f x

res(ta = 0)
f x
res(ta → ∞)− f x

res(ta)

)
. (15)

For example, let us consider ta = 4·tI
sat and an ideal case, when the parameters of

the sensor are defined ideally. Then, for the electric dipole mode, the frequency shift
(Equation (6)) will be ∆ f I

res
(
ta = 4·tI

sat, na = 1.74
)
= 0.044 THz. Using this value and

Equation (10), we obtain

na =
0.044
0.061

+ 1 = 1.73 RIU.

This value represents a small error of 0.6% without taking into account the model error.

5.2. Nonlinear Measurement

In this section, we study another approach to search for both the refractive index and
thickness simultaneously with amplitude transmission spectra. This approach is based on
several resonances arising in the spectrum of the metasurface.

Let us consider measurements with two different thicknesses, but the same substance, and
track the resonance change of the electric and magnetic dipole modes. Then, using Equation (11),
we can write down four equations with four unknowns (t1, t2, na

(
f I
res
)
, na

(
f III
res
)
):

t1 = −tI
satln

[
1 − ∆ f I

res(t1)

(na( f I
res)−nre f )SI

sat

]
t1 = −tI I I

sat ln
[

1 − ∆ f I I I
res (t1)

(na( f I I I
res )−nre f )SI I I

sat

]
t2 = −tI

satln
[

1 − ∆ f I
res(t2)

(na( f I
res)−nre f )SI

sat

]
t2 = −tI I I

sat ln
[

1 − ∆ f I I I
res (t2)

(na( f I I I
res )−nre f )SI I I

sat

]. (16)

We conduct one measurement at the thickness t1 and another one at t2. Then, it is
true that

tI
satln

[
1 − ∆ f I

res(t1)

(na( f I
res)−nre f )SI

sat

]
= tI I I

sat ln
[

1 − ∆ f I I I
res (t1)

(na( f I I I
res )−nre f )SI I I

sat

]
tI
satln

[
1 − ∆ f I

res(t2)

(na( f I
res)−nre f )SI

sat

]
= tI I I

sat ln
[

1 − ∆ f I I I
res (t2)

(na( f I I I
res )−nre f )SI I I

sat

]. (17)

Solving this equation relative to ∆nI = na
(

f I
res
)
− nre f and ∆nI I I = na

(
f I I I
res
)
− nre f ,

we obtain

∆nI =
∆ f I

res(t1)[∆nI I I ·SI I I
sat ]

tI I I
sat

tI
sat

SI
sat

[∆nI I I ·SI I I
sat ]

tI I I
sat

tI
sat −[∆nI I I ·SI I I

sat−∆ f I I I
res (t1)]

tI I I
sat

tI
sat


∆nI =

∆ f I
res(t2)[∆nI I I ·SI I I

sat ]

tI I I
sat

tI
sat

SI
sat

[∆nI I I ·SI I I
sat ]

tI I I
sat

tI
sat −[∆nI I I ·SI I I

sat−∆ f I I I
res (t2)]

tI I I
sat

tI
sat



. (18)

Let us equate the relations in (18) and get the ratios for ∆nI I I :

∆ f I
res(t2)

∆ f I
res(t1)

=

[
∆nI I I ·SI I I

sat

] tI I I
sat

tI
sat −

[
∆nI I I ·SI I I

sat − ∆ f I I I
res (t2)

] tI I I
sat

tI
sat

[
∆nI I I ·SI I I

sat

] tI I I
sat

tI
sat −

[
∆nI I I ·SI I I

sat − ∆ f I I I
res (t1)

] tI I I
sat

tI
sat

. (19)
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To solve this equation for ∆nI I I , we looked for the zero modulus of the difference
between the right-hand and left-hand sides of the equation:

y =

∣∣∣∣∣∣∣∣∣
∆ f I

res(t2)

∆ f I
res(t1)

−

[
∆nI I I ·SI I I

sat

] tI I I
sat

tI
sat −

[
∆nI I I ·SI I I

sat − ∆ f I I I
res (t2)

] tI I I
sat

tI
sat

[
∆nI I I ·SI I I

sat

] tI I I
sat

tI
sat −

[
∆nI I I ·SI I I

sat − ∆ f I I I
res (t1)

] tI I I
sat

tI
sat

∣∣∣∣∣∣∣∣∣→ 0. (20)

By solving Equation (20), we can find ∆nI I I first and then ∆nI , t1, and t2 with
Equations (16) and (18).

Following our approach, we tried to find the parameters of the analyte with
na
(

f I
res
)
= na

(
f I I I
res
)
= 1.74 RIU and precalculated values of thickness by using only the

sensitivities from Table 1. Figure 4a shows the typical behavior of Equation (20) for various
analyte thicknesses, whereas Figure 4b presents the thickness and refractive index values
obtained by taking into account the error of the approximation model. According to
Figure 4c, the error decreases with increasing thickness contrast and becomes minimal
when the thickness is sufficiently far from the saturation mode and the linear operation
mode of the sensor (ta ≪ tx

sat).
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Let us define the scope of applicability of this approach. The upper limit of the opera-
tion mode is determined by the saturation mode. There is no sense in using Equation (19),
since it is easier to retrieve the parameters from Equation (13). On the other hand, Equation (19)
will not work if the measurements are conducted in the mode of thin films (linear operation
mode of the sensor):

Sx(ta) ≈ Sx
sat·

ta

tx
sat

. (21)
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The simplest way to show this is to repeat the above reasoning, using Equation (21).
To achieve this, we obtain

∆ f I
res(t1)

∆ f I
res(t2)

=
∆ f I I I

res (t1)

∆ f I I I
res (t2)

. (22)

In experiments, it is only necessary to check the frequency shifts for compliance with
Equation (22). If it is true, then Equation (19) cannot be applied to determine the analyte
characteristics. Moreover, it can be shown that if at least one measurement is carried
out in the thin-film mode, then Equation (19) remains true. For example, we can use
thicknesses of 1 µm and 3 µm to extract the analyte parameters as shown in Figure 4, while
for measurements in the saturation mode, it is necessary to use a thickness equal to at least
18 µm, which is six times greater than the largest thickness required for our approach.

6. Conclusions

To conclude, we have presented techniques for measuring the dielectric constants of
thin films covering metasurfaces and suggested a new approach based on the multireso-
nance spectral features of the Archimedean spiral metasurfaces with a C resonator. This
method uses the different responses of two resonances on an analyte with two different
thicknesses. Comparing the frequency shifts of the two resonances under these conditions,
one can extract both the refractive index and thickness of the dielectric film. There is no
need to apply additional methods to measure the film thickness or the refractive index. In
contrast with the well-known measurement technique based on the saturation behavior
of the resonances, this approach requires a much thinner film, although it still partly fails
to work with the minimum film thickness resolvable by the sensor. In addition, it was
shown that precise determination of the sensor parameters such as the saturation sensitivity
and thickness is needed for the new approach. Our work demonstrates the advantages of
multiresonance metasurface for sensing, and it could be useful for further development of
sensors and sensor techniques in the THz frequency range.
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