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High-Q Mie resonators for refractive-index sensing
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Refractive-index sensors have been used in a wide range of applications, including biological diagnosis
and therapy, material analysis and shaping, (bio)chemical sensing, environmental monitoring, and many
more. A good sensor should have sufficiently high sensitivity and figures of merit to detect the slightest
changes in the environment. Here, we study the performance of high-Q Mie modes of dielectric cylin-
ders with ultrahigh permittivity for refractive-index sensing. First, we experimentally demonstrate the
emergence of high-Q Mie modes in the scattering spectrum of a single dielectric cylinder with ultrahigh
permittivity (¢ &~ 40—100). We also investigate the sensitivity of the high-Q Mie modes to the background
refractive index of the surrounding environment. The simulation results demonstrate that the high-Q Mie
modes are sensitive to changes in the surrounding refractive index. This results in high sensitivities and
remarkable figures of merit, indicating their potential for refractive-index sensing applications. However,
the material losses limit the observation of high-Q modes and their sensing capability.
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L. INTRODUCTION

Refractive-index (RI) sensors have found a wide range
of applications in petroleum, chemical, biological, food,
pharmaceutical, and environmental monitoring [1-9]. In
particular, microwave sensors provide the benefits of good
sensitivity, an excellent ability to perform in many environ-
ments, and easy fabrication and measurement [6]. Many RI
sensors based on metamaterials with different configura-
tions have been proposed [10—14]. However, these sensors
are limited in sensitivity and figure of merit (FOM) due to
their intrinsic losses and inherently low quality factors.

Dielectric resonators with a high Q factor are in high
demand due to their ability to achieve exceptional energy
confinement and minimal losses. This quality makes them
valuable for various applications, including RI sensors
[15]. The most widespread types of high-Q resonators are
photonic crystal cavities [16] and the whispering-gallery
[17] and Fabry-Perot [18] types. Their common disad-
vantage is that their O factors drop drastically when the
size of the cavity becomes subwavelength. This chal-
lenging task can be overcome with the concept of the
bound state in the continuum (BIC) [19-22]. BICs become
the focus of attention in the design of high-Q-factor res-
onators. Quasi-BIC in a single dielectric cylinder, which
appeared from destructive interference between Mie and
Fabry-Perot modes, provides a radiation Q factor as high a
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s 63700 [23]. The highest reached experimental value of
the O factor is about 12500 and it has been limited by
material losses in ceramic [24]. The designs of microcav-
ities with quasi-BICs are very sensitive to the geometrical
and material parameters and need very accurate fabrica-
tion. Recently, ceramic resonators with quasi-BICs have
been used for highly sensitive chipless wireless tempera-
ture sensors [25].

Recent studies have demonstrated various RI sensors
that exploit Mie modes [26—30]. The RI sensing is usually
based on the detection of the spectral shift of the reso-
nances induced by a change in the RI of the environment.
Therefore, weak localization of the mode is desirable for
a higher sensitivity. At the same time, weak localization
of the mode inside the resonator decreases the Q factor,
making the resonance broader and the FOM lower. A high
FOM requires a high Q factor; however, if the radiative
losses are much lower than the material losses, the high-QO
mode is hardly observable in the experiment and it cannot
be used for sensing. Thus, the optimal design of a highly
sensitive sensor with a high FOM requires a fine balance
between the radiative losses, material losses, and spatial
confinement of the modes.

In this paper, we investigate the efficiency of high-QO Mie
modes of different orders in low-loss and high-permittivity
dielectric cylinders for RI sensing at microwave fre-
quencies. We evaluate the sensitivity and the FOM of
our dielectric cylinder sensors and compare them with
state-of-the-art microwave RI sensors. We reveal the high
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potential of our RI sensors based on high-Q dielectric
resonators.

To understand the Mie modes, we begin with a the-
oretical investigation of the plane-wave scattering by a
dielectric cylinder. Using the temporal coupled-mode the-
ory, we can compute the scattering cross section (SCS) as
follows [31]:
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where ¢ is a real phase factor, wy is the resonant angu-
lar frequency, yaps 18 the intrinsic loss rate due to material
absorption, and y;.4 is the external leakage rate due to the
coupling of the resonance to the outgoing wave. Assuming
that ¢ = 0, the SCS spectrum has a Lorentzian shape [31].
We calculate the SCS at the resonance frequency by setting
w = wy and simplifying Eq. (1) as follows:
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For the lower-order Mie modes excited in a dielectric parti-
cle with a relatively low permittivity (¢ — 1), the radiative
loss is very high (i.e., when V.4 > Yas) and one can
rewrite Eq. (2) as

Osc ~ —. (3)
T

For higher-order Mie modes excited in a dielectric particle
with a huge permittivity (¢ — 00), i.€., Yiad <K Vabs, ONE
obtains

o5 = 0. “)

There is a critical coupling condition in which Y;aq = Vabs-
In this case,

Osc ™~ ——. (5)

II. NUMERICAL STUDY OF SCATTERING AND
ABSORPTION CROSS SECTIONS

We start our study with numerical simulations of the
SCS and absorption cross section (ACS) of a finite dielec-
tric cylinder with permittivity ¢ varying from 30 to 500,
loss tangent tand = 2.5 x 107%, radius R, and height 4,
placed in a medium with permittivity &, = 1, as shown in
Fig. 1. To keep the same frequency range for different ¢,
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FIG. 1. A schematic view of a dielectric cylinder resonator
with permittivity &, radius R, and height 4, placed in a medium

with permittivity &, = 1 under TE- and TM-polarized incident
plane waves.

the following relations between ¢, R, and 4 are set:

110 R
R=—mm) and h= Z(mm) for a TE wave,
e

145

R
R=—mm) and h= E(mm) for a TM wave.
e

(6)

The SCS and ACS of the cylinders with permittiv-
ity ¢ varying from 30 to 500 under the excitation of
TE- and TM-polarized plane waves are calculated by the
frequency-domain solver of CST MICROWAVE STUDIO 2022.
To compare the ACS and SCS for cylinders with different
aspect ratios, we normalize the ACS and SCS by the pro-
jected cross section of the resonator, P = 2Rh. The results
are shown in Figs. 2(a) and 2(b). For TE-polarized exci-
tation, the first resonance occurs at around 2.2 GHz [Fig.
2(a)]. The calculated electric field distribution of this reso-
nance at the x-y plane demonstrated in Fig. 2(a) shows that
the magnetic dipole (MD) mode is excited. As & increases
from 30 to 500, the resonance becomes narrower in band-
width (higher in Q factor). For ¢ < 500, the absorption loss
(ACS) is lower than the radiation loss (SCS), the condition
Yrad > Yabs 18 satisfied, and the mode has a low Q factor
with a high SCS [Eq. (3)]. For the resonance at around
3.4 GHz [indicated by pink arrows in Fig. 2(a)], the elec-
tric field distribution demonstrated in Fig. 2(a) indicates
that the electric quadrupole (EQ) mode is excited inside
the cylinder. For ¢ = 30, Y1ad > Yabs, and by increasing ¢,
the absorption loss increases, satisfying the critical cou-
pling condition Y;ag = Yaps at € = 100. Further increase of
¢ leads to the disappearance of the enhancement in the
SCS for ¢ = 200 and & = 500, where yaps > Yrad. Narrow
ACS resonances indicate that the mode remains excited
inside the cylinder. However, its radiation is too low to be
detected due to the extremely high ¢ and, thus, the mode is
quasi-non-radiative.

The next resonance at around 3.95 GHz [indicated by
green arrows in Fig. 2(a)] is electric octupole (EO). For
& = 30, Yrad = Yabs, satisfying the critical coupling con-
dition. For ¢ > 50, the mode is quasi-non-radiative. The
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(a) The simulated SCS (blue line) and ACS (dotted orange line) of the dielectric cylinders with permittivity ¢ = 30, 50,

100, 200, and 500 and loss tangent tan § = 2.5 x 10~*, normalized to the projected cross section P = 2RA under TE-polarized plane-
wave illumination. The insets show simulated electric field distributions of the MD, EQ, EO, and E16 modes. (b) The simulated SCS
(blue line) and ACS (dotted orange line) of the dielectric cylinders with permittivity & = 30, 50, 100, 200, and 500 and loss tangent
tan§ = 2.5 x 10~*, normalized to the projected cross section P = 2R% under TM-polarized plane-wave illumination. The insets show
simulated magnetic field distributions of the ED, MQ, MO, and M16 modes.

last mode excited around 4.45 GHz is electric 16-pole
(E16) [see Fig. 2(a)] and is already quasi-non-radiative
for 30 < & < 100. We should note that for £ = 200 and
& = 500, the ACS enhancement also vanishes, indicating
that the mode is not excited.

For TM-polarized excitation, based on the calculated
magnetic field distributions at the x-y plane demonstrated
in Fig. 2(b), the electric dipole (ED) mode is excited at
around 2.4 GHz. As ¢ increases from 30 to 200, the reso-
nance becomes narrower in bandwidth (higher in Q factor),
since the ACS (yqps) increases, leading to satisfying the
critical coupling condition ;g = Yabs at € & 200. How-
ever, it never becomes quasi-non-radiative. The magnetic
quadrupole (MQ) mode excited between 2.45 and 2.5 GHz
shows the same behavior as the ED mode. However, the
magnetic octupole (MO) mode [indicated by pink arrows
in Fig. 2(b)] is becoming quasi-non-radiative for ¢ > 100.
The mode excited at around 3 GHz [green arrows in Fig.
2(b)] is magnetic 16-pole (M16) [see the corresponding
fields in Fig. 2(b)] and is quasi-non-radiative for 50 < ¢ <
500. Note that for ¢ = 500, the enhancement in the ACS
also disappears, showing that this mode is not excited.

ITII. EXPERIMENTAL STUDY OF SCATTERING
CROSS SECTION AND NEAR-FIELD
DISTRIBUTION

We perform the experimental study to demonstrate the
existence of high-Q and quasi-non-radiative modes of the

dielectric cylinders with high permittivities under TE-
polarized plane-wave excitation. Three ceramic cylinders
with permittivities ¢ = 40, 80, and 100 and geometrical
parameters listed in Table I of the Supplemental Mate-
rial [32], have been fabricated. To measure the SCS, the
prototype is placed in the middle of two horn antennas,
and the forward scattering is measured [33,34]. A photo-
graph of the experimental setup for measuring the SCS of
the cylinder prototypes is shown in the top subplot of Fig.
3(a) (for details, see Sec. I of the Supplemental Material
[32]). The measured SCSs of cylinders with permittivi-
ties ¢ = 40, 80, and 100 are compared with the numerical
results in the middle subpanels of Figs. 3(b)-3(d), respec-
tively. Good agreement is achieved. The calculated ACSs
of the cylinders with permittivities ¢ = 40, 80, and 100 are
shown in the top subpanels of Figs. 3(b)—3(d), respectively.
We have also measured the normal component of the mag-
netic field at the x-y plane 4 mm above the surface of the
cylinders using a near-field mapping procedure. A photo-
graph of the experimental setup is shown in the bottom
subplot of Fig. 3(a) (for details, see Sec. I of the Supple-
mental Material [32]). The results are compared with the
simulated ones in Figs. 3(b)-3(d). For the cylinder with
& = 40, as predicted numerically, all the MD, EQ, EO,
and E16 modes are observed in the magnetic field distri-
butions. The E16 mode is quasi-non-radiative, since the
SCS shows no enhancement at the frequency of interest
[5.9 GHz in Fig. 3(b)]. For the cylinder with ¢ = 80, both
E16 and EO become quasi-non-radiative [see the SCS in

024028-3



ZANGANEH, SADRIEVA, KAPITANOVA, and BOGDANOV

PHYS. REV. APPLIED 21, 024028 (2024)

(a)

—Rx Horn
e

7 —— Simulated
g =i Measulred
S5l
gos
V5] [ ‘.
8 O NP | P ) M\
R B :
25 3 35 4/ 45 § 55 £
/
‘l‘ Frefwlency (GHz)/ /I
/
\] FMeasured |4
MD EQ o E16
3y **
e
—10, v
-10 0 10

x (mm)

FIG. 3.

Simulated
10

X (mm)

(b)

£=40
10
o
S
% —10F
O
<
-30
— [ T——Smulated
= - - - Measured
s | 1
S 05} ' 1
8 .
a3 )
%] .= el L \J Y
0 7 T 1
25 3 35 4 45 5 55 16
‘* Fregliency (GHz) / !
Measured *

ACS (dB)

|
D
NS

o
)

SCS (arb. units)

o

|
=
3
T

— Simulated
- = = Measured

X (mm)

y
35 4

Fre)quency GHz,’

F’ Measured “’

10

x (mm)

(a) Photographs of the experimental setups to measure the SCS and the near magnetic field distribution of the cylinder
prototypes. Here, the prototypes are excited from the side with a TE-polarized wave. The inset represents the cylinder prototype with
a permittivity of ¢ = 100, a radius of R = 7 mm, and a height of # = 10 mm. Top subplots: the simulated ACS of the dielectric
cylinders with (b) permittivity ¢ = 40 and loss tangent tan 8 = 2.5 x 1074, (c) permittivity & = 80 and loss tangent tan§ = 4 x 1074,
and (d) permittivity ¢ = 100 and loss tangent tan§ = 7 x 10~*, normalized to the projected cross section P = 2Rk under TE-polarized
plane-wave excitation. Middle subplots: the measured (dotted orange lines) and simulated (blue lines) SCS of the cylinders with the (b)
permittivity ¢ = 40 and loss tangent tan § = 2.5 x 107%, (c) permittivity ¢ = 80 and loss tangent tan § = 4 x 10~ and (d) permittivity
£ = 100 and loss tangent tan§ = 7 x 10~*. Bottom subplots: the measured and simulated normal component of the magnetic fields

for the MD, EQ, EO, and E16 modes at 4 mm above the cylinder surface, with (b) ¢ = 40, (c) ¢ = 80, and (d) ¢ = 100.
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FIG. 4. The simulated radiative (dashed lines) and total (solid lines) Q factors of (a) the MD, EQ, EO, and E16 and (b) the ED, MQ,
MO, and M16 modes as functions of the cylinder permittivity for loss tangent tan§ = 2.5 x 107*. (c) The measured and simulated
total Q factors of the MD, EQ, and EO modes of the dielectric cylinders with a permittivity of ¢ = 40 (tan§ = 2.5 x 107%), ¢ = 80

(tand = 4 x 107*), and & = 100 (tan§ = 7 x 10~%), respectively.

Fig. 3(c)], whereas for the cylinder with ¢ = 100, the EQ,
EO, and E16 modes are quasi-non-radiative [the SCS in
Fig. 3(d)].

IV. O-FACTOR ANALYSIS

Here, we analyze the effect of the cylinder permittiv-
ity on the Q factor of the Mie modes. Figure 4(a) shows
the simulated total and radiative Q factors of the MD, EQ,
EO, and E16 modes as a function of the cylinder permit-
tivity &. The material loss tangent for all permittivities is
setastand = 2.5 x 10~*. The total and radiative Q factors
of the MD mode increase by increasing the permittiv-
ity and reach 650 and 774 at ¢ = 500, respectively. For
the EQ mode, the radiative Q factor reaches 2.17 x 10°
at ¢ = 500. However, the total Q factor is saturated to
1/tan§ = 4000 due to the material loss. One can see that
the radiative Q factors of the EO and E16 modes increase
by increasing & and reach 2.99 x 10% and 1 x 10'°, respec-
tively. Nevertheless, their total Q factors are saturated to
1/tan§ = 4000. Figure 4(b) shows the simulated total and
radiative Q factors of the ED, MQ, MO, and M16 modes
on the permittivity of the cylinder &. The radiative Q fac-
tors of the ED, MQ, MO, and M16 modes reach 2.8 x 10%,
5.7 x 10*,1.5 x 10°, and 5 x 107, respectively. Their total
Q factors are all saturated to 4000. To achieve a higher total
O factor of all modes, one should use material with lower
loss in addition to using a higher permittivity &.

To validate the Q factors of the MD, EQ, and EO
modes of the cylinders with permittivities 40, 80, and
100 predicted numerically, we compare them with the QO
factors obtained from the measured SCS. The QO-factor

extraction method is described in Sec. I of the Sup-
plemental Material [32]. Figure 4(c) demonstrates good
agreement between the values obtained numerically and
experimentally.

V. SENSING APPLICATION

Finally, we investigate the sensing performance of the
high-Q Mie resonances in the RI sensing application.
Extinction cross sections (ECSs) normalized to the pro-
jected cross section P = 2Rh under TM-polarized excita-
tion around the MQ mode of the cylinder with permittiv-
ities ¢ = 40, 80, 120, 160, 200, 240, and 280, placed in a
medium with a permittivity &; changing from 1 to 1.04 are
calculated in CST MICROWAVE STUDIO. A schematic view of
the structure is shown in the inset of Fig. 5(b). The results
for lossy (tan$ = 2.5 x 107*) and lossless cylinder mate-
rials are shown in Figs. 5(a) and 5(b), respectively. For the
lossy case [Fig. 5(a)], one can easily see that the MQ reso-
nant frequency shifts by changing the surrounding medium
permittivity &, for all values of the cylinder permittivity
¢, showing the good sensitivity of the MQ mode. How-
ever, by increasing ¢, the maximum ECS first increases (for
& < 160) and then decreases (for & > 160). For the lossless
case [Fig. 5(b)], beyond the same sensitivity as the lossy
one, narrower resonances are observed for high ¢, which
helps to distinguish the deviations better. The same ECS
plots for different ¢ and &, around other modes (ED, MD,
EQ, MO, and EO) are shown in Sec. II of the Supplemental
Material [32].

RI sensors are often quantitatively compared by their RI
sensitivity. Here, we define the RI sensitivity as the shift
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FIG. 5. (a) The simulated ECSs normalized to the projected cross section P = 2R/ for the cylinders with permittivities of ¢ = 40,

80, 120, 160, 200, 240, and 280 and loss tangent tan§ = 2.5 x 10™%, placed in a medium with background permittivities of &, = 1,
1.01, 1.02, 1.03, and 1.04 around the MQ resonance. (b) The simulated ECSs normalized to the projected cross section P = 2Rh for
the cylinders with the same parameters as in (a) but with the zero loss tangent. (c) The sensitivity of the MQ mode of the cylinders in
(a) and (b) as a function of the cylinder permittivity calculated using Eq. (7). (d) The FOM of the MQ mode of the cylinders in (a) and

(b) as a function of the cylinder permittivity calculated using Eq. (8).

of the resonant frequency versus the change in RI of the
surrounding medium as follows [35]:

GHz

RIU /)’
where Af" denotes the deviation of the resonant frequency,
Any is the deviation of the RI of the surrounding medium,

_

S =
Ang

(N

and RIU is refractive index unit. The RI sensitivities of
the MQ mode as a function of ¢ for the lossless and lossy
materials with loss tangent tan§ = 2.5 x 10~ are shown
in Fig. 5(¢c). By increasing ¢, the sensitivity decreases.

The ability of a sensor to detect slight changes in the RI
is proportional directly to S and inversely to the width of
the resonant peak or dip being tracked. The combination of
these parameters is known as the FOM and is represented
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TABLE L

The sensitivity (S), FHBW, FOM, and ECS;;.x of the ED, MD, EQ, MQ, EO, and MO modes for cylinder permittivities

of & = 40, 80, 120, 160, 200, 240, and 280. The loss tangent is tan § = 2.5 x 10™*,

Mode S, FHBW, FOM, and ECS e =40 e =280 e =120 e =160 e =200 e =240 e =280
ED S (GHz RIU*I) 0.16 0.09 0.06 0.04 0.03 0.03 0.02
FHBW (MHz) 40 8.8 3.7 2 L5 1.2 1
FOM (RIU_I) 4 10.7 16 22.2 21.6 22.6 24.2
ECS ax 18 27.9 36 40.3 41.2 39.7 37.3
MD S (GHzRIU™Y) 0.1 0.1 0.1 0.05 0.05 0.03 0.03
FHBW (MHz) 102 46 26 19 15 11 10
FOM (RIU”) 1 2.2 3.9 2.6 34 3.1 2.7
ECSpax 63.3 116.9 170.7 223.2 273.7 325.1 377.7
EQ S (GHz RIU™) 0.2 0.08 0.05 0.03 0.03 0.03 0.02
FHBW (MHz) 9 2 1 0.9 0.8 0.8 0.8
FOM (RIU”) 19.6 47.5 47.3 40.2 36.07 30.1 18.5
ECShax 56.6 111.9 34.7 19.7 11.9 7.7 5.5
MQ S (GHz RIUfl) 0.1 0.07 0.05 0.04 0.03 0.02 0.02
FHBW (MHz) 17.6 45 2 1.4 1.1 1 0.8
FOM (RIU™Y) 7.6 14.8 25.2 26.4 26.3 25.2 252
ECS ax 24.6 39.8 47.4 48.3 44.5 39.6 35
EO S (GHz RIU*I) 0.1 0.05 0.04 0.03 0.02 0.02 0.02
FHBW (MHz) 1.8 1 1 1 0.9 0.9 0.9
FOM (RIU*I) 70 54.5 37.9 26.7 22.8 20 16.3
ECSpax 36.5 16.2 7 4.1 2.2 1.5 1
MO S (GHz RIU™Y) 0.1 0.05 0.03 0.02 0.02 0.01 0.01
FHBW (MHz) 2.2 0.9 0.8 0.7 0.6 0.6 0.2
FOM (RIU*I) 45.9 54.4 40.4 359 30.3 22.8 553
ECSpax 20.7 11.7 5.6 3.2 2.8 1.4 1.1
as [35]: ECSpax. The best sensitivity performance of each mode is
achieved at the optimum permittivity. The corresponding
FOM — S 1 g sensitivity, FHBW, FOM, and ECS,.x values are written in
=tmew \rRu) ®) " blue. The maximum FOM achieved is 70 (RIU~"), which

where FHBW is the full width at half maximum of the
ECS spectrum. The FOMs of the MQ mode as a function
of ¢ for the lossless and lossy materials with loss tangent
tand = 2.5 x 107 are shown in Fig. 5(d). One can see
that although the sensitivities of both the lossless and the
lossy cases decrease by increasing &, the FOM increases
linearly in the lossless case and saturates to 25 (RIU™!)
in the lossy case for ¢ > 120. Therefore, ¢ = 120 is the
optimum choice in terms of the sensitivity and the FOM
of the MQ mode. The frequency sensitivity and FOM of
other modes are discussed in Sec. II of the Supplemental
Material [32].

Table I lists the RI sensitivity, FHBW, FOM, and
ECSax of the Mie modes for ¢ = 40, 80, 120, 160, 200,
240, and 280 and loss tangent tan§ = 2.5 x 10~*. For the
ED mode, as ¢ increases, the sensitivity and ECSp,,x grad-
ually decrease. The FOM increases up to 24.2 (RIU™)
for ¢ = 280. Having relatively good sensitivity, a high
FOM, and sufficient ECSp,x (for easily detectable reso-
nance), the optimum value of the cylinder permittivity for
the ED mode is ¢ = 160. Other modes provide the same
behavior as the ED regarding the sensitivity, FOM, and

corresponds to the EO mode of the cylinder with ¢ = 40.

Next, we numerically study how the aspect ratio of the
cylinder affects the sensing performance of the MQ mode.
We place a cylinder with permittivity ¢ = 120 and loss
tangent tand = 2.5 x 10~* in two different background
media, with permittivities of ¢, = 1 and 1.04, vary the
aspect ratio R/h of the cylinder from 1 to 4.5, and calcu-
late the ECS around the MQ mode under TM-polarized
excitation. The calculated ECS results are given in Fig.
S7(a) of the Supplemental Material [32]. Figure 6(a) shows
how the sensitivity and the FOM change with the aspect
ratio R/h. The sensitivity increases as the aspect ratio
increases because a larger aspect ratio means a larger
surface area of the cylinder that interacts with the sur-
rounding medium (localized fields are accumulated near
the cylinder surfaces). However, the FOM has maxi-
mum values at R/hA = 1.5 and 2 and then decreases for
larger aspect ratios. This means that there is an optimal
aspect ratio that maximizes the sensing performance of the
cylinder.

We also investigate how the sensitivity of the dielec-
tric cylinder to a thin analyte layer depends on the per-
mittivity of the cylinder and the layer thickness using

024028-7



ZANGANEH, SADRIEVA, KAPITANOVA, and BOGDANOV

PHYS. REV. APPLIED 21, 024028 (2024)

(c)

30 0.3 0.15 T T T T 40
S <q — |n ~A- t=0.5mm :ﬁ’f”mm
251 N *0o5 T T -G t=35mm t=3.5mm
’ N 4 2 2 - t=9.5mm
~on & —=2 ’ r oo - e _ 30/ Background
5 20 7 . /# 0.2 E :E‘ 0.1 Background =) g-"F -8~ _g
e — 4 OIO) x ’
= N = < = f -
= i /,V < 1953 % % S20 T SEL L S
o) s ~o Z 2 ~ 3 o -
10 P 01 3 30050 _ B _ g o
£=104 4T —> £ = o U 101 7" o
5 _ 005 @ o - Bs-m o Y A b —A-_p A
P A - o= I3 i
» 5 o.é.-’A_ A-a_a-_p" R .e:’A
1 15 2 25 3 35 4 45 40 80 120 160 200 240 280 40 80 120 160 200 240 280
Aspect ratio R/h Permittivity € Permittivity ¢
FIG. 6. (a) The sensitivity and FOM of the MQ mode of the cylinder with permittivity & = 120 and loss tangent tan§ = 2.5 x 107*

as a function of the cylinder aspect ratio R/A. (b),(c) The sensitivity (b) and the FOM (c) of the MQ mode of the cylinders with
permittivities of & = 40, 80, 120, 160, 200, 240, and 280 and loss tangent tan § = 2.5 x 10~* surrounded by a shell layer with thickness

t and a permittivity of g, = 1.04.

numerical simulations. We take the MQ mode and use a
TM-polarized plane wave to excite it. We consider cylin-
ders with different permittivities (¢ = 40, 80, 120, 160,
200, 240, and 280) and a fixed loss tangent (tané = 2.5 x
10~%). We surround the cylinders with an analyte layer
with a permittivity of ¢ = 1.04 and a variable thickness
of ¢ [see the inset of Fig. 6(b)]. We vary ¢ from 0 to
9.5 mm and calculate the ECS. The results are shown
in Fig. S7(b) of the Supplemental Material [32]. Figures
6(b) and 6(c) show the sensitivity and the FOM as a
function of the cylinder permittivity for different values
of . For all values of ¢, the sensitivity decreases as the
permittivity of the cylinder increases and the FOM satu-
rates for £ > 120, the same as the case when the entire
surrounding medium has a permittivity of 1.04. The sen-
sitivity and the FOM increase as ¢ increases and they
approach the values of the case in which the entire sur-
rounding medium has a permittivity of 1.04 [the purple
curve in Figs. 6(b) and 6(c)] for t = 9.5 mm for all cylinder
permittivities.

Furthermore, we compare the sensitivity and the FOM
of different RI sensors in the gigahertz and terahertz fre-
quency ranges, which have been previously reported, with
our proposed cylinder operating in the EO mode with
¢ =40 in Table II. For a fair comparison, we normalize
the size of the sensors to the resonance wavelength. First,
we note that the normalized size of our sensor is one order
of magnitude smaller than the unit-cell sizes of all other
reported sensors, which enables sensing at a very small
scale. Second, although the sensitivity of our structure is
lower than the sensor reported in Ref. [10], it is compara-
ble to other reported sensors in the gigahertz range [11,12].
The main advantage of our proposed sensor is its very high
FOM compared to all previously reported sensors in both
the gigahertz and terahertz ranges [10—12,35—40].

In practical applications, our proposed RI sensors will
be placed in a background medium with an unknown RI,
which affects the resonance frequency of the Mie modes.
By measuring the SCS spectrum of the device, one can
extract the resonance frequency and then calculate the RI

TABLE II. A comparison of the sensing performance of the high-O Mie modes with other RI sensors.

Reference Frequency Size/A S FOM (RIU™Y)
[10] 5.2 (GHz) 0.43 (unit cell) 32.6 (GHzRIU™) 11.9
[11] 9 (GHz) 0.36 (unit cell) 1.3 (GHzRIU™) 7.3
[12] 9.3 (GHz) 0.56 (unit cell) 2.4 (GHz RIU™Y) 4.9
[36] 0.5 (THz) 0.58 (unit cell) 0.023 (THz RIU™Y) e
[35] 5.66 (THz) 0.28 (unit cell) 0.87 (THz RIU™!) 26.51
[37] 0.68 (THz) 0.41 (unit cell) 0.096 (THz RIU ) 7.8
[38] 1.85 (THz) 0.37 (unit cell) 0.152 (THz RIU™Y) 4.26
[39] 2.249 (THz) 0.27 (unit cell) 0.3 (THz RIU™!) 2.94
[40] 0.81 (THz) 0.49 (unit cell) 0.105 (THz RIU ) 7.5
This work (EO) 3.9 (GHz) 0.07 0.1 (GHz RIU™Y) 70
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of the background medium using a calibration curve or a
fitting function [4143].

VI. CONCLUSIONS

We have developed a simple approach to exploring
high-Q Mie modes in a single dielectric cylinder. The radi-
ation Q factors of the E16 and M16 modes can be up to
1 x 10' and 5 x 107, respectively. We have experimen-
tally demonstrated the emergence of high-Q Mie modes
in the scattering spectrum of single dielectric cylinders
with ultrahigh permittivity. We have also studied the per-
formance of the high-Q Mie modes in RI sensing. The
simulated results demonstrate that the high-Q Mie modes
are sensitive to slight changes in the surrounding RI, result-
ing in relatively good sensitivities (0.1 GHz RIU~! for
the EO mode) and large FOMs (70 RIU™! for the EO
mode), ensuring the potential application of the method in
RI sensing.
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