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Extensive Q-factor tuning for leaky
modes with minimal frequency
variation in asymmetric slab
grating structures

Hyeon Sang Bark®, Seong-Han Kim'®, Young Bin Ji?, Jae Gwang Kwon?, Chul Kang?,
In Hyung Baek?, Kitae Lee?, Seung Jae Oh3, Tae-In Jeon* & Chul-Sik Keel™*

We investigated an asymmetric slab grating structure to achieve significant tuning of the quality (Q)
factor for a leaky mode while minimizing frequency variation. This structure comprises two identical
gratings placed on the top and bottom of a slab waveguide, with one grating laterally shifted to
introduce asymmetry. Simulations demonstrate that lateral shifting of one grating induces extensive
changes in the Q-factor with minimal frequency variation, particularly near the band-flip filling
fraction because the band-flip filling fraction remains unaffected by the shifting. The independence of
the band-flip filling fraction from lateral shifting is attributed to the superposition property of Bragg
scattering processes in the asymmetric grating structure. Experimental verification in the terahertz
range confirms significant control over the Q-factor of the leaky mode of the structure. The proposed
asymmetric slab grating structure offers possibilities for mechanically controllable optical devices,
which are applicable to tunable filters and sensors. This study advances our understanding and
application of leaky modes in asymmetric grating structures, revealing a previously unexplored aspect
of asymmetric optical lattice.

A structure that strongly confines the energy of electromagnetic waves is crucial for studying the interactions
between electro-magnetic waves and matter!~>. A typical example is a resonator composed of mirrors. The
quality (Q) factor of the resonator indicates how effectively it stores electromagnetic energy. Resonators with high
Q-factors are valuable for applications such as efficient lasers, high-resolution filters, and sensitive sensors*=.
The coupling between the leaky modes of the resonator and the free space modes in the air is a critical factor in
releasing electromagnetic energy from the resonator into the surrounding air.

Recently, it has been demonstrated that simple optical lattices, distinct from conventional resonator
structures, can exhibit a mode that does not couple with free-space modes in air—a nonleaky mode!%-12. Because
the electromagnetic energy of the nonleaky mode does not dissipate into the air, it possesses an infinite Q-factor.
This nonleaky mode is termed a bound state in the continuum (BIC), drawing an analogy with bound states in
quantum systems!>!4,

A slab waveguide with a one-dimensional grating structure is a common example of a simple optical lattice.
Extensive research has been conducted on the fundamental properties and applications of BIC modes within the
slab grating structure!®. However, achieving a BIC mode with an infinite Q-factor may not be practically feasible.
The key challenge lies in tuning a BIC mode into a leaky mode with a high Q-factor to induce a sharp guided
mode resonance (GMR) for effective applications!®.

To address this challenge, materials with inherent loss, such as graphene, or an asymmetric structure have
been incorporated into the slab grating structure!”-%*. This approach facilitates the transformation of a BIC mode
into a leaky mode with a high Q-factor suitable for practical applications. In the former case, the Q-factor of a
leaky mode can be tuned without significant frequency changes because the lossy material does not affect the
structural properties of the slab grating structure!”!8. However, in the latter case, the frequency of a leaky mode
varies considerably, while its Q-factor can be adjusted!*-2!. As a result, asymmetric slab grating structures exhibit
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weaknesses and limitations in their applications. The characteristics of leaky modes of asymmetric grating
structures have received less attention and remain relatively unexplored.

In this study, an asymmetric slab grating structure with a disrupted up-down mirror symmetry is proposed to
achieve broad tuning of the Q-factor for a leaky mode while maintaining minimal frequency variation. The up-
down asymmetric grating comprises two identical gratings positioned on the top and bottom of the waveguide.
The asymmetry is introduced by laterally shifting the position of one of the two gratings. Theoretical analysis
indicates that the Q-factor of a leaky mode in the up-down asymmetric grating structure can be extensively
tuned by shifting one grating, with the frequency of the leaky mode experiencing minimal change, particularly
near the band-flip filling fraction. Experimental observations of Q-factor tuning for the leaky mode in the up-
down asymmetric grating structure, achieved by shifting one grating, were conducted in the terahertz range.
The proposed structure holds potential for applications in mechanically reconfigurable optical grating devices.

Results

The up-down asymmetric grating structure comprises two identical gratings and a slab waveguide, as depicted
in Fig. 1. The up-down asymmetric grating is formed by displacing one of the gratings, resulting in a broken up-
down mirror symmetry. For convenience, it is referred to as a d/A-shifted asymmetric grating, where d denotes
the longitudinal distance between the centers of the top and bottom gratings and A is the period of the grating.
For instance, when d=A/2, the structure is termed a 0.5-shifted asymmetric grating. The heights of the top and
bottom gratings are denoted as ¢, and t,, respectively, while ¢, represents the width of the slab waveguide. The
filling fraction is represented by F. Dispersion relations (photonic bands) and spectral properties of guiding
modes for the shifted asymmetric grating were calculated using finite-element-method (FEM) simulation.

For typical symmetric grating structures, the properties of the BIC mode and the leaky mode, responsible
for generating the GMR, have been extensively explored in the second and third bands around the I' point!>?%.
Their placement is influenced by the filling fraction and the dielectric modulation of the grating. Consequently,
there exists a band-flip filling fraction where their positions interchange?. At the band-flip filling fraction, the
frequencies of the BIC and leaky modes become very close, resulting in a practically zero band gap.

It is reasonable to anticipate that the shifted asymmetric grating lacks a symmetry-protected BIC mode and
exhibits a leaky mode with considerable radiation loss. If the band-flip filling fraction remains unaffected by
the shifting, the manipulation of radiation loss in the leaky mode can be achieved through a shifting parameter
while keeping the frequency of the leaky mode constant at the band-flip filling fraction. Therefore, exploring the
dependence of the band-flip filling fraction on the shifting parameter is valuable for examining the conjecture.

Figure 2a represents the dependence of the frequencies of the second and third bands at I point, the edge
frequencies, on the filling fraction F and the shifting parameter d/A when t =t,=0.14, t,=0.324A, and
refractive index of a material is 1.75. The frequency is normalized to ¢/A, with the upper (lower) edge frequency
denoted by blue (red) color. ¢ is the speed of light. Figure 2b projects the dependence of the edge frequencies
on the filling fraction along the d/A axis, revealing that the band-flip fraction remains fixed at 0.484 for all d/A.
In Fig. 2¢, the dependence of the edge frequencies on d/A is shown for three filling fraction values of 0.2, 0.484,
and 0.8. The results demonstrate that the band-flip filling fraction of the shifted asymmetric grating structure
remains nearly constant.
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Fig. 1. (a) Schematic of an asymmetric grating structure with a broken up-down mirror symmetry. The
up-down asymmetric grating is formed by displacing one of the gratings. d denotes the longitudinal distance
between the centers of the top and bottom gratings and A is the period of the grating. The heights of the top
and bottom gratings are denoted as t, and t,, respectively, while ¢, represents the width of the slab waveguide.
The filling fraction is represented by F. (b) Unit cell structures for d/A =0, 0.25, and 0.5.
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Fig. 2. (a) Dependence of the frequencies of the second and third bands at I point, the edge frequencies, on
the filling fraction F and d/A when t, =¢,=0.14, t,=0.324A, and refractive index of a material is 1.75. The
frequency is normalized to ¢/A, with the upper (lower) edge frequency fupper (fiower) denoted by blue (red) color

(b) Dependence of the edge frequencies on F projected along the d/A axis. It reveals that the band-flip fraction
remains fixed at 0.484 for all d/A. The inset shows the difference between f;

apper and f, .. asa function of F. (c)
Dependence of the edge frequencies on d/A for F=0.2, 0.484, and 0.8.
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Previous studies have reported that the band flip is induced by the superposition of Bragg processes denoted
by BR_ , where g indicates the Bragg order and n denotes the Fourier harmonic of the dielectric modulation®>2,
The band flip filling fraction of the second and third bands is determined when the interplay of BR, , and BR,
transitions from a negative to positive value, or vice versa. The shifting-independent band-flip ﬁlhng fractlon
implies that shifting one grating, without varying the dielectric constant modulation, does not affect the
transition-filling fraction.

Figure 3a, b depict the second and third bands around I point for the symmetric and shifted asymmetric
grating, respectively, at the band-flip filling fraction when ¢ =¢,=0.14, t,=0.324A, and refractive index of a
material is 1.75. The insets represent the xy-plane spatial distributions of electric fields of the edge modes at
I point. The direction of a wave vector is x-direction. The polarization of the electric field is z-direction. The
electric field distributions of the symmetric (0.5-shifted asymmetric) grating reveal that the upper band edge
mode is the symmetry-protected BIC (leaky) mode, and the lower band edge mode is the leaky (BIC) mode.
The 0.5-shifted asymmetric grating supports the BIC mode due to its 180° rotational symmetry around the
y-axis®’. However, the 0.5-shifted asymmetric grating exhibits a flattened band and an exceptional point, leading

)<

g
[}
®

.
Frequency (c¢/
(=)

o}}

o]

laW~Ls] 1 1
TTUZ

nin -nan 005

k(27

j (C) 1n1“,,E,, ‘

|012

I 0 10
Lower edge mode

Q factor

10°
10°
10* Upper edge mode
10° | e
4n0 o 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
d/A

Fig. 3. The second and third bands around I' point for the symmetric (a) and 0.5-shifted asymmetric grating
(b) at the band-flip filling fraction when t,=t,=0.1A,t,=0.3244, and refractive index of a material is 1.75.
The insets represent the xy-plane spatial distributions of electric fields of the edge modes at I point. The
direction of a wave vector is x-direction. The polarization of the electric field is z-direction. (c) Dependence of
Q-factors of the edge modes on d/A.
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to significant radiation loss around I' point?. The field distribution of the leaky mode effectively explains this
characteristic.

The dependence of the Q-factor of the leaky mode on d/A informs about how the radiation loss of the mode
varies with d/A, as the Q-factor is inversely proportional to the radiation loss. Figure 3cillustrates the dependence
of Q-factors of the edge modes on d/A. The results indicate that the shifted asymmetric grating exhibits two leaky
modes, except for the case of d/A=0.5 as expected. The shifting significantly alters the Q-factor of the leaky
mode in the shifted asymmetric grating (depicted in blue) because the BIC mode of the symmetric grating
transitions to the lossy leaky mode of the shifted asymmetric grating. Consequently, at the band-flip filling
fraction, it becomes possible to exert substantial control over the Q-factor (or radiation loss) of one leaky mode
through shifting, without a variation in the frequency of the leaky mode. This newly discovered property holds
potential applications in the development of mechanically controllable optical devices.

An experiment was conducted to measure the frequencies and Q-factors of the leaky modes of the shifted
asymmetric grating in the terahertz (THz) range using a standard THz-time domain spectroscopy (TDS)
system?®?. In our home-made THz-TDS setup, as illuminated in Fig. 4, we used a femtosecond laser with a
pulse width of 150 femtoseconds and a central frequency of 780 nm to generate terahertz pulses. The laser beam
was split by a beam splitter (BS) into two parts in an 80:20 ratio. One path was used for generating THz pulses,
while the other was for detection. THz pulses were generated by focusing a 0.8 W laser pulse at the Brewster
angle onto a p-type Indium Arsenide (InAs) wafer. These broadband terahertz pulses were then converted into
a 2-inch plane wave using a silicon lens and two 90° off-axis parabolic mirrors with a 2-inch focal length. To
detect the terahertz pulses, we irradiated the split laser beam onto a photoconductive antenna (PCA) with a
power of 12mW. The amplified PCA current, resulting from the terahertz pulses, was measured using a pump-
probe method with the split femtosecond laser. The antenna, made of low-temperature-grown Gallium Arsenide
(LT-GaAs), had a line width of 10 pm and a spacing of 5 um, with a 5 um dipole gap suitable for measuring
broadband THz waves. The asymmetric slab grating structures were positioned between two parabolic mirrors
for transmission measurement?’.

Figure 5a displays the microscopy image of the asymmetric grating formed by displacing the bottom COC
grating film. d=190 pm and A =500 pum. The focal plane of the microscope is adjusted to the upper COC
grating film, making it clearly visible, while the bottom COC grating film appears blurred. Heights of ridges,
t, and t,=0.25A, thickness of the slab waveguide, t,=0.2A, and F=0.5. COC (Cyclic Olefin Copolymer) is a
polymer material chemically produced by combining cyclic olefins with other monomers. It is known for its
excellent optical, mechanical, and chemical properties, especially among plastic materials. It also possesses low
refractive index and low absorption in the terahertz range’*-*. The real and imaginary parts of the refractive
index of the COC film are 1.52 and 9.9 10~ %, respectively. These values are nearly invariant under 9.0 THz%.
It is essential to note that the femtosecond laser machining fabrication processes for the COC grating film do
not guarantee an exact band-flip fraction due to potential inaccuracies. However, the transmission spectrum
near the band-flip filling fraction clearly distinguishes the two GMR resonance dips corresponding to the two
leaky modes of the shifted asymmetric grating. Figure 5b represents the experimental time-domain transmitted
THz signals of d/A =0.38 and air (reference), measured with a step size of 40 pm, resulting in 2000 data points.
The numerous oscillations in the transmitted THz signal of d=0.38A effectively represent the characteristics
of GMR resonances. The small signal appearing near 160ps is the reflection signal from the measurement
photoconductive antenna, induced by the interaction of the main pulse with the measurement setup®”.

Figure 6 presents the simulated Q-factor of the two leaky modes (a) and transmission spectra (b) as a
function of d/A when t, =t,=0.25A, t,=0.2A, and F=0.5. The real and imaginary parts of the refractive index
of the COC film are 1.52 and 9.9x 10~%, respectively The lines in Fig. 6a represent the simulated Q-factors of
the two leaky modes without the imaginary refractive index to account for the material loss. The Q-factor of the
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Fig. 4. Schematics of our home-made THz-TDS setup and the asymmetric grating formed by displacing the
bottom COC grating film.
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Fig. 5. (a) The microscopy image of the asymmetric grating formed by displacing the bottom COC grating
film. The focal plane of the microscope is adjusted to the upper COC grating film, making it clearly visible,
while the bottom COC grating film appears blurred. (b) Measured time-domain transmitted THz signals of
d=0.38A and air. The numerous oscillations in the transmitted THz signal of d=0.38A effectively represent
the characteristics of GMR resonances.
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Fig. 6. The simulated Q-factors of the two leaky modes (a) and transmission spectra (b) as a function of d/A
when A =500 pm, t,=t,=0.25A,1,=0.2A, and F=0.5. The real and imaginary parts of the refractive index of
the COC film are 1.52 and 9.9 X 104, respectively The lines represent the simulated Q-factors of the two leaky
modes without the imaginary refractive index to account for the material loss.
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low-loss leaky mode (red circles) undergoes a significant decrease due to material loss, stabilizing at an almost
constant value of approximately 10°. A simple formula for determining the total Q factor of a system is written

11 1 1 1 . . -
by T = Qs + o where o and o account for the loss due to material absorption and radiation,

respectively. For COC film, ﬁ = %’ = 2% ~ 0.0013 and for low-loss band, ﬁ < 1x 107°.

Therefore, the total Q factor, Q.. ~ 1000, for the low-loss band in the system in simulation. In contrast, the
Q-factor of the high-loss leaky mode (blue circles) is minimally affected by material loss, particularly when the
shifting parameter exceeds 0.1. These characteristics of the Q-factors are also evident in the transmission spectra
in Fig. 6b. The transmission spectra reveal that the frequency of the low-loss leaky mode decreases from around
0.48-0.47 THz, while that of the high-loss leaky mode increases from approximately 0.47-0.48 THz.

Figure 7a depicts the transmission spectra obtained from the measured time-domain transmitted THz signals
for five shifting parameters. The two dips corresponding to the GMR resonances from the two leaky modes are
clearly observed. The frequencies and Q-factors of the two GMR resonances were obtained by Lorentzian fitting.
The observed two GMR resonance frequencies (dots) and the simulated two leaky mode frequencies (lines)
are illustrated in Fig. 7b. Red (Bule) color denotes the frequency of the low(high)-loss leaky mode. Overall,
the measured dependency trend of the GMR resonance frequencies on the shifting parameter corresponds to
the theoretical trend of the leaky mode frequencies, even though the GMR frequencies deviate from the trend
near a shifting parameter of 0.23. The overall discrepancy between the observed and the simulated frequencies
is likely due to the finite width of the sample. The dependence of measured Q-factors from the transmission
spectra at the two GMR resonance frequencies (dots) are represented in Fig. 7c. The Q-factor of the high-loss
leaky mode significantly decreases from 170 to 40 by the shifting. The measured Q-factor characteristic for the
high-loss leaky mode closely matches the simulated dependency trend of the Q-factor on the shifting parameter,
as depicted in Fig. 6a. However, the Q-factor behavior for the low-loss leaky mode deviates from the simulation.

There are some issues in the experiment. The COC film is not rigid, so it partially expands or contracts
during shifting, leading to a non-uniform grating period. The three layers of COC films composing the sample
are strongly held together by electrostatic forces. So, the distance between the films is believed to be negligible
compared to the THz wavelength. The discrepancy between the measured and simulated characteristics of leaky
modes may be attributed to the non-uniform grating period and the distance being non-negligible compared
to the wavelength. Therefore, for practical applications of the proposed asymmetric grating structure, a suitable
material should be rigid, maintaining a constant grating period during shifting. Additionally, when layered, the
gaps between the layers should be negligible compared to the wavelength of the desired light.

Discussion and conclusions

In conclusion, we proposed and explored an asymmetric slab grating structure with broken up-down mirror
symmetry to achieve broad tuning of the Q-factor for a leaky mode while minimizing frequency variation. The
up-down asymmetric grating demonstrated the potential for extensive Q-factor tuning by laterally shifting one
of the identical gratings, maintaining minimal frequency change, particularly near the band-flip filling fraction.
Experimental verification in the terahertz range confirmed significant control over the Q-factors of leaky modes
in the proposed structure. The asymmetric slab grating structure introduces possibilities for mechanically
controllable optical devices, with potential applications in tunable filters and sensors. The study contributes
to the understanding and utilization of leaky modes in asymmetric grating structures, shedding light on an
unexplored aspect of asymmetric optical lattices.

Method

Sample fabrication

Our approach to achieving precise ridges with hundreds of micrometers periodicity on COC films involved the
application of femtosecond laser machining technology. Femtosecond lasers, characterized by their extremely
short pulse duration in the femtosecond range (10-15 s), offer a distinct advantage: their pulse duration is
shorter than the thermal diffusion time of the material, thus preventing thermal damage or structural changes.
This capability enables precise machining across various materials, including metals, dielectrics, and ceramics,
leveraging the principle of multiphoton absorption. Furthermore, there are minimal limitations on the type of
material that can be processed. The femtosecond laser utilized in our process featured specific parameters: a
wavelength of 1030 nm, pulse width of 230 fs, repetition rate of 30 kHz, beam diameter of 10 pm, and power
output of 1 W. Operating under these precise conditions, we successfully produced the desired structures on the
COC films.
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Fig. 7. (a) The transmission spectra obtained from the measured time-domain transmitted THz signals
for five shifting parameters. The two dips corresponding to the GMR resonances from the two leaky modes
are clearly observed. (b) The observed two GMR resonance frequencies (dots) and the simulated two leaky
mode frequencies (lines). Red (Bule) color denotes the frequency of the low(high)-loss leaky mode. (c) The
dependence of measured Q-factors from the transmission spectra at the two GMR resonance frequencies
(dots).
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