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Abstract

High quality factor (high-Q) resonances provide potential applications in many fields such as ultrasensitive
sensors or non-linear optics. Bound states in the continuum (BIC) has infinite Q-factor and with slight
perturbation in the in-plane symmetry of unit cells, the BIC could be turned to quasi-BIC (QBIC), which could
be realized in real experiment and still keep a high Q-factor. Metasurface-based QBIC has been studied a lot.
However, the active QBIC metasurface remains less explored and is waiting for more experimental studies.
Here, a kind of Chalcogenide phase change materials, Ge2SbaTes , is used to realize the active modulation of
QBIC’s amplitude and resonance position in metasurface. We first numerically verifies the feasibility of QBIC
mode and studies the dimension of unit cell structure’s effect on the QBIC mode and active modulation ability,
based on which we make the optimization of the unit cell. Besides, we also consider polarization dependence of
QBIC. In experiment, we verify the existence of QBIC and actively tuning the resonance by heating. This study
explores a new way to actively control the QBIC mode and represents a major advance toward the mid-infrared
QBIC research.

Keywords: Metasurface, Bound states in the continuum, Active device, Mid-infrared, Phase change material
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Chapter 1. Introduction

1.1 Background

Quality factors (Q-factors) determines the energy loss rate and the strength of light-matter interaction which
make Q-factors become important parameter of resonances.l'! High-Q resonances allow the extremely strong
confinement of the local electromagnetic fields®I] that are suitable for applications such as ultrasensitive
sensors, 191 perfect absorbers!!'M!3] and other optical devices. Recently, the so-called bound states in the
continuum (BIC) has been employed as an effective method to achieve high-Q resonances in optics.l'® BIC was
first proposed in quantum mechanisms,['”l but it aroused wide attention in many other fields due to its
extraordinary properties. Theoretically, BIC exhibits the infinite Q-factor and lifetime of resonances in
symmetry protected unit cell structures, which could not be detected in the far-field. Practically, BIC is applied
in the form of quasi-BIC (QBIC) of which the Q-factor and the lifetime become finite by adding perturbations to
the symmetry of the unit cells. This leaky resonance mode could couple with the free space so that it is
observable in the far-field. QBIC enables a useful strategy to obtain high-Q resonances and great localization of
electromagnetic fields, catching more and more interest of researchers.

Metasurfaces, planar devices composed of subwavelength unit cells,'¥ have the ability to modulate
lights’amplitude, phase and polarization with unprecedented flexibility,!'"H?!) making it a preffered platform for
realizing QBIC.[?2) Nonetheless, whereas the theory behind the metasurfaces supporting QBIC has been
revealed®) and a number of applications in this field have been demonstrated, the active QBIC is rarely
explored. The earliest research about active QBIC was proposed and experimentally verified in 2019 by using
photodoping to change the silicon’s carrier density.?* In the same year, Han et all'l also demonstrated the
silicon-based active QBIC metasurface in Terahertz (THz) waves. Since then, several papers have taken
semiconductors , such as As>S3, GaAs or Ge,BIZ3126] g active part in metasurfaces to obtain the dynamic QBIC.
Graphene has also been proposed as a good option in this field but it lacks experimental results.!*”) Besides the
photodoping, there are some other methods to change the condition of the QBIC. For example, the silicon’s
permittivity could be tuned by adding external bias voltage to control the transmitted phase of QBIC?®l and the
Magneto-optic (MO) response emerges as a new mechanism for modulating QBIC.*"! However, the previously
mentioned strategies all need expensive facilities to provide the required excitation for dynamic functions,
which limits the study of this field. By contrast, temperature stimulus is an affordable candidate because just a
single heating setup, like hot plate, is enough to achieve the desired effect. Recently, some people have
theoretically investigated using the heating transfer property of chalcogenide phase change materials (PCM) to
tune the QBIC modes.P311 Ge>SboTes (GST) is a kind of chalcogenide PCM that is widely applied in the optics
and the phase change memory field. GST exhibits a high contrast of the refractive index between the amorphous
and crystalline states and because of its firm stability in the room temperature, it allows the non-volatile
dynamic devices. As far as we know, even though the active QBICs in THz and near infrared waves have been
verified both in simulations and experiments, the mid-infrared active QBIC has rarely been studied. GST
experiences low loss in the mid-infrared region which makes it a promising candidate to realize the mid-infrared
active QBIC.



1.2 Research objective

In this work, the mid-infrared active QBIC are demonstrated using the all-dielectric metasurface of which the
unit cells are made of GST. By heating the GST above the phase transfer temperature for a period of time on the
hot plate, the amorphous state of GST could be changed to crystalline state, with a huge increase in the real part
of the refractive index. As a result, the resonance wavelength of QBIC exhibits an apparent red-shift. We further
investigate the crystalline ratio dependence of the modulation of QBIC. Our work verifies a practical and easy
method to realize the tunable QBIC in the mid-infrared region and it could be applied to many important
research fields, such as the optical switch, temperature sensor or dynamic nonlinear optics.



Chapter 2. Theory

2.1 Metasurfaces

2.1.1 Generalized laws of reflection and refraction

The plane electromagnetic wave would be split into two beams, one reflected beam and one transmitted beam,
when it is incident on a surface between two homogeneous media of which the refractive indices are different.
According to the Fresnel formula and Snell’s law, we can predict the reflection and transmission coefficients and
their directions based on the continuity of field components at the surface. The metasurface, composed of
periodic subwavelength unit cells with negligible thickness, has the ability to modulate the coefficients of
reflection and transmission to a great extent because of its effective current’s resonant excitation. In this case, by
meticulously control the relation between incident light’s wavelength and the resonance of metasurface, we can
add a broad phase change, from -x to 7, to the reflected and transmitted beams. If the phase change keeps the
same all over the surface, then the directions of reflected beam and transmitted beam would not be changed.
However, we can design the structure of metasurface so that we could get spatially variable phase change on the
surface, which allows to tune the propagation’s direction and wavefront’s shape with high resolution. What’s
more, when the unit cells of metasurface are anisotropic, we could also use it to alter the polarization state of the
wave.

To better understand the principle behind the measurface, it is better to figure out what the generalized laws of
reflection and refraction is. As mentioned above, the metasuface can generate spatially variable phase change
because of the electromagnetic scattering at the arrays. The real optical path with these phase changes is
supposed to be stationary in the total accumulated optical phase. According to the stationary phase’s law, the
wavelets that originate from a source point with the same initial phase will come to the destination point in
phase after reflecting from or transmitting through the metasuface and as a result, they would interfere with each
other constructively, making the route a physical path of optical power. Based on the Fermat’s stationary phase’s
law, we can derive a set of generalized laws of reflection and refraction:

. . 1do
sin( )= gsin( ) ==
. do
cos ( y)sin( t):—d—
0
. . 1 do
sin( ) —sin( i):_d_
0
. do
cos ( )sin( r):_d_
0

The angles appearing in the equations are defined in the Figure 1. The d®/dx represents the component of

phase gradient parallel to the incident plane and on the contrary, the d ®@ /dx represents the component

perpendicular to the incident plane. The two types of phase gradient actually play a role of wavevector at the
surface and the generalized laws of reflection and refraction could be derived by taking the conversation of
wavevector at the boundary into consideration.

The practical information we can get from the generalized laws is that by designing the unit cells of metasurface,
we could control the phase gradient at the surface, such as its magnitude and direction, so that it will work as the
wavevector to bend the reflected beam and the refracted beam in whatever directions we want. Beside the
direction modulation, the metasurface could also be used to control the amplitude of reflected and transmitted
beams. We will discuss the applications of metasurface in more detail in the next subsection.
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Figure 1.1 Angle definition




2.1.2 Applications of metasurfaces

Generally speaking, the plasmonic nanostructures and metasurfaces are designed to reduce the inherent Ohmic
losses as much as possible to improve the performance of the devices. However, in some applications such as
the photovoltaics field, people want to get high absorption. For instance, high absorption of plasmonic structures
could decrease the size of semiconductor absorbing layer in solar cells. What’s more, the solar
thermophotovoltaics, in which the solar spectrum is first absorbed and converted to narrowband thermal
emission at the band edge of the photovoltaic cell, can benefit a lot from the plasmonic high absorption. One
way to realize broadband absorbers based on metasurfaces is to make unit cells feature multi-resonances. The

Figure 2(a) shows an example in which the broadband absorption is obtained by mixing multiple resonances
via carving the top thin metal layer of an MIM multilayer stack into the format of the crossed trapezoid arrays.
The results in Figure 2(b) verifies that this metasurface has broadband and polarization-independent resonant

light absorption which is much better than the crossed-grating structures. Besides the multi-resonances based
absorbers, there is also nonresonant absorption which could be realized by optical analogues of black holes
based on metamaterials and GSP modes.

o
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Figure 2.2 Broadband absorbers based on metasuface. (a) sketch of multi-resonances metasurface. (b)

absorption result.

As a planar structure, metasurface is also used to take place of conventional flat optical elements. The
homogeneous metasurfaces, for example, allow to control the polarization state of light through a perfectly
engineered anisotropic response, which could be used as wave plates. Meta-lenses and meta-reflectors have
attracted more and more attention recent years. Traditional dielectric lenses or parabolic reflectors are on the
wavelength scale and this prevents the miniaturization of devices. In contrast, metasurfaces have very thin
thickness and sub-wavelength unit cells, which could realize the same applications with much smaller size. In
addition to the field of conventional optical elements, metasurfaces also have the potential to achieve the high-
resolution color printing. In this case, the color are generated by a resonant interaction between the incident light
and the sub-wavelength unit cells. The plasmonic metasurfaces colors could even achieve a resolution that beats
the diffraction limit because of the deep-sub-wavelength light localization. What’s more, people could also
realize dynamically reconfigurable color printing by adding active materials into the metasurfaces. Holograms,
owing to the computer-generated holography, have been applied to realize many things such as optical
manipulation and wavefront shaping and metasurfaces shine in this field and work as the wonderful platfrom to
achieve different types of holograms because it could provide outstanding control over the light to engineer the



phase, amplitude and polarization with great freedom. Metasurfaces could not only manipulate the propagating
waves in free space, but also modulate the surface waves. The Figure 3(a) shows an example of metasurface
that transfer the propagating wave into a surface wave confined on the surface with very high efficiency and the
Figure 3(b) is the result of experiment and simulation. As a result of the unidirectional reflection-phase gradient,

the unidirectional surface waves launching has been achieved.

Figure 3.3 Metasurfaces surface waves generators. (a) sketch of the metasurface and near-field scanning

system. (b) E; distributions (with phase information included) on the meta-surface under illumination of a
normally incident x-polarized wave, obtained by near-field scanning measurements (top) and simulations
(bottom).

Metasurfaces also promote the development of nonlinear optics. Different to the aforementioned linear optical
phenomena, nonlinear optics rely on the nonlinear light-matter interaction in which the intensity of light would
influence the interaction to a great extent. Benefit from the ability to strongly localize electromagnetic fields in
sub-wavelength size, metasurfaces permit large field enhancement which can improve the efficiency of
nonlinear processes greatly. Furthermore, metasurfaces are free from the phase matching condition, making it

offer new degrees of freedom in designing the nonlinear photonic devices. The Figure 4 displays the

electrically tunable nonlinear polaritonic metasurface which could actively control the intensity and beam
manipulation of second harmonics by engineering the external voltages.



SHG intensity modulation SHG beam manipulation

Figure 4.4 Schematic of an electrically tunable nonlinear polaritonic metasurface and its use for SHG
intensity modulation (left), SHG beam diffraction (middle) and SHG beam steering (right)



2.2 Bound states in the continuum (BIC)

In the quantum field, the bound states in the continuum ( BIC ) is an eigenstate with three special features:

the location of the energy is confined in some continuous spectrum of propagating modes of the surrounding
space; the state does not couple to any of the states of the continuum which means it doesn’t have the ability to
radiate wave and fail to be generated through any light from the external region; its energy is not imaginary and
its quality factor has infinite value. Researchers refer to these properties to define the BIC phenomenon in
photonics. Considering the practicality, people usually study QBIC by applying broken in-plane inversion
symmetry to the unit cells. Different from the BIC, QBIC could couple to the free space to be detected and
QBIC keeps the high Q factor even though it is not infinite anymore. Examples for designing QBIC unit cells

are showed in Figure 5. In this paper, we choose the tilted silicon-bar pairs shown in Figure 5(a) as a template
to study the active QBIC.

(@)
¥
(d) Ll (EL[ |7

Figure 5. Designs of the unit cells for QBIC mode

To better study QBIC, people introduce an important parameter that is the asymmetry parameter o. Different
structures have distinct definitions for a, but its values always range from 0 to 1. The Q factor of QBIC follows
an inverse quadratic dependence on o

Q a?
Generally speaking, This relation keeps valid for metasurfaces placed on a substrate as long as the quasi-BIC
frequency is below the diffraction limit of the substrate. The Figure 6(a) demonstrates this relation for 6 types

of unit cells and Figure 6(b) gives the definition of asymmetry parameter for different unit cells.
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2.3 Ge2Sb2Te5 (GST)

GST-PCMs whose full name is chalcogenide phase change materials based on germanium-antimony-tellurides,
work as a irreplaceable candidate in on-volatile memory (NVM) technologies with brilliant properties including
phase transition that can be repeatable, less cost of power source, scalability with great freedom, and the ability
to achieve kinds of levels of storage.[! Nevertheless, this phase change materials are also potential in other
fields, including beam steering or tuning of spatial light amplitude which is used in this paper.

In general, GST has multiple discrete states where it shows different features. There are several ways to change
the state, like applying external electrical or optical pulse which enables high transfer speed, or thermal

excitation which is convenient, cheap and easier to control the intermediate states. Figure 7 displays the typical

phase transfer processes occurred in GST. Normally, GST is sputter-deposited onto a substrate at the amorphous
state (a-GST) and in this case, the atomic arrangement of a-GST is relatively random with less long-range order.
If we add stimulus that generates local heating in aGST and make its temperature higher than the phase transfer
temperature T, for enough time, the mobility of atoms in GST could be enhanced so as to form the crystalline
state of GST (c-GST) which is stable at room temperature. Compared with the crystallization process, the re-
amorphous step is more difficult because it requires a short pulse of electric or optical energy to make the
temperature of GST above the melting temperature 7m and rapidly quench it to make sure the atoms in GST can
not follow the arrangement of crystalline state in short time.!

Amorphous Crystal Liquid Amorphous

T>T, T>T. @ ‘0 AT > 10 K/ns

@® Ge/Sh @ Te Vacancies

Figure 7.58 Typical phase transfer processes in GST

The complex refractive index used in this paper’s simulation for the a-GST and ¢-GST is shown in Figure 8. In
addition to the traditional two types of state, we could also get the intermediate states and there is a method to
calculate the complex refractive index of GST with different crystallization fraction. The GST thin film in the
intermediate phases is assumed to be composed of different proportions of amorphous and crystalline
molecules.’”] The effective dielectric constant e.(4) of the intermediate GST is calculated by the following
equation:

O-1_

—O2" _O-1,, 0O-1

= =553 ()+2

where m means the crystallization fraction of the GST thin film whose value is from 0 to 100%, and the &.(1)

and &c(4) represent the permittivity of GST in the amorphous and crystalline phases, respectively. We can get the
refractive index through the permittivity from the relation: \/ ( )= ()+ ().
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Figure 8.°% Complex refractive index of a-GST and ¢-GST.
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Chapter 3. Simulation

3.1 QBIC mode check

As mentioned in the theory part, we use tilted silicon-bar pairs as the template of unit cells and now we will
check the feasibility and principle of this kind of unit cell. Figure 9 is the schematic of the meta-atom. As

shown in the picture, the p.and p, is the period along x axis and y axis, respectively. The parameter a represents
the length of long axis of the bar and b is the length of short axis of the bar. The thickness of GST is 4 and the
angle between the y axis and the long axis of the bar is & which determines the asymmetry degree of the unit cell.
In this paper, we choose CaF as the substrate instead of SiOz because the CaF2 is almost transparent in the mid-
infrared region while SiO> has high loss in this spectrum.

Figure 9. Schematic of the meta-atom.

We first do an initial simulation to investigate the QBIC mode in the metasurface. In this case, we set the px =
4940nm, p, = 2730nm, a = 2548nm, b = 1105nm, 4 = 500nm and 6 = 20°. The distance between the centers of

the pair is fixed at 2340nm. The x polarized light source is normally incident from the top of the metasurface
and the GST is at amorphous state. The results are shown in Figure 10 and we also include the result of

symmetrical unit cell in which the € is equal to 0°. From Figure 10(a) we could see that if the unit cell structure
is symmetrical (6 = 0°), there is no dip in the transmittance curve and if we slightly rotate the unit cells to break

its in-plane symmetry (6 = 20°), there is a clear resonance dip around 7.29um. This verifies that the QBIC mode
could exist in our structures. To better investigate the QBIC mode, we also check the unit cell’s electric field
amplitude distribution at 7.29um in x-y plane (z = 0). Figure 10(b) shows that when the metasurface is at QBIC

mode, most of the electric field is localized in the ends of the bar, providing a high enhancement of the field.
However, if the unit cell is symmetrical, the QBIC mode vanishes and electric field is mainly distributed along
two sides of the bar and the field is much weaker. The difference of field profile indicates that the QBIC mode
allows a strong localization and a high enhancement factor of field which is potential for non-linear optics or
other fields that need high sensitivity.

After checking the existence of QBIC mode, we continue to explore our device’s active modulation of this mode.
We change the asymmetrical unit cell’s GST state to the crystalline state and make a comparison of the

12



transmittance spectrum and field profile with the amorphous state’s. The results are shown in Figure 11. From

the Figure 11(a), we could see a red-shift of the QBIC mode and the new resonance wavelength for ¢c-GST is
8.12um. This means that the wavelength position of QBIC mode could be shifted A1 = 830nm in our device.
What’s more, the transmittance modulation depth (MD) at 7.29um is about 3.49, calculated by the following
equation:

MD = Tc—GST B Ta—GST

Ta—gst
where Ta.gstand Te.gst represent the transmittance at a-GST’s resonance wavelength when the unit cell is at a-
GST and c-GST states, respectively. The feature of large difference of the transmittance could be applied to
fields that need strong contrast such as optical switch. The electric field distribution in Figure 11(b) implies the

resonance dip at 8.13um of ¢c-GST belong to the QBIC mode because its field profile has the same feature as the
a-GST’s QBIC mode: most of the E field is localized in the ends of the bar. However, the E field of ¢-GST is
weaker than the E field of a-GST, which is due to the higher loss of c-GST in mid-infrared region. This is also
why the linewidth of transmittance spectrum at c-GST state is wider than the one at a-GST state.
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Figure 10. Simulation results of transmittance spectrum and field profile when GST is at the amorphous state.

(a) Transmittance spectrum of asymmetrical and symmetrical unit cells. (b) E field distributions of asymmetrical
and symmetrical unit cells.
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Figure 11. Simulation results of transmittance spectrum and field profile of asymmetrical unit cells. (a)

Transmittance spectrum when the GST is at amorphous or crystalline state. (b) E field distributions of unit cells
when GST is at amorphous state and crystalline state, respectively.
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3.2 Structure parameter dependence of QBIC

In this chapter, we study each parameter’s dimension’s effect on QBIC mode. The parameters include the a, b, px,
Py, h and 6. The effect results contain the transmittance spectrum of a-GST and c-GST respectively, the
wavelength shift range A4 and the MD. In the study on each parameter, we only change one parameter at a time
and fix the other parameters at initial design value.

We first focus the rotation angle of unit cell, 6. Figure 12 are the simulation results of QBIC ’s dependence on 6.
From Figure 12(a) and (b), we could see that when 6 increases, the QBIC resonance exhibits the blue-shift and

its linewidth becomes wider and wider. What’s more, the Figure 12(c) and (d) shows that during the rise of 9,
the intensity of QBIC decreases.
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Figure 12. Simulation results of dependence on 6. Transmittance spectrum of QBIC at (a) a-GST state and (b)
c-GST state, respectively. Transmittance curve of QBIC at (c) a-GST state and (d) c-GST state, respectively.

To explain the why this dependence on 8 would exist, there are two terms we need to know, which is the
radiative decay rate yrq and the dissipative decay rate yais, respectively. The yraq is determined by the unit cell’s
structure design and this kind of decay rate can control the couple intensity of dipole and the incident light. The
higher the yrd, the stronger the couple intensity, which would increase the QBIC resonance intensity as a result.
The vais is determined by the material loss and it is related with the dissipation degree. The higher the yais, the
more the dissipation loss, which will decrease the intensity of QBIC, to some extent. The full width at half
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maximum (FWHM) consist of the Yrag and yais. The Figure 13(a) and (b) display how the FWHM changes when
the rotation angle of unit cell changes. Red curves in both graphs are simulated using the a-GST without loss
which means there is no yais and red curves represent the yrd. The blue curves are the difference between the a-
GST’s FWHM and ¢-GST’s FWHM, which are related with the yais. When 8 increases, the yr.q increases so as to
get a stronger couple as well as the wider linewidth, and the y4is decreases resulting in less material loss. Both of
the two term’s changes could increase the intensity of QBIC. As mentioned before, the QBIC’s Q-factor is
proportional to the negative quadratic of asymmetry degree, which in my design is sin(d). The Figure 13(c)
verifies that at a-GST (no loss) state, the Q-factor fits the relation well. However, if there is some loss in a-GST,
the Q-factor is lower than it should be and this is the result of the existence of yas. Figure 13(d) shows that
there is a trade-off between the A4 and MD when you design the 6.
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Figure 13. FWHM for (a) a-GST and (b) ¢-GST. The blue curve is calculated by the difference betw

een the with loss and without loss’s FWHM at both states of GST. (c) Q-factor fitting. (d) Resonance
wavelength shift and MD’s dependence on 6, respectively
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Now we come to the study on parameter a, the long axis length of unit cell. Results in Figure 14(a) and (b)

shows that when a becomes larger, the intensity of resonance rises too, which is also due to the interplay
between the yrd and ydis. The QBIC resonance originates from the couple between the electric dipole and the
incident light source, and the couple intensity is defined as:

the s the coupling amplitudes for x/y polarization diffraction channels/, ¢=wd/ ¢ (wo is the resonance
frequency and c is the speed of light in vacuum), ¢ is the unit cell area and the is the x/y component of
the electric dipole moment. Because of the asymmetry of the y component of electric dipole in unit cell, the y
polarization couple channel is forbidden, so only work during the couple, which implies the x component of
electric dipole determines how strong the couple is. When the parameter a increases, the electric dipole
moment along the long axis gets larger and its x component becomes larger which leads to a larger . As a
result, the couple intensity becomes stronger, and from the relation,

Yrad — | |2

we could see that the radiative decay rate increases at the same time, so the QBIC resonance increases and the

FWHM gets larger as Figure 14(c) shows. When parameter « rises, both the AL and MD get improved (shown
in Figure 14(d)).
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Figure 14. Simulation results of parameter a. Transmittance curve of QBIC at (a) a-GST state and (b) c-GST

state, respectively. (¢c) FWHM dependence on a at both GST states. (d) Resonance wavelength shift and MD’s
dependence on a, respectively.
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The parameter b doesn’t influence the couple intensity. However, when b increases, the material loss rises and
this is why the intensity of QBIC decreases during the change (Figure 15(a) and (b)). The FWHM of both states
of GST increase because of the rise of dissipation decay rate (Figure 15(c)). Figure 15(d) implies the b can make
the wavelength shift range get growth but the MD get decreased.
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Figure 15. Simulation results of parameter . Transmittance curve of QBIC at (a) a-GST state and (b) c-GST
state, respectively. (¢) FWHM dependence on b at both GST states. (d) Resonance wavelength shift and MD’s
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When parameter /4 rises, there is more material that can provide the electric dipole and this would make the x
component of electric dipole moment become larger so as to improve the couple intensity as well as the yraq. This

agree well with the simulation results (Figure 16(a), (b) and (c)). The Figure 16(d) shows that the parameter /
can enlarge both the AX and MD.
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Figure 16. Simulation results of parameter 4. Transmittance curve of QBIC at (a) a-GST state and (b) ¢c-GST

state, respectively. (¢c) FWHM dependence on / at both GST states. (d) Resonance wavelength shift and MD’s
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When the period along x axis px increases, the intensity of the QBIC decreases due to the relatively weaker x

component of electric dipole moment (Figure 17(a) and (b)). The FWHM also decreases due to the lower yrad

(Figure 17(c)). The increase of px can decrease both the A1 and MD.

(a) (b)
1.0 : - — . . 1.0 - . T ; -
0.8 E
® Py (nm) 8 o8
g — 4300 o 08+
3 0.6 - 4500 g px (Nm)
E 4700 § 4300
& —— 4900 = —— 4500
= 044 —— 5100 T = =40
5300 | 0.6 —— 4900
5500 —— 5100
0.2 5700 - —— 5300
] —— 5500
a-GST c-GST —— 5700
00 T T T T T 04 T T T T T T
6500 7000 7500 8000 8500 7000 7500 8000 8500 9000 9500
Wavelength (nm) Wavelength (nm)
(d)
() ; . . : . ; ; 600 e e ——— 6
950 - 5 AA
o = a-GST = » MD
—G:G8T |5 :
A 45
- 900 n
L
= 100 . = i
i F 500
= 5 = g
3 - m $  3s00d i
Z 0 p 450 a
Ll i 43
] ™ A
. 750 4 \
g F 400 " "
| ]
60 - i
= 700 - 2
T T T T T T T 350 T T T T T T T T T
4200 4400 4600 4800 5000 5200 5400 5600 5800 4200 4400 4600 4800 5000 5200 5400 5600 5800
P, (nm) Py (nm)

Figure 17. Simulation results of parameter px. Transmittance curve of QBIC at (a) a-GST state and (b) c-GST

state, respectively. (¢c) FWHM dependence on p, at both GST states. (d) Resonance wavelength shift and MD’s
dependence on p;, respectively.
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The parameter p, has different effect from the effect of p.. The growth of p, can make the QBIC exhibit the blue-
shift and increase the intensity of QBIC, (Figure 18(a) and (b)). The FWHM decreases during the change
(Figure 18(c)) and the A4 decreases while the MD is increased (Figure 18(d)).
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Figure 18. Simulation results of parameter p,. Transmittance curve of QBIC at (a) a-GST state and (b) c-GST
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3.3 Polarization dependence of QBIC

Because the couple channel of y polarization is forbidden, the QBIC resonance can only be excited by the x
polarized light source. The results in Figure 19 displays this effect. When the incident light is x polarized (0°),
the QBIC resonance is strongest. However, when the angle between the polarization direction and the x axis
increases, the intensity of QBIC becomes weaker and when the light is totally y polarized (90°), the QBIC

resonance disappears.
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Figure 19. Transmittance curves for different polarization directions of incident light at (a) a-GST state and (b)
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Chapter 4. Experiment

4.1 Sample fabrication

The fabrication flow of the sample is shown in Figure 20. We first deposit the GST on the CaF, substrate and

then do the E-beam lithography and development. Deposition of Al,O; and lift-off step are used to obtain the
pattern mask. For the GST whose thickness is under 700nm, the 90nm oxide mask is enough to protect the
sample and the remaining mask could be ignored because it doesn’t influence the main results. The final sample
is finished after the dry etching using the CF4/Ar gas in ICP-RIE system.
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Figure 20. Sample fabrication flow.
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4.2 Measurement

In simulation, we only consider the normal incidence of light source. In the experiment of this thesis, however,
we use Fourier-transform infrared spectroscopy (FTIR) technology to measure the transmittance of the sample,
which has many incident angles ranging from 0° to 45°. The simulation result in Figure 271 shows that the

oblique incidence would make the QBIC moves to longer wavelength and the resonance intensity will be
decreased. This means we could still use the FTIR to get the QBIC resonance but with a wider and weaker
resonance curve.
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Figure 21. Oblique incidence dependence of QBIC. The unit cell dimension in this simulation follows the

initial value.
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4.3 Verification of QBIC

Using the initial di i
imension value for each parameter, we fabricate the samplel (Figure 22) and
compare its

FTIR mi i i i
easurement results with the simulation results ( at 10° incidence angle ) (Figure 23(a) and (
a) and (b))
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Figure 22. Microscope image of samplel.

26



1.0

o QBIC
Q
8 polarization
= i of light
E 05 0 i
5 45
. ——90°
—135°
— 180°
a-GST @
00 T T T T T T T
3 4 ) 6 7 8 9 10
Wavelength (nm)
(b)
10 T T T T T T
0.8 4 4
8 \ QBIC
5 0.6 1 -
.E @
& 04 polarization ||
= of light
@ B
0.2 - ame |l
@ — 60°
— 90°
0.0 T T T T T T T T T T T T T
3000 4000 5000 6000 7000 8000 9000 10000
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From the results in Figure 23 we

result and the simulation result. Resonance 1 appears at 4um to Sum in results and it is polarization independent.
Resonance 2 locates at about Sum to 6um, which is polarization dependent. Resonance 3 is just next to
resonance 2 and resonance 3 is controlled by polarization. At around 7um to 8um, the QBIC resonance appears

Wavelength (nm)

could see that, each main resonances match well between the experiment

in both results and it is just polarization dependent.
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Even though we have measured the QBIC resonance, it is just too broad and weak because of the machine of
FTIR. To better verify the existence of QBIC, we optimize the dimension of unit cell to increase the intensity of
QBIC resonance, and set the rotation angle at 4 different values to whether the QBIC resonance is controlled by
the asymmetry degree. The detailed value for the new fabricated sample2 is shown as follows:

Parameter name Initial dimension value Optimized dimension value
(samplel) (sample2)

A 2548nm 3000nm

b 1105nm 1100nm

h 500nm 700nm

Dx 4940nm 4500nm

Dy 2730nm 3200nm

4 20° 0°, 15°,22.5°, 30°

Table 1. Dimension value for the samplel and sample2

We measure sampl2’s transmittance curves under different polarization for each rotation angle and the result is
given in Figure 24. When rotation angle is 0° , whose unit cell is symmetrical, there is no resonance at around

8um. However, when rotation angle is not equal to zero, and the unit cell becomes asymmetrical, there is always
a resonance at around 8um. What’s more, the 8um resonance is polarization dependent and when light is at 90°
polarization, the resonance disappear. Taking into account the polarization dependence and the asymmetry
dependence of QBIC, we could say that the resonance at 8um is the QBIC resonance. The result implies when
rotation angle is bigger, the QBIC resonance is less influenced by the oblique incident angles of FTIR and its
intensity is stronger.

We also compare the experiment result of rotation angle 30° of sample2 with its simulation result (at 10°

oblique incidence angle) and they are shown in Figure 25. Each main resonances in the transmittance curve

match well at both results.

According to the above results and analysis, we could confirm that the QBIC resonance is verified by our
samples.
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4.4 Phase transfer of GST

After verifying the existence of QBIC, we heat the samplel so as to tune the transmittance curves. The samplel

is heated in different conditions. Figure 26(a) is the transmittance curve at a-GST state. After heated on 195°C

hot plate for 10 minutes, the resonance signal of samplel is slightly decreased (Figure 26(b)). Because the
heating temperature and heating time is important for the phase transfer of GST, we use a higher temperature
and longer heating time to heat the GST (Figure 26(c) and (d)) and the resonance of samplel is decreased more.

From the results, we could see that the QBIC resonance intensity is tuned by the phase transfer of GST, however,
to see a clearer intensity modulation and the resonance position shift of QBIC, we need more samples to
optimize the heating method and the normal incidence light source.
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Figure 26. Transmittance curves of samplel after heating.
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Chapter 5. Conclusions

To conclude, the thesis content consist of three main parts. In the introduction and theory part, we explain why
the active QBIC topic is worth studying and introduce the metasurface, BIC and GST in detail. In simulation
part, we first check the QBIC mode at initial dimension value, and then explore each parameter’s effect on the
QBIC mode and on the active modulation ability. We also display the principle of QBIC in this part. From the
simulation part, we can know how to increase the intensity of QBIC and how to improve the active modulation
ability of the device. What’s more, we also study the polarization dependence of QBIC in this part. In
experiment part, we show the fabrication flow of the sample, the measurement system used in the thesis and the
results of measurement. The experiment result include two things: one is to verify the QBIC and another is to
actively tuning the transmittance curves by heating. From the results, we have successfully measured the QBIC
resonance and change its intensity by heating. For the future work, the optimization of heating method is needed
which means there are more samples required, and to get a narrower resonance curve, the normal incidence of
light source is also necessary. This thesis work provide a new way to realize the active tuning of QBIC in
practice and it is potential in many applications such as active non-linear optics.
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