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ABSTRACT

This thesis investigates the fabrication and characterization of Silica on Silicon
(SoS) microcavities, for potential comb generation and sensing applications. In this
thesis, novel approaches were introduced on silica-on-silicon microdisks to remove
some of the inherent hurdles, namely mitigating the rough surface through chemo-
mechanical polishing, and suppressing buckling-induced mechanical instability by in-
troducing a rib disk structure. Quality factors as high as 10® were achieved for
polished disks. Furthermore using the rib-disk structure, microdisks with thickness
smaller than 1.5um and quality factors as high as 107 materialized. By addressing
these challenges we unleash the enormous potentials of ultra-high Q silica microdisks
in microcomb generation in visible regime and sensing. Finally, a multi-transverse

mode dense comb generation scheme on this platform is investigated.
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Chapter 1

Introduction

1.1 Research Overview

Silica is one of the most abundant materials on the earth. Furthermore, the low-loss
nature of the silica film, along with relative ease of growth on the silicon platform,
makes it an ideal candidate for photonic devices and lab-on-chip concept devices.
Hence, there has been a lot of interest lately in trying to incorporate silica microcavi-
ties into the existing complementary metal-oxide-semiconductor (CMOS) fabrication
processes and technologies. Optical microcavities are purposefully structured devices,
able to confine the light in small spaces. These devices are designed to concentrate
light into a small volume using resonant circulation [18]. The light confinement hap-
pens as a result of low optical loss nature of the microcavity and is characterized
by quality factor (Q) parameter. This parameter, shows how well light can circulate
inside a microcavity at resonance without loss. Ultra-high Q microcavities with Qs
above one billion were observed [19, 20, 21, 22], using different materials. However,
there is a great interest in SiO, microcavities because of the low optical loss of silica in

visible to near-infrared regime, relatively easy growth process on Si, and compatibility



with existing CMOS fabrication processes [23, 24]. Among different kinds of optical
microcavities, WGM (Whispering Gallery Mode ) microcavities have been some of
the hottest areas of research studies lately. These microcavities are at the forefront of
many studies in different fields ranging from nanoparticle sensing [7, 25, 26] to comb
generation [14, 27, 2].

Frequency microcomb generation is one of the numerous capabilities of silica mi-
crocavities. An optical microcomb is a set of equidistant frequency markers [2, 28],
which finds numerous applications across different fields, especially in sensing and
spectroscopy, timekeeping, and distance ranging [11, 29]. Although initially observed
using mode-locked lasers [28], microcomb generation has significantly affected WGM
microcavity-related research studies lately [14, 30, 31]. The comb generation hap-
pens because of a nonlinear interaction in the medium (Kerr nonlinearity), and the
spectrum extends beyond the pump wavelength by a parametric four-wave mixing
(FWM) process [11]. This process like any other transition needs momentum and
energy to be conserved. Hence, it is critical to have a better understanding of the
details of the FWM process. In a WGM microcavity, the optical modes are angu-
lar momentum eigenstates with propagation constant f3,, ~ m/R, where m is the
azimuthal mode order and R is the radius of the cavity. Therefore, the conversion
of two photons from the pump laser into two photons with higher and lower mode
orders, will conserve the momentum naturally [2]. The energy of the two photons
created is proportional to the frequency of the two adjacent modes. So, the energy
difference is proportional to the free spectral range (FSR) in the cavity. The problem
is that FSR changes slightly with the wavelength and is not constant. Hence, to have
comb generation over a wide wavelength span, the dispersion needs to be satisfied
such that FSR remains constant. This anomalous dispersion was observed intrinsi-

cally in different materials [32, 33, 34]. However, to have anomalous dispersion at



different wavelengths, waveguide dispersion needs to be manipulated to compensate
for the normal dispersion of the materials. Waveguide dispersion is determined by
the microcavity geometry and can be engineered by changing the wedge angle on
a silica microdisk [35], or controlling the thickness of the silica disk [14]. Disper-
sion engineering in silica microdisks is specifically important at shorter wavelengths,
where the material dispersion is strong and needs to be made up for by the waveguide
dispersion. Therefore, making ultra-thin silica microdisks with high Q is of great in-
terest. However, there are several challenges in making thin silica microdisks. Firstly,
the thin silica microdisks tend to buckle under the residual thermal stress [36], which
leaves the microdisk mechanically unstable. This is particularly troublesome for large
microdisks, which are required for dense microcomb generation. Secondly, wet etch-
ing of silica in the fabrication process can lead to surface roughness at the edges of
the disk and thus decrease the Q.

To address these challenges novel techniques and processes have been developed,
which are briefly explained in this proposal. Firstly a chemo-mechanical polishing
technique was introduced to decrease the surface roughness of the microdisk and boost
the quality factor. Q values exceeding 10® were observed using this method. Moreover,
wavelength-dependant quality factor measurements show the Q is no longer limited
by the surface scattering but is limited by water absorption at the surface, especially
at longer wavelengths. Secondly, a novel rib shape structure has been proposed to
solve the buckling problem. Using this new geometry, microdisks with sub-micron
thickness and 1 mm in diameter were made with high Q (exceeding 2 x 107), and
without buckling. These microdisks are thin enough to satisfy the anomalous disper-
sion required for microcomb generation at visible to UV wavelengths [14]. There was
no noticeable change in optical Q in DPBS (Dulbecco’s Phosphate Buffered Saline),

since the absorption of visible light is limited in DPBS. Quality factor above 107 was



achieved both in the air and DPBS solution, which can potentially be used for single

molecule detection in-vitro.

1.2 Contributions

The author was in charge of fabrication and measurements of the microdisks, and part
of the discussions and design of experiment for the whole project. The electromagnetic

wave simulations presented were done by of Mr. Saeed Farjollahi and Dr. Tao Lu.

1.3 Outline

The thesis is outlined as follows. First, the physical and analytical description of the
concepts important to our research will be presented. This will be followed by fabrica-
tion techniques developed for increasing the quality factor and reducing the thickness
of the microdisks. Finally, the data we gathered for testing the fabricated devices
will be presented. In the following two chapters, a general background on Whispering
Gallery Mode (WGM) microcavities is provided. Concepts like optical quality factor
(Q), mode volume, and dispersion are discussed in detail. Next, the physical and
analytical description of the microcomb is given along with the mathematical equa-
tions governing the generation of the combs. Furthermore, steps taken by the author
to maximize the ) in microdisks were discussed in Chapter 4, along with a detailed
discussion on the chemo-mechanical polishing and fabrication and annealing process
performed to achieve ultra-high Q microdisks. Moreover, efforts to engineer the dis-
persion of the microdisks were discussed to achieve anomalous dispersion at visible
wavelengths in Chapter 5. In this chapter, dispersion engineering of the microdisks
was investigated through the introduction of a novel rib like disk with a thin outer

diameter. The mechanical stability of the new structure was also discussed in detail.



Finally, the rib disk fabricated using the CMP process was used to generate prelimi-
nary evidence of microcomb both in the air and in the water. A detailed discussion
of the comb generated is included in Chapter 6. Chapter 7 summarizes the thesis and

provides future directions.



Chapter 2

Whispering Gallery Mode

Microcavities

Microcavities, as discussed earlier are devices, that can confine light inside a medium
and enhance the light-matter interaction. Among different kinds of microcavities,
whispering gallery mode (WGM) microcavities have increasingly seen new applica-
tions and are of great interest in the scientific community [18]. WGM microcavities
rely on total internal reflection to confine the light inside the medium. Thus the
shape of these cavities is circular. The WGM cavity was first observed at St Paul’s
Cathedral in 1878, where whispers can be heard across the hall [37]. The phenomenon
was explained by Lord Rayleigh in the 1910s using sound wave and their propagation
in a circular manner in the cathedral [37, 38]. He explained how sound rays could
make up the cord of the circular structure of the cathedral, and bounce off the walls,
while their intensity is decreasing inversely to the distance traveled, instead of inverse
squared intensity reduction of sound waves from a point source. Hence, the whispers
can be heard along the circular wall across the cathedral. Although the St Paul’s

Cathedral is designed for acoustic wave propagation, the optical WGM microcavities



use the same principle to contain the electromagnetic wave inside. The first optical
microcavity was reported in the microdroplet by Ashkin et al [39]. In this research,
silicon oil droplets with low vapor pressure were used as a microcavity, and Q as
high as 10°, was achieved. WGM microcavities can be categorized by their geometry
into different groups. Each geometry has a different fabrication process and can have
unique applications. However, the fundamental physics governing the light propaga-
tion inside the cavity is the same in different geometries. In this chapter, different
types of WGM microcavities based on their geometry will be introduced then basic

terminologies will be discussed in more detail.

2.1 Different Types of WGM Microcavities

Based on their geometry, WGM microcavities can be categorized into different types,
as seen in Fig. 2.1. The structural differences in these microcavities lead to different
properties and require different fabrication processes.

Microdisks as shown in Fig. 2.1 a) are usually fabricated using a low-loss thin film
on a substrate. The disk pattern then can be made with lithography and etching, and
the substrate will be undercut to form a pillar and to make an air cladding underneath
the disk to decrease the optical loss. In contrast, a microring in Fig. 2.1 b) does not
have an air cladding surrounding the microcavity, since there is no pillar to support
the structure. Hence, the Q factor for microring is usually lower.

Microtoroid is fabricated the same way as the microdisk. However, a final CO,
laser reflow, changes the edge shape to a toroid-like shape depicted in Fig. 2.1 ¢) [40].
Microtoroids usually have higher Q since the reflow process effectively removes the
surface roughness at the edges caused in the fabrication process. @ values over 100

million (10%) were reported using this geometry [40]. Fig. 2.1 d) shows another struc-



ture for WGM microcavity. This microsphere structure can be made by reflowing a
fiber tip using a high-power laser. Since the fiber tip is being melted by the laser the
surface roughness is also absent in this structure and ultra-high Qs can be achieved
using this structure. CaFs cylindrical microresonator is shown in Fig. 2.1e. This
type of microresonator happens to have the highest reported Q due to the low loss
nature of CaFy. Application-specific geometries also can be introduced like Fig. 2.1f.
Here a hollow core microbubble is shown for fluid sensing. The specific design allows
the fluid to pass through the cavity for maximum light interaction [5]. Ultimately
what determines the geometry of the microcavity are the specific requirements for

the application and the limitations of the fabrication.

2.2 Materials for WGM Microcavity Fabrication

Here we briefly explain the materials considered for WGM microcavity fabrication.
The material selected for microcavity fabrication should be transparent in the op-
erational window, meaning that it should have limited loss such that the resonance
condition can be achieved. lonic compounds like oxides, nitrides, and fluorides are
usually used for that purpose. Silicon compounds are among the widely used materials
for microcavity fabrication, because of the low loss nature of silicon oxide and nitride,
and also the ease of fabrication due to the maturity of the fabrication processes. SiOq
can be grown easily with high quality using silicon wafers even at low temperatures
(less than 500 C°) [41]. Shaping silica glass has also been well-known for centuries if
not millennia. Thus, silica is a great candidate for WGM microcavity fabrication and
a lot of different geometries are used to fabricate silica WGM microcavities. SigNy is
another silicon compound with huge application in WGM microcavity fabrication. Al-

though SizN, is transparent in a wide window of wavelengths, growing a high-quality



film with limited defect density is not easy. Nevertheless, Plasma enhanced chemical
vapor (PECVD), and low-pressure chemical vapor deposition (LPCVD) deposition
techniques can be used to grow SisN, thin films with satisfactory results [42]. There
has been efforts to fabricate WGM microcavities with exotic materials like LiNbOg3

as well, but growing high quality LiNbO3 remains a challenge [43].

2.3 Optical Quality Factor (Q)

The optical quality factor is related to the lifetime of the photon in the resonator
(1) [44]. The longer the photon can exist inside the cavity before being lost, the
higher the Q will be. In terms of WGM microcavities with sufficient photon lifetime,
photons will keep accumulating inside the cavity and boost the intensity inside. In
this process each photon at a certain wavelength would constructively interfere with
the previous photon still circulating inside the cavity. Hence, the intensity of light
inside the cavity will be higher by each round trip. The Q factor can also be expressed

in terms of energy loss in the cavity.

ES oT €l
Q = 2mfy x —2red — ot (2.1)

loss

In this equation, fy is the resonance frequency, wy is the angular frequency, the
Egioreq 1s the stored energy in the cavity, the P, is the power loss in the cavity, and
T is the photon lifetime inside the cavity. Furthermore the QQ can be experimentally
measured as % or i—(},

respectively, and AX and Af are the full width at half maximum (FWHM) of the

where A\ and fy, are resonance wavelength and frequency

Lorenzian peak of the resonance in the spectrum, as shown in Fig. 2.2. The Q factor
depends on both the structure of the cavity and also the material from which the

cavity has been made. The most important degrading factor for Q) is absorption loss,
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which is a wavelength-dependent characteristic behavior of the material. Structural
limitations on the ) factor are mostly in the form of surface roughness and radiation

loss. Therefore, the intrinsic Q can be calculated as [45]

L1 11
Qint Qabs st Qr‘ad

(2.2)

Here Qups, Qss, and Q44 represent the light loss due to absorption, surface scat-
tering, and radiation respectively. Note that overall Q) is dependent on the light
coupling loss as well. However, by careful coupling of the light into the cavity, the
effect of coupling loss would be negligible. Hence, to have high Q or ultra-high Q
microcavities, we need to mostly address the absorption loss, surface scattering, and
radiation loss.

The material’s loss is an intrinsic property of the material and cannot be changed.
However, vigorous cleaning can decrease the optical loss originating from the contam-
ination, such as hydrocarbons at the surface of the microcavity. Moreover, moisture
absorption can have a negative impact on the Q due to optical absorption from water
molecules. This is particularly important at near-infrared wavelengths since shorter
wavelengths are not absorbed by water molecules [46].

Surface scattering usually comes from the fabrication process, such as imperfect
photolithography, etching, or material growth. Thus, to decrease the loss associated
with surface scattering one should refine the fabrication process first. Post-fabrication

polishing has also been proposed to decrease the roughness [46, 47, 48].
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Rayleigh scattering caused by surface roughness limits the () factor by the equation
below for microdisks [49]
A6

Qss = 775/2n0(5n2)2‘722éﬂs(é)G(é) (2.3)

This equation only holds at the limit, where the correlation length (I.) is much
smaller than the wavelength. Here V is equal to v/Rl.ho,, R is the disk radius, [,
is correlation length, h is the disk height, and o, is the standard deviation of the
roughness, 6n? is the difference in refractive indices square of the two media and
ng in the refractive index of the microcavity, . is é-polarized electric field energy
density at the disk edge normalized to unit modal energy, and G(é) = 4/3,2,2/3
is a geometrical radiation factor for é = 7, (5, z. The equation shows that surface
scattering higher impact on the overall ) at shorter wavelengths [49].

The radiation loss dominated Q, (Qq4q), is also affected by the structure of the
microcavity. In principle, it is determined by the curvature of the circular boundaries
of the microcavities [50]. Therefore, having a small structure with tight bends and

corners will lead to higher radiative loss in the cavity.

2.4 Mode Volume

One of the important parameters in defining a WGM microcavity is the mode volume.
Although most of the electromagnetic field will be concentrated inside the cavity,
there is always some leakage to the surrounding medium. This happens to satisfy
the continuity of the electromagnetic wave at the interface of two media and is called
the evanescent field. So, the mode volume is the physical volume of the optical mode

propagating inside the cavity and can be calculated using the following equation [51].
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J )| EPdv

Vi =
|Emaz |2

(2.4)

Here V,, is the mode volume, |E| is the electric field strength, and e is the per-
mittivity.

Both cavity geometry and surrounding medium impact the mode volume. In gen-
eral, smaller cavities tend to confine the light more, and have smaller mode volume,
as shown in Fig. 2.4. Moreover, the evanescent field outside small-size cavities will
be stronger, so more light will leak out of the cavity. This can be beneficial to sens-
ing applications. The shape of the microcavity can also change the mode volume as
the geometrical confinement of the structure can reduce the mode volume. Thus, a
microsphere would have a larger mode volume than a microdisk, or a microtoroid
with the same diameter, since there is less vertical confinement in the mircosphere.
Furthermore, the difference between the refractive indices of the cavity and the sur-
rounding medium can change the mode volume. For example, a bigger refractive
index difference between the two media leads to more confinement of light inside the

cavity, and a weaker evanescent field.

2.5 Measurement Setup

Measuring any WGM microcavity would involve designing an apparatus to couple
the light in and out of the cavity. One of the easiest ways to couple light into a cavity
is free space coupling based on Lorenz-Mie theory [52]. In this case, the free space
propagating beam will be directed towards a cavity, some of the light would start
circulating inside, but much of it would be scattered. The scattered light then can
be analyzed to see the behavior of the cavity. The largest limitation of this method

is the limitation to efficiently couple the light in large cavities [52]. The other way
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to couple light into a cavity is to take advantage of evanescent field coupling [52].
Evanescent field coupling itself can be sub-categorized based on the components used
in tapered fiber coupling [53, 54|, prism coupling [55, 56|, waveguide coupling [57, 58]
and fiber tip couling [59]. Here we use a tapered fiber coupling scheme to couple the
light in and out of the cavity.

As can be seen in Fig. 2.5 the fiber would be placed in a holder before making
contact with the cavity, in this case, a microsphere. However, before moving the fiber
to the setup, the fiber needs to be pulled to reduce its thickness. To do that, we
use a hydrogen torch to heat the middle section of the fiber, while gradually pulling
it using motors. The placement of the torch and pulling speed need to be adjusted
for the lowest loss and thinnest fiber possible. This way we make sure of the mode
matching condition between the fiber and the cavity. As can be seen in Fig. 2.6, an
interferometer is used as a reference signal to measure the FWHM of the resonance
peak more accurately. The sinusoidal signal from the Mach-Zender interferometer
will act as a reference by which we can measure the width of the resonance peak. The
portion of the light that goes through the cavity will be collected with photodetectors,
which are in turn connected to an oscilloscope. We also have a function generator
connected to the laser to scan the wavelength of the laser around the resonance
wavelength. PCs are added to the system for maximum coupling and to adjust the
polarization accordingly. Fig. 2.7 shows the actual measurement setup we use on the
optical table.

The way the Mach-Zender interferometer works can be explained using the su-
perposition of two beams interfering with each other. A Mach-Zender interferometer
consists of two separate arms one longer than the other. The light entering the inter-
ferometer would get separated equally into one of the two branches, and since there

is a difference in length in the two arms, there is a phase change (A¢) between the
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light propagating in two arms. The intensity of light in the output can be calculated
as |Fy &+ e?E,|, where Fj is the field in branch 1, and F, is the field in branch 2.
By changing the wavelength one can easily change the A¢ which means the interfer-
ence of the light at the output can be changed from destructive to constructive. The

output signal will be sinusoidal as a function of A¢.

2.6 Dispersion

In optics, dispersion is the change of the phase velocity and associated refractive index
with frequency [60]. This is one of the most fundamental features of a wave, and one
that is essential for comb generation. The dispersion can be explained as a deviation
from the resonance frequencies of the longitudinal modes, with contribution from both
the material and the geometry of the structure [10]. The material dispersion is an
intrinsic feature of a material and is difficult to alter. However, structure geometrical
dispersion or waveguide dispersion can be tuned. Dispersion in microcavities is usually
expressed in terms of Free Spectral Range (FSR). If the M?l% > () the dispersion is
called "normal dispersion”, and if % < 0 the dispersion is called anomalous. Note
that these notations might be used interchangeably in other scientific communities.

The deviation from the FSR can be explained further using Taylor’s expansion below:

1 1 1
Wy, = Wo + Dllu —+ EDQ,MZ + aDgﬂ,g + ﬂD4M4 + ... (25)

Which can be re-written as:
Wy = wo + Dipt + Dipy (2.6)

Here the p is the mode index around the center mode p = 0 [10], Dyp is the FSR
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(without the effect of dispersion), and the integrated dispersion (D) is the deviation
from the FSR caused by the dispersion. In equation 2.5, Dy is the dominant term
and third and fourth orders are negligible [10]. Using this notation one can find
approximate values for dispersion around the center wavelength easily and determine
whether the dispersion is anomalous or not. One can show that for the dispersion to
be anomalous, D;,; has to be positive. We know for the dispersion to be anomalous,
% < 0 this means %ZSR > 0 for anomalous dispersion, since u\ remains constant

in a WGM microcavity. By using Eq. (2.5), we have

1
FSR = wu — U.)M,1 = Dl + §D2(,U2 — (/L — 1)2) (27)
1

Now ttaking the rivative of the FSR with respect to u we get :

A)Xpsr _
dp

D, (2.9)

So D5 has to be positive for anomalous dispersion, and we can infer from equation 2.6
that D;,; should also be positive. Dispersion can also be expressed in terms of s,

group velocity dispersion (GVD).

B 1dng

2.10
by =2 (210
Dispersion relation to 3, can be shown as:
AN AN d
FSR _ FSR w (2'11>

du dw @



where:
2me
FSR=——
ngL
and:
ngl = pA

AXrsp L 2me dnyg

dw ngL dw
dw _ 2mc
du  ng,L

From Eq 2.11,2.14, and 2.15 we can see:

A)\FSR . —47’1’203

dp n3L? b
and
2mc
Dy =—
! ngL
using FEq 2.9 we can conclude:
c
Dy = ——D3f,

g
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(2.12)

(2.13)

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)

Hence, for anomalous dispersion (5 should be negative as can be seen in Fig. 2.9.

Using GVD, one can calculate D;,; and vice versa.

Both GVD and D,;,; can be

simulated by finding the resonance frequencies around a center (pump) frequency

(wp), and a polynomial fit to represent w — p data. In most cases, a second-order

polynomial would provide a satisfactory fitting, since D3, D4, and higher orders are

negligible compared to D,. However, in rare occasions, a third order should be added
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to represent D3 [14]. The following graphs shows simulated values for GVD and D,
in different wavelength windows.

[h] Fig. 2.9, shows simulated values for D;,; and (5 for a rib disk structure around
1550 nm wavelength. The positive D;,;, and negative values for #5 show the anoma-
lous dispersion of the medium in the wavelength range specified. The parabolic shape
of the D;,; curve, represents the dominant D, term, and the concave shape confirms

the positive value of D,.

2.7 Geometrical Considerations of Dispersion

As mentioned before, the geometry of a microcavity can also affect the dispersion
through what is called waveguide dispersion. Since the geometry of a WGM micro-
cavity can be tuned during the fabrication process, most of the effort to engineer a
desired dispersion has been invested in changing the shape of the cavity. Whether
it is tuning of the thickness [14, 9], or the wedge angle [61], shape tuning has been
used to effectively move the dispersion from normal to the anomalous regime. Here
we mostly describe the effect of wedge angle, size, and thickness on the dispersion.
As can be seen in Fig. 2.10, the zero dispersion will move to shorter wavelengths
by increasing the wedge angle. That basically means the anomalous dispersion regime
will be extended to shorter wavelengths. The reason for this can be attributed to the
fact that tighter wedge angles tend to push the modes further into the cavity, hence
reducing the effective radius of the cavity. This in turn will increase the FSR of
the mode family. This increase in FSR in longer wavelengths contributes to overall
normal dispersion in the cavity [10]. The effect of the wedge in changing the effec-
tive radius will be a lot lower at larger wedge angles. The other geometrical aspect

with a huge effect on the dispersion to be considered is the thickness. As a general
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rule decreasing the thickness of a silica microdisk (or microtoroid) will contribute to
anomalous dispersion. This can be explained by mode compression or confinement in
thinner microcavities [10].

As can be seen in Fig. 2.11, the dispersion moves to the anomalous regime with
decreasing thickness. So as can be seen the geometry of a microcavity can greatly
impact the dispersion. Hence, engineering geometry can give us a powerful tool to
alter the dispersion to our liking. Dispersion can also be an intrinsic property of a

medium. In the next section, the material dispersion will be explained in more detail.

2.8 Material Dispersion

The material dispersion is an intrinsic property of a material, and it mostly depends on
how the atoms inside the material react to electromagnetic waves. for most materials
(including silica) the shorter visible wavelength means higher interaction with the
atoms since the frequency of the wave is closer to the resonance frequency of the
atoms. Hence the refractive index increases at shorter wavelengths [62, 63].

As can be seen in Fig. 2.12; the increase of refractive index in shorter wavelength
gives rise to negative D, which means the dispersion moves to the anomalous regime.
As mentioned before, the change of the refractive index by wavelength depends on the
atomic response of the material to electromagnetic waves. The closer the wavelength
is to the resonance frequency of the atoms, the more powerful the response of the

medium would be to the wave. Therefore the refractive index will increase.
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Figure 2.1: a) Microdisk, b) Microring [1], ¢) Microtoroid [2], d) Microsphere [3], €)
Cylindrical microresonator [4], and f) Microbubble resonator [5]
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Figure 2.2: Q measurements for red detuned a), and blue-detuned b) scan with the
associated Lorezian fit. The slight difference between the total Q (Q,), and the
intrinsic Q (Q;) is because of the coupling loss

Figure 2.3: Cylindrical coordinates of a disk with the tapred fiber on top [6]



21

Thickness: 1um Thickness: 7um

Figure 2.4: a) and b), intensity of the TE polarized WGM mode in microdisks with
different thickness, ¢) F, and d) H, fields distribution for LiNbO3 microdisks.

Figure 2.5: The light coupling apparatus for our microdisks, a)fiber holder on the
stage b) the torch used for fiber pulling
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Figure 2.6: The schematic of a (Q measuring setup. The ice water would be added to
minimize the temperature fluctuation’s effect on the interferometer, the polarization
controllers enable us to achieve maximum coupling [7]
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Figure 2.7: Optical measurement setup
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Figure 2.9: Simulated D;,; and (5 in 1300 nm- 1800 nm range for the fundamental TE
mode of the Imm rib disk in [9]. The D;,; is shown in a) as a function of azimuthal
mode number away from the center wavelength of 1550 nm, and b) is the associated
Bs for the same wavelength window. (5 of water is included in b) as a reference to a
different medium
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Figure 2.10: The simulated D;,;(a) and D(b) vs frequency and wavelength of a mi-
crodisk with 6 pm thickness and 300 um of radius [10]. Copyright, 2020 De Gruyter
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Chapter 3

Microcomb Generation

Recent advances in frequency microcomb, have opened the door for new applications
ranging from timekeeping and exoplanet hunting to spectroscopy and sensing [11,
64, 29]. Microcomb as discussed earlier, are a series of equally distant peaks in the
spectrum which are normally produced using the nonlinear response of the material
to the electromagnetic wave.

Two of the most common ways of generating broad spectra of microcomb are
supercontinuum generation (SCG) in optical waveguides, and Kerr-comb generation
(KCG) [11]. In the SCG process, ultra-short pulses from a mode-locked laser would
pass through a waveguide. The light then goes through a third-order (yx®) nonlin-
ear process known as parametric four-wave mixing (FWM). This process effectively
extends the spectrum with the spacing, which is determined by the pulse repetition
Fig. 3.1(left). On the other hand, KCG process generates comb using a continuous
wave (CW) laser and a passive microresonator. This process also required FWM
nonlinear response in the microresonator, but the repetition rate is determined by
the free spectral range (FSR) of the cavity Fig. 3.1(right). Note that both processes

required desirable dispersion and strong light-matter interaction for the nonlinear
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FWM process to happen [11].

Figure 3.1: Left: SCG of microcomb using a dispersion-engineered waveguide and
a mode-locked laser, ultra-short pulses would expand in the spectrum upon passing
through the waveguide, with spacing determined by the repetition rate. Right: KCG
of microcomb using a CW laser and a dispersion-engineered microresonator, with
spacing determined by the FSR of the microresonator [11]. Copyright, 2019 Nature
Publishing Group

3.1 Soliton Microcombs

The word ”Soliton”, was introduced to refer to localized solutions of integrable non-
linear systems [65]. Dissipative solitons is a term introduced to describe solitory
waves in nonlinear optical systems with nonlinear loss or gain [65]. So, dissipative
optical solitons are wave packets of light confined in a nonlinear medium, which are
stable because of the energy balance [65]. Therefore the main difference between the
dissipative soliton and conventional soliton is the loss-gain balance of energy, which
is essential to the stability of the dissipative soliton.

Dissipative solitons can form inside a nonlinear cavity pumping with a CW laser.
Solitons in this case basically rely on a balance between dispersion and Kerr-third
order nonlinearity on one hand, and cavity loss and parametric frequency conversion

of the pump light on the other [12]. The result is a wave packet of light, which retains
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its shape when propagating inside the WGM cavity. Moreover, an optical system can
have more than one soliton formed inside the cavity, which results in a much denser
comb [12].

The basic requirements for temporal dissipative soliton formation can be summed
up in two conditions: Kerr nonlinearity, and anomalous dispersion [12]. Meeting
both these requirements means the energy and momentum conservation for the FWM
process(Fig.3.2 b) to happen is satisfied. So, finding nonlinear materials with high
enough y®, and anomalous dispersion is essential to make microcavities capable of
generation microcomb. Fig 3.2(b), shows how the FWM process can happen in a
medium to help generate the comb.

Generating of a soliton microcomb requires a fine balance between nonlinearity,
in this case, Kerr nonlinearily, and dispersion on one hand, and loss and gain in the
cavity on the other. Soliton existence can be shown on an osciloscope (OSC) signal as
a step in the spectrum [13]. These steps can be described by analyzing the bistability
curve in a cavity.

Fig 3.3 shows how the intracavity power of a resonator changes with laser detuning
in the presence of a nonlinearity. It is important to understand that the region in
the curve shown with a dashed line is unstable and therefore, impossible to achieve.
Thus, in reality, there is an abrupt drop from the blue detuned region to the red, with
a sharp decrease in power. [12] Further understanding the comb generation requires
more analyzing of the bistability curve.

As shown in Fig. 3.4, the soliton formation happens in the form of steps in between
bistability curves. The soliton pulse formed would have a bigger phase shift and would
be moving along the upper (blue detuned) branch of another bistability curve [13].
The size of the step depends on the fraction of the light propagating with the soliton

pulse compared to the whole power coupled, which itself depends on the high peak
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power of the soliton [13].

3.2 Visible Wavelength Comb Generation

As discussed in the previous chapter, both anomalous dispersion and Kerr nonlinearity
are needed for comb generation. Kerr nonlinearity is an intrinsic property of the
material and is normally seen in materials with inversion symmetry like silca [2]. That
makes silica one of the candidates for comb generation. Although, comb generation
has successfully been demonstrated for other materials, [66, 67, 68] unique properties
of silica, like the ease of fabrication, and very low optical loss, make it more interesting
than many other exotic materials for comb generation.

Despite recent advances in silica microcavities, challenges remain for on-chip
silica-based microcomb generation. The biggest challenge is the dispersion, espe-
cially for short wavelengths. Although soliton microcomb has been demonstrated
before [14], comb generation in the visible range has not been possible so far. The
reason is the normal dispersion relation of silica (2 < 0 ) in short wavelengths,
which makes comb generation impossible without dispersion engineering, since the
anomalous dispersion(% > 0) is needed for comb generation.

Efforts have been invested in dispersion engineering of silica microdisks by ge-
ometry manipulations, such as altering the wedge angle or disk thickness [14, 35].
However, dispersion engineering at the visible range is still hard to achieve. Although
disk thickness reduction seems promising for short wavelength comb generation using
silica microdisks [14] (see Fig.3.5), the mechanical instability, and buckling severely
reduce the applications of this method. This buckling comes from the stress built up

caused by the difference between silicon and silica thermal expansion coefficients [36].

The curves in Fig. 3.5 show the calculated dispersion of two hybridized families.
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TE2 and TM1 modes are degenerate at certain thicknesses, therefore they can hy-
bridize to form a mode family and lift the degeneracy [14]. For the degeneracy to
be lifted, the reflection symmetry needs to be broken [69]. This can happen by the
wedge angle at the edge of the microdisk. The lifted degeneracy produces one nor-
mally dispersed mode and one with strong anomalous dispersion, which is required for
microcomb generation. This mode hybridization is greatly dependent on the thick-
ness. So, by decreasing the thickness anomalous dispersion can be achieved at shorter
wavelengths. Controlling the thickness is not the only way to generate visible comb in
microcavities. Choi, et al, for instance [15], use local anomalous dispersion happen-
ing at the visible to IR range due to avoided mode crossing (AMX) on microtoroid
structures to generate comb in water.

As can be seen in Fig 3.6, the eigenfrequencies change dramatically around the
mode crossing area and quality factor drops [15]. The response of the system to
minimize the effects of the mode crossing causes local anomalous dispersion, which
can give rise to the comb generation. The comb lines are few and far between in
Fig 3.6, which limits this technique to meaningfully use the microcomb for some
applications like sensing. Evidence of AMX has been reported in other works as
well [16]. In this work SizN, microrings were used to generate microcombs in a wide
range covering biological windows (less than 1 p m) [16].

As can be seen in Fig 3.7, a huge change in dispersion can happen due to AMX,
which causes the TEOO mode to have anomalous dispersion. The comb generated
in [16] also takes advantage of the geometry tuning of the microring for disper-
sion engineering. Finally, it can be concluded that geometrical considerations like
controlling the thickness [14], changing the dimensions [16], or even increasing the
wedge angle [61], can be utilized to push anomalous dispersion in the media towards

visible wavelengths, which is necessary for microcomb generation. In the following
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section mathematical description of solitons will be discussed, using the nonlinear
Schrodinger’s equation. Most of the analytical descriptions and derivations are writ-

ten using [53] and [12].

3.3 Analytical Description of Soliton

The first part of this section shows a mathematical description of nonlinear Schrodinger’s
equation for optical medium based on [70, 71].
Solution for plane waves satisfying the Helmholtz equation should have a Fourier

integral form of:

oz, t) = /Oo F(k) exp{i(kx — w(k)t)}dk (3.1)

o0

Here the w value is very close to wy and a Taylor’s expansion gives:

w(k + 0k) = wo + (6k)wy’ + (6k) 2w + ... (3.2)

Substituting 3.2 into 3.1:

o(x,t) = Y(x,t) exp{i(kor — wot} + c.c (3.3)

Where:

(1) = /0 " Flko + ok) exp{i(m W)k — %z’w”(ék)zt}d(ék) (3.4)

Here 0k is very small and w(—k) = —w(k) the amplitude of ¢(z, ) is a slowly varying

function of x* = (x — w't) and t [71] with slow variables £ and 7.
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E=elx —Wt),T=é (3.5)

Where € is the dielectric constant, therefore:

o(z,t) = A&, 7) expii(kor — wot) } + c.c (3.6)

A, 1) = /F(ko + 0k) exp [Mk(m — wyt) — %w”(ék)zt} d(dk) (3.7)

Ae.r) = [ Pl + sty ep{ite — Jutm bato (33)

Simple calculation gives:

1
AT = _iing’ Agg =—-A (39)

Which gives the linear Schrodinger’s equation as:

ZA + w Agg = 0 (310)

In order to include nonlinearity in the system we replace wavenumber k and angular

(2]

5; respectively. In the presence of non linearity

frequency w with k — i-% a and w — i+

we can define dispersion as:

D(k—i—,w—z'%,yAV)A:o (3.11)

If we consider small nonlinearity we can assume A is a slowly varying function and

D can be expanded as:

0 0

D —i(Dy— —D,—)A
(k,w,O) Z( k&c wat) (3 12)
1 6’2 82 0? oD 9 :
D —2D + D,—)A Al"A =
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We then consider two transformation 2* =z — Cyt and t* = t. Assuming A = O(e),

9 = O(e), & = O(¢?), and retaining all terms up to O(€?):

+qlAPA=0 (3.13)

Here C; =

(499), and g = 2 (22)

1
—BP=3 aIA|

Eq 3.13 is the non linear Schrodinger’s equation. If the nonlinear dispersion has a
form of w = w(k, a?) then using Taylor’s expansion at k = kg, and |a|2 =0, w can be
expressed as:

w=uwy+ (k—ko)w' + = (k: ko)*w” + ;w‘zw (3.14)
a

Replacing w — wy with z ; and k — ko with —z ~ and assuming a = a(,t) we get:

1
i(ay + wyay) + éw”am +9lal*a =0 (3.15)
Where:
Ow
v = —(=—3) = constant (3.16)
9lal

Now if we replace £ = x —wjt and 7 = t the term a, will drop out of 3.15 and we will

have:

1
ia, + iwga& +9lal*a=0 (3.17)

which is the normalized nonlinear Schrodinger’s equation.
The following section is based on the work shown in the supplementary material
at in [12]. Here we start with non-linear Schrodinger’s equation to mathematically

predict the behavior of the soliton formation in a nonlinear medium.

oV 1 9V )
i+ zawﬂ}qf T =0 (3.18)
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This is the dimensionless form of the nonlinear Schrodinger’s equation. Here «
is a dispersion-related constant and + is related to nonlinearity in the medium [71].
It can be concluded from the equation 3.18, that if the ay < 0 the equation has
solutions in the form of bright or breather solitons [71].

Describing the internal field in a soliton, using the nonlinear Schrodinger’s equa-

tion as in [72]:

0A 1 _ 0%°A . k.
E — Z§D2w — Zg’A|2A = —(5 + z(wu — wp))A (319)
Here we have:
A(g,t) = X, A, et iwn—wpmpDut (3.20)

As can be seen the ¢ value is dispersion dependant here and A is the slowly varying

hw?cng

517 =, where ny is the nonlinear
no eff

amplitude [12, 71]. Here g can be calculated by g =

refractive index and Vs is the effective mode volume. Trying to rewrite 3.19 in the

dimensionless form of 3.18 we get:

ov  10*Y

i +§W+|\If|2\p= (—i+ &)V +if (3.21)
Here f = %’znhljjg ,and 7 = %t, where x is the decay rate in the cavity, n is the
coupling factor and §, = M is a representation of detuning. In order to

have dimensionless values, 6 = ¢, /55~ U(7,0) = Ya,e*?

Solving 3.21 at steady state (%—E’ =0) we get:

U = WUy + Be'*sech(B0) (3.22)

The solution is valid at { >> 1, which means the decay rate is very small. Solving
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for W, :

(W) — & +i)Wo = if (3.23)

W, = if ~1 it (3.24)

(’\I’0|2—£0+i) 5(2) ZEO

o \/2_50 (3 25)
COS<¢O> = :ﬁo |

expanding 3.22 for more than one soliton we get:

B 48 162 \/?o
V() = Uy + o7 + iy [ 260 — 7r2f02 ;Nsech( ﬁ(qs — ;) (3.26)

We can use the Fourier transformation of the W(¢) to obtain the optical spectrum

of a soliton. Note that the Fourier transform of a hyperbolic secant function would

be a hyperbolic secant function as well.

U(u)=FT <\/2_§Osech( 2—2(;5)) = \/gsech (% %) (3.27)

Using w = wy, + uD; we get:

W — ) = || Csech (w - %)
w

_ 2D &
s dg

(3.28)
Aw
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We can also conclude:

t

U(t) = /2 sech (Kt)
(3.29)

1 /d

At=— ]2

Dy \ &o
It means that the width of a soliton is directly proportional to the detuning constant
and inversely proportional to decay rate k. in the following chapters, the author’s
contributions will be discussed in detail. Firstly, fabrication processes to increase
quality factors will be discussed, then a novel rib disk geometry will be introduced to

engineer the dispersion for comb generation. Finally results for comb generation in

air and water will be presented at around 780 nm wavelength.
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Figure 3.3: Bistability curve shows how the intracavity power changes with laser
detuning in a normal resonator (blue curve), and in the presence of thermal effects
on the resonance (orange). The increase in temperature in the cavity can move the
resonance peak to higher wavelengths, so the Lorenzian shape of the resonance peak
will change to a triangle like shape. The left inset shows an FWM comb where the
comb lines can remain out of phase, and the right inset shows the soliton generation
where comb lines are in phase and synchronized, with a pulsed-like intracavity power.
copyright 2014, Nature Publishing Group [12]
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Figure 3.4: The bistability curve showing the steps of soliton generation. The upper
branch is effectively blue-detuned and the lower branch is effectively red-detuned.
When moving the laser from shorter to longer wavelengths, the intracavity power
follows the upper branch of the bistability curve, until it hits a certain value and
drops to the lower branch. copyright 2018, The Royal Society Publishing [13]
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different silica microdisk thicknesses. The blue curve shows anomalous dispersion [14].
Copyright Nature Publishing Group, 2017
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Chapter 4

Fabrication of Ultra-High Q Silica
Microdisk Using

Chemo-Mechanical Polishing

This chapter is reproduced from [Honari, S and Haque, S and Lu, Tao “Fabrication
of ultra-high Q silica microdisk using chemo-mechanical polishing” Applied Physics
Letters 119, 031107, 2021, ATP Publishing], with the permission of AIP Publishing.
Over the past decades, the study of whispering gallery mode (WGM) microres-
onators has dominated many fields of science. Microcavities have become one of
the most attractive optical components to study in a broad range of scientific dis-
ciplines, including but not limited to, nanoparticle detection, biosensing, quantum
information, comb generation, and optomechanics [18, 7, 73, 27, 64, 74]. The power
of microcavities to confine the light is mostly measured by the optical quality factor
(Q) as the higher the Q goes, the more intense the light inside the cavity becomes [75].
High Q microcavities are essential for better detection in sensing applications, lower

threshold power for comb generation and parametric oscillation [33, 76], and narrower
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linewidth for laser oscillators [77].

One of the most important limiting factors for achieving high Q) is Rayleigh scat-
tering induced by surface roughness [78]. Hence, efforts to increase the optical Q have
mainly relied on using sophisticated fabrication techniques such as stepper lithogra-
phy [17] or COq laser reflow [40] to decrease the surface roughness of microcavities
and increase the Q. However, these techniques come with either the need for ex-
pensive machinery or incompatibility with monolithic integration. Silica microdisks
with Q exceeding one billion have been fabricated recently by carving out the silica
and making trenches on grown silica film rather than making stand-alone disks [22].
High Q microresonators and low loss waveguides from other nonlinear materials have
also been demonstrated with deposition on silica platforms to take advantage of the
smooth surface and low loss nature of the oxide [79].

Chemo-mechanical polishing (CMP) has been used to increase the optical Q for
LiNbO3 [80, 48] and SizN, [47] microdisks, but not for SiOs ones. In this paper,
we incorporate CMP into conventional photolithography to fabricate ultra-high Q
microdisks. Through scanning electron microscopy (SEM), thermal annealing, and
numerical modeling, we analyze limiting factors to further Q improvement. It is worth
mentioning that the polishing process cannot reduce the roughness underneath the
disk. This roughness can result from the dislocations in the silicon wafer underneath
the SiO,, which can make the silica-silicon interface rougher. However, at 10° per
ecm? this dislocations are highly unlikely to result in any meaningful impact on Q,
since the mode size is about 1pum. In fact dislocation induced roughness anomalies
would amount to less than 10 in total in the path of the light inside the cavity.

Our fabrication process consists of four steps: (a) conventional photolithography
using deep UV light, (b) wet etching of SiOs using buffered HF, (c¢) chemomechanical

polishing of the SiOs disks with silica slurry, and (d) XeFy dry etch of the silicon
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Figure 4.1: Fabrication procedure: (a) photolithography of the resist to transfer the
pattern, (b) HF wet etch to make the disk, (c) CMP step to increase the smoothness
of the surface, and (d) etching Si substrate to make the pillar.
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layer to form the pillars (Fig 4.1).

After applying a standard wafer cleaning process, we spin coat a silica-on-silicon
wafer (SoS, University Wafers) with positive resist (S1813). A UV lithography is
then applied to transfer the microdisk pattern from the photomask onto the wafer
followed by a buffered HF (Transene) wet etch to form disks on the silica thin film. To
further improve the surface smoothness of the disks, we proceed to the polishing step
using a slurry of 70-nm-diameter silica nanoparticles. Before the polishing step can
be done, it is important to change the surface chemistry of the sample. The hydrogen
passivation surface of the sample after HF wet etching makes the surface extremely
hydrophobic, [81] which can hinder the flow of slurry and reduce the effectiveness of
the CMP step significantly. To remedy this problem, we used a 10-minute Piranha
solution (HySO4/H505) to clean the surface and make it hydrophilic. Hand polishing
of the sample was then performed using the silica nanoparticle slurry to reduce the
surface roughness. In this step, the sample was mounted on a glass slide and was
rubbed gently on a polishing pad while adding the slurry on the pad. The pad
makes the slurry reach the surface of the disk uniformly. It is worth mentioning
that the pad itself is not abrasive and does not polish the surface. The polishing
happens by the mechanical impact and the chemical bond formed between the slurry
particles and the silica disk. As a result, the sharp edge, which separates the top
surface and the sidewall, will be polished away to form a curved contour, as shown in
Fig. 4.1(d). Meanwhile, the thickness of the disk was reduced to 7.5 um from 10 pm
after polishing. RCA cleaning steps have also been performed after polishing to wash
off the slurry particles stuck to the surface of the disk. In the last step of fabrication,
XeF, gas was used inside an etching chamber to undercut the disk and form the
pillars by etching the silicon underneath the disks. This step is crucial for achieving

high Q micro resonators since the light silicon interaction inside the cavity should be
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mode around A = 971.32 nm are displayed in (a) and (b). (c) Intrinsic Q as a function
of disk diameter at 970 nm (blue squares), 1550 nm (red squares) wavelength bands
with the lengths of the error bars corresponding to the differences of the measured
intrinsic Q at red and blue detune. In comparison, the recorded values of 7.5 um
and 10 pm thick microdisks by Lee et. al. [17] are displayed as green squares. Note
that, after polishing, the silica thin film thickness of our disks reduced from 10 ym
to 7.5 um. (d) The side view SEM micrograph of a polished disk. (e) The top-view
micrograph further confirms the upper edge between the side wall and top surface
vanishes after polish as opposed to the visible upper edge of an unpolished disk
displayed in (f). The atomic force microscope (AFM) micrographs of (g) the edge
of a polished disk, (h) the edge of an unpolished disk and (i) the top surface of an
unpolished disk show the RMS values of roughness are 0.45 nm, 1.09 nm and 0.33 nm
respectively. The black bars on e-f represent 400 nm.
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minimized. The maximum amount of undercut is limited by the buckling effect that
happens at larger undercuts and can degrade the Q or even crack the disk. However,
the problem can be mitigated by high-temperature annealing (1,000 °C) [22].

In the next step, we measure the intrinsic Qs at 970 nm and 1550 nm wavelength
bands. Here, external cavity tunable lasers (Santec TSL-550 for 1550 nm, Newfocus
TLB 6718-D for 970 nm) were used to probe the microdisks through a tapered op-
tical fiber. As shown in Fig. 4.2(a), by linearly scanning the laser around the cavity
resonance wavelength, a Lorentzian-shaped signal will appear at the output trans-
mission of the tapered fiber, from which both total (Q;) and intrinsic (Q;) optical
quality factors can be calculated. Here, to accurately measure the optical frequency,
we placed a fiber Mach-Zehnder interferometer in parallel to the microdisk cavity as
a reference [7]. It is worth noting that the intrinsic ) obtained from red detune is
lower than the actual value due to thermal and Kerr broadening effects while blue
detune of the laser wavelengths yields higher-than-actual intrinsic ) readings due to
thermal and Kerr squeezing. Therefore, we take the average of both intrinsic Qs as
the estimated value of the actual Q; and their difference as the uncertainty. For ex-
ample, as shown on Fig. 4.2(a), the Q; measured from red detune on a 10 ym (7.5 ym
after polishing) thick, 1 mm diameter microdisk at a wavelength A = 971.32 nm
was Q; = 1.8x10® while Fig. 4.2(b) shows that from a blue detune measurement
the Q; of 2.0x10® was obtained. Consequently, we determine the intrinsic Q to be
(1.94+0.1)x10® as shown in Fig. 4.2(c) (the rightmost blue square with the error bar
representing the uncertainty). We also used our fabrication process to make 500 ym
disks, and the average intrinsic Q of (1.840.4) x 10® was obtained. To better compare
our work with previously reported results [17] (green squares), we used 1550 nm laser
to measure the Q as well. We observed the optical Q drops to (1.2 4= 0.2)x 108 for

1 mm disk and (6.9 + 0.3)x107 for 500 pm disk (red squares in Fig. 4.2(b)). Note



47

that the Q of our 1 mm disk is slightly better than the equivalent 7.5 pm thick disks
reported in [17]. The side view and top view SEM micrographs in Fig. 4.2(d)-(e)
show reduced roughness on the polished disk edge compared to the unpolished one
shown in Fig. 4.2(f). An atomic force microscope (AFM, Agilent 5500) was also used
to measure the smoothness of the surface. The root mean square (RMS) value for
surface roughness decreases from ~1.09 nm for an unpolished disk (Fig. 4.2(h)) to
~0.4555 nm for a polished disk (Fig. 4.2(g)) at the edges. It is worth mentioning that
the measurements were on 1um x 1um areas and the RMS value at different locations
may fluctuate. As a reference, we also scanned the top surface of the unpolished disk
which has been pre-polished by the wafer supplier (Fig. 4.2(i)) and obtained an RMS
value of 0.3358 nm, indicating that our polishing procedure resulted in a surface only
~25% rougher than the industry standard. This confirms that our process makes the
disk more smooth at the edge and will reduce the Rayleigh scattering. Meanwhile, as
shown in Fig. 4.2(d), CMP polished away the sharp angle between the side wall and
the top surface, leaving a curved contour on the disk edge.

Further, the observation of lower Q at 1550 nm suggests Rayleigh scattering is not
the dominant factor for Q degradation at that wavelength. Instead, water absorption
at the disk surface limits the Q since otherwise, surface roughness induced Rayleigh
scattering should make the ) at a shorter wavelength (970 nm) even lower [49]. In
addition, water from the ambient air can easily stick to the surface of our polished disk
since it is hydrophilic after Piranha treatment. Thus, unlike previous observations
that Q at 1550 nm is limited by surface roughness, [19, 82, 83| water absorption
appears to be the limiting factor for ) in our case because of the different surface
functionality:.

For further verification, we measured Qs of another disk using 635 nm, 970 nm,

and 1550 nm lasers at which wavelengths the water attenuation coefficients are
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Figure 4.3: Intrinsic Q at 635 nm (blue circles), 970 nm (green squares), and 1550 nm
(red triangles), measured before annealing, within 15 minutes after annealing, and 4
days after annealing.
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2.79x107% em™!, 0.499 cm™! and 12 cm™! respectively [84]. As shown in Fig. 4.3 (la-
beled as ”Before Anneal”), the intrinsic Q values of (4.3 +0.2)x107, (1.2 £0.1) x 10®
and (5.7 £ 1.2) x 107 were obtained respectively. In this case, at 635 nm, the intrinsic
Q is approximately three times lower than that at 970 nm, which is consistent with
the A3 dependence [49] of the surface roughness limited intrinsic Q. At 1550 nm, the
lower intrinsic Q again violates the surface roughness limited assumption and suggests
a dominant water absorption. To confirm the impact of the water layer, we annealed
the disk at 1,000 °C in an ultra-high purity nitrogen atmosphere to remove water
molecules and measured the QQ immediately after (within 15 minutes after taking the
microdisks out of the chamber). As shown in Fig. 4.3 (labeled as ”Annealed”), at
1550 nm, Q; increased significantly to (1.5 4 0.3) x 10® while its value at 970 nm
increased slightly to (1.45 & 0.05) x 10%. Note that, at 1550 nm after anneal, Q is
only slightly higher than at 970 nm. Assuming A* dependency [49] of the Rayleigh
scattering induced Q (Qs,) is still valid and Q. ~ 1.9 x 10® at 970 nm, one would
expect Qg ~ 7.8 x 108 at 1550 nm, which is much higher than the measured Q.
This is possibly due to the rapid deposition of a minute amount of water on disk
surface during the 15 minutes before the measurement was taken, which starts to
accumulate on the surface within minutes after exposure to air [83]. Meanwhile at
650 nm, Q; = (4.240.1) x 10" remains almost the same as before annealing. We
further repeated the Q measurements 4 days after annealing. As expected, the re-
accumulated water layer on the disk degraded the intrinsic Qs to (4.8 +0.1) x 107,
(1.440.1) x 10%, and (5.7 & 0.2) x 107 at the three wavelengths, which are close to
values we obtained before annealing. This again confirms that water absorption is a
dominant limiting factor for Q at 1550 nm while it only slightly impacts Q at 970 nm
due to the significantly lower optical absorption. At 635 nm, due to the extremely

low absorption, the water layer does not cause a noticeable impact on Q. Further,
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we can conclude that the water layer at the surface was originated from the ambient
air, not from the water molecule trapped in bulk silica dominates the Q degradation
since otherwise Q at 1550 nm would not decay to pre-anneal level 4 days after. In
summary, the results from Fig. 4.3 help us investigate the origin of the optical loss
and Q degradation of our polished microdisks. It can be inferred from the data that
the annealing step increases the Q at 1550 nm by decreasing the water content at the
surface of the disk. The change in Q is not as significant at 635 nm and 970 nm since
the optical loss due to water absorption is limited in those wavelengths.

To estimate the water layer thickness, we numerically simulate the modes and
compare the intrinsic Q at both 970 nm and 1550 nm wavelengths. In the simulation,
the side view SEM image of the disk in Fig. 4.2(d) was converted to a contour curve
for COMSOL simulation as shown on its inset (black trace). In the absence of a
water layer, the Q of 2.12x10'° at 970 nm and 2.69 x 10 at 1550 nm were obtained
through simulations (the free spectral range is 0.22 nm at 970 nm wavelength and
0.56 nm at 1550 nm). Since our SEM does not provide sufficient resolution for surface
roughness, the simulated ) was mainly silica material absorption limited. We then
added a layer of water at the disk surface and obtained a Q of 1.56x10% at 1550 nm
when the water layer is 1 nm thick. This is in close agreement with our experiment
observation around this wavelength. On the other hand, the simulated Q at 970 nm
was 4.14 x 10° due to the significantly lower water absorption at this wavelength
band. As the experimental measurement (Q=(1.940.1) x 10®) is much lower than the
simulation value, we confirm that at 970 nm, Q) is still limited by Rayleigh scattering.
From these observations, we concluded that at 1550 nm, Q is limited by a 1-nm water

layer absorption while at 970 nm surface roughness is still the limiting factor for Q.
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4.1 Chemo-Mechanical Polishing

We start this polishing process with 70 nm silica particle slurry. The silica nanopar-
ticles are immersed and stabilized in the slurry solution. The slurry is then poured
on a polishing pad and covers the entire pad. Next, the sample is mounted on a
microscope slide and is gently pressed against the polishing pad. To uniformly hand
polish the sample, the movement should take a figure eight shape. The polishing hap-
pens as hard nanoparticles on the pad collide with the surface of the disk and break
away the anomalies on the surface. Moreover, the silica nanoparticles can chemically
bond to the surface of the disk and atomically remove the SiO, from the surface,
upon breaking off due to movement. The polishing pad is essential to have a uniform
surface finish since it makes the slurry reach the sides and top of the disks uniformly.

Ideally, the force on the sample should be controlled. However, this is not possible
in a hand-polishing process. Since there is not much control over this manual process,

we can only control the polishing time to determine the smoothness and final thickness

of the disks.
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In summary, we fabricated microdisks with ultra-high optical Q using conven-
tional photolithography in conjunction with CMP. As a result, surface roughness is
not a limiting factor for Q at 1550 nm. The Q at a shorter wavelength can be further
improved by using smaller nanoparticles as slurry to achieve lower surface roughness.
Surface passivation techniques can also be used to make the surface of the disk hy-
drophobic and reduce the water absorption to the surface. This can be a permanent
solution for the disk to maintain high Q at 1550 nm wavelengths. Through simula-
tion, we further find that by removing the 1 nm water layer at the microdisk surface,
a Q value close to 10 can be reached at 1550 nm. Further research on applications
of the ultra-high Q microdisks, including sensing [25] and comb generation, will be
conducted shortly to take advantage of this simple but highly effective procedure for

future discoveries in these fields.
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Chapter 5

A Novel Buckle-Free Large Rib
Microdisk with Sub-Micron
Thickness

This chapter has been reproduced using previously published results in [9].

Microcavities with high optical quality factors (Q) have been one of the most
sought-after optical structures for many years. With applications ranging from biosens-
ing and nanoparticle detection to quantum electrodynamics and comb generation,
these devices have been at the forefront of many scientific endeavours [18, 26, 73, 85,
7, 25, 27, 64, 74]. Among the materials normally used to make microcavities, SiOq
offers unique advantages. The low loss nature of the thermally grown oxide on top
of silicon, and compatibility of the platform with already existing CMOS fabrica-
tion technologies, made SoS (Silica-on-Silicon) platform a great candidate for optical
devices fabrication [23].

One of the fabrication challenges that reduces the applications of SoS platforms,

is the stress build-up at the interface between silica and silicon [36]. The stress arises
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from the fact that the two materials have different thermal expansion coefficients.
Hence, when cooling down from high temperatures (exceeding 1,000 °C when growing
the oxide) to room temperature, significant stress will build up at the oxide inter-
face [86]. This hinders microdisk fabrication by buckling the edges of the disk at high
undercuts and deteriorates the quality factor of the disk. This issue is more severe
in large disks, which are necessary for dense microcomb generation. Although large
ultra-high Q microdisks have been demonstrated without significant buckling prob-
lems, these devices were fabricated using thick oxide layers, accompanied by tedious
high-temperature annealing cycles to remove the stress [17, 22, 36]. However, there
is an increasing interest in thin oxide microdisks, specifically for comb generation
applications at shorter wavelengths. Short wavelength comb generation is achievable
with thinner microdisks [14]. Multi-layer oxide disks with different wedge angles have
been proposed before to control the dispersion [35], but a fabrication procedure for a
large thin disk is still missing. It has been shown that, for soliton microcomb gener-
ation, the needed anomalous dispersion at shorter wavelengths can only be satisfied
with thin oxides [14]. Thus, the need for thin oxide microdisks cannot be overstated.
Our goal in this work is to fabricate a buckle-free ultra-high () large disk with thin
oxide, by introducing a new rib geometry. The approach introduced in this work
can address the buckling challenge without limiting the size and thickness of the disk
and does not require any complicated post-processing. Consequently, the fabricated
device maintains a high optical quality factor. This, to the best of our knowledge, is
the first time such a remedy has been demonstrated to solve the buckling problem in
large thin microdisks.

The proposed rib disk structure is shown in Fig. 5.1a, the thin silica layer at the
edge of the disk is supported by a thicker top part with a slightly smaller diameter,

which provides sufficient mechanical strength to prevent the thin edge from buckling.
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d)

~80 um

RMS:0.33 nm

Figure 5.1: A 3-D model of a) the proposed rib disk and b) a regular disk. The top
view micrograph ¢) shows no buckling on the rib disk edge while d) the regular disk
with the same undercut ratio is severely buckled. Plot e) further shows the top view
SEM of the rib disk. The width of the disk rib is around 20 pm. f) is the SEM image
of a buckled regular disk. The AFM images at g) and h) show the surface roughness
of the top part and the rib part of the rib disk respectively, RMS values obtained for
each part is shown in the figure. Roughness RMS is 0.33 nm for the top part and
0.39 nm for the rib part. i), j), and k) are the fabrication steps of the rib disk. The
white bars on optical microscope images are 50 um each.
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In our experiment, we fabricated a 1 mm-diameter disk on a SoS wafer with a 4 pym
thick silica thin film. After a chemo-mechanical polishing (see fabrication details
in later section), the thickness of the top part is about 3.2 pum while the rib edge
thickness reduces to below 1.0 pm (see Fig. 5.2a). The radius difference between
the outer ring and the top support (the rib width) is 20 pm to 30 pm (Fig. 5.1e).
As shown by the microscope picture in Fig. 5.1¢c and SEM micrograph Fig. 5.1e, no
evidence of buckling was observed even though we undercut the silicon pillar as far
as 80 pm. In contrast, a 1 mm-diameter regular disk fabricated on a 2 um silica thin
film! (Fig. 5.1b) with the same undercut displays severe buckling as shown in the
microscope image (Fig. 5.1d) and SEM image(Fig. 5.1f). Further, we measured the
surface roughness of the rib disk using an atomic force microscope (AFM) both at
the top and at the rib to see the smoothness of the surface. As shown in Fig. 5.1g-h,
the surface roughness RMS value of the top is slightly lower, and is about 0.33 nm ,
whereas the rib part has an RMS value of 0.39 nm for surface roughness. This small
discrepancy can be attributed to the disk geometry before polishing, where the top
surface has more contact with the polishing pad due to the height difference between
the top and the rib. It is worth mentioning that both roughness RMS values are
close to what was obtained in previous works [46]. The AFM data was obtained on
a 2 pmx2 pm surface since the rib is not wide enough for large area scans. Such
smooth surfaces in combination with the absence of buckles are key to maintaining
the high Q of such a large thin disk.

The fabrication process starts with defining a ring on a 4 um grown silica on a
silicon wafer. In order to do so, a Raith 50 e-beam writer is used to define a ring
pattern with desired width and diameter, in this case, 980 pm inner diameter and

40 pm width, on PMMA resist, followed by a developing step using MIBK solution.

!The disk thickness is around 1.5 um after polishing.
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Figure 5.2: a) A side-view SEM image of a rib disk along with the simulated mode
profile (inset), The thickness of the rib and top part of the disk were calculated after
accounting for a slight slope of the sample. The graph at b) represents optical Q data
for two different wavelengths with the normalized transmission spectrum in the inset.

The white bar in the SEM image is 20 pym in length.



o8

Then the wafer is wet etched using a buffered HF solution (Transene), to etch away the
ring to about 1 pum. The PMMA resist is then washed away with acetone (Fig. 5.1i).
The next step is to define the disk on top of the ring. Note that the disk has to
partially cover the ring. The overlap region between the two patterns defines the size
of the rib. Disks are made using a photolithography step followed by a HF wet etch
down to the silicon substrate, and a polishing process to reduce the surface roughness
of the disk and boost the Q (Fig. 5.1j). The details of the polishing process have been
discussed in [46]. The final step is using XeF5 to etch the silicon underneath the disk
and form the pillars (Fig. 5.1k). Buckling could happen in this last step by reducing
the Si/SiO, interface and releasing the stress. SEM side-view images and profilometer
data suggest the thickness of the disk at the edges is about 980 nm to 1 ym. We then
measured the Q at two different wavelengths using a reference interferometer setup
described in Ref. [46]. The disk transmission spectrum is shown as the blue trace of
Fig. 5.2b inset, which is fitted to a Lorentzian function (red trace of Fig. 5.2b inset)
to obtain the intrinsic Q of the cavity. As shown in Fig. 5.2b (blue cross markers),
the Q as high as 1.2x107 was achieved at 970 ym and 2x10° when measuring with
a 635 nm laser for this rib disk. The ) degradation at shorter wavelengths can
be attributed to more surface scattering at these wavelengths [49, 46], which may be
improved through a refined chemo-mechanical polishing procedure. This also suggests
that Q will be higher in the aqueous environments, since the surface scattering Q is
inversely proportional to the square of difference between the two media refractive

indices square, as shown in the equation. 2.3

1

st X m (51)

2

Here dn? is n? — ny?, where n is the refractive index of the cavity and ng is the

refractive index of the surrounding environment. In contrast, we couldn’t observe
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any resonance of the buckled regular disk as these buckles significantly reduce the

photon lifetime inside the cavity.

5.1 Buckling Simulation

w— Regular Disk
il Disk
B Csperment

200 400 60C BOD 1000
Radius of the Dk (R_, um)

Figure 5.3: a) Buckling threshold for rib and regular disk as a function of disk radius
(Rp) and the undercut ratio £. The yellow-coloured region in the graph represents the
gain in our design, where the rib disk remains mechanically stable, but the regular disk
with the same dimensions and undercut buckles, while in the blue-coloured region,
both structures show buckling. At the setting ("x” marker), where both disks were
fabricated, the simulation b) shows that a regular disk will buckle while a rib disk
showing in ¢) will not buckle.

To further investigate the mitigation effectiveness, we did mechanical buckling
simulations on our rib disk and a regular disk with the same thickness and diame-
ter. To model the mechanical stability of our design, the thermal stress induced by
different thermal expansion coefficients in silica and silicon is simulated in COMSOL
Multiphysics via the finite element method. The linear buckling study in COMSOL
is used to derive the critical load factor (CLF). CLF is defined as the ratio of the

minimum load for buckling to the existing load. A CLF less than 1 means that the
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structure would face instability under thermal stress. The buckling threshold derived
analytically in [36] now can be calculated numerically by doing a 2D parameter sweep
on disk radius Rp and the undercut ratio £ = 1 — R,/ Rp defined as 1 minus the ratio
between the pillar (R,) and disk (Rp) radii. It is shown that a boundary between
buckled and unbuckled regions can be obtained using numerical simulation on lin-
ear buckling for any thickness. This boundary, in our simulations, is defined by the
contour of CLF=1.

Our simulation in Fig. 5.3a displays the unity CLF contour of our rib disk (red
curve) and a regular disk with the same disk thickness of 1 um (black curve). In
general, the left-hand side of the curve shows critical load factors higher than one,
which means the disk remains unbuckled. The right-hand side of the curve shows
critical load factors below one, hence the disks will buckle. Consequently, both rib
and regular disks in the blue region will buckle. The yellow region in Fig. 5.3(a) shows
the area in which the rib disk remains stable, but a regular disk will buckle. Further,
in the white region, neither the regular disk nor the rib disk will buckle. The cross
marker represents the configuration (Rp = 0.5 mm and £ = 0.17) of the regular and
rib disk we fabricated (also see Fig. 5.1c and 5.1d). As shown, although the normal
disk with the size and thickness specified will buckle (Fig. 5.3b), our rib disk with the
same size will remain mechanically stable even at high undercuts (Fig. 5.3c). These
simulations are perfectly on par with the experimental results shown earlier.

In conclusion, we demonstrated novel buckle-free rib microdisks with high-quality
factors. Using the developed fabrication procedure, a 1-mm-diameter, and < 1 um
thick rib disk at a Q above ten million was demonstrated. With a refined fabrication,
our simulation predicts that a larger and thinner buckling-free high Q disk can be
made. In future research, such rib disks will be developed to dense soliton microcombs

at visible wavelengths that may enable in-vitro label-free single molecule spectroscopy.
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In addition, the rib structure can be directly adapted to other material platforms
such as SiN, LiNbOg, etc. to make large disks with enhanced mechanical rigidity.
More importantly, as a novel cavity structure, many photonic properties are yet to
be explored. In the following chapter, we utilize the structure introduced here to
generate comb at short wavelength (780 nm), we showed the rib disk structure can

generate comb both in the water and in the air.



62

Chapter 6

Frequency Comb Generation in

Short Wavelengths

Different applications of WGM microcavities have been extensively investigated in
the past [18, 87, 7, 25, 88]. Among these applications, microcomb generation has
emerged as one the most sought-after areas of non-linear optics research [89, 90].
With applications ranging from optical clocks to sensing to quantum computing, mi-
crocombs have brought significant impacts to the fields in optics [64, 91, 92, 93].
One of the challenges for comb generation has remained the anomalous dispersion,
needed to satisfy the nonlinear Schrodinger’s equation for bright solitons [12]. This
is an even bigger challenge when trying to generate soliton microcomb at shorter
wavelengths [14]. Micorcomb generation at visible wavelength has huge potential, es-
pecially for applications in aqueous environments and biological samples [16]. Hence,
a lot of effort has been invested to solve challenges related to comb generation at short
wavelengths and ultimately in water [14, 16, 15, 94]. Visible comb generation using
silica WGM microcavities has been achieved with geometrical control of the micro-

cavity to achieve geometry-induced anomalous dispersion [14, 61]. Other platforms



63

like SigN, were also used for short wavelength comb generation [94, 16], but lower Q of
microcavities compared to their silica counterparts can make comb generation using
these platforms more challenging. Here we demonstrate bright and dark soliton comb
generation using a silica rib disk, with highly dense comb lines at 780 nm wavelength,
using transverse modes interaction.

Comb generated by different transverse mode families have been reported be-
fore [95] with higher FSR than the combs generated from the same mode families. As
can be seen in the Fig. 6.2, the comb generated using the rib disk can have smaller
FSR down to 10 GHz for both 1 mm and 500 pm disks. This is a result of the closely
packed transverse modes in our rib disk, due to the significant reduction in the thick-
ness of the disk. Here we use rib disks with two different sizes to generate microcomb
both in the air and in DPBS solution. As mentioned, the teeth spacing in the comb is
about 20 times smaller than azimuthal modes FSR. Hence, the resulting comb lines
are not generated by the azimuthal modes. Interestingly, the mode spacing does not
change by changing the size of the disk, which also shows the generation of the comb
by transverse modes. Moreover, we could find modes responsible for comb generation
by simulating the modes in the desired wavelength window for each structure.

To do that, a profilometer scan of the rib disk 6.1 was fed into COMSOL mode
solver to generate the modes available. The result was then used to find anomalous
dispersion between the modes that can generate combs with the observed spacing. As
shown, modes with both anomalous and normal dispersion could be found satisfying
the spacing conditions, which could mean the existence of both dark and bright soliton
is possible in the rib disk. Although co-propagation of dark and bright solitons was
investigated both theoretically and experimentally, [96, 97], these reports use different
wavelengths to generate comb in anomalous and normal regimes. Here we capitalize

on the transverse mode generated comb, which can have both anomalous and normal
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Figure 6.1: The profilometer data showing the side view of the rib disk for 12 minutes
polish (top), and 15 minutes polish (bottom), used to simulate the modes .
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dispersion depending on the participation modes. Dark solitons can also be generated
without a threshold power [98], which is a huge advantage. As can be seen in 6.1,
different polishing runs can lead to different side-view images of the rib disk. However,
in both cases, there is an obvious curve in the sidewall, which makes finding a wedge
angle very difficult, since the sidewall is gradually and non-linearly getting thicker.
The hand polishing method we use is prone to be unreliable. The force applied to
the sample while polishing and the polishing speed would definitely play a role in the
final sidewall shape, and controlling them in hand polishing is not an easy task. We
are looking to automate this process using a polisher to have better control of the
sidewall and thickness of the final rib structure.

The optical spectrum analyzer (OSA) spectrum shown in 6.2 is what was observed
when we coupled light into the rib disk. To do so, we used a 1550 nm laser in scanning
mode to generate the 1550 nm light. The light was then amplified using an Er-doped
fiber amplifier, which then went through a second harmonic process inside a LiNbOj
frequency doubler to generate 775 nm light (the schematic of the optical setup is
shown in Fig. 6.7). The 775 nm output is about 150 mW. The OSA data at Fig. 6.2
shows the comb lines beginning to form out of the main laser peak, the distance of the
sidelines from the main line is the same in each case which means the conservation
of energy is satisfied for the process both in the water and in the air.

Two observations show these comb lines are not necessarily the conventional comb
that has been reported before. The first observation contrary to the conventional
comb was the spacing of the comb lines. The comb lines in the spectrum are far
denser than one FSR and seem to be the same regardless of the size of the disk.
We observed the same spacing of about 0.01 nm for both 1 mm and 500 pm disks.
This shows the modes responsible for the comb generation are not in the same family

with different azimuthal mode orders. Computer simulations of the possible modes
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in the disk showed us that because of the small thickness of the disk, especially at
the edge where different transverse modes are very close to each other and there is a
possibility of having them coupled into each other. Further expanding the simulations
into other wavelengths gave us a better understanding of different modes inside the
cavity (Figs. 6.3 and 6.4). By carefully evaluating the possible modes, we could find
certain transverse modes satisfying the anomalous dispersion and with the spacing
observed in the OSA data.

The second observation was about the conservation of momentum in the process.
Traditionally the momentum has been equated to % for modes in a WGM microcavity.
However, this definition would not necessarily hold for every situation [95]. In the
case of the comb generation via adjacent azimuthal modes, all the modes would have
momentum in the same direction, which means the angle of momentum is the same
for every one of them. Thus, the conservation of momentum is simply making sure the
momentum values stay the same before and after the process. In the case of modes
from different transverse families, the angle of momentum might not necessarily be
the same so the conservation of momentum relies on the vector sum of the momentum
of the photons before and after the process. Hence, the value of the momentum might
not necessarily stay constant. This has been also observed in [95], for cylindrical shape
microcavities.

In the final part of this chapter, the optical setup and the () measurement scheme

would be explained.
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Figure 6.2: Comb lines generated in a rib disk through FWM process, in the air(a),
and DPBS solution (b). The spacing in both cases is about 0.01 nm
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Figure 6.5: Q measurements in the air (top) and in DPBS solution (bottom). the
measurements confrim high quality factors can be achieved in both media using the

rib disk.
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Figure 6.6: The modes responsible for the curve found in Fig. 6.3 in DPBS, the
azimuthal mode number increasing does not remain constant. This can be explained

by the difference in the angle of momentum for different transverse mode families.
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M.Z. Interferometer

Rib-disk | : |

Figure 6.7: The optical setup used for comb generation and () measurements, a
tunable laser is amplified at 1550 nm wavelength, and a LiNbOj frequency doubler
is used to generate 775 nm wavelength. The light is coupled to the rib disk through
a tapered fiber.

The optical setup (as can be seen in the schematic of Fig. 6.7) consists of a laser,
an amplifier, a frequency doubler, an interferometer, an optical spectrum analyzer,
and an oscilloscope. To couple the light into the disk, we use a single-mode fiber, and
pull it to desired thickness using a hydrogen torch. The thickness of the fiber affects
the coupling efficiency of the light into the cavity.

The 1550 nm light generated from the laser will go through an Er-doped fiber
amplifier and then through a frequency doubler to produce 775 nm light. The 99/1
coupler divides the light into two branches, one will go through the interferometer
and the other branch will be coupled to the disk. The output of the tapered fiber
would be connected to the OSA and OSC. The M.Z interferometer is used to generate
a sinusoidal reference signal when scanning the wavelength of the laser. We use this
reference signal to measure the full width at half the maximum of the resonance peak
to measure the quality factor. The power inside the cavity will be lowered by under-

coupling of the light for ) measurements to avoid thermal broadening. However, we
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tried to achieve critical coupling while generating comb lines. The setup was taped to
the optical table to make it stable, and all the fiber heads were cleaned and evaluated

for any damage or dust accumulation before connecting them to high power.
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Chapter 7

Summary and Future Works

In this chapter, a summary of the whole document will be presented along with po-
tential future work. As mentioned in previous chapters microcavities and microdisks,
in particular, can have a huge impact on the vast number of applications such as comb
generation and sensing. Moreover, using silica on silicon as a platform is proven to
be cost-efficient and easy to produce, given the rich history of CMOS fabrication
technologies. Thus, we chose to work on silica microdisks and improve the quality
and performance of such disks for future applications.

The first hurdle was the Q value. In general, the optical quality factor (Q), needs
to be boosted to improve the performance of a microdisk, whether this performance
is the threshold power for comb generation or the sensitivity of an optical sensor. So,
our first task was to tune the fabrication process to increase the Q. The technique
used for this part of the project was to add a chemo-mechanical polishing (CMP) step
in the process to decrease the surface roughness. By doing so the RMS roughness
was decreased significantly (from 1.09 nm to 0.45 nm). Furthermore, the addition
of this step made thorough cleaning of the sample an even bigger priority, since the

CMP process is dirty in nature. So, developing a new cleaning procedure was of



5

great interest. The cleaning process was developed using a combination of the RCA
cleaning process and Piranha cleaning. Finally, the Q values over 10® were reported.
Moreover, it was demonstrated that the surface roughness is no longer the limiting
factor for Q at longer wavelengths, but the water absorption at the surface is what
limited the Q. It also showed us that by tuning the CMP process, like using smaller
particle size for slurry and using the polisher machine instead of hand polishing, Q
can be further improved.

Q was not the only problem we were facing. We knew that for comb generation
certain structural changes need to be made on a microdisk to have anomalous dis-
persion. One such change was the decrease in the thickness of the disk to induce
mode hybridization inside the cavity to have the required dispersion. However, this
comes with significant challenges. Firstly, thinner disks tend to have lower Q, which
worsens the performance. Secondly, thin disks tend to buckle under the stress after
undercut. The stress arises from the fact that silica and silicon have different ther-
mal expansion coefficients, so when the wafer cools down after the growth, the stress
builds up at the interface. This stress is released after the undercut in the form of
buckling the top silica if the disk is thin enough. So far, this problem prevents the
fabrication of large-diameter disks, and researchers have to stick to less than 100 p
disks to ameliorate the buckling problem. However, this disk size is not suitable for
dense microcomb generation, since the teeth spacing is inversely proportional to the
disk size. To solve this problem a new rib structure was introduced for the microdisks,
with thin edges and a thick middle part. Mechanical stability was demonstrated even
at high undercuts and thin disks. A thickness of less than 1 pum was possible for the
disk using this structure. Both simulation and experimental data shown in previous
chapters evince the mitigation of buckling in our new structure. Moreover, using the

previously developed CMP process, Q got boosted to more than 107. This, to the
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best of our knowledge, is the thinnest silica microdisk, with the largest diameter ever
made. The final step was to couple 778 nm laser into the disk and see the response.
We used a LiNbOj frequency doubler to convert 1550 nm laser to 775 nm. The
1550 nm laser was amplified using an Er-doped amplifier to achieve higher powers.
What we measured out of the OSA seemed to be the onset of a four-wave mixing
process to generate a comb. However, the mechanism by which the comb is being
generated is probably different than most reported combs. In this case, we see comb
being generated by different transverse mode families, rather than different azimuthal
modes. That is why the comb spacing is very narrow, and the size of the disk does
not change it. The soliton comb generation in a locked laser scheme is yet to be
materialized in our experiment.

All the efforts invested into this project were necessary to generate microcomb
at visible wavelength, and the main reason for microcomb generation at the visible
range is to do sensing in water. Hence, naturally, these would be the next steps of
future work.

The next phase of the project will be to generate microcomb at visible range. To
do that, we are going to use our current fabrication technique and novel structure,
which has anomalous dispersion based on the simulations and calculations done in this
group and others. Although our fabrication process is quite mature, further tuning the
polishing recipe might be needed to achieve higher Qs, since the short wavelength Q is
highly dependent on the surface roughness. Nevertheless, the fabrication techniques
and expertise developed in this group should be quite helpful for the next phase of
the project. Also, our techniques let us explore increasing the microdisk size, to have
a denser comb.

There could be some challenges in our way in this phase of the project. Firstly,

there is a need for high-power laser for comb generation. Although the Q can sig-
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nificantly affect the threshold power needed for comb generation, higher powers are
needed for wide-span comb generation. Also, the formation of soliton inside the cavity
can be challenging. Although theoretically, comb generation is possible in a nonlinear
medium with anomalous dispersion, this needs very careful tuning of the setup. The
visible comb generation can be a huge milestone in our project since no one has ever
done that. Generation of soliton also requires a careful locking of the wavelength
using a lockbox. The scanning wavelength meaurement that we have used so far can
add to uncertainties and errors in the measurements.

The second phase of the project would be using a visible comb in water for sensing.
The main justification for choosing this particular application is that water does not
absorb visible light. So, the Q would remain intact, which is a huge advantage over
longer wavelength microcombs. Furthermore, by having shorter wavelengths, we can
explore a vast number of molecules or even reactions with energy levels higher than
infrared. The experimental setup and expertise exist in the group since other in-water
particle sensing projects were implemented in the group. So, we expect this step to
be less challenging and probably faster.

Finally, we consider pursuing other applications using the platform we developed.
Because of the irregular edge shape and the thickness of our rib disks, we can achieve
higher light-surface interaction through the devices. This can potentially increase the
chance of particle sensing or even second harmonic generation since second harmonic
generation in silica happens at the surface. Incidentally, we kept seeing bright blue
light generation at the surface of the disk through our measurements, which is a strong
indication of the second harmonic generation at the surface. The sensitivity of the
disk for any sensing application can also be improved using this structure, because
of the higher light-surface interaction. The novel structure we made can be used

for different applications. The surface of the rib disk we developed has a lot more
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interaction with the light propagating in the disk, so the surface-mode interaction
in this structure is higher than normal disks. This can mean better sensitivity for
particle sensing and second harmonic generations since SHG happens at the surface

in silica.
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