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Abstract

This thesis investigates the design and fabrication of strongly confined 4H-SiCOI (4H-
Silicon Carbide on Insulator) waveguides for integrated photonic applications. The work
combines numerical design, material characterization, and cleanroom process development

to establish a reproducible framework for silicon carbide-based photonic structures.

A global design methodology is developed for silicon carbide core waveguides operat-
ing in the strong confinement regime. Systematic maps of waveguide cross-sections are
generated, including modal confinement, effective and group indices, bending loss, angu-
lar loss, and free spectral range, enabling the identification of optimal geometries under

technological constraints.

A pilot waveguide geometry of 300 nm height and 700 nm width is determined to follow
with lithography and etching optimizations on bulk 4H-SiC. Spectroscopic ellipsometry is
used to extract the optical constants of silicon carbide, and the resulting refractive index
values are incorporated into the waveguide design pipeline. Maskless photolithography
and reactive ion etching are calibrated to control proximity effects, tapering, and micron-
sized pattern transfer leading the way towards realization of sub-micron designs on 4H-
SiCOI platform.

The fabricated structures are characterized by scanning electron microscopy to assess
dimensional accuracy and profile quality. This work establishes a coherent design-to-

fabrication workflow for the 4H-SiCOI photonic platform.

This work was carried out at the PoliFAB cleanroom facilities, the micro- and nanotech-
nology center of Politecnico di Milano, as well as at the Photonic Devices Laboratory of

Politecnico di Milano.

Keywords: Integrated Photonics; Waveguides; Silicon Carbide; 4H-SiCOI
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Abstract in lingua italiana

Questa tesi indaga la progettazione e la fabbricazione di guide d’onda fortemente con-
finate su piattaforma 4H-SiCOI (4H-Silicon Carbide on Insulator) per applicazioni di
fotonica integrata. Il lavoro combina progettazione numerica, caratterizzazione dei mate-
riali e sviluppo di processi in cleanroom al fine di definire un framework riproducibile per

strutture fotoniche basate su carburo di silicio.

Viene sviluppata una metodologia globale di progettazione per guide d’onda con nucleo
in carburo di silicio operanti nel regime di forte confinamento ottico. Sono generate
mappe sistematiche delle sezioni trasversali delle guide d’onda, comprendenti confina-
mento modale, indici effettivi e di gruppo, perdite per curvatura, perdite angolari e free
spectral range, consentendo l’identificazione di geometrie ottimali in presenza di vincoli

tecnologici.

Una geometria pilota di guida d’onda, con altezza di 300 nm e larghezza di 700 nm, viene
individuata a seguito delle ottimizzazioni dei processi di litografia e incisione su cam-
pioni bulk di 4H-SiC. L’ellissometria spettroscopica ¢ utilizzata per estrarre le costanti
ottiche del carburo di silicio e i valori dell’indice di rifrazione ottenuti vengono integrati
nel flusso di progettazione delle guide d’onda. La fotolitografia maskless e I'incisione me-
diante plasma reattivo (RIE) sono calibrate per controllare effetti di prossimita, tapering

e trasferimento di pattern submicrometrici.

Le strutture fabbricate sono caratterizzate mediante microscopia elettronica a scansione
(SEM) per valutare l'accuratezza dimensionale e la qualita dei profili. Questo lavoro
definisce un flusso coerente dalla progettazione alla fabbricazione per la piattaforma fo-
tonica 4H-SiCOI.

Il lavoro é stato svolto presso le cleanroom di PoliFAB, centro di micro- e nanotecnologie

del Politecnico di Milano, e presso il laboratorio di Dispositivi Fotonici del Politecnico di

Milano.

Parole chiave: Fotonica Integrata; Guide d’onda; Carburo di Silicio; 4H-SiCOI
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]_ ‘ Fundamentals of Silicon
Carbide

This Chapter presents the fundamental properties of silicon carbide (SiC) that form the
material basis of this thesis. It begins with a brief historical overview of SiC and its
transition from an industrial abrasive material to a wide-bandgap semiconductor widely

used in power electronics and emerging photonic platforms.

The crystallographic structure of SiC and its most relevant polytypes (3C, 4H, and 6H)
are then introduced. Their stacking sequences and symmetry properties are discussed
in order to explain the origin of anisotropy and birefringence in hexagonal polytypes.
The main physical, electrical, and optical properties of SiC, including bandgap energy,
refractive index dispersion, and temperature dependence, are summarized and compared

with silicon where relevant.

The Chapter also reviews the development of SiC-based photonic integrated circuits and
the emergence of the SiCOI platform, which enables strong optical confinement in thin-
film geometries. Finally, the motivation and scope of this thesis are outlined, defining the

objectives addressed in the following Chapters.
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1.1. Brief History of Silicon Carbide

The development of semiconductor materials and devices has played a fundamental role
in shaping modern technology, beginning with early solid-state devices and the subse-
quent establishment of silicon-based microelectronics enabled by planar integrated circuit
technology [1-5]. Silicon-based large-scale integrated circuits have continued to evolve
despite long-standing predictions of physical limitations [6, 7], while silicon has also been
widely adopted for photovoltaic applications and sensor technologies. More recently, these
developments have motivated the extension of silicon-based platforms beyond electronics

toward integrated photonic systems.

In this context, photons have emerged as attractive information carriers for next-generation
integrated systems due to their high bandwidth, low propagation loss, and low power con-
sumption [8]. The ability to confine and guide light in nanophotonic structures enables
photonic integrated circuits with small footprint and high integration density [8]. Silicon
has become the core material platform for photonic integrated circuits owing to mature
CMOS-compatible fabrication processes and the commercialization of silicon-on-insulator
technology, which enables large-scale photonic integration with limited increase in cost
[9, 10]. However, the indirect bandgap of silicon limits on-chip light sources, while its nar-
row bandgap and two-photon absorption introduce optical losses at telecom wavelengths,

and the absence of the Pockels effect limits modulation speed and efficiency [10-12].

A variety of material platforms have therefore been investigated for as an alternative to
Si photonics, including III-V semiconductors, lithium niobate (LiNbO3), silicon nitride,
indium phosphide, diamond, and silicon carbide [13-18]. III-V semiconductors such as
GaAs have been extensively studied due to their direct bandgap and large second-order
and Kerr nonlinearities [19]. Lithium niobate has attracted attention for photonic integra-
tion due to its wide transparency window, strong second- and third-order nonlinearities,
ultra-low optical losses, and the availability of wafer-scale lithium-niobate-on-insulator
substrates [14, 20-22|. However, its incompatibility with CMOS fabrication methods and
reliance on hybrid integration approaches limit its suitability for low-cost and high-yield

photonic integrated circuits [23].

Wide-bandgap semiconductors have also been explored in parallel with these develop-
ments, motivated by their established use in high-temperature and high-voltage elec-
tronic applications. Among these materials, silicon carbide has been broadly explored
for electronic devices by exploiting well-developed device processing protocols and CMOS
compatibility [24-28].



1| Fundamentals of Silicon Carbide 3

Silicon carbide is a group IV-IV compound semiconductor characterized by strong sil-
icon—carbon bonding, resulting in high hardness, chemical inertness, and high thermal
conductivity [29]. It exhibits a wide bandgap, high critical electric field strength, and
high saturation drift velocity, while allowing both n-type and p-type doping over a wide
concentration range and forming a native silicon dioxide layer advantageous for device
fabrication [29]. These properties have positioned silicon carbide as a promising material
for high-power and high-temperature electronic applications [30-32|, and leads the way

for its use in photonic applications.

The development of silicon carbide has historically been hindered by difficulties in crystal
growth due to its strong chemical stability and the existence of multiple polytypes arising
from different stacking sequences [33]. Early industrial production via the Acheson process
enabled large-scale SiC powders and yielded small single-crystalline platelets, primarily
of the 6H polytype, as by-products shown Fig 1.1 [34]. These platelets enabled early
investigations of optical properties of silicon carbide, including electroluminescence [35].
The introduction of the sublimation-based Lely method enabled the growth of relatively
pure 6H-SiC crystals and initiated systematic studies of optical and electronic properties
during the 1960s |15, 36-38|.

Figure 1.1: SiC fragments produced as secondary products during the Acheson process
[39].

Subsequent advances in seeded sublimation techniques enabled reproducible growth of
larger-diameter silicon carbide boules with reduced defect densities [40-42|. The commer-
cial availability of single-crystalline silicon carbide wafers in the early 1990s represented
a major milestone [39]. Progress in epitaxial growth further improved material quality,
as early heteroepitaxial and liquid-phase approaches were limited by high defect densities
[43-46]. The demonstration of step-controlled homoepitaxial growth on off-axis substrates

enabled improved thickness uniformity, doping control, and reproducibility [47, 48|. These
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developments established 4H-SiC as a technologically mature polytype for reproducible
material growth and electronic device fabrication [15, 49|, while optical properties of sili-

con carbide continued to be systematically investigated in the literature |50, 51].

1.2. Physical and Optical Properties of Silicon Car-
bide

Silicon carbide (SiC) is a compound semiconductor composed of equal amounts of silicon
and carbon. The electronic ground-state configurations of the neutral constituent atoms
are

Si (14e7) : 15%25*2p°3s%3p?, (1.1)

C (6e7): 1s*25%2p”. (1.2)

Both silicon and carbon are tetravalent and form covalent bonds through sp® hybridiza-
tion. This results in a tetrahedral crystal lattice in which each silicon atom is bonded
to four carbon atoms and each carbon atom is bonded to four silicon atoms. The Si-C
bond energy is approximately 4.6 eV and is responsible for the material’s macroscopic

properties [39].

Due to this atomic structure and bonding, silicon carbide exhibits characteristic structural,
electrical, and optical properties. These properties are relevant for electronic and photonic

applications and are discussed in the following sections.

1.2.1. Crystal Structure

Silicon carbide is the best-known crystalline material exhibiting polytypism [33, 52-55].
Polytypism in SiC results from different stacking sequences of atomic layers along the
c-axis in a hexagonal close-packed lattice [39]. In this lattice, three possible stacking sites
exist, labeled A, B, and C. Consecutive layers cannot occupy the same site; for example,
a layer on site A must be followed by a layer on site B or C, and similar rules apply to
the other sites. Although an almost infinite number of stacking sequences is theoretically
possible, most materials stabilize in only one crystal structure, typically zincblende or

wurtzite. In contrast, SiC crystallizes in more than 200 distinct polytypes [39].

SiC polytypes are described using Ramsdell’s notation, which specifies the number of Si-C
bilayers in the unit cell and the crystal system: cubic (C), hexagonal (H), or rhombohedral
(R) [39]. The cubic polytype, 3C-SiC, is referred to as $-SiC, while all other polytypes

are classified as a-SiC [39]. The atomic structures of common polytypes, including 3C-
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SiC, 4H-SiC, and 6H-SiC, are shown schematically in Fig. 1.2, where open and closed
circles represent Si and C atoms, respectively. Using the A, B, and C site notation,
3C-SiC follows an ABC stacking sequence, while 4H-SiC and 6H-SiC follow ABCB (or
ABAC) and ABCACB sequences [39]. Ball-stick representations of these structures are
shown in Fig. 1.3. Because multiple notations are used to describe stacking sequences [33],
Fig. 1.4 presents the primitive unit cells and fundamental translation vectors for cubic
(3C) and hexagonal SiC. The 3C structure is equivalent to the zincblende lattice found
in I1TI-V semiconductors such as GaAs and InP [39]. The wurtzite structure, observed
in materials such as GaN and ZnS, corresponds to the 2H notation [39]. The reason
for the large number of SiC polytypes is not fully understood. In general, materials
with strong covalent bonding favor the zincblende structure, while materials with higher
ionicity favor the wurtzite structure [39]. The intermediate ionicity of SiC, approximately
11% according to Pauling’s definition, is considered a possible reason for the occurrence

of SiC polytypism [56, 57|.

® ...C atom
O ...si atom

[0001]

Figure 1.2: Schematic representations of commonly used SiC polytypes: (a) 3C-SiC, (b)
4H-SiC, and (c) 6H-SiC. Open circles correspond to Si atoms, while closed circles represent
C atoms [39].
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Figure 1.3: Ball-stick representations of the crystal structures of (a) 3C-SiC, (b) 4H-SiC,
and (c) 6H-SiC [39].

Cubic SiC Hexagonal SiC
A
lI3 ¢
=a2 a3
a; \a > a,
(a) ' (o)

Figure 1.4: Primitive unit cells and the corresponding fundamental translation vectors of

(a) cubic (3C) SiC and (b) hexagonal SiC [39].

All SiC polytypes contain similar Si—C bonds, and therefore their mechanical properties,
including hardness, are similar [29]. In contrast, differences in the periodic crystal poten-
tial between polytypes lead to different electronic band structures, which cause significant
changes in optical and electrical properties [39]. For device applications, growth of a sin-
gle, well-defined SiC polytype is required, making polytype control an important part of
SiC crystal growth [39].

The stability and nucleation of SiC polytypes depend strongly on temperature [58|. The
cubic polytype, 3C-SiC, is unstable at high temperatures and transforms into hexagonal
polytypes such as 6H-SiC when the temperature exceeds approximately 1900 to 2000 °C
[59]. This limits the growth of large 3C-SiC bulk crystals at practical growth rates.
The 2H-SiC polytype is also unstable at high temperature, and large 2H-SiC crystals
have not been grown. As a result, 4H-SiC and 6H-SiC are the most widely used and
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studied polytypes [60-66]. The 3C-SiC polytype is also of interest because it can be

grown heteroepitaxially on silicon substrates |46, 67, 68|.

Different stacking sequences of Si-C bilayers in SiC create multiple lattice sites with
different local atomic environments [39]. Sites with hexagonal local coordination are
referred to as hexagonal sites, while those with cubic coordination are referred to as cubic
sites [39]. In Fig. 1.2, these sites are labeled as h (hexagonal) and k (cubic). The 4H-
SiC polytype contains one hexagonal site and one cubic site, whereas 6H-SiC contains
one hexagonal site and two inequivalent cubic sites [39]. The 3C-SiC polytype contains
only cubic sites. Hexagonal and cubic sites differ in the arrangement of second-nearest
neighbors, which leads to different local crystal fields [39]. As a result, the energy levels of
dopants, impurities, and point defects, such as vacancies, depend on whether they occupy

hexagonal or cubic sites. This phenomenon is known as the site effect [69-71].

Silicon carbide is a compound semiconductor with partial ionicity due to the higher elec-
tronegativity of carbon compared to silicon (C: 2.5, Si: 1.8), which introduces polarity
in the crystal [39]. This polarity leads to direction-dependent bonding along the crystal-
lographic axes. As a result, in hexagonal and rhombohedral SiC, the (0001) surface is
defined as the Si face, while the opposite (0001) surface is defined as the C face [39]. In
3C-SiC, the corresponding Si and C faces are the (111) and (111) planes [39]. In addi-
tion to these polar faces, hexagonal SiC also exhibits nonpolar surfaces such as the A face
{1120} and the M face {1100} [39]. The surface energy, chemical reactivity, and electronic
properties depend on the crystallographic face [39].

Si face, (0001)

Si atom

C atom

[0001]

C face, (0001)

Figure 1.5: Schematic illustration of the bonding configurations in a hexagonal SiC poly-
type. The SiC 0001 surface is polar and can correspond to either the Si-face or the C-face
[39].
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(0001)Si

[

(1100) —* <« (1120)
“M face” ‘A face”
as Ll

~le a
a
(0001)C
“C face”

Figure 1.6: Definition of the principal crystallographic planes in a hexagonal SiC polytypes
[39].
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Physical and electrical properties of common SiC polytypes
3C-SiC 4H-SiC 6H-SiC
Crystal structure Zinc blende Hexagonal Hexagonal
Energy gap (eV) 2.36 3.23 3.0
Bulk modulus " " 22 x 101! (th.)
25 x 10 22 x 10
(dyn/cm?) 9.7 x 10™ (exp.)
Melting point (at 35 atm) ~ 3100K ~ 3100K ~ 3100K
Specific heat (J g™' °C™1) 0.69 0.69 0.69
Thermal conductivity
3.6 3.7 4.9
(W ecm~! °C™1)
Thermal diffusivity (cm? s™') 1.6 1.7 2.2
Debye temperature (K) 1200 1300 1200
Density (g/cm?) 3.21 3.21 3.21
Dielectric constant 9.66 (e.)
. 9.72 9.66
(static) 10.03 (e,)
Dielectric constant 6.52 (e.)
) 6.52 6.52
(high frequency) 6.70 (g,)
Effective electron mass m;/mg 0.68 0.29 2.0
Effective electron mass m;/mg 0.25 0.42 0.42
Effective hole mass (m, units) 0.6 ~1 ~1
Lattice constant a (A) 4.3596 3.0730 3.0806
Lattice constant ¢ (A) 4.3596 10.053 15.1173

Table 1.1: Properties of 3C-, 4H-, and 6H-SiC polytypes. *th.: theoretical value; exp.:

experimental value; €.: extraordinary dielectric constant; £,: ordinary dielectric constant.

1.2.2.

Physical and Electrical Properties

In this section, basic physical, electrical and optical parameters of the main SiC polytypes

commonly used in practice are summarized, see Figs. 1.7, 1.8, and 1.9, and Table 1.1.

The values are intended for comparison and general reference. Detailed data for these

polytypes, as well as for other SiC polytypes, are available in the literature. Further

information on related topics such as energy band structures and carrier concentrations,

temperature dependences, effective masses and electron mobility etc. can be found in
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Chapter 5 of [72].

The data summarized in Table 1.1 highlight the combination of wide bandgap, high me-
chanical stiffness, and favorable thermal properties that distinguish SiC from conventional
semiconductors. In particular, the large energy gaps of 4H- and 6H-SiC (above 3 V) and
their high bulk moduli on the order of 102 dyn/cm? reflect the strong covalent bonding
in the crystal, approaching that of diamond in terms of mechanical hardness and ther-
mal robustness. At the same time, the relatively high thermal conductivity and thermal
diffusivity values enable efficient heat dissipation, which is critical for high-power and
high-temperature device operation. The anisotropy observed in dielectric constants for
hexagonal polytypes further illustrates the strong dependence of physical and electrical
properties on crystal structure and orientation, motivating the widespread use of 4H- and

6H-SiC in electronic and photonic applications.

35 A el
i
3.0 L] T 4H-SIC
I ] s
' : T 6H-SiC
3 25 i
5 I
g 20 3C-SiC
] T I T
[01] |
1.5 —- 7
10 ,—-,_..________ ] il ]
1 | Tt || Si
0.5
0 200 400 600 800 1000

Temperature (K)

Figure 1.7: Temperature dependence of the bandgap energy for silicon and the main SiC

polytypes [39].

1.2.3. Optical Properties

Based on Table 1.2, silicon and 4H-SiC exhibit distinct optical, nonlinear, and thermal

properties at 1550 nm that influence their suitability for integrated photonic applications.

At this wavelength, silicon presents a higher refractive index (n = 3.476) compared to
4H-SiC (n. = 2.59, n, = 2.55), resulting in stronger index contrast and tighter optical con-
finement in high-index-contrast platforms. The extinction coefficient is negligible for both
materials at telecom wavelengths. A fundamental difference arises from the bandgap val-
ues: silicon (1.12 eV) undergoes two-photon absorption at 1550 nm (8 = 0.79cm GW '),
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whereas the wide bandgap of 4H-SiC (3.2 V) suppresses TPA under the same conditions.

Regarding nonlinear response, silicon exhibits a larger third-order (Kerr) nonlinearity
(x® ~ 5 x 107¥*m?/W) than 4H-SiC (1 x 107*¥m2/W). However, 4H-SiC possesses a
non-zero second-order nonlinear susceptibility (x(?)), with reported tensor components in
the range of several pm/V, while silicon does not exhibit an intrinsic second-order response
due to its centrosymmetric crystal structure [73|. Furthermore, measurable electro-optic
coefficients have been reported for 4H-SiC, whereas silicon lacks an intrinsic linear electro-

optic effect.

From a thermal standpoint, 4H-SiC demonstrates higher thermal conductivity (3.7 W cm ™!

K1) compared to silicon (1.4 Wem ™' K1), supporting improved heat dissipation. Its
thermo-optic coefficient (2.1 x 107> K1) is significantly lower than that of silicon (1.818 x
10~* K1), which contributes to enhanced thermal stability in temperature-sensitive pho-
tonic devices. In addition, 4H-SiC offers a broader transparency window extending from

the ultraviolet to the mid-infrared region.

4 T T I I I
—n(0) [4H-SiC, Wang et al. 2013]
—n(e) [4H-SiC, Wang et al. 2013]
n [Si, Franta et al. 2017]
3.5 —
c
3 -
25 1 | | | | 1 | | | | |
600 700 800 900 1000 1100 1200 1300 1400 1500 1550 1600 1700

Wavelength [nm]

Figure 1.8: Wavelength-dependent refractive indices of 4H-SiC (ordinary and extraordi-

nary polarizations) and Si in the 600-1700 nm range [74, 75].

In the vicinity of 1550 nm, the refractive index dispersion of 4H-SiC is moderate and
maintains a distinct separation between n(o) and n(e), confirming its intrinsic birefrin-
gent behavior, whereas silicon shows a consistently higher refractive index across the

investigated wavelength range.
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Table 1.2: Comparison of key optical and thermal parameters at 1550 nm and 300 K.

1| Fundamentals of Silicon Carbide

Optical properties at 1550 nm (300 K)

Parameter 4H-SiC Si
Refractive ind 2.59 (n,
efractive index n (ne) 3476
[72, 76] 2.55 (n,)
Extinction coefficient k ~0 ~ 10-8
[77, 78] - -
Band
andsap 3.2 1.12
(eV) [77, 79]
Tr
ansparency range 0.37.5.6 19.8
(1im) [80, 81]
At 1064 nm
Second-order nonlinearity x(? ds; : 6.5 B
(pm/V) [81, 82] dis : 6.73
d33 =117
Third-order (Kerr) nonlinearity x(®) 1 % 10-18 5 % 10-18
(m? W—1) [80, 81]
Thermo-optic coefficient dn/dT _5 4
2.1 x10 1.818 x 10
(K~1) [76, 77]
Two-photon absorption coefficient B 0.79
(cm GW1!) [80, 83] '
Thermal conductivity
3.7 14
(W em™! K1) [72, 76]
Electro-optic coefficient ri13 : 0.3-0.7 B
(pm/V) [84] rag : 0-0.03

126°C, ——--:250°C, —-— :502°C
2.8
) 4H-SiC

x
3 27
£
[0}
=
5
&
;ug 2.6

25

400 600 800 1000 1200 1400 1600
Wavelength (nm)

Figure 1.9: Temperature-dependent refractive index dispersion of 4H-SiC across UV to
IR wavelengths [39].
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1.3. Evolution of SiC and SiCOI Photonic Integrated
Circuits

At present, the most widely investigated silicon carbide polytypes for photonic applica-
tions are 3C-SiC with a cubic zinc-blende structure, and the hexagonal polytypes 4H-SiC
and 6H-SiC. The ability to reproducibly fabricate these polytypes has enabled the de-
velopment of a variety of elementary nanophotonic devices that are essential for densely
integrated and high-performance photonic integrated circuits [85]. Early photonic studies
primarily focused on the 3C-SiC platform due to the relative simplicity of its hetero-
epitaxial growth on silicon substrates [86-88]. More recently, significant progress has
been reported in photonic cavities based on epitaxially grown 4H-SiC [89], as well as
micro-ring resonators realized in 4H-SiC-on-insulator platforms fabricated through bond-

ing, thinning, and polishing techniques [25, 27, 90].

Silicon carbide is a wide-bandgap semiconductor exhibiting a large number of polytypes,
of which only 3C-, 4H-, and 6H-SiC can be stabily grown and are commercially available
for optoelectronic applications [85|. Early photonic research explored several material
configurations, including bulk SiC [91], hetero-epitaxial 3C-SiC [92, 93], homo-epitaxial
4H-SiC thin films [94], amorphous SiC deposited on silicon substrates [95], and SiC-on-

insulator platforms [96].

Among these, 3C-SiC initially emerged as a preferred platform for optoelectronic devices
owing to its compatibility with hetero-epitaxial growth on large-area silicon wafers [97].
The availability of high-quality, low-cost silicon substrates enabled cost-effective fabrica-
tion of single-crystalline 3C-SiC thin films over large wafer areas [85]. From a photonic
perspective, 3C-SiC-on-Si platforms offer CMOS compatibility and facilitate integration
with electronic circuits, which is attractive for large-scale photonic systems [95, 98-101].
Optical confinement in such platforms is typically achieved by selectively undercutting the
silicon substrate, allowing light confinement within the SiC layer through the refractive

index contrast with air, as a similiar structure for 4H-SiC is illustrated in Fig. 1.10 [102].

However, this undercut-based configuration requires complex fabrication processes, which
restrict device versatility and integration with other materials [93, 99, 103]. Furthermore,
the large lattice mismatch (~20%) and thermal expansion mismatch (~8%) between
silicon and 3C-SiC introduce a high density of stacking faults and extended defects during
CVD growth [104]. Additional defects are also generated at the Si/SiC interface due to
silicon out-diffusion, leading to voids and pits in the substrate [85]. As a result of these

limitations, both selective etching approaches and 3C-SiC-on-Si platforms have gradually
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fallen out of favor in recent SiC photonics research [85].

Figure 1.10: Scanning electron microscope (SEM) image of an array of fabricated photonic

crystal nanobeams [102].

Compared with epi-3C-SiC-on-Si, 4H-SiC exhibits higher technological maturity and has
attracted increasing interest in nonlinear and quantum photonics [27, 102, 105, 106]. Nev-
ertheless, the absence of scalable hetero-epitaxial growth techniques represents a major
obstacle to the widespread adoption of 4H-SiC photonic platforms [85]. To address this
challenge, angled etching techniques have been developed as an alternative fabrication
route for nanophotonic structures on bulk 4H-SiC, similar to approaches previously ap-

plied in diamond photonics [107].

Using this method, suspended nanophotonic waveguides and cavities have been demon-
strated on bulk 4H-SiC [102]. The process relies on a two-step dry-etching sequence,
where vertical structures are first defined by plasma etching, followed by angled etching
using a Faraday cage or ion sheath control to form suspended nanobeam geometries [102].
These structures provide strong optical confinement through the refractive index contrast
with air, as shown Fig. 1.10 [102]. While angled etching enables effective fabrication of
nanobeams and crystal cavities [102, 108, 109], realizing system-level integrated photonic

devices on bulk SiC platforms remains challenging [85].

Towards SiCOI

Based on the preceding discussion, it becomes evident that efficient, stable, and generic
structures are required for the realization of scalable integrated photonic systems on silicon
carbide platforms, beyond demonstrations of individual devices [85]. A widely proposed
approach to address this requirement is the use of silicon carbide thin films on insulator

substrates, commonly referred to as silicon-carbide-on-insulator (SiCOI) platforms [85].
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Analogous to silicon-on-insulator technology, SiCOI provides a large refractive index con-
trast in the vertical direction, enabling efficient patterning of waveguides and resonators
within the SiC device layer for optical confinement, which is essential for scalable pho-
tonic integration [85]. Over the past decade, extensive efforts have been devoted to the
development of high-quality SiCOI platforms |27, 80, 88|.

Although 3C-SiCOI platforms have demonstrated considerable potential for photonic in-
tegrated circuits, intrinsic material imperfections and stacking defects originating from
lattice mismatch lead to increased absorption losses, imposing fundamental performance
limits on nanophotonic devices [85]. In contrast, hexagonal 4H-SiCOI exhibits signifi-
cantly lower intrinsic optical losses and offers a more versatile material platform for pho-
tonic technologies [85]. The interest in 4H-SiC is primarily driven by the availability of
well-established techniques for wafer-scale crystal growth with controlled crystalline qual-
ity [110]. Wafer-scale growth and processing of 4H-SiC were originally developed in the
1990s for high-power electronic applications [85], and similar processing routes were later
employed to demonstrate 4H-SiCOI substrates using ion-implantation methods analogous

to those used for silicon-on-insulator platforms [85].

Ion-cut (smart-cut) 4H-SiCOI substrates are particularly advantageous because this ap-
proach preserves the crystalline integrity of the photonic device layer, thereby improving
device quality [85]. In addition, ion cutting enables the fabrication of wafer-scale 4H-SiC
thin films on SiO4/Si substrates with well-controlled thickness uniformity and surface
roughness, which is beneficial for future foundry-compatible photonic device fabrication
[85]. Over the past decade, substantial efforts have focused on the fabrication of 4H-SiCOI
substrates using ion-cutting techniques [111-115|, including multiple demonstrations of
wafer-scale 4H-SiCOI platforms |27, 80, 116, 117].

Thanks to the well-controlled H* implantation depth and the subsequent thermally in-
duced exfoliation process, the thickness of the transferred 4H-SiC layer can be precisely
defined by the implantation energy and ion distribution profile [112, 115, 116, 118, 119].
After removing the surface amorphous layer, a high-quality single-crystalline 4H-SiC thin

film on insulator with uniform thickness and preserved lattice integrity is obtained [85].

An alternative fabrication route for realizing 4H-SiC thin films on SiO,/Si substrates is
based on bonding, thinning, and polishing techniques. This approach has been employed
in several reported studies over recent years, demonstrating its applicability for photonic
device fabrication on 4H-SiC-on-insulator platforms [27, 90, 120, 121|. The process enables
the transfer of high-quality 4H-SiC thin films while maintaining crystalline integrity and

supporting scalability toward wafer-level production. Using this platform, nonlinear pho-
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tonic devices have been demonstrated with performance approaching the intrinsic limits
of high-purity 4H-SiCOI material. In particular, optical resonators fabricated using this
method have achieved quality factors on the order of 5 x 10°, exceeding values reported
in earlier SiC-based photonic implementations [25, 90, 120]. Nevertheless, for sustained
operation and industrial-scale fabrication, further improvements in thickness uniformity
are required to ensure compatibility with standardized photonic circuit manufacturing

processes [85].

Optical micro-ring resonators constitute a core building block in integrated photonics|80,
93, 98]. In SiC platforms, micro-ring resonators are typically fabricated using electron-
beam lithography followed by reactive-ion etching or inductively coupled plasma etching,
which allow precise definition of sub-micrometer features and control of sidewall geometry
[93, 98, 122]. The optical performance of SiC micro-rings is commonly quantified by the
quality factor (), which is determined by the combined contributions of sidewall-scattering

loss, intrinsic material absorption, and radiation loss [80, 123].

Figure 1.11: Scanning electron microscopy (SEM) images of a 4H-SiCOI microring res-

onator with a radius of 16.5 pm (a) and a close-up view of its coupling region (b) [124].

Early micro-ring resonators realized on epitaxial 3C-SiC platforms exhibited intrinsic )
factors on the order of 10%, corresponding to propagation losses exceeding several tens
of dBem™ [125]. These losses were primarily attributed to crystalline defects arising
from the large lattice and thermal-expansion mismatches between 3C-SiC and silicon
substrates [88, 104]. Subsequent process optimizations, including high-temperature ox-
idation and annealing treatments, enabled partial mitigation of sidewall roughness and
material absorption, reducing propagation losses to the single-digit dB cm ™! range in op-
timized 3C-SiC micro-ring devices [122| . Nevertheless, the achievable performance of
3C-SiC micro-rings remained fundamentally constrained by the intrinsic defect density of
hetero-epitaxial 3C-SiC thin films [80].
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A decisive improvement in micro-ring resonator performance was achieved with the tran-
sition to hexagonal 4H-SiC-on-insulator (4H-SiCOI) platforms [27, 80, 90, 120]. In con-
trast to 3C-SiC, 4H-SiC benefits from wafer-scale bulk crystal growth with well-controlled
crystalline quality, which significantly reduces intrinsic absorption losses [110]. Micro-ring
resonators fabricated on 4H-SiCOI substrates-using standard nanofabrication flows based
on electron-beam lithography and dry etching, combined with ion cutting or bonding-and-
thinning techniques for substrate preparation-have demonstrated quality factors exceeding
10%, with reported values reaching several million [25, 80, 126]. These results reflect the
preservation of single-crystalline integrity in the photonic device layer, improved sidewall
quality, and the strong vertical refractive-index contrast provided by the buried SiO, layer
[27, 90, 120]. Furthermore, the availability of wafer-scale 4H-SiCOI substrates enables re-
producible fabrication of low-loss micro-ring resonators suitable for large-scale integrated
photonic circuits [116, 117]. A quantitative comparison of representative SiC photonic
platforms and their reported micro-ring resonator performance is summarized in Table X.
The table highlights the progression from early 3C-based implementations to 4H-SiCOI
platforms, emphasizing the substantial improvement in achievable quality factors and

overall device performance.

Reported performance of SiC photonic platforms

Platform Fabrication Method Quality Wavelength Year Ref.
Factor [nm]

a-SiCOI PECVD 1.6 x 10° 1568.2 2019 [127]

3C-SiC on Si  Hetero-epitaxial grown 4.10 x 10*  1532.7 2020 [122]
on Si
Epit bondi

3C-SiCOI priay, bondine, 174 x 104 1310 2021 [128]
etching, thinning

4H-SiCOI Bonding and thinning 5.61 x 10¢ 1550 2021 [126]

Table 1.3: Comparison of reported micro-ring resonator quality factors for different SiC

photonic platforms.

1.4. Motivation and Original Contributions

Silicon carbide (SiC) has emerged as a compelling alternative to silicon for integrated
photonics due to its wide bandgap, high refractive index, broad transparency window

extending from the ultra-violet (UV) to the infrared, high optical damage threshold,
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and superior thermal conductivity. These properties make SiC particularly suitable for
high-power, nonlinear, and thermally robust photonic applications where silicon exhibits
intrinsic limitations such as two-photon absorption and limited electro-optic functionality.
Among the technologically relevant SiC polytypes, 4H-SiC represents the most suitable
choice for photonic integration. Unlike hetero-epitaxial 3C-SiC, which suffers from high
defect densities due to lattice and thermal mismatches with silicon substrates, 4H-SiC
benefits from mature wafer-scale bulk crystal growth with significantly lower intrinsic de-
fect density and improved crystalline uniformity. The development of 4H-SiCOI platforms
has enabled strong vertical refractive index contrast and low optical losses, with reported
micro-ring resonators exhibiting quality factors exceeding 10°, clearly demonstrating the

superior optical performance achievable with this polytype.

Despite these advances, existing studies on 4H-SiCOI predominantly focus on individual
high-performance device demonstrations rather than on establishing systematic waveg-
uide design methodologies. While the material platform has proven capable of support-
ing low-loss and high-() resonant structures, comprehensive design frameworks defining
single-mode operation regions, strong-confinement boundaries, effective and group index
engineering, and bending-loss-aware geometry selection remain largely unexplored. As
photonic integration moves toward submicron and strongly confined waveguide geome-
tries, the absence of global and fabrication-aware design rules represents a critical limita-
tion. The motivation of this thesis is therefore to establish a systematic design framework
for strongly confined 4H-SiCOI waveguides, enabling reproducible geometry selection and

scalable photonic circuit implementation on this technologically mature platform.
This work contains some original contributions that are listed below:

e Chapter 2 — Global design rules for strongly confined 4H-SiCOI waveg-

uides

A systematic global mapping of 4H-SiCOI waveguide geometries operating in the
strong confinement regime has been developed. Single-TE and single-TM opera-
tion regions, effective and group index trends, modal confinement, bending loss and
free spectral range have been jointly evaluated through parametric cross-sectional
sweeps. The resulting maps provide compact and transferable design tools for waveg-

uide and resonator-oriented photonic structures.

e Chapter 2 — Pilot waveguide geometry extraction based on global param-

eter maps

Using the developed background, a pilot waveguide geometry with 700 nm width
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and 300nm height has been identified. The selected dimensions fall within the
range of cross-sections reported in literature for high-performance 4H-SiCOI de-
vices, demonstrating the consistency of the proposed approach with experimentally

validated platforms while enabling independent geometry selection.

e Chapter 2 — Evaluation of extremely small propagation and bending

losses

A numerical methodology for the estimation of very small propagation and bending
losses in high-index-contrast 4H-SiCOI waveguides has been implemented. The
analysis quantifies radiation sensitivity under submicron dimensional variations and

directly connects waveguide geometry to resonator-level performance considerations.
e Chapter 3 — Process optimization for 4H-SiCOI waveguide fabrication

Since 4H-SiCOI fabrication processes are not yet fully standardized and the plat-
form is still emerging, systematic optimization was carried out using direct-write
photolithography, enabling rapid evaluation of different mask configurations. Mask
dimensions, exposure doses, and lithography strategies were optimized for multiple
scenarios. These studies provided the preliminary groundwork for electron-beam
lithography for submicron geometries. Based on the lithography outcomes, opti-
mized dry-etch recipes were developed. The obtained etch rate and photoresist
selectivity values were found to be consistent with reference data reported in the
literature, establishing critical technological steps toward 4H-SiCOI waveguide and

photonic device realization.
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2 ‘ Global Design Rules for Silicon
Carbide Waveguides

This Chapter introduces a systematic design study and a global parameter optimiza-
tion framework for silicon carbide waveguides operating in the strong optical confinement
regime on the SiCOI platform. The Chapter begins by addressing the fundamental prop-
erties of optical modes in waveguides and the numerical approaches employed for their
accurate and reliable analysis. Following this, previous work on silicon carbide and other
strongly confined waveguide platforms is reviewed in order to establish the technological

and scientific context of the presented study.

The attention is then focused on global waveguide geometry design and optimization
considerations, with particular emphasis on the accurate evaluation of extremely small
propagation and bending losses. While the Chapter does not aim to provide a detailed
resonator design, the analysis of waveguide bending behavior inherently represents a first
step toward resonator-oriented structures. In this framework, special attention is devoted
to single-TE-mode and single-TM-mode silicon carbide waveguides, for which systematic
maps of waveguide cross-sections, modal confinement, effective and group indices, bending

loss, and free spectral range are presented.

More generally, the design plots provided in this Chapter are intended to map critical
performance parameters in a compact and broadly applicable manner. These maps are
conceived as general design tools that can be employed to identify optimal waveguide
geometries under different technological constraints and, where relevant, to support the

initial stages of resonator-based device development.
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2.1. Optical Modes in Waveguides and Numerical Ap-
proach

Among optical waveguide geometries, only a limited class admits analytical solutions.
Dielectric slab waveguides provide a convenient and widely adopted starting point for the

theoretical description of guided optical modes.

We consider a symmetric dielectric slab waveguide composed of a core layer of thickness
d and refractive index ns (see Fig. 2.1a), embedded between two semi-infinite cladding
regions with refractive index n; < ny (see Fig. 2.1b). The structure is invariant along the
propagation direction z and uniform along y, while the refractive index varies only along
the transverse coordinate x. Time-harmonic fields with angular frequency w are assumed,
with a longitudinal dependence given by exp(i/3z), where  denotes the propagation con-

stant.

Starting from the frequency-domain Maxwell equations in source-free, non-magnetic me-
dia, and assuming a piecewise uniform refractive index profile, the electromagnetic prob-
lem reduces within each region to a scalar wave equation. In this formulation, the trans-
verse field distribution satisfies an eigenvalue problem, where the propagation constant (8

plays the role of the eigenvalue.

Due to the slab symmetry, the modal solutions decouple into transverse-electric (TE) and
transverse-magnetic (TM) polarizations. For TE modes, the electric field is polarized

along the y direction and can be written as

E,.(z,2,w) =y Ey ¢p(x;w) e Pm@)z (2.1)

where the integer index m = 0,1,2,... labels the guided modes. The transverse field
profile ¢(z) satisfies

{j—z +k3n? — 52} ¢(x) =0, (22)

with ko = w/c. Guided solutions correspond to oscillatory fields in the core and exponen-

tially decaying fields in the cladding regions. This behavior is ensured by defining

k= 0”2 52 ’72 = 5 ko”p (2.3)

such that k is real in the core and 7 is real in the cladding.
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Figure 2.1: Symmetric dielectric slab waveguide geometry used for analytical modal
derivation. The structure consists of a core layer of thickness d and refractive index
no, embedded between semi-infinite cladding regions of index n;. The waveguide is uni-
form along y, invariant along the propagation direction z, and the refractive index varies

only along the transverse coordinate x.

For a symmetric slab centered at x = 0, the transverse field profile for TE modes is

expressed as

'016—7(30—%)’ € 2 C§l7
Cycos(kx), |z| < ¢ (even TE modes),
o(z) = 2 (2.4)
Coysin(kz), |z] < ¢ (odd TE modes),
\Cle’y(m—&-%)’ x < _%l

Here, C'; and (5 are amplitude coefficients determined by the boundary conditions at the
core—cladding interfaces. Imposing continuity of the tangential field components at the

core—cladding interfaces leads to the TE dispersion relations

kd

tan| — | =
2
kd

—cot| — ) =
2

Each solution corresponds to a discrete guided mode characterized by a propagation

(even TE modes), (2.5)

2 I

(odd TE modes). (2.6)

constant 5 and an effective refractive index neg = 5/ko.

For TM modes, an analogous formulation is obtained by expressing the magnetic field
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along the y direction. The resulting dispersion relations differ from those of the TE

modes only by the presence of refractive-index-squared weighting factors in the boundary

conditions,
kd) n3 -~y
tan ({ — | = —=— (even TM modes), (2.7)
( 2 n? k
k:d) ns
—cot ( — ) ==+ (odd TM modes). (2.8)
( 2 n3 k

Apart from these factors, the general behavior of the TM modes is similar to that of the
TE modes. A more detailed discussion of polarization-dependent modal properties can
be found in standard references on optical waveguide theory, such as those by Snyder and
Love [129].

In slab waveguides, optical confinement occurs in a single transverse direction, while prop-
agation takes place along the longitudinal axis. Practical integrated optical waveguides,
however, confine light in two transverse dimensions, leading to a fully two-dimensional

guiding problem.

For such two-dimensional waveguides, exact analytical solutions are generally not avail-
able. The modal fields cannot be classified as purely transverse-electric or transverse-
magnetic, since both electric and magnetic fields exhibit nonzero longitudinal components.
As a result, numerical methods are required to determine the modal properties, including

finite element and finite difference based approaches.

The finite-difference eigenmode method is formulated directly from the frequency-domain
Maxwell equations under the assumption of a harmonic field dependence along the prop-
agation direction [130, 131]. By expressing the electromagnetic fields with a longitudinal
phase factor and discretizing the transverse plane using finite-difference schemes, the con-
tinuous waveguide problem is transformed into a matrix eigenvalue equation {130, 131].
In this formulation, the eigenvalue corresponds to the propagation constant of the mode,

while the associated eigenvector represents the transverse field distribution.

In this section, a detailed waveguide analysis of the SiCOI platform is performed using
Lumerical MODE and the Flexcompute Tidy3D Mode Solver. In both tools, optical modes
are computed by solving a finite-difference eigenmode (FDE) problem derived from the
frequency-domain Maxwell equations. These solvers are used to calculate modal field

distributions and propagation constants for the considered waveguide geometries.

In the reported formulations, the eigenvalue problem is written explicitly in terms of
the transverse field components, while the longitudinal components are eliminated using

Maxwell’s curl relations [130]. The discretization is performed on a Yee-type staggered
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grid, which allows a consistent placement of electric and magnetic field components and
facilitates accurate enforcement of material interface conditions [130]. As described in
[131], such finite-difference formulations enable full-vectorial mode analysis of complex
waveguide cross-sections. Depending on the boundary treatment, the resulting eigenvalue
problem yields either real propagation constants for guided modes or complex propaga-
tion constants when absorbing boundary conditions such as perfectly matched layers are
included, enabling the analysis of leaky modes and confinement losses [130]. The solvers
used in this work, Lumerical MODE [131] and the Flexcompute Tidy3D Mode Solver
[130], are based on these formulations. Further details on the numerical implementations
can be found in the cited references and in the documentation provided by the respective

solver platforms.

2.2. Design Methodology for Strongly Confined 4H-
SiCOI Waveguides

This section reviews previous work on 4H-SiCOI and other strongly confined waveguide
platforms to define the technological and design context. A global waveguide design
back is then introduced, in which systematic width—height sweeps are used to construct
design maps of confinement, effective index, group index, and loss behavior over a broad
geometric space. In this context, the pipeline-based computational setup used to generate
these maps is presented. Particular attention is given to minimizing numerical errors when

evaluating extremely small propagation and bending losses.

The methodology adopted in this chapter follows the systematic design scheme introduced
in Chapter 5 of Theory and Design of High-Indez-Contrast Microphotonic Circuits [132],
which presents an extensive study of silicon waveguide geometries. In the present work,
it is adapted to the 4H-SiCOI platform.

2.2.1. Previous work on 4H-SiCOI and other strongly Confined
Waveguides

High-index-contrast photonic devices (e.g., ring resonators, polarization beam splitters)
based on 4H-SiCOI waveguides have typically employed rectangular cross-sections defined
by the available device-layer thickness after bonding, ion implantation, thinning, or CMP
processes. Reported waveguide heights are in the range of 350-500 nm, while widths span
from about 560 nm up to 1.44 pm. Silicon dioxide is often used as a top cladding layer,

deposited by thermal oxidation or PECVD, providing vertical refractive-index contrast
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and physical protection.

Reported 4H-SiCOI device geometries

Device Width (nm) Height (nm) Top cladding Reference
MRR 560 350 SiO, (PECVD) [133]
MRR 680 500 - [124]
MRR 1200 400 SiOs (PECVD) [134]
PBS 600 400 - [135]
PBS 1440 400 - [136]

Table 2.1: Reported geometries of 4H-SiCOI integrated devices. MRR: Microring Res-

onator; PBS: Polarization Beam Splitter.

Various device-oriented investigations have been reported for 4H-SiCOI photonic plat-
forms, focusing on structures such as microring resonators, directional couplers, and
nanowire waveguides [73, 137]. In these works, dimensional sweep analyses and per-
formance studies have been carried out in relation to the intrinsic photonic properties of
4H-SiC, targeting specific device functionalities and applications |73, 137]. While high-
performance devices have thus been demonstrated using selected cross-sections, a compre-
hensive and systematic mapping of the 4H-SiCOI waveguide design space remains limited
and is addressed in the present work. The representative geometries collected from the

literature are summarized in Table 2.1.

2.2.2. Global waveguide geometry design and optimization con-

siderations

At the initial stage of the project, no fabricated samples or wafers were available. In
order to enable rapid regeneration of the design maps once material parameters become
accessible through later characterization, the entire simulation workflow was structured

as a computational pipeline.

The simulated structure consisted of a 4H-SiC core embedded in SiO,. Following fabrica-
tion considerations reported in the literature [39], the waveguide sidewalls were modeled
with an 85° angle rather than perfectly vertical interfaces. Although this sidewall angle
was achieved using silica as a mask, which is a common masking material for SiC, the
developed simulation pipeline allows quick regeneration of the results presented in the

following sections for any sidewall angle attainable at PoliFAB.
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Figure 2.2: Solver cross section of the buried-strip 4H-SiCOI waveguide and various con-

sidered simulation parameters on Lumerical MODE

Within this setup, systematic parametric sweeps were performed using the Lumerical
MODE FDE solver, with metallic boundary conditions applied at the simulation domain
boundaries. Based on waveguide dimensions reported in the literature, the sweep limits
were defined between 100 nm and 1250 nm for the height, and between 200 nm and
1250 nm for the width. Within these bounds, both geometric parameters were sampled
at 30 discrete points each, corresponding to uniform discretization across the specified

ranges.

The number of sampling points was selected as a compromise between adequate resolution
of the geometric parameter space and computational cost, taking into account the total
simulation time and available computational resources. The selected sweep limits allowed
the investigation of literature-reported geometries, the exploration of intermediate con-
figurations, and the evaluation of potentially smaller waveguide dimensions that could be
practically realized. In addition, the selected height and width ranges enable a systematic

analysis of TM-mode designs within the same parameter space.

Prior to the full parameter sweep, convergence tests were carried out on the effective
refractive index, requiring stability up to the third decimal place. Based on this criterion,
the transverse simulation window and FDE mesh resolution were defined. The window was
centered on the geometric midpoint of the trapezoidal cross-section to ensure symmetric
field profiles and consistent modal extraction, see Fig. 2.2. These settings were kept fixed
throughout all simulations to guarantee numerical stability and comparability across the

design maps.

In all simulations, the operating wavelength was set to 1550 nm. The five modes with the
highest effective refractive indices supported by the given waveguide cross-section were

considered.
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This configuration was selected to ensure that, at each sweep point, at least the fundamen-
tal and the first higher-order TE and TM modes could be identified whenever supported
by the geometry. Examination of the simulation results confirmed that this condition was

satisfied throughout the investigated parameter space.

The consideration of multiple modes is necessary for the construction of the design maps
presented in the following sections, where the emergence of higher-order TE and TM
modes as a function of waveguide dimensions must be clearly identified. This enables
the determination of single-mode and multi-mode operating regions within the explored

geometric space.

For each of the five computed modes, the extracted parameters included the electric
and magnetic field distributions over the simulated cross-section, the effective refractive
index, the group index, the effective mode area, the TE polarization fraction, and the

propagation loss.

In order to facilitate the systematic examination of the modal results obtained from the
sweep simulations, a dedicated application was developed using MATLAB App Designer.
This tool enables efficient visualization and comparison of the computed data across
the sampled waveguide geometries. In addition, it allows interpolation of the results to
evaluate modal properties at waveguide dimensions not explicitly included in the discrete

sweep points.
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Figure 2.3: Developed MATLAB interface for waveguide sweep analysis visualization

The visualization interface (see Fig. 2.3) of the application consists of two main sections.
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On the left-hand side, a button matrix provides direct access to the discrete width—height
combinations corresponding to the simulated sweep points. Each button is color-coded
according to the effective index of the mode with the highest effective refractive index at
that geometry, enabling rapid visual identification of trends across the parameter space.
In addition to the predefined sweep points, a dedicated input section allows arbitrary
width and height values to be entered, upon which the interpolated modal quantities are

computed.

On the right-hand side, a results panel displays the principal modal quantities in tabular
form for the selected or user-defined geometry. Below this table, dedicated controls allow
visualization of the electric and magnetic field intensity distributions of the computed
modes. Furthermore, separate controls enable plotting of effective index variations along
width or height sweeps, with the option to activate or deactivate the mode-tracking al-
gorithm, thereby allowing direct comparison between raw solver indexing and continuity-
corrected modal curves. The mode tracking procedure yields continuous modal evolution
curves across the selected geometric sweep. At each sweep step, modes are associated with
their counterparts from the previous step by enforcing a consistent ordering in effective
index and preserving polarization continuity, thereby preventing artificial mode crossings
or mislabeling. It details are given in Algorithm 2.1. For geometries that do not coincide
with the sampled grid, the input width and height values are located between two adja-
cent width samples and two adjacent height samples, forming four surrounding boundary
points in the parameter space. The modal quantities are then estimated using an inverse-
distance weighting approach, where each boundary point contributes proportionally to
the inverse of its distance from the target geometry. This weighted averaging procedure is
applied independently to each mode and to each extracted parameter, ensuring continuity

of the modal behavior across the geometric space.

However, special care must be taken near regions of the geometry space where physically
distinct modes may numerically swap in the computed results, as discussed in the following
sections. In such intersection regions, interpolation may lead to incorrect estimations.
This issue can be mitigated by performing mode tracking around the selected point,
examining discrete neighboring waveguide geometries and monitoring the evolution of the

modes with respect to variations in height and width.

Through this interface, variations of the effective refractive index with respect to changing
width or height parameters can be directly monitored, and consistent mode tracking across

the parameter space can be performed within the generated design maps.

Lumerical MODE FDE solver labels the computed modes at each individual geometry
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by ordering them in descending effective refractive index. In this default ordering, no
distinction is made between TE- and TM-dominant character. However, when the waveg-
uide height or width is varied, the TE-fraction of these numerically indexed modes may
change significantly along the sweep. As a consequence, two modes that are consecutively
numbered according to their effective index can exchange their polarization dominance
at certain geometries. First 2 modes around 640 nm in height on Fig. 2.5, and 330nm in
width on Fig. 2.5b. In particular, during individual parameter sweeps it can be observed
that the two modes with the highest effective refractive index approach each other in value
over specific geometric regions. In these regions, the TE-fraction does not evolve contin-
uously along a single numerically labeled curve, indicating a change in modal dominance
between the two solutions. This behavior implies that the raw solver indexing does not
guarantee physical continuity of a given mode across the parameter space. This issue is
addressed using Algorithm 2.1. It ensures that the effective index extracted from the raw
eigenmode data is correctly associated with the corresponding physical mode, particularly
in the presence of mode cross-over points. The identification is based on the TE and TM
polarization fractions of each calculated mode. By evaluating these polarization compo-
nents, the procedure determines whether a given n.g value corresponds to a TE-like or
TM-like mode, thereby preventing mislabeling after modal crossings. The tolerance value
used in the TE-fraction discrimination within the algorithm can be directly specified in
the application interface and adjusted interactively. By modifying this threshold, different
mode-tracking behaviors can be tested and the continuity of modal branches across the
parameter sweep can be controlled. This flexibility allows consistent tracking of modal

curves under varying separation conditions between TE- and TM-dominant solutions.

The MATLAB App Designer interface described so far corresponds to the simulation
results visualization window developed for the design analysis workflow. This window is
dedicated to examining discrete sweep data, interpolated modal quantities, and mode-

tracking behavior across the geometric parameter space.

In addition to this visualization module, an optimization window, described in Section
2.3, is available, where the parameters used for generating and displaying the design maps
can be controlled and examined. Details of this window are provided in the corresponding

parts of Section 2.3.

Furthermore, a dedicated measurements window is included for the characterization of the
refractive indices of 4H-SiCOI along the ordinary and extraordinary crystallographic axes.
This module enables comparison between ellipsometric measurements and literature-
reported values, allowing validation and calibration of the material parameters used in

the design analysis.
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Height sweep (const width = 700.000 nm)
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Figure 2.4: Comparison for the effect of mode tracking for height sweep at 700 nm width.
Continuity of the modes can be seen through TE fractions indicated with the point col-

orings on their corresponding lines.
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Width sweep (const height = 300.000 nm)

24 100
Mode 1 o
Mode 2 . .
Mode 3 P
Mode 4 o %
oL Mode 5 e od
.
o
e
o
% 80
19— e
//' 70
/ o
o o
181 / .
o 60
/ ° o o ®
/ o o 8 °
s P
/ o ® ° £
R4S 4 o ® . 50 §
. w
/ . . . 5
/ o
1 . .
/ i 40
6 / . .
. .
/- ’ .
/ .
/ o . =
/: //./ 30
' ‘ -~
151 o o
‘,,' o e °
e e e pe
. o e - 20
o o o«
o o0 @ o o o o °
%3—0—6—@—@—8—@——3—0—' = o 00000080 o o o O
(e anaen oo
10
13 I I I I I |
200 400 600 800 1000 1200 1400
Width [nm]
(a) Without mode tracking.
24 100
New Mode 1
New Mode 2
New Mode 3
New Mode 4 %
New Mode 5
2
80
19
70
2
°
18 P
E
517 50 §
w
B
40
16
30
15 o
*_H_"‘/// »
14 :/.,_.__—o——“‘"’_*
10
13 I I I I I ] o
200 400 600 800 1000 1200 1400
‘Width [nm]

(b) With mode tracking.

Figure 2.5: Comparison for the effect of mode tracking for width sweep at 300 nm height.
Continuity of the modes can be seen through TE fractions indicated with the point col-

orings on their corresponding lines.
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Algorithm 2.1 Mode Tracking Based on n.gz Monotonicity and TE-Fraction Continuity

1: Load raw modal data (n.s and TE-fraction) for all sweep points.

2: Initialize tracked modes at the first sweep point by sorting raw modes in descending
Neff -

3: for each subsequent sweep point do

4:  Form candidate modes by selecting raw modes with n.g greater than the previous

tracked value (monotonic condition).

5:  Evaluate TE-fraction spread at the current sweep point.

6:  if TE-fraction values are well separated then

7: Match modes by minimizing the difference in TE-fraction with respect to the

previous sweep point.

8 else
9: Match modes by minimizing variations in the slope of n.g along the sweep.
10:  end if

11:  Perform one-to-one assignment between tracked and raw modes to avoid du-
plicate usage.

12:  Update tracked modal curves with the selected assignments.

13: end for

14: Return the tracked mode evolution across the full sweep.

2.2.3. Minimizing errors for extremely small propagation/bending

losses

In order to realize fundamental integrated photonic devices on the 4H-SiCOI platform, a
well-defined waveguide design is required. In practical device implementations such as ring
resonators, the selected waveguide geometry is subjected to bending. Therefore, beyond
straight-waveguide analysis, the bending behavior of the proposed geometries must also

be evaluated.

For the waveguides to be described in Section 2.3.1, bending simulations must be per-
formed for the waveguide dimensions proposed in the dimension map, as well as for the
possible dimensions selected by considering additional conditions in addition to these pro-
posed dimensions. The resulting outcomes, such as mode confinement and angular loss,

must then be evaluated.

For several different width and height values selected from the design space, bending
radius sweep simulations have been carried out and the resulting angular propagation

losses have been analyzed. As can be seen in the Fig. 2.6, at certain bending radius
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values, the calculated loss values become negative for different waveguide dimensions.
These negative loss values are observed only for waveguide dimensions and bending radii

where very small angular propagation losses are expected.

Height: 300 nm, Width: 700 nm, Bend Rad: 8 um
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Figure 2.6: Parametric sweep of PML settings to ensure positive bending loss values for

a 300 x 700 nm waveguide with an 8 ym bending radius.

An examination of the documentation by solvers for such simulations indicates that the
occurrence of these values can be attributed to numerical instability arising from spurious
reflections associated with the boundary conditions, in particular the perfectly matched
layers (PML) [138, 139]. In these scenarios, errors within the calculations exceed the
physically expected low loss values, which leads to negative propagation and hence angular
losses. Since this work focuses on passive photonic device simulations, such non-physical
behavior must not occur. At the same time, this issue would also lead to incorrect results

in the maps to be generated under Section 2.3.

In the Lumerical MODE FDE solver, perfectly matched layer (PML) boundary conditions
are selected when performing bent waveguide simulations. This choice is made to ensure
that the fields radiating outward from the waveguide are fully absorbed in such curved

waveguide configurations.

When defining these boundary conditions, the Lumerical 2020 R2 MODE environment
allows certain PML parameters to be adjusted. These parameters include kappa, sigma,

the number of layers, and the polynomial grading.

The layers parameter represents the number of discretized cell layers assigned to the PML
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region within the computational domain in order to properly implement the absorbing

boundary condition.

Sigma defines the attenuation strength inside the PML region and directly controls how
rapidly outward-propagating fields are damped as they enter the absorbing layer [130, 140,
141]. Within the implementation, sigma is introduced as a normalized unitless parameter
and is spatially graded across the PML thickness using polynomial functions [130, 140,
141]. This grading ensures a gradual increase of attenuation from the inner interface
toward the outer boundary, thereby reducing artificial reflections at the PML entrance
[130, 140, 141].

From the discrete formulation perspective, sigma contributes to the effective loss term
added to Maxwell’s equations within the PML region, ensuring attenuation of the fields as
they propagate through the absorbing layer [130, 140, 141]. The stability of the numerical
update scheme requires the constitutive parameters to remain positive and real; when
sigma satisfies this condition, the resulting discrete operators remain stable [130, 140,
141]. Therefore, sigma primarily governs the absorption magnitude while simultaneously

influencing numerical robustness through its role in the loss mechanism.

Kappa is a dimensionless scaling parameter associated with the stretched-coordinate
transformation that defines the PML formulation. Unlike sigma, which directly deter-
mines the magnitude of attenuation, kappa modifies the effective coordinate stretching
inside the PML. This affects how propagating and evanescent waves experience absorption

across different frequency ranges [130, 140, 141].

Through its presence in the stretched-coordinate tensor, kappa shapes the reflection char-
acteristics and broadband absorption behavior of the PML [130, 140, 141]. Proper selec-
tion of kappa is therefore essential to minimize reflection error and maintain absorption
efficiency over the frequency range of interest [130, 140, 141]. Similar to sigma, £ must
be chosen as a positive real parameter to satisfy the stability conditions of the discrete
formulation [130, 140, 141]. Consequently, while sigma determines how strongly fields are
attenuated, kappa governs how that attenuation is distributed and optimized within the
PML structure.

For a given waveguide geometry and bending radius scenario, proximity of the waveguide
inside the simultaion region to the PML boundary (using center of the mesh and size
of FDE) and these parameters were swept in a brute-force manner in order to eliminate
the negative loss values and enforce physically attainable positive results (see Fig. 2.6).
Although certain various parameter intervals and combinations were able to yield positive

loss values for a specific geometry and radius, applying the same parameter set to a
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different waveguide dimension or bending radius did not consistently resolve the issue. In
most cases, while the magnitude of the negative loss values changed, the results remained

negative.

The brute-force parameter sweeps performed using Lumerical MODE (FDE) required
a large number of independent simulations, each associated with significant computa-
tional cost. Given the size of the simulation domains and the need to repeat the analy-
sis over multiple geometries and bending radii, solver runtime became a decisive factor.
The comparative study reported in [142] shows that Tidy3D completes three-dimensional
simulations faster than Lumerical FDTD when the latter is executed on a local CPU
workstation. For the ring resonator case, the reported runtimes indicate that Tidy3D re-
quires substantially less wall-clock time than Lumerical FDTD on a local machine, while
Lumerical FDTD executed on cloud GPU resources achieves significantly reduced run-
time compared to its local CPU execution [142]. The study further notes that direct
wall-clock comparisons reflect the best-effort use of each platform rather than identical
compute resources [142], indicating that the observed runtime differences are linked to

computational architecture of solvers.

In this context, the reported runtime performance of Tidy3D in repeated simulations,
together with the demonstrated agreement between the two solvers at converged spatial
resolutions for both the waveguide crossing and the ring resonator, supports the selection

of Tidy3D for the monochromatic bent waveguide simulations conducted in this work

[142].

The minimization of the evanescent field components extending from the bent waveg-
uide into the PML cell layers can be achieved by increasing the separation between the
waveguide and the PML boundary. As recommended in the Tidy3D example script doc-
umentation [139] and previously implemented during the brute-force parameter sweeps,
this is realized by enlarging the FDE computational domain, thereby moving the PML

boundary farther in the outward radial direction with respect to the center of curvature.

In the preliminary test simulations, it was observed that, in addition to uniformly enlarg-
ing the simulation region, shifting the computational domain and specifically increasing
the distance of the PML boundary located opposite to the center of curvature could also
eliminate the negative angular loss values. However, considering the reduced simulation
time and the simplicity of implementation, the numerical instability was minimized by
directly enlarging the simulation region rather than applying asymmetric domain shifts

or selective boundary displacement.

Using Tidy3D scripting, an algorithm was developed to evaluate the bending radius sweep
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simulations for the waveguide dimensions obtained from the cross-section design maps
to be presented in Chapter 2.3. At each point of the bending radius sweep, numerical
instability was addressed by scanning different FDE computational domain sizes. Through
this procedure, negative angular propagation loss values were shifted to positive values

and brought to physically acceptable levels.

Considering the number of waveguide dimension points, the number of bending radius
samples evaluated for each dimension, and the different FDE domain sizes tested for
every configuration, the overall computational cost increases substantially. In order to
reduce this cost, additional parameter optimizations were introduced in the algorithm
based on the evaluation of mode confinement and the requirement of positive angular
loss values. The main objective of this process was to enlarge the FDE region only when
necessary and to maintain numerical consistency with solver parameters across different

bending radii and waveguide dimensions.
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Algorithm 2.2 Adaptive Radius Sweep for Bending-Loss Extraction

1:

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24:
25:

26:

27:
28:

Define the bending-radius sweep and initialize result storage matrices for TE and TM

quantities.

: Select a target waveguide geometry from the precomputed dimension list and define

the corresponding output file.

: for each bending radius in the sweep do

Initialize the transverse simulation window size using the last successful value from
the previous radius.
Reset mode indices, loss values, and snapshot containers for TE and TM modes.
while geometry constraints and maximum trial limit allow further attempts do
Increase the transverse simulation window size incrementally.
Instantiate and run the bent-waveguide mode solver for the current radius and
window size.
Identify the lowest-order guided TE and TM modes using the guidedness test
and polarization classification.
Extract the corresponding bending loss and modal parameters.
if a valid mode (finite and non-negative loss) is found for the first time then
Store a snapshot of its modal properties.
end if
if both TE and TM are valid then
Terminate the size sweep for the current radius.
else if one mode is valid while the other is not found then
Accept the valid solution and terminate the sweep.
else if one mode is valid while the other exhibits negative loss then
Continue increasing the window size.
end if
if the maximum allowed window size is reached then
Terminate the sweep for the current radius.
end if
end while
Store the first valid snapshot (or the last valid solution if no snapshot exists) in the
result arrays.
Update the starting window size for the next radius based on the successfully used
value.
end for
Assemble all stored modal data into a structured format and export it in MATLAB-

compatible form.
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2.3. Fundamental Constraints in 4H-SiCOI Waveg-
uide (Geometries

The analysis carried out in this chapter is structured around two principal stages. The
first stage defines the admissible set of 4H-SiCOI waveguide cross-sections to be examined.
The second stage assesses these geometries according to application-driven performance
metrics, such as their capability to sustain tight curvature and to enable resonators ex-
hibiting both large free spectral range (FSR) and high quality factor. In defining the
candidate geometries, the conventional width-to-height ratio of approximately 2:1, widely

adopted in TE-oriented waveguide designs, is used as a guiding reference.

The overall study proceeds in two stages. First, the complete set of admissible rectangular
4H-SiCOI core waveguides with silica cladding is established over a range of aspect ratios.
Second, these geometries are evaluated according to application-driven criteria, including
their suitability for small bending radii and their ability to support resonators with large
free spectral range (FSR) and high quality factor. In particular, strong confinement,
arising from the high refractive index contrast between the SiC core and the silica cladding,
is treated as a central design objective. Strong confinement enables reduced radiation loss
in curved sections, thereby allowing shorter cavity round-trip lengths and consequently
larger FSR values. Since the free spectral range scales inversely with the group index and
the round-trip cavity length, reducing the resonator size directly increases the achievable
FSR. For microring resonators, this translates into the requirement of sufficiently small

radii while maintaining negligible bending-induced radiation loss.

All optimization results reported, correspond to waveguides intended to operate with a
single selected polarization and a single guided mode. Polarization parallel to the chip
plane is denoted as TE, while polarization normal to the chip plane is denoted as TM.
Although dielectric waveguides with high index contrast inherently support hybrid elec-
tromagnetic modes rather than strictly transverse electric or transverse magnetic fields,
the dominant modal behavior in the structures examined here can be clearly categorized
as TE-like or TM-like. For clarity and consistency, these dominant modal families are re-
ferred to simply as TE and TM throughout the chapter. The structures analyzed consist
of rectangular 4H-SiCOI cores surrounded by a uniform silica cladding, though the qual-
itative conclusions are applicable to other high-index-contrast systems with comparable

symmetry [132].

The modal indexing scheme follows the convention established in Chapter 5 of M. Popovié¢’s

work [132] in order to maintain continuity with silicon-based platforms. In geometries
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possessing symmetry about a horizontal reflection axis, TE modes are identified as those
exhibiting perfect magnetic conductor (PMC) symmetry with respect to that axis, char-
acterized by symmetric transverse electric and antisymmetric transverse magnetic field
components. Conversely, TM modes correspond to perfect electric conductor (PEC) hori-
zontal symmetry, with symmetric transverse magnetic and antisymmetric transverse elec-
tric components [132]. While this classification does not strictly coincide with classical
textbook definitions of TE and TM, it provides a consistent and physically meaningful
methodology for distinguishing the fundamental and higher-order modes of each polar-
ization family [132]. Considered labeling remains particularly appropriate for wide and
relatively shallow geometries, which are of primary interest in this study. Correspondance
of the mode nomenclautare with physical TE and TM modes will be throughly explained

in the next section.

The geometrical design domain considered in this work consists of rectangular 4H-SiCOI
waveguides with silica cladding, symmetric about both horizontal and vertical planes, and
characterized by varying width-to-height aspect ratios. Two categories of operation are
defined. The first category targets waveguides operating in the fundamental TE mode.
For each aspect ratio, the configuration with the largest cross-sectional area that pre-
serves single-TE-mode operation is selected; these are denoted as maximally confined
single-TE-mode (MC-STE) designs. The second category targets waveguides operating
in the fundamental TM mode, where the second TM mode must be suppressed. These
geometries are referred to as single-TM-mode (STM) designs, and when the largest ad-
missible configuration is selected for a given aspect ratio, they are denoted as maximally
confined single-TM-mode (MC-STM).

The waveguide material was modeled as lossless and anisotropic at the operating wave-
length of 1550 nm, since 4H-SiCOl is effectively transparent in this spectral region. The
refractive index values used in the simulations were obtained from optical constant mod-
els derived from ellipsometry measurements of bulk 4H-SiCOI wafer, which are described
in detail in Chapter 3. These material models were consistently implemented in both
Lumerical MODE and the Tidy3D Mode Solver.

Modal classification was performed based on the TE fraction parameter. Modes exhibiting
a TE fraction greater than 50% were categorized as TE modes, whereas modes with a TE

fraction below this threshold were classified as TM modes.

Due to the computational cost associated with Lumerical MODE simulations, the modal
quantities, including effective index, group index, and loss, were initially computed over

a discrete 30 x 30 grid of width and height values. To obtain higher-resolution design
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maps, these results were subsequently interpolated onto a 500 x 500 grid across the same
geometrical domain. Since the modal properties are expected to vary continuously with
cross-sectional dimensions as observed through monitoring the results, two-dimensional
interpolation was performed in MATLAB to generate smooth and numerically consistent

maps.

Unlike Lumerical MODE;, in bent waveguide simulations performed with the Tidy3D mode
solver, the computed eigenmodes may not always be confined within the waveguide core.
In certain geometrical configurations and bending radii, some of the calculated modes
correspond to radiation-like or weakly confined solutions rather than physically guided

modes.

For this reason, the number of computed modes was increased from the default value of
five to twenty-five in order to ensure that physically relevant solutions were captured for

each waveguide dimension and bending radius.

A confinement verification procedure was then applied to the computed eigenmodes by
evaluating the spatial distribution of the electric field intensity. Only modes whose field en-
ergy was predominantly concentrated within the core region were retained, while spatially
extended solutions were discarded. Among the TE-like and TM-like modes satisfying this
confinement requirement, the mode with the highest effective refractive index was iden-
tified as the fundamental mode of each polarization. The angular loss values associated
with these fundamental modes were subsequently used in the construction of the maps

and graphical results presented in the following sections.

2.3.1. Map of Single-Mode SiC Waveguide Cross-sections

In [132], for mode labeling, it is stated that for wide and thin waveguides (AR > 1
where AR = Width/Height), the cutoff in the MC-STE configuration is determined by
the second-order TE mode (TEs;), while in the MC-STM configuration it is determined
by the second-order TM mode (TMs;). For tall and narrow geometries (AR < 1), the
corresponding cutoff modes are the 90°-rotated counterparts of those in the AR > 1

regime, see Fig. 2.7.
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(a) Width 700 nm x Height 300 nm (b) Width 300 nm x Height 700 nm

Figure 2.7: 90°-rotated electric and

It is also emphasized that this nomenclature is not strictly rigorous, since a mode labeled,
for example, as TEy; may exhibit predominantly vertical (TM-like) polarization. Further,
the physically observed fundamental and first higher-order modes are decisions has been
done with TE fraction data as stated. For waveguide geometries with an aspect ratio
above unity (AR > 1), in the adopted labeling scheme, the physical modes are referred to
as TE;; and TEsy, respectively. When the aspect ratio is reconsidered by interchanging
height and width (taking AR = 1 as the symmetry centre of the geometrical space) the
mode corresponding to TE;; becomes fundamental TM, and the mode corresponding to
TE5; becomes first higher-order TM in the AR < 1 regime, see Fig. 2.8a.

Similarly, for AR < 1 waveguides, the TM modes are labeled as TM;; for fundamental TE
and TMy; for the higher-order TE within the adopted notation. Finalizing the equivalence
of physical TE and TM modes and naming exchange, for waveguide dimensions with AR
> 1, the physical mode corresponding to TMy; is identified as fundamental TM, while the
counterpart of TMy; corresponds to higher-order TM. This labeling scheme is solely used
to have a continious and consistent identification of single mode cut-off curves, MC-STE
and MC-STM designs, in the waveguide geometry space. So for the following figures and
explanations, adopted labeling of fundamental TE and TM is TE;; and TMj;, and first
higher-order TE and TM is TEy; and TMsy,, respectively.

In the cutoff analysis performed in this work, the equivalance behavior of TE and TM
around AR of 1 was observed when tracking the physically identified fundamental and
first higher-order TE and TM modes across the design space with TE fraction data. The

single-mode cutoff boundaries were found to interchange as the aspect ratio approached
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to 1. The transition did not occur exactly at AR = 1 as case for Si [132], but around AR
~ 1.08. This can be attributed to differences in simulation assumptions (e.g., neglection

of sidewall angle in [132]), to finite sampling resolution near AR = 1 and mainly due to
the birefringence of 4H-SiC.

As shown in Table 1.2, 4H-SiC posseses anisotropy. Used fabrication methods result
with its c-axis (extra-ordinary) in its crystallographic cell, being aligned with the surface
normal of wafer. Hence, considering device fabrication steps (lithography etc.), resulting
waveguide would have higher material refractive index on its vertical axis, and slightly
lower one on the horizontal plane (ordinary axis). This shifts the point where TE and
TM modes swap their performance metrics to higher AR values. The weaker confinement
on horizontal plane (TM modes) causes requires higher AR values in order to be able to

match with the modes lie on horizontal plane (TE modes).
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Figure 2.8: Non-interpolated Single Mode Design Map for Rectangular 4H-SiCOI Waveguides. Before
adopting the mode-labeling convention presented in [132], the simulation results obtained from Lumerical
MODE were analyzed directly using the TE-fraction values. The cutoff points were identified in the modal
space as the waveguide dimensions at which the first higher-order mode becomes guided for the first time.
In the corresponding maps, the regions marked in red indicate the cutoff contour of the TE; mode, while
the regions marked in green represent the cutoff contour of the TM; mode. In order to transition to the
naming convention used in the [132] and enable a direct comparison with the corresponding silicon-based
map, the mode labels has been redefined at the aspect-ratio value corresponding to the intersection of

these curves.

Nevertheless, when the TE/TM interchange is interpreted consistently with the adopted

labeling convention, the apparent shift in AR becomes negligible for the contours. The
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resulting cutoff curves can therefore be directly compared with the maximally confined
MC-STE and MC-STM dimension maps obtained for silicon in [132].

Inspection of the same map in [132] reveals that the MC-STE and MC-STM boundaries
exhibit a polynomial-like behavior across the aspect ratio range. In this work, the contours
shown in the corresponding figures were obtained from a limited set of discrete sampling
points and subsequently approximated using polynomial fitting. The height and width
coordinates defining these fitted contours were constrained to the previously interpolated

geometrical grid used for the modal result matrices.
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Figure 2.9: Map of Maximally Confined Single-Mode 4H-SiCOI Waveguide Cross-sections

Figure 2.9 presents the contours defining the MC-STE and MC-STM waveguide cross-
sections for 4H-SiCOI over a broad aspect-ratio range (approximately AR = 1/10 to AR
= 10). Each contour represents the geometrical boundary below which the corresponding

polarization remains single-mode.

The contour trends further indicate that TE-oriented waveguides must become progres-
sively thinner, reaching thicknesses on the order of 100 nm at large aspect ratios, in order
to maintain single-mode behavior. In contrast, wide TM-oriented waveguides can remain

single-mode even at thickness values exceeding 200 nm.

To remain consistent with [132], the mode nomenclature used in the following sections
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follows the labeling convention described above. For example, when considering the TEq;
effective-index contour shown in the figure, the effective-index values corresponding to
the fundamental TE mode were used for the associated waveguide dimensions, as the
TE mode with highest effective refractive index among the calculated TE modes at those
waveguide dimensions has been used. Additional coloring of the contours on Fig. 2.9 based

on different modes and their corresponding modal quantities can be found in Appendix A.

2.3.2. Non-degenerate higher-order modes in square-like 4H-
SiCOI waveguides

At an aspect ratio of AR = 1.08 (Fig. 2.10), the TE and TM designs correspond to
square-like cross-sections. In this configuration, the fundamental modes of the two design
families are degenerate, namely TEq; for the MC-STE configuration and TM;; for the
MC-STM configuration as this lies on the symmetrical axis in terms of AR. However, the
corresponding higher-order modes, TE,; in the TE design and TMy; in the TM design,

do not exhibit degeneracy.

As discussed in [132], this non-degeneracy ensures continuity of a single higher-order mode

at cutoff along each waveguide-dimension contour.

A detailed numerical analysis of the effective indices of the TEs; and TMs; modes for
square cross-sections reveals that these modes become nearly degenerate at index values
significantly above cutoff, although their dependence on waveguide dimension exhibits
distinct slopes. Consequently, their respective cutoff conditions occur at different core

sizes despite their close proximity in effective index.

23 Size of square-like core at cutoff of TE21 and TM21 modes
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Figure 2.10: Size of Square-Like Core at the Cutoff of TEy; and TMy; Modes
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This observation points to the theoretical feasibility of adiabatic transformation between
higher-order modes. If the cross-section is varied gradually from AR<1.08 to AR>1.08,
while maintaining symmetry with respect to the waveguide center, a higher-order mode
characteristic of one geometrical regime can evolve continuously into its 90°-rotated coun-
terpart in the opposite regime. Notably, along the MC-STM contour, a guided TEy;
mode may persist while the corresponding TMy; mode is already cut off, creating a pa-
rameter window in which such modal evolution can occur. Because symmetry forbids
coupling between these specific modes, avoided crossings are suppressed and a smooth
transformation becomes possible. Although, the small effective-index separation between
the two higher-order modes implies that satisfying the adiabatic criterion would require

a comparatively long device length.

2.3.3. Mode effective and group indices at single mode waveg-

uide designs

The variation of effective and group indices with aspect ratio AR provides direct insight

into confinement strength and resonator-level performance.

Fig. 2.11 and Fig. 2.12 presents the effective index and group index of the modes belonging
to the MC-STE and MC-STM designs as functions of aspect ratio. In all plots, both
TE and TM fundamental modes are displayed for each design family. Nevertheless, the
primary focus in the present discussion is placed on the TE;; mode of the MC-STE
configuration and the TM;; mode of the MC-STM configuration.

The effective index, when evaluated relative to the refractive indices of the core and
cladding materials, serves as a quantitative measure of modal confinement. Larger values
of neg indicate stronger optical confinement within the high-index core, which also implies
reduced bending loss for a given curvature radius. The group index 7gyoup, in contrast,
directly influences device-level parameters such as the free spectral range (FSR) and
the cavity quality factor ). For fixed distributed loss per unit length and unchanged
geometrical parameters, an increase in ng.oup leads to a reduction in FSR and an increase

in cavity Q.
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Figure 2.11: Mode Indexes of the TEy; Cutoff-Sized Buried SiC Rectangular Waveguide
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Figure 2.12: Mode Indexes of the TMy; Cutoff-Sized Buried SiC Rectangular Waveguide

Several observations can be drawn from Fig. 2.11, the maximum confinement for the
TE;; mode within the MC-STE configuration is obtained near AR & 1.62, corresponding
to a waveguide cross-section of approximately 595 x 367 nm. For the TM;; mode, the
strongest confinement occurs near AR ~ 1/1.62 =~ 0.61, corresponding to a cross-section
of approximately 372 x 604 nm. Similar cross-sectional dimensions have been reported in

the literature for 4H-SiCOI waveguides, see Table 2.1. When AR < 0.2, the effective index
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of the TE;; mode approaches the cladding index, indicating weak confinement. Therefore,

this region of the design space (AR < 0.2) may be excluded for MC-STE configurations.

All index curves exhibit an approximate symmetry around AR ~ 1.08, reflecting the fact
that a 90° rotation of the waveguide cross-section preserves the effective-index performance
of the corresponding mode. Consequently, interchanging the width and height yields

comparable modal characteristics between TE and TM configurations.

Because this symmetry is also observed in the group-index behavior, a similar correspon-
dence is expected for quantities derived from ngoyp, such as the free spectral range (FSR)
and angular loss. Therefore, the fundamental TE and TM modes can be considered mu-
tually corresponding configurations around AR ~ 1.08, both geometrically and in terms

of their performance metrics.

Fig. 2.12 presents the modal effective and group indices for the MC-STM designs. At
the cutoff condition, the TMy; mode is suppressed, while two TE modes, TE;; and
TEs;, remain guided. The maximum effective index—and therefore the strongest con-
finement—for the TM;; mode in the MC-STM configuration occurs at approximately AR
~ (.66, corresponding to a tall and narrow waveguide cross-section with dimensions of
roughly 440 x 660 nm (width x height).

An important observation is that the TEs;; mode becomes degenerate with the TM;;
mode near AR = 4, meaning that they share the same effective index. Although TE
and TM modes are ideally orthogonal in a perfectly symmetric waveguide—and remain
nearly orthogonal in practical cases—degeneracy significantly increases their susceptibility
to coupling. Even minor perturbations, when extended over a sufficient propagation
length, can induce strong interaction between the modes. For instance, unevenly slanted
sidewalls introduced during fabrication, or asymmetries in coupling regions, may facilitate
TE-TM coupling. Such coupling can lead to crosstalk, which may be further amplified
in resonant structures. For this reason, operation near AR = 4 is preferably avoided in
MC-STM designs; instead, aspect ratios sufficiently larger or smaller than this value are

recommended.

Considering the variation of the effective indices of the fundamental TE and TM modes
with aspect ratio, a representative TE-oriented waveguide geometry was selected for the
integration of optical integrated circuits on the 4H-SiCOI platform with dimensions of

700 nm width and 300 nm height.

The cross-section corresponding to the maximum TE confinement condition was inten-

tionally not selected. Although that geometry provides the highest effective index for the
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fundamental TE mode, it was observed that the fundamental TM mode at those same
dimensions also exhibits a relatively high effective index and remains guided. Therefore,
in order to maintain strong confinement for the TE mode while simultaneously reducing

the confinement of the TM mode, a compromise geometry was adopted.

Under the maximum TE confinement condition, the effective refractive indices are approx-
imately neg e = 1.93 and neg, v = 1.80. For the selected 700 nm x 300 nm cross-section,
which remains close to conventional 2:1 TE waveguide design practices, the effective in-
dex of the fundamental TE mode is approximately 1.90, while the effective index of the

fundamental TM mode decreases to approximately 1.66.

It should also be noted that the cross-sectional maps were constructed using interpolation
and curve-fitting procedures, which introduce a finite numerical tolerance in the extracted
effective index values. Consequently, the purpose of this study was not to determine a
strictly optimal waveguide dimension, but rather to identify a set of practically usable
geometries. From this set, a pilot dimension was selected to enable the initiation of
lithography and etching processes in the subsequent fabrication stages, without being

tied to a specific target application.

2.3.4. Bending loss and FSR at single mode waveguide designs

To investigate confinement under lateral bending, a few assumptions are made. A planar
geometry is assumed. A rectangular, 4H SiCOl-core, silica-cladded waveguide with 85
degree walls is considered, nominally with no other material layers inside Tidy3D Mode
solver mesh. Number of PML layers of the boundary has been kept as 12 (default), uniform
resolution has been set to 15 points per wavelength of operation (1550 nm), as it has been
noted as a good trade of accuracy and computational cost [139]. Varying FDE size
with bending radius explained in algorithm 2.2 has been utilized. For these simulations,
limited number of points from non-interpolated MC-STE and MC-STM contours and bend
radiuses have been considered. Later, obtained obtained results has been parabollically

fitted as characteristics of these plots has been demonstrated as such in [132].

For the waveguide designs located on the MC-STE and MC-STM contours in the waveg-
uide dimension space, the use of the fundamental TE and TM modes in ring resonators
was considered. The minimum bending radius values required to achieve the target qual-
ity factor of 250,000—reported for silicon in the reference—were mapped with respect
to the corresponding aspect-ratio values along these contours. The quality factor (Q) is

related to bending loss as [132],
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4O7T2Rng B 0.2mn,

@ 310 Las ~ Ao1n 10 Layyom

(2.9)

where Lgpgo the bending loss in dB/90°, R is the bend radius.

Figure 2.13 shows that fundamental modes in both designs can support small bend radii
with low bend loss that results in high quality factor for the wavelength of operation at
1550 nm. A significant difference among fundamental modes is where TM mode can utilize
lower bending radiuses for the same quality factor for both of the design contours. This
is because the vertically polarized field is generally well confined in a tall waveguide even
at very small aspect ratios. Also, birefringence of 4H-SiC grants higher confinement for
vertically aligned TM modes with higher refractive index for its extraordinary axis makes
it furtherly well suited to maintain low radiation loss in bending in the plane resulting in
higher QQs. However, these taller and narrower waveguide designs have high sensitivity to
lithographic dimensional errors affecting the aspect ratio, as well as to sidewall roughness
originating from higher side-wall area. Therefore, these are not ideal for high-fidelity filter

applications.

Utilizing the group indexes computed for those waveguide dimensions and minimum bend-

ing radiuses in,
Co Co
FSR = — = 2.10
ngl  2mngR ( )

One can have an idea about the corresponding maximum FSRs for the quality factor of
choice (@ = 250,000) in Fig. 2.14. It shows that high-@) rings can be made with large
FSRs (around 1 THz or more) with proposed MC-STE and MC-STM designs. It should
be emphasized that, within the developed framework, application-specific parameters such
as target quality factors, minimum bending radii, and the corresponding FSR values can

be readily calculated and fitted to the desired design requirements.
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Figure 2.13: Minimum bending radius to achieve Q = 2.5 x 10° and Q = 2.5 x 10°
for MC-STE & MC-STM designs. The figure presents the minimum waveguide bending
radius required to ensure a bending loss sufficiently low to sustain a radiation-limited
quality factor @) exceeding 2.5 x 10°. It should be emphasized that even if the target Q
value changes by an order of magnitude, the overall trend and shape of the plot shown in

Fig. 2.13b remain largely unaffected.
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Figure 2.14: Maximum FSR values for Q = 2.5 x 10° and Q = 2.5 x 10° for MC-STE &
MC-STM designs. It should again be emphasized that even if the target () value changes
by an order of magnitude, the overall trend and shape of the plot shown in Fig. 2.14b
remain largely unaffected. Effect of the higher confinement for the fundamental TM mode

is also repeated in these figures.
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2.3.5. Bent waveguide analysis for the proposed design

The waveguide geometry selected as the pilot design, with a width of 700 nm and a
height of 300 nm, was analyzed using Algorithm 2.2 in order to evaluate the performance
achievable in possible ring resonator implementations. From the bending simulations and
the fitted curvature trends presented in the previous section (Fig. 2.13b and Fig. 2.14b),
it was observed that at the corresponding aspect ratio (700/300~/2.33) of this geometry,
only the fundamental TE mode is guided, while the TM mode is not supported.

Accordingly, the propagation and angular losses obtained for the fundamental TE mode
are shown in the corresponding figure. By employing Equations 2.9 and . 2.10, the
achievable quality factors and the corresponding FSR values as functions of the bending

radius can be calculated.
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Figure 2.15: Angular and propagation losses for pilot waveguide bendings (Minimum

bending radius is 6um)
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For an operating wavelength of A\g = 1550 nm and considering the previously discussed

target quality factors of 2.5 x 10° and 2.5 x 10, the results were obtained as follows:

Q=25x10° = R=50736 um, FSR = 3.4156 THz (2.11)
Q=25x10° = R=6.4764 ym, FSR =2.6713 THz (2.12)
12 Q vs bend radius — W=700 nm, H=300 nm
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Figure 2.16: Quality factor and FSR for pilot waveguide bendings

Fig. 2.17 below further illustrates the variation of the simulation domain size, adjusted by
Algorithm 2.2, as a function of the bending radius. When examining the propagation loss
values, it should be noted that since the material was modeled as lossless, the computed

losses must tend toward zero. Consequently, numerical inaccuracies may lead to slightly
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negative loss values. To mitigate this issue and improve numerical stability and accuracy,

as expected, the simulation domain size has increased with increasing bending radius.

FDE window size vs bend radius W=700 nm, H=300 nm
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Figure 2.17: FDE window sizes used for pilot waveguide bendings
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3 ‘ Fabricational Steps of
4H-SiCOI Waveguides

This Chapter describes the fabrication route followed for the realization of 4H-SiCOI
waveguides on the silicon carbide—on—insulator platform, with the objective of imple-
menting the selected 700 nm x 300 nm pilot waveguide geometry through a reproducible
cleanroom process. Prior to targeting this final geometry, preliminary fabrication steps
were carried out to optimize mask design, lithography parameters, and etching conditions

for 4H-SiC, establishing reliable process windows and dimensional control.

The Chapter follows the fabrication flow. It begins with sample selection and preparation,
followed by spectroscopic ellipsometry for material characterization. The measurement
setup, dispersion modeling, and extracted optical constants of bulk and thin-film silicon
carbide are presented. The refractive index constant derived from ellipsometric models
used in the waveguide designs of Chapter 2 and were compared with reported literature
values for 4H-SiC.

The lithography section describes the theoretical background, resist selection, spin-coating
conditions, exposure parameters, and development processes used to define submicron
waveguide structures. Special attention is given to resolution limits, proximity effects,
and dimensional control required for approaching the resolution capability of the available

equipment.

The etching section focuses on the transfer of the lithographically defined patterns into the
4H-SiC layer. Different SiC etching approaches are reviewed, and the selected method for
this work is detailed in terms of process conditions, etch rate, selectivity, and profile con-
trol. Experimental observations and process adjustments carried out during optimization

are presented in alignment with the fabrication objectives.

Scanning electron microscopy (SEM) and digital microscopy was employed for the in-
spection and characterization of the structures obtained after lithography and etching
processes. It was used to evaluate the fidelity of the photoresist masks, critical dimen-

sions, sidewall profiles, and the quality of pattern transfer into the 4H-SiC.
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3.1. Sample Selection

As discussed in Chapter 1, although silicon carbide is widely established in electronic
applications, its integration into optical device fabrication is comparatively recent and
still evolving. Consequently, adapting the available cleanroom infrastructure at PoliFAB
to 4H-SiC processing requires careful assessment of equipment compatibility, parameter
optimization, resist selection, and etching recipes. Many of these process variables cannot
be directly transferred from silicon-based fabrication flows and therefore must be defined

through a combination of literature guidance and empirical process trials.

Considering the high cost and limited availability of SiCOI wafers, initial lithography and
etching optimization studies were performed on bulk 4H-SiC substrates. This approach
enabled systematic evaluation of mask performance, resist behavior, and etch charac-
teristics under controlled conditions while minimizing material risk. Accordingly, the
processes described in this chapter were developed and validated on bulk 4H-SiC prior to
implementation on SiCOI structures. Different 4H-SiC and 4H-SiCOI suppliers, together
with the wafer and sample specifications they provide, were surveyed and comparatively
evaluated prior to material procurement, see Fig. 3.2. The comparison criteria included
wafer diameter, estimated delivery time, doping of the silicon carbide layer, production
grade, polishing quality, and, where available, pricing information. These parameters
were considered in order to ensure compatibility with the intended fabrication flow and

characterization requirements.

(a) 4-inch HPSI 4H-SiC wafer. (b) 20mm x 20mm HPSI 4H-
SiCOI sample.

Figure 3.1: 4H-SiC bulk wafer and 4H-SiCOI sample on VASE stage.
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Based on these criteria, a 4-inch bulk high purity semi-isolating (HPSI) 4H-SiC wafer
supplied by Nanovision was selected and purchased for process development and fabrica-

tion trials, see Fig. 3.1a. In addition, for use in later stages of the project, two 20 mm x

20 mm HPSI 4H-SiCOI samples supplied by OMedaSemi were acquired, see Fig. 3.1b.
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Figure 3.2: SiC Supplier Research

3.1.1. Sample Preparation

Prior to initiating cleanroom processing, several preparation steps were required for the
purchased wafers and samples. In order to enable lithography and etching optimization
trials, the 4-inch 4H-SiC wafer was diced into 15 x 15mm? pieces, following predefined
cutting lines as shown as shown in Fig. 3.3. This approach allowed efficient material usage

while providing multiple test samples for process development.

The 4H-SiCOI samples were delivered with a thin protective layer, presumed to be a
photoresist, applied to minimize mechanical damage during dicing and subsequent han-
dling processes. Prior to ellipsometry measurements, this coating had to be completely
removed. To eliminate the organic coating, the samples were cleaned using an ultrasonic
bath in acetone, followed by a rinse in isopropyl alcohol (IPA). The acetone step enabled

effective dissolution of organic contaminants, while the subsequent IPA rinse removed
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residual acetone from the surface and reduced the risk of solvent-related staining. This

cleaning sequence was repeated until no visible contamination remained.

Following solvent cleaning, a PVA TePla 300 AL, Fig. 3.4, system was used to perform
oxygen (Og) plasma treatment at 500 W for 5 minutes (Recipe 5). This step removed
remaining microscopic contaminants and prepared the surfaces for reliable optical char-

acterization and subsequent fabrication processes.

Squares: 24 | Wafer diameter: 3.84 in (100.0 mm) | Die side: 15.0 mm | Gap between dies: 0.0 mm | Edge exclusion: 0.0 mm
Primary flat [1): 32.5 mm | Secondary flat (U]: 18.0 mm @ 90.0° CW | Grid: 1 mm x 1 mm | Estimate = 20| Best offset Ax=-7.50 mm, Ay=-7.50 mm

a0

1000 mm {394 in)

15mm

]

40

0
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40 -

Figure 3.3: Laser dicing layout of the 4-inch 4H-SiC wafer (15mm x 15mm dies).

Figure 3.4: PVA TePla 300 AL Plasma Asher
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3.2. Spectroscopic Ellipsometry

3.2.1. Overview

Ellipsometry is a highly sensitive optical characterization technique that analyzes the
change in the polarization state of light upon reflection from a sample surface. It is widely
used for thin-film characterization, including the extraction of optical constants, layer
thickness determination, and surface feature evaluation. In this work, its applicability was

demonstrated not only for thin films but also for bulk and wafer-scale 4H-SiC samples.

Variable Angle Spectroscopic Ellipsometry (VASE) combines spectroscopic measurements
with multiple angles of incidence, enabling the acquisition of polarization data over a
broad spectral range and at different geometrical configurations [143]. The use of mul-
tiple incidence angles reduces parameter correlation during model fitting and improves
the reliability of thickness and optical constant extraction [144]. Compared to fixed-angle
or single-wavelength ellipsometry, spectroscopic measurements allow direct access to the
wavelength-dependent dispersion behavior of the material, which can be described us-
ing physically consistent parametric models such as Cauchy, Lorentz, or semiconductor
oscillator models [144].

The strength of ellipsometry lies in its ability to retrieve precise optical properties through
physically consistent modeling of the measured polarization response. This becomes par-
ticularly important for anisotropic materials such as 4H-SiC, which exhibit direction-
dependent refractive indices. Ellipsometric modeling enables the extraction of the ordi-
nary and extraordinary refractive indices, providing accurate directional optical constants.
These parameters constitute a critical input for the TE-mode waveguide design presented
in Chapter 2 and directly influence the determination of the proposed waveguide dimen-

sions.

Linearly Polarized Light
E p-plane

s-plane
Elliptically Polarized Light

p-plane , E

s-plane

plane of incidence

0

Reflect off Sample

Figure 3.5: Geometry of an ellipsometry setup illustrating the polarization directions

parallel (p) and perpendicular (s) to the plane of incidence [144].
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Ellipsometry is based on the analysis of the polarization change of light upon reflection
from a material surface [145]. In a typical configuration, linearly polarized light is incident
on a sample at an oblique angle [145]. The plane defined by the incident beam and the
surface normal is referred to as the plane of incidence[145]. The electric field of the
incoming light can be decomposed into two orthogonal components: the p-component,
which lies parallel to the plane of incidence, and the s-component, which is perpendicular
to it, see Fig. 3.5 [145].

Upon receiving reflection, the p- and s-components generally undergo different amplitude
variations and phase shifts. As a result, even if the incident light is linearly polarized,
the reflected light becomes elliptically polarized [145]. This polarization transformation

carries information about the optical response of the sample [145].

The measurable quantities in ellipsometry are expressed in terms of two parameters, A
and V. The parameter A represents the phase difference between the reflected p- and
s-components, while WU is related to the ratio of their amplitudes [145|. These parameters
are defined through the complex reflection coefficients of p- and s-polarized light [145].

The fundamental ellipsometric relation can be written as

=

p=—=L=tanWe?,

S

=y

where Rp and R, are the complex reflection coefficients for p- and s-polarized light, re-
spectively. The phase parameter A can vary between —180° and +180°, while ¥ ranges
from 0° to 90° [145].

An important aspect of this formulation is that ellipsometry relies on the ratio of reflection
coefficients rather than absolute intensity measurements [145]. Since the formalism is
inherently normalized, the method is less sensitive to fluctuations in source intensity or
detector response while keeping high sensitivity through the inclusion of phase difference.
This relative measurement formalism contributes to the robustness, repeatability, and

overall reliability of the extracted optical constants and model parameters [145].

Any totally polarized beam can be described using the Jones formalism by specifying the
components of its electric field along the p- and s-directions [145]. These components are

complex quantities and can be expressed as a two-component vector:

i®
E,e®r

E.e'®s
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Here, E, and E; denote the amplitudes of the p- and s-components of the electric field,
while ®, and ®; represent their respective phase angles. If ®, = @, the light is linearly
polarized. If ®, = ®,+ 7 and E, = Fj, the light is circularly polarized. In all other cases,
the polarization state is elliptical [145].

The interaction of light with a material surface—through reflection, transmission, re-
fraction, or absorption—modifies this polarization state [145]. Such interaction can be
described by a 2 x 2 transfer matrix, known as the Jones matrix, which relates the incident
and reflected electric field vectors [145]:

(3.2)

ref inc

The diagonal elements describe the change in amplitude and phase of the p- and s-
components, while the off-diagonal elements represent coupling between polarization com-

ponents [145].

For isotropic materials, the Jones matrix is diagonal, indicating that p-polarized light
remains p-polarized upon reflection and similarly for s-polarized light. In anisotropic
materials, however, off-diagonal elements may appear, corresponding to polarization con-
version. Such behavior can originate from intrinsic crystal anisotropy or from structural

features at the surface or interface [145].

In spectroscopic ellipsometry, ¥ and A are measured over a range of wavelengths and often
at multiple angles of incidence. Since optical experiments do not directly measure phys-
ical parameters such as layer thickness or optical constants, their determination requires
solving an inverse problem in which material properties are inferred from the measured

polarization response [144].

A physically consistent dispersion model is constructed to describe the optical behavior
of the sample, incorporating known experimental conditions (e.g., wavelength and angle
of incidence) and unknown parameters such as layer thicknesses and optical constants
[144]. These parameters are obtained through multivariate regression analysis, where the
Levenberg-Marquardt algorithm minimizes the deviation between measured and calcu-
lated spectra [144].

After convergence, the best-fit solution must be evaluated to ensure physical consistency,
parameter uniqueness, and low correlation. If necessary, the model is refined and the
fitting repeated. Once validated, refractive index, extinction coefficient, and layer thick-

ness are extracted within the assumptions of the selected model [144]. Through this
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model-based analysis of polarization changes (see Fig. 3.6), ellipsometry enables precise

determination of both isotropic and anisotropic optical constants.
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Figure 3.6: Fundamental workflow in ellipsometric analysis for retrieving material param-

eters from measured data [144].

3.2.2. Setup

The spectroscopic ellipsometry measurements in this work were performed using a VASE®)
(Variable Angle Spectroscopic Ellipsometer) [143]. The system is configured as a Rotat-
ing Analyzer Ellipsometer (RAE) combined with a patented AutoRetarder®) module and
automated wavelength selection through a custom-built monochromator. This configura-
tion enables high-precision polarization measurements over a broad spectral and angular

range.

Figure 3.7: Spectroscopic Ellipsometer — J.A. Woollam VASE

The instrument operates over a standard spectral range of 240-2500 nm, with a deep-
ultraviolet (DUV) extension down to 193nm, and an upper limit extending to 4000 nm
depending on system configuration. Wavelength selection is achieved using a custom-

designed double-chamber scanning monochromator located before the sample [143|. This



3| Fabricational Steps of 4H-SiCOI Waveguides 65

placement ensures superior stray-light rejection and restricts the incident beam to a nar-
row spectral bandwidth at each measurement step [143]. The monochromator utilizes
multiple diffraction gratings to maintain high reflectivity and spectral efficiency across
the full operating range [143]. Positioning the monochromator prior to the sample also
minimizes broadband exposure, reducing potential photo-induced effects in light-sensitive
materials [143].

Angle of incidence is fully automated and adjustable within a range of 15° to 90°, with
an angular accuracy of 0.01° [144]. Precise angle definition is essential, as ellipsometric
parameter extraction directly depends on the incidence geometry. A key component of
the system is the AutoRetarder®, which dynamically adjusts the polarization state of the

incident beam to optimize measurement sensitivity [144].

In a conventional rotating analyzer ellipsometer, accuracy depends on the polarization
state at the detector: sensitivity is highest near circular polarization (A ~ 90°) and de-
creases near linear states (A & 0° or 180°) [144]. Although the physical phase difference
A spans 0°-360°, the rotating analyzer configuration maps this range into 0°-~180°, pre-
venting determination of the handedness of the polarization ellipse. This phase ambiguity

limits reliable A extraction, particularly for anisotropic samples [144].

The AutoRetarder introduces a computer-controlled variable retardation before the sam-
ple, allowing the incident polarization to be tuned such that the reflected beam remains
close to circular polarization. This improves sensitivity and enables accurate determina-
tion of A over the full 0°-360° range.

Using the VASE system described above, spectroscopic ellipsometry measurements were
performed on both bulk 4H-SiC wafer and SiCOI thin-film sample. The spectral range
considered in this work was 300-1700 nm. Measurements were acquired with a spectral

step size of 5nm.

As indicated in the instrument specifications, thicker layers exhibit rapid oscillatory be-
havior in the measured ellipsometric parameters (¥ and A) due to interference effects.
In such cases, the angular-dependent response varies with high frequency across the mea-
sured spectral band. In order to accurately capture these rapid oscillations in wavelength
and ensure reliable dispersion modeling, a finer spectral step size adopted for the bulk

samples.

Visual inspection of the SiCOI samples revealed observable color variations across the
surface, indicating possible local thickness non-uniformities introduced during fabrication.

To account for these variations and evaluate the consistency of the extracted refractive
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index values, measurements were performed at two distinct regions of the same sample
indicated by #1 and #2 in results. Identical ellipsometric settings were used for both

measurement locations to enable direct comparison of the obtained optical constants.

For both bulk and thin-film samples, measurements were performed at multiple angles
of incidence ranging from 55° to 75° in 10° increments. All measurements were carried
out using the full AutoRetarder capability in order to maximize sensitivity, improve data

robustness, and ensure reliable extraction of the refractive index dispersion.

3.2.3. Dispersion Models for Silicon Carbide

Following the acquisition of spectroscopic ellipsometry data from bulk and thin-film sam-
ples, an appropriate initial optical layer model was required in order to extract the re-
fractive index dispersion and initiate the regression procedure. The construction of a
physically meaningful starting model is essential for stable convergence of the fitting al-

gorithms and to avoid non-physical solutions.

Bulk 4H-SiC

For the bulk 4H-SiC sample (Fig. 3.8) the optical response was modeled using a single
uniaxial anisotropic layer. This configuration was selected because the extraordinary
optical axis of 4H-SiC is aligned along the surface normal of the wafer, and the ellipsometer
configuration employed in this work assumes this anisotropy orientation. The initial
model parameters were defined using supplier-provided thickness information together
with dispersion models for 4H-SiC reported in the literature [146]. Although the literature
models, Eq. 3.4, do not fully cover the entire measured spectral range (300-1700 nm), they

provided a physically consistent starting point for regression.

no(A) = 2.5610 + 3.4 x 10* \72 (), in n) (3.3)
ne(\) = 2.6041 + 3.75 x 10* ™2, (), in n) (3.4)

During the model fitting of the bulk 4H-SiC wafer measurements, the thickness of the
single layer was kept fixed. Since the measured wafer consists solely of 4H-SiC, which is
known to be transparent within the spectral measurement range, the extinction coefficient

(k) was assumed to be zero.

The refractive index along the ordinary axis was modeled using a Cauchy dispersion
relation (Eq. 3.5 and Eq. 3.6) in WVASE [144], following the expression reported in the
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[146]. The extinction-related coefficients of the model were set to zero.

Uniaxial 4H-SiC layer (500 pum)

Figure 3.8: Initial layer model of the bulk 4H-SiC wafer used in the ellipsometric model.

n(A) =A+ % + %, (A in pm) (3.5)
k(\) = aexp {5(1.24um) <§ - %)] , (A, v in pm) (3.6)

The six parameters in Cauchy dispersion model are A, B, C. For this case, we have
only used A and B to obtain a similar expression to Eq. 3.4. The extinction coefficient
amplitude «, the exponent factor 5, and the band-edge parameter v has not been included
to the fit and « has been set to 0.

The refractive index corresponding to the extraordinary axis was described using a poly-
nomial function (n = A (1 +B(eV)?2+C(eV)*+ D (eV)® + &), k =0.) defined ad-
ditively with respect to the ordinary-axis model, thereby accounting for birefringence
through a differential contribution. Again only terms considered for the fit is A and B.

Generated refractive index dispersion from the fitted model can be seen in Fig. 3.9.
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Figure 3.9: n: Bulk 4H-SiC Refractive Index Measurement
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Thin-film 4H-SiCOI

Surface roughness (0-5nm)

Uniaxial 4H-SiC film layer (500 nm)

SiOq layer (3 pm)

Si substrate (675 pm)

Figure 3.10: Initial layer stack of the 4H-SiCOI sample used in the ellipsometric model.

The layer model prepared for fitting the 4H-SiCOI samples is shown in Fig. 3.10. In this
initial model, the optical constants of silicon, SiO,, and 4H-SiC (including both ordinary
and extraordinary axes) were taken from the WVASE built-in material library. The layer

thicknesses were selected according to the sample datasheet.

During the fitting procedure, no fitting was performed on the silicon substrate. The
thickness of the SiOy layer was included as a fitting parameter, while for the 4H-SiC
layer only the ordinary ordinary axis optical constants and thickness were fitted. WVASE
does not allow simultaneous fitting of both ordinary and extraordinary components. For
the following subsection this should be taken into account when considering 2 different

4H-SiCOI measurements, as they will be sharing the same n(e) and k(e).

For the 4H-SiC layer, a general Gaussian oscillator model was employed, see Table 3.1.
Multiple Gaussian oscillators representing different energy band distributions were in-
cluded, and their coefficients were fitted according to their relative significance. Different
combinations and ordering of oscillators were tested in order to minimize the mean square

error (MSE) through the window given in Fig. 3.11.

It was observed that introducing a surface roughness layer and including its thickness as
a fitting parameter reduced the MSE. In addition, a parameter accounting for non-ideal
experimental conditions and setup-related imperfections was incorporated into the fitting

process as a percentage contribution.
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General Oscillator (Genosc) Model

Dielectric Function
Al A2

+
E? —E? ' E} - E?—iByE

e(E) = e1 +ie2 = Offset + + Gaussian(FE, As, E3, Bs)

The dielectric function is modeled as a linear superposition of real and complex oscillators,

each defined as a function of photon energy E (in eV).

Gaussian Oscillator Formulation

Definition

€n,Gaussian = €nl + 1En2

o (5l (22

2 [ Eena(6)
=P = de

En2 = Al

B
c=—">2_ (B, =FWHM)
24/In(2)

Fit Parameters Ay (amplitude), E, (center energy, €V), By (broadening, eV)

Table 3.1: General oscillator (Genosc) dielectric function model and Gaussian oscillator

component used in ellipsometric analysis [144].
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Figure 3.11: General Oscillator window on WVASE

The “All 3 non-idealities” option allows the fitting model to simultaneously include Thick-
ness Non-Uniformity (%), Light Bandwidth, and Angular Spread as fitting parameters.
Any two of these parameters may be fixed to zero if necessary. In practice, the specific type
of non-ideality present in the measured data cannot always be uniquely determined from
the fit alone. Therefore, prior knowledge of the sample structure and the measurement

geometry is often required to select the most appropriate non-ideality model.

Due to the observable color variations on the surface of the 4H-SiCOI samples, a thickness

non-uniformity was expected and therefore included as a fitting parameter. The inclusion
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of all three non-idealities was motivated by the fact that the employed measurement setup
deviates from ideal conditions. After incorporation into the fitting procedure, the thick-
ness non-uniformity parameter converged to approximately 1.27%. Considering the total
layer thickness and specifically the thickness of the 4H-SiC layer, this percentage indi-
cates that the sample exhibits measurable thickness inhomogeneity across these samples.

Generated refractive index dispersion from the fitted model can be seen in Fig. 3.12.
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Figure 3.12: Thin-film 4H-SiCOI Refractive Index Measurements

The regression procedure resulted in mean squared error (MSE) values ranging between
15 - 30 for the fitted models. When compared empirically with other fitting performed
under similar measurement conditions, and seeing layer thicknesses being alinged with the
data noted in their datasheets, these MSE values indicate an acceptable level of agreement

between the modeled and measured data.

Furthermore, the fitted layer thicknesses obtained after regression were found to be within
the tolerance limits specified in the supplier data sheets. This consistency between fit-
ted parameters and nominal specifications provides additional confidence in the physical

validity of the constructed optical models.

Based on these results, the extracted ordinary and extraordinary refractive index disper-
sions were considered reliable and were subsequently used in the waveguide simulations

presented in Chapter 2.
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3.2.4. Optical properties of Bulk and Thin Film Silicon Carbide
Samples
On Fig. 3.13 and Fig. 3.14, solid lines represent measured values, while dashed lines

correspond to literature [74]. Triangles denote ordinary indexes and circles denote ex-

traordinary indexes.
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Figure 3.13: Refractive index dispersion of 4H-SiC and 4H-SiCOI samples obtained from

spectroscopic ellipsometry measurements and compared with reference data.

As shown in Fig. 3.13, both bulk and SiCOI thin-film samples exhibit normal dispersion
behavior across the investigated spectral range. At 1550 nm, which is the operating wave-
length considered throughout this work, the measured refractive index values are in good

agreement with reference data [74] for both the ordinary and extraordinary components.
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Figure 3.14: Extinction coefficients of 4H-SiC and 4H-SiCOI samples obtained from spec-

troscopic ellipsometry measurements and compared with reference data.

Measurements n(o) n(e) k(o) k(e)

4H-SiC 2.567 2.611 0 0

AH-SiC [74]  2.564 2.608 - -

AH-SiCOI #1 2555 2.603 1.88 x 108 1.43 x 10719
AH-SiCOI #2  2.552 2.603 6.91 x 1079 1.43 x 10719

Table 3.2: Optical constants at A = 1550 nm.

The thin-film sample shows a slightly reduced refractive index compared to the bulk mate-

rial, which can be attributed to thin-film effects and possible microstructural differences.

However, the deviation at 1550 nm remains limited, confirming the reliability of the el-

lipsometric modeling and the suitability of the extracted optical constants for subsequent

waveguide design and simulation studies.

Aligning with our previous assumptions, our samples are basically transparent at 1550 nm

and over the bandwidth of measurement, see Fig. 3.14 and Table 3.2
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3.3. Scanning Electron Microscopy

3.3.1. Setup

Scanning electron microscopy (SEM) was employed as the primary structural charac-
terization technique to evaluate the lithography and etching outcomes. The acquired
high-resolution images were used to assess the photoresist mask profile after lithography,
to analyze the transferred SiC etch profile, and to estimate etch selectivity and sidewall

roughness of the patterned waveguide structures.

All high-resolution micrographs were obtained using a LEO 1525 field-emission scanning
electron microscope (FE-SEM), shown in Fig. 4.5. The field emission gun enables the
formation of a finely focused electron probe with high current density, providing enhanced
spatial resolution and improved surface sensitivity. The instrument is equipped with a
standard secondary electron (SE) detector for topographic imaging and an in-lens detector

for enhanced surface-detail contrast.

The microscope was operated within an accelerating voltage range of 0.5 kV-20kV. In this
work, imaging was performed at 5kV for samples coated with gold or Electra 92. To
reduce charging effects on semi-insulating 4H-SiC samples, where low conductivity causes
electron accumulation at the surface and image distortion, an accelerating voltage of 2kV
was used with signal collection via the secondary electron detector. The working distance
between the SiC sample and the electron column was maintained at approximately 7 mm.
To maximize the accuracy of dimensional measurements extracted from SEM images,

image sharpness was carefully optimized for each inspected region.

Figure 3.15: Scanning Electron Microscope - LEO 1525
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3.3.2. Coating for SEM Imaging

To mitigate electron charging effects during SEM imaging, certain sample surfaces were
coated with a thin conductive layer. Conventionally, this was achieved by depositing
a few nanometers of gold using an Anatech Hummer 6.2 DC sputtering system. The
conductive coating improves charge dissipation and enhances image stability, particularly

for insulating or semi-insulating samples as the samples at hand.

However, following reoccuring lithography trials, repeated reuse of the same samples be-
came necessary. The presence of a gold coating significantly complicates subsequent pro-
cessing steps, as complete removal of the metallic layer and restoration of the original

surface condition is challenging and may introduce surface contamination or damage.

For this reason, an alternative conductive coating based on Electra 92 conductive polymer
was employed. The polymer was applied using the same spin-coating protocol as used for
electron-beam lithography resist deposition, consisting of 2 steps, First one is going up
to 4000 rpm and then staying at 4000 rpm for 60seconds. After deposition, a soft-bake
process was carried out at 90 °C for 2 minutes, resulting in an approximately 40 nm thick

conductive layer on top of features.

Unlike gold metallization, the Electra 92 coating can be easily removed by rinsing the
sample in water for 30 seconds to 1 minute, restoring the surface for subsequent fabrication,

characterization steps or new trials.

3.4. Lithography

3.4.1. Overview

Lithography encompasses the techniques used to transfer a predefined pattern from a
design layout onto a substrate surface . It represents a fundamental step in nanofabri-
cation, particularly in semiconductor technologies and integrated photonics. Depending
on the radiation source and exposure mechanism, lithography can be classified into opti-
cal lithography, electron-beam lithography, and imprint-based approaches, each offering

different trade-offs in terms of resolution, throughput, cost, and process flexibility [147].

In optical lithography, photons modify a photosensitive polymer layer (photoresist) de-
posited on the substrate [148]. The resist thickness typically ranges from a few hundred
nanometers to several tens of micrometers [148]. After exposure, the resist solubility
changes according to its chemistry: in positive resists, exposed regions dissolve during

development, whereas in negative resists, the exposed areas remain due to cross-linking
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[148]. The achievable resolution is fundamentally limited by diffraction, meaning that
the minimum feature size scales with the exposure wavelength and process parameters
[148]. Consequently, deep submicron patterning becomes increasingly challenging with
conventional ultraviolet sources, although optical lithography remains attractive due to

its robustness and compatibility with large-area processing [148].

Optical lithography can be implemented either through mask-based exposure or maskless
direct writing [148]. In mask-based systems, a photomask containing the desired geom-
etry is aligned with the resist-coated substrate and the pattern is transferred in a single
exposure step. In contrast, maskless techniques generate patterns by scanning a focused

beam across the resist surface, eliminating the need for physical masks [148].

Direct-write photolithography employs a focused light beam to define structures directly
on the photoresist [149]. As a maskless method, it significantly reduces fabrication time
and cost associated with mask production, which is particularly advantageous during
research and process development stages requiring multiple design iterations. The tech-
nique supports both single-layer and multilayer fabrication and provides considerable
flexibility for rapid prototyping. For emerging platforms such as silicon carbide, where
fabrication processes are still under optimization, this flexibility enables fast evaluation
of waveguide geometries and etching conditions [149]. Although the resolution remains
diffraction-limited, it is generally sufficient for micron-scale and certain submicron pho-
tonic structures, offering a balanced compromise between precision and processing speed

[149].

Electron-beam lithography (EBL) utilizes a focused electron beam to locally modify an
electron-sensitive resist such as Polymethylmethacrylate (PMMA) [148]. Electron-resist
interactions induce bond scission or cross-linking, thereby changing the solubility of the
exposed regions . Owing to the extremely short wavelength of electrons, EBL enables
nanometer-scale patterning [148|. In practice, the achievable resolution is limited by
electron scattering within the resist and substrate, known as the proximity effect [148|.
Despite being a relatively slow and costly serial process, EBL remains one of the most

precise nanofabrication techniques available [148].

The ability of electron-beam lithography to define deep submicron features makes it par-
ticularly suitable for tightly confined optical waveguides and high-index-contrast photonic
devices. In silicon carbide photonics, EBL can therefore be considered for advanced struc-
tures requiring higher geometrical accuracy than that achievable with optical direct writ-
ing. While direct-write lithography serves as an efficient tool for rapid development and

process optimization, electron-beam lithography represents a complementary approach
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for future stages where finer dimensional control becomes necessary.

3.4.2. Setup

For the lithographic step, a maskless aligner exposure system based on the Heidelberg
MLA100 Maskless Aligner was employed.

The MLA100 enables direct laser writing into photoresist without requiring a physical
photomask. The unit at hand achieves minimum feature sizes of approximately 1 pum
with writing speeds up to 50 mm?/min. Arbitrary geometries can be directly transferred
from the design file to the exposure tool, making it particularly advantageous during

device optimization stages.

Figure 3.16: Heidelberg MLA100 Maskless Aligner

3.4.3. Lithography Process

In this work, both the lithography processes and the etching steps described in the fol-
lowing section were carried out on bulk 4H silicon carbide samples. The exposure system
operates with a 365 nm LED(i-line) [150]. At this wavelength, 4H-SiC exhibits a high
refractive index and a low extinction coefficient, indicating limited optical absorption
within the material. As a consequence, a significant portion of the incident optical energy
is transmitted rather than absorbed at the surface, which reduces the effective energy den-
sity available for resist activation. Therefore, trials with exposure doses higher than those

typically used in conventional lithographic processes on silicon substrates were required.

Due to these material-specific optical properties, a calibration procedure involving dose,
focus, and mask dimension optimization was performed. The objective was to determine

the appropriate exposure window ensuring accurate pattern transfer while maintaining
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dimensional fidelity and sidewall integrity.

For this purpose, a dedicated calibration mask was designed. The mask contained 6 mm
long line structures with nominal widths of 1, 2, 5, and 10 pum, each separated by gaps of
identical dimensions. Every configuration was repeated five times, and all combinations
were implemented to enable statistical evaluation of critical dimension control and pattern

uniformity.

10 pm EHT = 5.00 kv Signal A = SE2 StageatT= 0.0° Date :4 Feb 2026
WD= 6.7 mm Mag= 100KX Width = 210.0 pm Time :15:20:24

Figure 3.17: SEM image 5um width mask lines trial with sweeping spacings

Based on the literature review [39], reactive ion etching (RIE) was selected as the pat-
tern transfer technique, as will be detailed in the following chapter. For this purpose,
AZ® 15nXT negative photoresist, known for its high resistance to plasma-based etching

processes, was employed as the masking material for the silicon carbide samples [151].

As a usual consequence of photmasks, a negative resist in particular for our case, the
relationship between exposure dose and resulting feature dimensions was not strictly lin-
ear. It was observed empirically that the linewidths increased with increasing exposure
dose in a non-linear manner, while the corresponding gap dimensions decreased inversely
with dose. Consequently, dose optimization required experimental calibration rather than
direct proportional scaling. To partially compensate for dimensional deviations, a defocus

value of —1 was introduced in the MLA exposure settings for all of the trials.

The combinations of line widths and inter-line spacings targeted within the mask were
grouped into three separate dose levels, taking advantage of the MLA-100 system’s capa-

bility to apply different exposure doses sequentially within the same mask layout. The
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grouping strategy was determined based on the spacing between the lines, as the proximity

effect strongly depends on the distance between adjacent features.

Accordingly, lines with inter-line spacings of 5 and 10 um were grouped together, lines
with 2pum spacing formed a second group, and lines with 1pm spacing constituted a
third group. To investigate the most pronounced proximity effect conditions, the dose
corresponding to the resolution limit of 1pm feature size was further examined under
different spacing configurations. In some experiments, only patterns with 1 pum spacing
were considered, and different line widths were exposed to different dose values in order

to analyze the proximity effect in greater detail.

Each lithography trial was carried out according to the following procedure. To ensure
that the substrates were free of organic contaminants and surface residues, an initial clean-
ing step was performed using a plasma asher (Recipe 5). This cleaning step was followed by
surface activation and adhesion promotion through hexamethyldisilazane (HMDS) treat-

ment on a hotplate at 120 °C for 1 min, see Fig. 3.18a.

After this step, to prevent any reduction in the adhesion-promoting effect of HMDS, the
process proceeded immediately to the spin-coating stage without delay, see Fig. 3.18c.
The AZ® 15nXT negative photoresist was spin-coated onto the sample using the SM150
according to a multi-step program optimized for this resist. The process began with an
acceleration step to 500 rpm, followed by a 5 s spin step at 500 rpm to ensure uniform
resist spreading. Subsequently, a second acceleration ramp was applied to reach 6000 rpm
within 9 s. The final thinning step consisted of a 20 s spin at 6000 rpm, resulting in the
desired uniform film thickness across the substrate. This was followed by a soft-bake step
on the hotplate (Fig. 3.18b) at 110°C for 2min to remove residual solvents and stabilize

the resist layer.

Subsequently, exposure was carried out using the MLA100 maskless aligner with the de-
signed mask layout and selected dose/defocus parameters, completing the pattern transfer
onto the sample. A carefully timely-mannered post-bake was then performed at 120°C

for 1 min (sharp) to finalize the cross-linking reaction of the negative resist.

The sample was developed in AZ® 726 MIF for approximately 100s. During development,
the sample could be gently agitated in the developer solution, particularly in regions where
the transferred pattern was less apparent, to enhance development effectiveness. Finally,

the process was completed with a deionized water rinse followed by nitrogen drying.

In cases where the fabricated patterns did not yield the desired results, the photoresist

layer had to be removed to allow for subsequent lithography trials. For this purpose,
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TechniStrip® NI555 was used as a stripping solution. The samples were immersed in the

stripper and placed on a hotplate at 70°C for 10 minutes to facilitate resist dissolution.

While still immersed in the stripping solution, the samples were subsequently treated in
an ultrasonic cleaner for 2-3 minutes at a frequency of 59 kHz and 70% power to enhance

the removal of residual resist.

After this step, the samples were rinsed thoroughly with deionized water, dried, and
subjected to an additional plasma ashing process to eliminate any remaining organic
residues. If visible traces of photoresist persisted by bare eye or microscopy, the stripping

and cleaning sequence was repeated until complete removal was achieved.

(a)  Spin  Module with (b) Hot Plate — Sawatec  (c) Spin Coater — Sawatec SM-150
Hot Plate — Sawatec SM- HP401
200/HP-200duo

Figure 3.18: PoliFAB equipment used the lithography process.

3.4.4. Experimental Conclusions

As a result of the lithography trials, the exposure parameters required to achieve the
nominal 1 gm resolution in terms of linewidth and spacing, specified for the MLA100 on
bulk 4H-SiC were determined to be a dose value of 110mJ/cm? and a defocus setting of
—1. Under these conditions, a mask linewidth of 750 nm resulted in an effective patterned
linewidth of approximately 1 pym on the substrate. In order to maintain a final gap of

1 pm between adjacent lines, the mask spacing was increased to 1.25 um, see Fig. 3.19.
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Figure 3.19: Digital microscope image of trial mask lines with 1ym linewidth and 1pm

spacing

It is important to emphasize that, for the configuration consisting of five parallel lines
with 1 pum linewidth and 1 um spacing, only the three central lines were successfully
resolved, while the two outermost lines were not fully obtained. This behavior should be
considered in future processes employing optical lithography. A similar phenomenon was
observed for the 2 ym linewidth and 1 um spacing configuration of the mask, where the
outermost lines appeared narrower compared to the central ones, see Fig. 3.20. For the re-
maining linewidth and spacing combinations (i.e. 5 and 10 pum), stable and dimensionally

consistent pattern transfer was achieved.

EHT= 5004V Signal A = SE2 StageatT= 0.0°  Date 3 Feb 2026
- ol Magh 10.00KX  Width=2100pm  Time :11:26:09

Figure 3.20: SEM image of trial mask lines with 2pm linewidth and 1pm spacing

This behavior can be attributed to the proximity effect: during exposure, the central
lines are subjected to additional scattered energy contributions from neighboring fea-
tures, resulting in a higher effective dose compared to the outermost lines. Consequently,

polymerization becomes more pronounced in the central region, leading to comparatively
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prominent features, while the outer lines remain narrower due to reduced cumulative expo-
sure. As another example in Fig. 3.21, outer lines pose mostly vertical sidewalls. However,
on its opposite side, proximity effect enlarges the mask towards others. Inversely, if an
outer line of certain sparsely spaced line is close to tighter line group, outer lines would

be more evident.

2 pm EHT= 5.00kV  Signal A = SE2 StageatT= 0.0° Date :3 Feb 2026
i WD= 86mm  Mag= 500KX  Width=4200pm  Time :11:47:02

Figure 3.21: SEM image of trial mask lines with 2pm linewidth and 2pm spacing

It should be noted that the considered dose values and mask dimensions do not rep-
resent the final parameters required to reach the resolution limit. During the design
stage, both the proximity effect and the spacing between adjacent lines must be carefully
taken into account. By reducing the mask feature size and increasing the exposure dose,
further optimization may be achieved. However, even if the nominal dose is increased,
the total energy delivered to a reduced feature area may effectively decrease, leading to a
lower-than-expected degree of polymerization. Therefore, empirical studies tailored to the
targeted feature dimensions are essential. For instance, applying a dose of 155mJ/cm?
to a design with 1 pum linewidth and 1 pum spacing resulted in a developed mask width
of approximately 1.1 pum. Similarly, a dose of 68 mJ/cm? applied to a mask with 1.1 ym
linewidth yielded a final patterned structure corresponding to the targeted 1 ym linewidth
and spacing. These indicate that multiple parameter sets can converge to the nominal
resolution limit possibly with different taper profiles, depending on the interplay between

effective exposure, feature size, and proximity effects.

During the experiments, it was observed that for configurations involving narrow lines
and small gap dimensions, low exposure doses resulted in reduced mask heights compared
to larger feature structures. This behavior is attributed to insufficient polymerization
of the negative photoresist at lower dose levels, leading to incomplete cross-linking and
consequently thinner resist profiles after development. For these cases, proximity effects

would be the dominant mask profile influence.
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On the contrary, When higher doses are utilized, even the 1 pum lines can achieve nearly
uniform profiles if the spacing is sparse This has been seen as true for spacings over
2 pm. However, with slight adjustments, we may smaller spacings with a similiar mask
profile. The case in Fig. 3.22 is 1um linewidth and 5um spacing. There, we have almost
polymerized all of the resist that has been put on it (height is around 3.3 pm) and obtained

almost perfect uniform mask profile.

2 pm EHT = 3.00 kV Signal A = SE2 Stageat T= 450° Date :23 Jan 2026 = 5. ignal A = StageatT= 0.0° Date :4 Feb 2026

H WD =10.6 mm Mag=5.00KX Width = 42.00 pm Time :8:55:35 '—{ = 6. lag= 10.00 KX Width = 21.00 pm Time :15:14:06
(a) SEM image of trial mask lines with 1lym (b) SEM image of trial mask lines with 1pm
linewidth and 5-10um spacings linewidth and 5pm spacing

2pm EHT= 3.00kV  Signal A= SE2 StageatT= 45.0° Date:23 Jan 2026
— WD=106mm  Mag= 10.00KX  Width=2100 pm  Time 85721

(¢c) SEM image of trial mask lines with lum

linewidth and 5um spacing

Figure 3.22: SEM image of uniform profile mask lines with 1xm linewidth.

An interesting trade-off is observed at an exposure dose of 180 mJ/cm?, where the line
width can be reduced to 738 nm (see Fig. 3.23) for 5 um gap spacings; however, considering
the 1 pm resolution limit of the MLLA100 and the influence of subsequent fabrication steps,
the repeatability of this result remains uncertain, and achieving similar performance at
smaller gap values is expected to be unlikely, although further empirical optimization

studies may be pursued in future work utilizing photolithography.
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2pm EHT= 300KV [ & StageatT= 0.0°  Date:23Jan 2026
— WD = 9.8 mm lag= 10.00KX  Width=2100pm  Time 84856

Figure 3.23: SEM image of trial mask lines with 0.73um linewidth and 5um spacing

The primary reason for insufficient polymerization is the total energy delivered to the
specific location where the mask feature is defined. In this context, not only the nominal
dose value but also the linewidth of the tested mask plays a critical role. For instance,
in the previously mentioned 155 mJ/cm? scenario, the mask width had a specific value;
if the linewidth is reduced, a higher nominal dose is required to reach the same effective
exposure. The total effective polymerization ultimately determines the resulting mask
height and profile. This is one of the challenges behind achieving resolution limit with

uniform profile.

One consequence of mask width variation is that for larger features, such as 5pm and
10 pm linewidths, the expected resist thickness of approximately 3.5 um (depending on
the photoresist condition and processing history) was largely preserved, as they may
be formed by higher doses. In such cases, provided that the proximity effect is not
relatively dominant, a uniform- mask profile can be obtained when linewidths are adjusted

accordingly with the dose.

2 pm EHT= 5.00kv  Signal A=SE2 StageatT= 0.0°  Date :3 Feb 2026
— WD= 86mm  Mag= 10.00KX  Width=2100 um  Time :11:52:18

Figure 3.24: SEM image of trial mask lines with 10um linewidth and 1um spacing

When the proximity effect is also taken into account, achieving a uniform mask with
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maximum height in low-linewidth and small-spacing configurations becomes considerably
challenging and requires dimension-specific empirical optimization. However, in this work,
the targeted waveguide height is 300nm. As will be discussed in the following section,
although the selectivity between the photoresist and 4H-silicon carbide is relatively low,
it extremely hard to etch chemically inert SiC, and the mask profile may be tapered, the
required etch depth is sufficiently small such that acceptable mask heights can still be

achieved.
Dose Ideal Gap Ideal Width Mask Gap Mask Width AW
(mJ/em?) | (pm) (um) (pm) (um) (pm)
1 1 0.8 1.2 -0.2
1 2 0.9 2.1 -0.1
90
1 5 1.5 4.5 0.5
1 10 1.7 9.3 0.7
2 1.9 1.1 -0.1
2 2.2 1.8 0.2
150
2 2.3 4.7 0.3
2 10 2.4 9.6 0.4
5 4.7 1.3 -0.3
5 5.0 2.0 0.0
205
5 5.0 5.0 0.0
5 10 5.0 10.0 0.0
10 9.7 1.3 -0.3
10 10.0 2.0 0.0
205
10 10.0 5.0 0.0
10 10 10.0 10.0 0.0

Table 3.3: Mask configuration for the etched 4H-SiC sample. The last column shows
AW = I/Videal - Wmask'

The interpretations derived from the SEM images presented so far can also be extended
to the mask design considerations summarized in Table 3.3. The table groups the mask
layers according to the targeted line-gap combinations and reports the implemented mask
linewidths, the nominal (target) linewidths, and the dimensional bias required to repro-
duce the intended structures. In this way, it provides a systematic comparison between the
designed geometries and the adjustments introduced to compensate for fabrication-related

effects.
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In particular, at low exposure doses and small gap values, thicker lines were intentionally
designed narrower than their nominal targets in order to compensate for proximity effects.
Since thick features correspond to larger exposed areas, polymerization becomes more
pronounced, and this effect is further reinforced by additional exposure contributions
from neighboring thick lines. Conversely, for closely spaced thin lines, the exposed area is
significantly smaller; therefore, linewidths larger than the nominal target were assigned in
the mask to ensure sufficient polymerization, even at the initial stage of exposure. As will
be evident from the etching results presented in the following section, the magnitude of
the proximity effect becomes clearly observable under these conditions. If this exposure
dose is selected in future trials, mask linewidths closer to — or potentially even smaller
than — the nominal values may be preferable for thin features. More generally, when
considering increasing gap values together with increasing dose, it can be inferred that
the relative influence of the proximity effect decreases, even though the absolute exposure

dose increases.

3.5. Etching

3.5.1. Overview

Silicon carbide (SiC) is chemically highly inert, which makes conventional wet etching
processes difficult to implement effectively [39]. At room temperature, single-crystal SiC
is largely resistant to both acidic and alkaline solutions. Although high-temperature gas-
phase etching and certain wet or electrochemical approaches can provide advantages such
as surface smoothing or material selectivity, they generally require extreme process con-
ditions and often lead to surface defects, limited dimensional control, or poor uniformity
[39].

For the fabrication of mesa and trench structures with well-defined geometries, a tech-
nique offering better anisotropy and pattern fidelity is required [39]. Reactive ion etching
(RIE) has therefore become the preferred approach for SiC microstructuring, as it en-
ables controlled material removal compatible with high-resolution device fabrication. In
the following section, the fundamentals and implementation of RIE for SiC processing are
presented [39].

3.5.2. Reactive Ion Etching

Reactive ion etching (RIE) of SiC can be performed using commercially available plasma

systems originally developed for Si and other semiconductor materials, without the need
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for extreme temperatures or highly specialized equipment [39]. Although the etch rates
are generally lower than those obtained for Si, RIE provides sufficient controllability
for device fabrication [39]. The process combines chemical reactions driven by plasma-
generated reactive species with physical sputtering induced by ion bombardment at the
substrate surface. The relative contribution of these mechanisms determines the overall

etch behavior and profile characteristics.

Different plasma configurations have been investigated for SiC, including capacitively
coupled, inductively coupled, and high-density plasma systems [39]. In practice, the
etching performance is strongly influenced by parameters such as plasma density, process
pressure, and substrate bias power [152]. In particular, increasing the bias enhances the
etch rate due to stronger ion bombardment, but may also introduce surface damage [152].
Among these approaches, high-density plasma systems offer improved process control, as
plasma generation and ion energy can be adjusted independently, making them especially

attractive for achieving anisotropic and controllable etching of SiC structures [39].

In addition to etch rate and selectivity, control of the etched profile is a critical aspect
of SiC processing [153]. Depending on the plasma and masking conditions, structures
such as high-aspect-ratio trenches with nearly vertical sidewalls can be achieved [153],

demonstrating the capability of RIE to produce well-defined and anisotropic features.

At the same time, variations in mask material and etch selectivity can intentionally or
unintentionally modify the final geometry, leading to rounded bottoms or beveled mesa
profiles [153|. Such profile control can be advantageous for specific device applications,
particularly where edge termination or junction management is required [153]. These ex-
amples highlight the flexibility of RIE in tailoring both vertical and non-vertical structures

according to design requirements.

3.5.3. Setup

The SPTS Omega® SynapsE process module employs a high-density plasma source specif-
ically designed for the etching of strongly bonded materials. The system features a heated
process chamber combined with magnetic confinement, enabling plasma densities signif-
icantly higher than those achieved in conventional ICP systems. As a result, enhanced

etch rates can be obtained, particularly for materials with high bond strength.

The Omega SynapsE module is commonly utilized for the fabrication of deep features in
dielectric materials such as silicon oxide, quartz, and glass. In addition, materials char-
acterized by low volatility and high chemical stability, including SiC and AlScN, can be

effectively processed using this system, making it well suited for advanced microfabrication
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applications.

Figure 3.25: SPTS Omega SYNAPSE

3.5.4. Experimental Results

The mask dimensions summarized in Table 3.3 were used as the starting point for the

optimization of the 4H-SiC etching recipe.

Reactive ion etching (RIE) was performed using the SPTS Omega SYNAPSE 200 LPX
module under fluorine-based plasma conditions. The process chemistry consisted of SFg
(100 sccm) as the primary etching gas and Og (10 sccm) as an additive gas. In SiC dry
etching, the dominant mechanism is governed by the volatility of the reaction by-products
and the energy of the ionized species; therefore, the selection of gas composition, chamber
pressure, and substrate bias power plays a critical role. The addition of Oy promotes the
removal of carbon-containing species and enhances the overall etch rate under fluorine-
based chemistry [39].

The chamber pressure was maintained at 10 mTorr. An inductively coupled plasma (ICP)
power of 1500 W was applied to generate a high-density plasma, while a capacitively
coupled plasma (CCP) bias power of 200 W was used. The platen temperature was set
to —10°C.

When the proposed etching recipe was applied for a duration of two minutes, the cross-
sectional profiles shown below were obtained. These cross-sections were prepared by

cleaving the samples after the completion of the lithography and etching steps.
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10 pm EHT= 500KV Signal A =SE2 StageatT= 0.0° Date 27 Feb 2026
— WD= 79mm  Mag= L60KX  Width=130.9um  Time :12:10:22

Figure 3.26: SEM image of cleaved bulk 4H-SiC sample

3.5.5. Experimental Results

In order to observe possible photoresist modifications after etching and to provide a more
accurate evaluation of the etch selectivity, SEM imaging was first performed without
applying any conductive coating. To mitigate charging effects during this initial char-
acterization, the accelerating voltage was set to 2 kV. Subsequently, as described in the
lithography and SEM sections, the photoresist was stripped and a clean, etched bulk
4H-SiC sample was obtained. Afterwards, Electra 92 was spin-coated to form a con-
ductive layer. This conductive coating enabled the use of relatively higher accelerating
voltages during SEM imaging, allowing improved signal stability and higher-resolution

cross-sectional images to be acquired.

1 pm EHT= 200kv  Signal A =SE2 StageatT= 0.0°  Date 20 Feb 2026 EHT= 200kv | Signal A=SE2 StageatT=|0.0°  Date :20 Feb 2026
WD= 7.8 mm Mag= 1500KX  Width = 14.00 pm Time :16:50:15 WD= 73 mm Mag= 30.00KX  Width =7.000 pm Time :17:08:18

(a) 10pm linewidth (b) 2pm linewidth

Figure 3.27: SEM image of cross-section of an etched line with 2and 10um linewidth

with remaining photoresist
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1pm EHT= 5.00kv  Signal A = SE2 StageatT= 45.0°  Date :27 Feb 2026 1pm EHT= 500kv  Signal A =SE2 StageatT= 45.0°  Date :27 Feb 2026
WD=100mm  Mag= 20.00KX  Width =10.50 ym Time :15:06:10 WD=100mm  Mag= 20.00KX  Width=10.50 ym Time :14:57:51

(a) 5um spacing (b) 2um spacing

Figure 3.28: SEM image of cross-section of an etched line with 2pm linewidth and

2and 5um spacings (Covered with Electra 92)

As observed in Figures 3.27 and 3.28, the dimensional values obtained for the mask-defined
linewidth and gap combinations should be regarded as approximate. Due to measurement
limitations and possible local non-uniformities along the cross-section, slight variations are
expected. Therefore, representative values were determined based on multiple observa-

tions and comparative evaluation of the SEM images.

Accordingly, the photoresist thickness on top of the waveguide was estimated to be 725 +
50 nm. From the cross-sectional images of the waveguides where the photoresist was
not completely etched through, as well as from the inspection of structures where the
photoresist remained on top, the resulting waveguide height was determined to be 1150 +
25 nm. Considering that the applied etching duration for this recipe was 2 minutes, these
values provide a basis for estimating the effective etch depth and evaluating the etching

performance under the proposed process conditions.

The sidewall angle was measured as 82° £ 3°, while sidewall roughness could not be
quantified. SEM imaging required a conductive Electra 92 coating, reaching up to 40 nm
on line tops and 200 nm in narrow gaps (see Fig. 3.29), which also covered the sidewalls and
prevented reliable roughness extraction. Additinal SEM images has been it without them
using the a different SEM unit. However, even if the ridges are visible (see Fig. 3.30) those
images are still low fidelity where no accurate assesment can be made. A proper evaluation
would require extreme low voltage, high-resolution SEM without coating; alternatively,
a thinner conductive layer (e.g., gold) may be used in future studies when more etched
samples become available. Dips observed at the bottom corners of the waveguide sidewalls

(see Fig. 3.28) can be minimized through further etch-recipe optimization.
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200 nm EHT= 500kV  Signal A=SE2 StageatT= 450° Date 27 Feb 2026 200 nm EHT=- 5.00kv  Signal A= SE2 StageatT= 45.0° Date :27 Feb 2026
WD=100mm  Mag= 40.00KX  Width = 5250 pm Time :15:07:52 WD=100mm  Mag= 40.00KX  Width =5.250 um Time :15:00:40

(a) bum spacing (b) 2pm spacing

Figure 3.29: SEM image of sidewall covered with Electra 92 for an etched line with 2um
linewidth and 2and 5pm spacings (Covered with Electra 92)

(a) Close up (b) Overview

Figure 3.30: SEM image of etched line sidewall

However, in these low-dose conditions, noticeable tapering of the photoresist profile was
observed. Consequently, during the etching process, once a portion of the resist is con-
sumed, the tapered sidewalls may lead to premature exposure of the regions intended to
remain as the waveguide core. This would initiate unintended etching of the protected
SiC areas, potentially compromising dimensional accuracy and structural integrity of the
fabricated waveguides. During the lithography process, profilometry and SEM measure-
ments indicated that, for the mask configurations corresponding to nominal linewidth and
gap values of 10 ym and 5 pm (i.e., the maximum mask height conditions encountered),

the resulting photoresist thickness was determined to be 3600 4= 100 nm.

Accordingly, the etch selectivity between SiC and the photoresist can be calculated as:
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t =2 min
Initial photoresist thickness:

hinitial = (3600 + 100) nm

Remaining photoresist thickness after etch:

hremaining = (725 + 50) nm

AhPR = Ninitial — hremaining = (3600 - 725) nm = 2875 nm

Uncertainty propagation for subtraction:

§(Ahpg) = 1/(100)2 + (50)2 = /10000 + 2500 = /12500 = 112 nm

Ahpg = (2875 £ 112) nm

Ahgic = (1150 + 25) nm

_ Ahge 1150
t 2

= 575 nm/min

25
0Rgic = 5 = 12.5 nm/min

Ahpr 2875
===

Rpr =
PR t

= 1437.5 nm/min

112
0Rpr = -5 = 56 nm/min



92 3| Fabricational Steps of 4H-SiCOI Waveguides

G _Bsc_ 55
SIGPR = pon 1437.5

0\* _ (125YF (56
S ) 575 1437.5
58

< = V/(0.0217)2 + (0.0390)2 = 0.0446

= 0.400

05 =0.400 x 0.0446 = 0.018

Ssic.pr = 0.40 £ 0.02

For the proposed waveguide dimensions defined as 300 nm in height and 700 nm in width,
the minimum required photoresist thickness was determined to be 0.75 um based on the
calculated etch selectivity (Ssic.pr = 0.40). In the lithography trials conducted so far, even
the masks exposed at the lowest dose levels resulted in photoresist thicknesses exceeding
1 pm. Therefore, from a purely etch-selectivity perspective, the available resist thickness
provides a sufficient process margin for the realization of the targeted waveguide height.
Consequently, further optimization efforts can be primarily focused on profile control,
dimensional fidelity, and proximity-effect compensation rather than on mask thickness

limitations.
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4: ‘ Conclusions and future

developments

In future studies, the issues related to proximity effects and tapered mask profiles can
be addressed through empirical optimization of mask design and exposure dose, allowing
the definition of a finalized photolithography and RIE process flow. Once these parame-
ters are established, fabrication trials of the pilot waveguide dimensions can be pursued,

potentially employing electron-beam lithography to achieve improved dimensional control.

After successful realization of the proposed structures, the process can be transferred to
a 4H-SiCOlI platform, enabling the fabrication of fully integrated photonic devices. The
realization of the proposed waveguide geometry on 4H-SiCOI wafers would constitute a
critical step toward device-level implementation, where the refractive index values ex-
tracted from ellipsometric analysis and the optimized etching parameters can be directly

utilized within a controlled device fabrication workflow.

Subsequently, the experimentally fabricated waveguides can be optically characterized
and directly compared with the previously performed numerical simulations. Such a
comparison would provide a systematic verification of the mode confinement, effective
index values, propagation losses, and bending performance predicted by the design maps
and numerical analyses developed in this work. In this way, the fabrication on the 4H-
SiCOI platform would not only demonstrate technological feasibility but also serve as an

experimental validation of the waveguide dimension based map design methodology.

At more advanced stages, once lithographic and etching imperfections are minimized,
waveguide designs operating in the TM mode—known to be more sensitive to dimen-
sional variations—can be explored. In addition to TM-oriented structures, photonic de-
vices based on the established proposed waveguide dimensions may be fabricated, and
the performance of components such as ring resonators can be experimentally evaluated
and directly benchmarked against numerical simulations, thereby completing the loop be-
tween material characterization, process optimization, device fabrication, and theoretical

modeling.
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A. ‘ Waveguide Modal Quantities

The modal quantities used in this study are defined within the Lumerical MODE eigen-
mode solver as follows. The effective refractive index is obtained from the phase velocity
relation and is defined as ne.g = ¢/v = (/ko, where B denotes the modal propagation
constant and kj is the free-space wavevector. In contrast to the bulk refractive index, the
effective index incorporates geometric confinement and modal field distribution effects.
For guided modes, its value is bounded between the refractive index of the waveguide

core and that of the surrounding materials.

The modal propagation loss is derived from the imaginary part of the complex effective
refractive index. For a mode propagating in the z-direction in a medium characterized
by a complex refractive index n + ik, the electric field amplitude decays exponentially
along the propagation direction. The corresponding loss in dB/m is expressed as loss =
—201log;, (6’2””/ ’\0), where x represents the imaginary component of the refractive index

and \g is the free-space wavelength.

The TE polarization fraction is evaluated from the relative contribution of the transverse

electric field components. For propagation along the z-direction, it is defined as

J1E,|* dz dy
JUE.? +|E,?) dx dy’

where values close to one indicate predominantly TE-polarized modes, while values ap-
proaching zero correspond to TM-like modes. This definition allows identification of

quasi-TE and quasi-TM modes within the computed eigenmode set.

Finally, the effective mode area is calculated using the intensity-based definition

(f IEPdA)”

A= 70 777
T JIEMdA

which provides a quantitative measure of modal confinement without assuming a prede-
fined field distribution. This definition is particularly relevant for evaluating nonlinear

interaction strength in strongly confined waveguides.
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