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Abstract

Silicon Carbide (SiC) has gained increasing attention as a promising platform for ad-
vanced photonic applications, due to its excellent physical properties, which include
a wide bandgap, high thermal conductivity, and large refractive index. This thesis fo-
cuses on an exploration of the potential of SiC in photonic applications through the
characterization of its optical properties and the design, fabrication, and characteri-
zation of optical devices, such as photosensors and optical modulators.

For a proper design of the optical devices, an in-depth understanding of the ma-
terial’s optical properties is essential. For this reason, after the study of the refractive
index of 4H-SiC, 3C-SiC, and GaN via spectroscopic ellipsometry, the thermo-optic
coefficient is experimentally evaluated for 4H-SiC and GaN, from room temperature
to 500 K, at near-infrared (1=1550 nm) and visible (1=632 nm) range.

In this thesis, the optical response of 4H-SiC-based photosensors is demostrated.

Specifically, an optically controlled power MOSFET, which comprises real-time opti-
cal junction temperature monitoring and its optical driving, is theoretically studied.
In addition, an ultraviolet p-i-n photodetector is demonstrated with a responsivity
of 0.168 A/W (quantum efficiency of 72.7%) at zero bias, which is the best value if
compared to those found in the literature. Then, an ad-hoc numerical model is de-
veloped for comprehensive physical characterization.
To enable detection in the visible and near-infrared range, where 4H-SiC exhibits
transparency, alternative device structures need to be explored. For this purpose, the
fabrication and characterization of a Schottky photodetector based on graphene/4H-
SiC is demonstrated. The internal responsivity at zero bias is 3.275 mA/W at 1=406
nm, 0.268 mA/W at A=633 nm, and 56.73 yA/W at A=785 nm.

Furthermore, the research involves an amorphous-SiC (a-SiC) thermo-optic mod-
ulator (TOM) on a SiC-on-Insulator (SiCOI) platform. Integrated with a Titanium
microheater, the TOM demonstrates a noteworthy modulation depth of 96%, with
the rise and fall time of 16 us and 13 us, respectively. Additionally, a successful
demonstration of a single-mode, polarization-independent waveguide based on a
3C-SiC p-i-n structure epitaxially grown on an SOI wafer concludes the study.

This comprehensive exploration contributes valuable insights into the potential
of SiC for advanced photonic applications, paving the way for further advancements

in this field.
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Introduction

The first chapter of this thesis is dedicated to introducing the field of integrated photonics.
It begins by discussing the advantages of photonics in comparison to traditional electron-
ics, with a specific focus on Silicon (Si) as the predominant material. The chapter explores
the primary application areas where silicon photonics has a significant impact, highlight-
ing its key benefits. Although the impressive success of silicon photonics, recent years have

also revealed certain limitations, leading to the exploration of alternative platforms.

1.1 Silicon photonics

Silicon Photonics is the science and technology that involves the generation, trans-
mission, detection, and/or manipulation of light employing silicon (Si) as a primary
material [1, 2]. The continuously growing demand for data traffic in recent years
has driven the development of technologies that can meet stringent requirements of
bandwidth, energy consumption, cost, and scalability.

Silicon photonics has attracted great interest due to its capacity to enhance data
transfer both between and within chips while exhibiting significantly lower power
consumption and reduced heat generation compared to traditional all-electronic cir-
cuits [3]. Indeed, electrical interconnects encounter inherent limitations, including
signal loss, dispersion, crosstalk, and limited speed, which become increasingly pro-
nounced as demands for higher interconnect bandwidth over longer distances rise
[4]. To address these challenges, optical technologies have emerged as a faster and
low-power solution.

Integrated photonics has emerged as one of the most extensive areas of research
in photonics. Similar to how integrated electronics revolutionized the electronics in-
dustry, integrated photonics aims to miniaturize photonic lightwave circuits. The
concept of a photonic integrated circuit (PIC) was first proposed by Soref and Benett
[5]. PIC envisions the integration of facilities for light emission, modulation, switch-

ing, amplification, and detection on a single chip.
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In this context, the silicon-on-insulator (SOI) platform has gained prominence
for its quality and utility in silicon photonics development. This platform comprises
three distinct layers, with silicon dioxide (SiO,) sandwiched between two silicon
layers. The upper silicon layer is used to create waveguides, enabling the implemen-
tation of high-index-contrast waveguides using silicon dioxide cladding.

While the development of individual components progresses, the monolithic in-
tegration of all functions in the same chip remains a challenge [6]. The silicon pho-
tonics platform has seen the development of various optical components, including
waveguides [7], couplers [8], splitters, modulators [6, 9], and photodetectors[10, 11].
Moreover, the success and continued research in silicon photonics have opened doors
to exploration in various fields not only telecommunications, including signal pro-
cessing, sensing, quantum computing, and more. Optical sensors, in particular, offer
numerous advantages when compared to traditional electronic sensors. These ad-
vantages include immunity to electromagnetic interference, compact form factors,
high multiplexing capabilities, durability in challenging environmental conditions,
and passive operation at the sensing locations.

Over the past two decades, research and development in silicon photonics have
witnessed a substantial acceleration. This growth is primarily due to its compatibil-
ity with established silicon manufacturing processes, positioning silicon photonics
as an attractive and viable solution for advancing next-generation communication
networks, data centers, and high-performance computing infrastructures. One of the
most significant advantages of the SOI platform in photonics is its ability to leverage
the mature complementary metal-oxide semiconductor (CMOS) fabrication infras-
tructure originally designed for electronic integrated circuits (ICs). This alignment
facilitates cost-effective, high-volume, and high-yield manufacturing.

According to Yole Intelligence, the forecasted market for Silicon photonics-based
die, categorized by distinct applications, is expanding exponentially in the coming
years. This growth is anticipated to result in a compound annual growth rate (CAGR)
of 36% from 2021 to 2027 [12].

Although photonic integrated circuits based on silicon offer substantial advan-
tages, they face noteworthy challenges. The primary focus of Si-integrated platforms
is predominantly centered on the infrared region of the electromagnetic spectrum.
It is attributed to the narrow bandgap of Si, which is about 1.2 eV. It leads to the
absorption of photons with a wavelength lower than 1 ym. This poses a signifi-
cant challenge when working with wavelengths that fall outside the transparency
window for visible light photonics, a domain with diverse applications including
next-generation data center interconnects, atomic and quantum sensors, as well as

quantum networks and computation. Furthermore, due to the high intensities re-
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2021-2027 silicon photonic die forecast by application

® Data center transceivers ® Fiber-optic gyroscop
® Long haul transceivers

® Co-packaged engines ®
® Immunoassay
® Consumer health

CAGRy137: 36%

Fig. 1.1: Silicon photonics die forecast by application from Yole Intelligence [12],
dated to July 2022.

quired for nonlinear frequency conversion, nonlinear losses can arise within the ma-
terial, e.g., two-photon absorption (TPA), when pumped in the near-infrared (below
a wavelength of 2.2 nm). TPA, attributed to its narrow bandgap, occurs when the
energy of two photons is sufficient to be absorbed, exciting an electron. Further-
more, due to its centrosymmetric structure, Silicon doesn’t exhibit the Pockels effect,
an optical phenomenon characterized by a linear variation of the refractive index
in response to an applied electrical field. This effect is pivotal for encoding high-
frequency signals onto light, a requisite feature in applications such as telecommu-
nications, optical signal processing, and optical computing. The physical properties
of Si such as its poor thermal conductivity and its low breakdown electric field limit
its application in harsh conditions as has been demonstrated in electric fields. It is
accomplished by a large thermo-optic coefficient of about 10*K~! [13] limits its ap-
plication in high-temperature conditions.

For these reasons, there is growing interest in exploring other novel optical ma-
terials for use in integrated photonics with the aim of overcoming the limitations of
silicon. One of the most recent novel materials is Silicon Carbide (SiC).

Nowadays, SiC is considered one of the most representative third-generation
semiconductors. Thanks to its excellent properties, SiC is replacing Si in a lot of ap-
plications. The escalating demand is due to address the wide array of requirements,
including high-temperature levels, high-voltage tolerance, and low-power consump-
tion. Specifically, SiC has become the best material choice for advanced power de-

vices and sensing applications, therefore its market has increased considerably [14].
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As shown in Fig. 1.2, according to the newly released 2023 edition of Yole Intel-
ligence’s Power SiC Report, the Silicon Carbide device market is estimated to reach
9% billion by 2028, with a growing CAGR of 31% from 2022 to 2028 [12]. Here is
clearly shown that automotive applications, which represent 70% of the power SiC
market in 2022, dominate the SiC market alongside a variety of industrial applica-

tions, including transportation, energy, and telecommunications [12].

2022-28 - Power SiC market by application

@ Automotive
Energy

@ Transportation

@ industrial

® Consumer

® Telecom & Infrastructure
® Others

CAGRa; 55 31%

Inner: 2022
$1,794M

Outer: 2028
$8,906M

Fig. 1.2: Silicon Carbide market forecast to 2028, from Yole Intelligence’s Power SiC
Report [12], dated to August 2023.

Moreover, SiC boasts several advantages as a photonic platform, including a wide
bandgap, a broad transparent window, and a substantial second-order (x?) suscepti-
bility of 34 pm/V [15] and significant third-order non-linearity (x°) [16, 17]. These
favorable properties, among others, render SiC an exceptionally promising candi-
date for photonics applications, wherein it has the potential to complement the
leading silicon-based material platforms. Consequently, this thesis undertakes an

extensive exploration of SiC’s potential in the field of photonics.

1.2 Outline of this thesis

The main aim of this research activity is to explore the potential of the Silicon Car-
bide in the field of photonics. For this purpose, the initial phase of the study involves
a comprehensive optical characterization of this material. Subsequently, the thesis
deals with the design, fabrication, and characterization of active components includ-
ing photosensors operating in ultraviolet, visible, and near-infrared spectra, as well
as optical modulators based on Silicon Carbide-on-Insulator (SOI) platforms. This

thesis is structured into six chapters and the content of each is defined as follows.
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Chapter 2 introduces the theoretical background of integrated photonics. The
study emphasizes the utilization of novel materials in this domain as promising can-
didates for the next generation of devices, specifically highlighting wide bandgap
materials such as Silicon Carbide (SiC), Gallium Nitride (GaN), and Graphene. Al-
though an overview of the three platforms is given, the main material used in this
thesis is SiC. The chapter provides an outline of the main optical devices employed
in this thesis, their operating principles, and the relative key figures of merit. Addi-
tionally, it provides a review of the relevant studies about the active devices based
on SiC reported in literature and then it discusses the main aspect of the employed
simulation tools.

Chapter 3 is dedicated to the characterization of the optical properties, primarily
refractive indices, for wide bandgap semiconductor materials, including 4H-SiC, 3C-
SiC, and GaN. The experimental measurements are derived from spectroscopic el-
lipsometry across a broad spectral range, spanning from ultraviolet to near-infrared.
Furthermore, the temperature dependence of the thermo-optic coefficient, which
quantifies refractive index variations with temperature, is investigated for 4H-SiC
and GaN over a wide temperature range. Experimental measurements are conducted
at two distinct wavelengths, one in the visible (A = 632nm) and the other in the near-
infrared (A = 1550nm) range.

Chapter 4 focuses on the examination of the optical responses of photosensors
based on 4H-SiC. It begins by presenting numerical results pertaining to an all-
optical-controlled power MOSFET, wherein real-time optical junction temperature
monitoring is accomplished with its optical driving. The chapter proceeds with a dis-
cussion of experimental and numerical results related to a high-performance p-i-n
photodiode operating in the ultraviolet range. It concludes with a study on a Schot-
tky photodetector based on graphene/4H-SiC, detailing its fabrication and electro-
optic characterization in both the visible and near-infrared ranges.

Chapter 5 investigates the potential of the SiC-based modulators integrated
on Silicon Carbide-on-Insulator (SiCOI) platforms. Firstly, it discusses the design,
fabrication, and experimental characterization of a modulator based on Silicon
Carbide-on-Insulator (SiCOI) platforms, which is a thermo-optic modulator based
on amorphous-SiC (a-SiC). Then, the prospects of a waveguide based on 3C-SiC p-
i-n structure epitaxially grown on an SOI wafer are investigated. Here, an optical
waveguide single-mode and polarization-independent is demonstrated.

The final chapter (Chapter 6) concludes the thesis, summarising the main results

and presenting the idea for future works.






Wide bandgap semiconductor integrated photonics:
theoretical background, and associated materials and

devices

This chapter introduces the theoretical background of integrated photonics, with a spe-
cific focus on wide bandgap semiconductor materials. First, it provides an overview of the
structure and key physical properties of silicon carbide (SiC), highlighting its potential in
the field of photonics. Subsequently, the chapter delves into the theory of light propagation
within materials, leading to a more in-depth exploration of passive and active photonic
components. Here, the essential working principle and the figures of merit (FOM) are re-
ported. The discussion then shifts again towards SiC, featuring a comprehensive literature
review on photonic devices fabricated using this material. Finally, the chapter concludes
with an overview of simulation tools useful in the design of the devices discussed through-

out this thesis.

2.1 Silicon Carbide as a new platform for photonics

In the exploration of novel platforms suitable for photonics applications, Silicon
Carbide has gained significant attention due to its excellent properties. A compre-
hensive knowledge of the material’s physical properties is essential for the proper
design and fabrication of optical devices based on it. Consequently, this section will
provide insight into the crystallographic structure and physical properties of SiC.
Through a direct comparison of the fundamental electrical properties, this section

delves into the advantages that SiC offers over Si.

2.1.1 SiC crystal structure and polytypes

Silicon Carbide (SiC) is a compound semiconductor characterized by a well-defined
stoichiometry, in which silicon and carbon atoms, both IV group elements, are in a
1:1 ratio [18]. These atoms are tetrahedrally bonded through covalent bonds. The
elemental cell of SiC consists of a tetrahedron in which a single carbon atom is sur-
rounded by four Si atoms, connected through sp® bonds, as visually depicted in Fig.

2.1a.
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Fig. 2.1: SiC tetrahedral cell (a), and occupation sites (A, B, and C) in the hexagonal
close-packed system (b) [18].

SiC exhibits a variety of crystal structures depending on the stacking sequence
along the crystallographic axis direction. Specifically, the crystalline structure of SiC
can be described as a hexagonal closed-packed stacking of double layers consisting
of Si and C atoms. As illustrated in Fig.2.1b, each SiC bilayer falls into one of three
stacking sequences: A, B or C. These distinct sequences give rise to variations in crys-
tal structure, known as polytypes. To date, over 200 different SiC polytypes have been
identified, each possessing unique optical, electrical, and mechanical properties.

Typically, to distinguish between polytypes, Ramsdell’s notation is commonly
employed. Each polytype is denoted by a number that indicates the quantity of Si-
C bilayers in the unit cell, along with a letter that represents the lattice symmetry:
cubic (C), hexagonal (H), or rhombohedral (R). So far, the main SiC polytypes are
3C-SiC, 4H-SiC and 6H-SiC. Their schematic structures are shown in Fig. 2.2.

" v C atom |
kj ... 5 atom )

Fig. 2.2: Schematic structure of main SiC polytypes: 3C-SiC (a), 4H-SiC (b) and
6H-SiC (c) [18].
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2.1.2 Physical properties

SiC has attracted considerable attention thanks to its excellent properties. Firstly, the
robust binding energy of 4.6 eV between silicon and carbon atoms gives this material
extraordinary hardness and chemical inertness [19]. Additionally, the strong cova-
lent bonds lead to a wide bandgap of SiC with values ranging from 2.3 eV (3C-SiC)
to 3.2 eV (4H-SiC). Table 2.1 provides a concise overview of the key physical prop-
erties of SiC polytypes in comparison to Si, the most commonly used semiconductor
material in electronics and optics [20].

A direct comparison reveals that SiC possesses a critical electric field strength
approximately five times higher than that of Si. Furthermore, its remarkable ther-
mal conductivity and electron saturation speed make SiC exceptionally well-suited
for high-temperature, high-voltage, and high-power applications. In detail, the high
thermal conductivity of SiC enables efficient heat dissipation, this reduces the neces-
sity for large and costly cooling systems, which sets it apart from other semiconduc-
tors like Si. Undoubtedly, this presents a significant advantage in terms of cost, size,
and weight of the system. Moreover, another property that impacts the performance
at higher temperatures is the intrinsic carrier concentration. SiC exhibits a much
lower intrinsic carrier concentration (approximately 17 orders of magnitude lower
in 4H-SiC) compared to Si. As temperature increases, material properties undergo
alterations, including a reduction in the energy bandgap and an increase in carrier
concentration, both of which impact device performance. SiC is characterized by
a high saturation speed, which makes it suitable for high-speed applications [21].
Moreover, its exceptional breakdown electric field, at least one order of magnitude
greater than Si, permits utilization in high-voltage and high-power conditions.

Nonetheless, while the majority of electronic properties of SiC have been exten-
sively investigated, there is limited knowledge regarding its properties and advan-
tages as a photonic material. The main optical properties of SiC are summarized
in Table 2.2. Firstly, due to its wide bandgap, SiC is transparent in the visible and
near-infrared range. Consequently, from the point of view of photodetection, the
wide bandgap provides intrinsic visible blindness. This semiconductor is particu-
larly suitable for ultraviolet (UV) photodetection, with a photoresponse peak span-
ning from 200 nm to 300 nm, depending on polytypes and device structure. SiC-
based photodetectors are characterized by low leakage currents, under high reverse
bias conditions, ensuring minimal noise. Moreover, SiC’s robust chemical bonds con-
tribute to its high radiation hardness. Therefore, this kind of photodetector suffers
less from device aging due to radiation. It makes this semiconductor the best choice

for UV detection in hostile environments [22].
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Property ‘ Si ‘ 3C-SiC ‘ 4H-SiC ‘ 6H-SiC
Bandgap(eV) 1.1 2.3 3.2 3
Relative dielectric costant 11.9 9.7 9.7 9.7
Breakdown field at Np = 107 cm ™3 0.6 <1.5 3 3.2
(MV/cm)
Thermal conductivity (Wcm™ K1) 1.5 3-5 3-5 3-5
Electron mobility at Np = 106cm™3 1200 750 800 60-400
(cm?2v-1s71)
Hole mobility at Np = 10cm—3 420 40 115 90
(cm?2v-1s—1)
Saturated electron drift velocity 1 2.5 2 2
(107cms™1)
Intrinsic carrier concentration (cm=3) 1.0-1010 1.5-107! 5.1077 1.6-1076

Table 2.1: Main physical properties of SiC polytypes compared with Si.

In addition to its broad transparent window, SiC is also suitable for light guiding
across the visible and near-infrared spectrum, as well as for longer wavelengths. It
shows a high refractive index of about 2.73 at the wavelength of telecommunication
interest around 1550 nm. Furthermore, being a non-centrosymmetric crystal, sili-
con carbide exhibits the Pockels effect, enabling rapid and linear variations in the
refractive index proportional to an applied electric field. The Pockels effect holds
the potential for achieving high data rates and microwave-conversion efficiencies.
Finally, SiC has a strong second-[23] and third-order[24] nonlinearities, further ex-

panding its photonic applications.

Property ‘ Si ‘ SiC
Refractive index at 1550 nm 3.5 2.5-2.7
Second-order non linearities, - 34 [15]

x* (pm/V)
Electro-optic effect (pm/V) Carrier plasma effect [25] r33 = 1.8,

Pockels effect [26]

Third-order non linearities, at 1.55 ym 450 60-80 [24]
x3 (x1077em?w1)

Table 2.2: Main optical properties of SiC compared with Si.
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2.2 An emerging semiconductor for photonics: Gallium Nitride

Gallium Nitride (GaN), a III-V semiconductor compound formed from gallium and
nitrogen, exhibits a crystalline structure shown in Fig. 2.3, where each gallium atom
is tetrahedrally bonded to four nitrogen atoms. GaN is a wide bandgap semiconduc-
tor and, as SiC, is one of the most representative third-generation semiconductors.
It has drawn extensive attention in power electronics due to its exceptional electri-
cal properties [27]. These properties encompass a wide bandgap of approximately
3.4 eV, an electron mobility of around ~2000 cm?/Vs, a saturated electron velocity
of 2.5-105m/s, high thermal conductivity of 253 W/mK, and a robust breakdown
electric field of 5 MV/cm.

Fig. 2.3: Structure of Gallium Nitride (GaN) [28].

GaN has recently emerged as a viable candidate for photonics applications. Its
superior properties (above described) with the high optical absorption coefficient
and the lower sensitivity of GaN to ionization radiation effect make it an excellent
candidate for light detention across various domains. Its applications range from
civil and military industries, where it is used to detect missile plumes, flame sensors,
engine control, solar UV monitoring, source calibration, UV astronomy, and secure
space-to-space communications [29-31].

As GaN is a direct bandgap semiconductor, it has particular significance in
the development of light-emitting diodes (LEDs) [32]. Recent research efforts have
yielded substantial progress in the creation of green and blue LEDs [33, 34] which
are essential for energy-efficient lighting and displays, data storage, and communi-
cations.

Regarding integrated nonlinear optics, GaN-based technology remains in a nascent
stage [35]. Optical devices based on this material suffer from high losses due to poor
growth quality and process technology when compared to other materials. However,

promising avenues are emerging for further exploration in this domain. Notably,
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some research has demonstrated relatively high second-order nonlinearities, with a

x? coefficient of approximately 16 pm/V [36].

2.3 Graphene

Graphene is a carbon allotrope characterized by a single-atom-thick planar sheet of
sp?-bonded atoms. Each carbon atom forms a strong covalent o bond with its three
nearest neighbor carbon atoms, maintaining a fixed inter-atomic distance of 1.42 A.
Furthermore, each carbon atom establishes an 7t-bond oriented out of the plane. This
distinctive atomic structure gives rise to graphene’s two-dimensional (2D) hexagonal

honeycomb lattice [37], as shown in Fig 2.4.

Fig. 2.4: Atomic structure of graphene.

Thanks to its outstanding electrical and optical properties, graphene has at-
tracted considerable attention as a promising candidate for next-generation elec-

tronic and optoelectronics applications.

2.3.1 Physical properties

Graphene is a zero bandgap semimetal in which, as previously described, each car-
bon atom engages in three o bonds and an out-of-plane 7 bond. This & state gives
rise to two energy bands, namely the valence and conduction bands. These bands are
cone-shaped and come in contact, without overlapping, at six points in the reciprocal
lattice, which are commonly referred to as the K points, coinciding with the bound-
aries of the first Brillouin zone. The valence and conduction bands of graphene meet
at the Dirac point, and the energy gap of undoped graphene is zero. The valence and
conduction bands, 7 and 7*-bands, are symmetrical to each other and both satisfy a

linear dispersion relation, known as Dirac’s equation, expressed as:

E = hogk (2.1)
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where # is the reduced Planck’s constant, vy ~ 10°m/s is the Fermi velocity of
graphene and k is the wave vector of the electron.

Thanks to its unique band structure, graphene exhibits an exceptionally high
charge carrier mobility. Indeed, in suspended graphene at room temperature, the
mobility can reach ~ 2-10°cm?V 157! [38]. The high mobility, 140 greater than that
of Si, can be attributed to the sp2 hybridization that donates an extra electron to the
1 bond. These 7t electrons are delocalized at room temperature, resulting in high
conductivity [39]. It should be noted that the Fermi level of graphene can be signif-
icantly stunned by applying external stimuli, owing to its two-dimensional nature
and low density of states. Owing to the strong covalent bonds, graphene has an ex-
traordinary mechanical strength [40, 41]

The thermal conductivity of graphene at room temperature is among the high-
est of any known material, about 2000-4000 Wm'K~! [42] for freely suspended
samples. Due to its high thermal conductivity, graphene is considered an excellent
candidate for thermal management applications.

Concerning the interaction between light and matter in graphene, the optical
conductivity of graphene depends on the incident photon energy as well as temper-
ature, carrier scattering rate, and the Fermi level. It should be decomposed into two
contributions: intraband and interband carrier excitations.

The band structure of monolayer graphene, characterized by its absence of a band
gap and the linear dispersion of Dirac electrons, gives graphene excellent optical
properties. Indeed, when integrated into appropriately engineered materials, this
enables ultra-broadband absorption spanning from the extreme ultraviolet (EUV) to
the terahertz (THz) region [47, 77]. The absorption of the incident light at normal

incidence is about ~ 2.3% in a wide wavelength range [43].

2.4 Propagation of light in matter

In 1849, Maxwell demonstrated that light exhibited the characteristics of an elec-
tromagnetic wave, aligning with the electromagnetic theory. The propagation of an
electromagnetic wave, and so the propagation of light, within a medium can be de-

rived from Maxwell’s well-known equations:

F- P
V-E= - (2.2)
L, 0B
VxE=-% (2.3)
V-B=0 (2.4)

S JE
VXB:P{O[EOE'F]] (25)
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where E is the electric field vector, B is the magnetic induction vector, J is the cur-
rent density vector, p is the charge density, and €y and p are the permittivity and
permeability in free space, respectively. To explain how light propagates in matter,
two additional vectors are introduced. These vectors are the displacement vector (D)

and the magnetic field intensity (H), defined as:

D =epe,E (2.6)

=~
T

= Holr (2.7)

where €, and p, are the relative dielectric permittivity and the relative magnetic
permeability of matter in which light propagates.
By assuming an isotropic and homogeneous medium without external currents,

the electric and magnetic fields are given by:

L 1 °F
V’E= == 2.8
2o (2.8)

1 0*H
V’H=-"— 2.9
SR (2.9)

The solutions are:

E’(?’ t) — ﬁ)ei(k7—mt+5) (210)
H(7,t) = Hye!kr-wt+2) (2.11)

where, K is the wave vector, w is the angular frequency, 0 is the initial phase.

The electromagnetic waves are described as transverse waves wherein the electric
field (E) and magnetic field (H) vectors are perpendicular to the direction of wave
propagation. In simpler terms, these vectors oscillate in planes that are both perpen-
dicular to each other and to the direction of wave propagation. Consequently, these
waves are referred to as transverse electromagnetic waves (TEM).

The way in which the field of an electromagnetic wave behaves in relation to
space and time is defined as polarization. It is defined by the orientation and phase
of the electric field vector.

Assuming the electromagnetic wave is propagating along the z-direction, as il-
lustrated in Fig. 2.5, it can be represented as a composite of two waves oscillating
along the x- and y-directions. These orthogonal planes, denoted as p-polarized and
s-polarized, are parallel and perpendicular to the incident plane, respectively. More
specifically, p-polarized light has an electric field vector parallel to the plane of in-
cidence and it is called TM (transverse magnetic) polarized light, whereas s-polarized

light has the electric field vector perpendicular to the incident plane, it is known
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as TE (transverse electric) polarized light. To provide further clarity, in the case of
TM mode, H, = 0 and H, = E, = 0 and the only non-vanishing field components are
Ey,Hy and E,. On the other hand, for TE mode, E, = 0 and E, = H, = 0 and the only
non-vanishing field components are H,, E, and H,. Regarding the phase shift and
amplitude between the p-polarized and s-polarized planes, three distinct polariza-
tion states can be achieved. In Fig. 2.5 linear, circular, and elliptical polarizations
are visually represented. The most general polarization state, known as elliptical,
features arbitrary phase differences and amplitudes between the two waves. Circu-
lar polarization, on the other hand, involves a phase shift of 7t and equal amplitudes,
while linear polarization occurs when the two waves are in phase and possess iden-
tical amplitudes.

The interaction of light with a material is described in Fig. 2.6. When light, or
more in general an electromagnetic wave, impinges upon an interface between two
distinct optical media, a part is reflected, while another part is transmitted. The
reflected wave is associated with the incident wave through the reflection coefficients
of both polarizations, known as Fresnel complex amplitude reflection coefficients.
These are expressed as:

3 E;ef _ 117c0sO; — 1, cos O )12
P~ pinc (2.12)
E} 1y cos@; + 1, cos Oy

B Esref _ 1pc0s0; —nj cosO; (2.13)
"~ Einc nycos©; +ny cos O ’

Ts

where n7 and n, are the refractive index of two materials. The angle between the
incidental ray and sample normal, ®;, and the reflected angle, ©,, are equal. Instead,
light that enters into a material is refracted with an angle of ©;.

It should be noted that the relationship between the refractive indices n; and n,,
and the angles of incidence (©;) and refraction (©,) is governed by Snell’s law defined
as:

nysin®; = n,sin O, (2.14)

If ny is higher than n,, there is an angle ®; for which ©, is 90°. This angle is called
critical angle and it is ©, = arcsin (:—f ) Aslong as the angle of incidence of the optical
beam reaches the critical angle, the beam is completely reflected at the surface, no

light is transmitted.
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Fig. 2.5: Illustration of the propagation of the light in two components when the

polarization is linear (a), circular (b), and elliptical (c).

(a) (b)

Fig. 2.6: Electric field for p-polarized (a) and s-polarized (b) plane [44]

2.5 Photonics devices: operating principle and figure of merit

Optical communication relies on the transmission of information via light signals,
and it encompasses various optical devices for the manipulation and control of light.
These devices can be broadly classified into two primary categories: passive optical
devices and active optical devices. Each category serves a unique role in the operation
of optical communication systems. Passive devices are employed to manage, control,
and manipulate light without the need for an external energy source. Conversely,
active photonic devices generate, amplify, or manipulate light signals through the

utilization of external energy sources. The subsequent sections will describe the op-
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erating principles and key performance metrics of the principal passive and active

photonic components.

2.5.1 Passive components

Some of the most popular passive photonic devices include waveguides, couplers,

and cavities.

Waveguides

Optical waveguides are the basic elements designed to guide and control the prop-
agation of light along a specific path minimizing losses. For this purpose, the op-
tical waveguides exploit the effect of the total internal reflection (TIR). In order to
understand this phenomenon, it is essential to further investigate how light prop-
agates into a medium. Taking into account a light beam propagating through a
medium (Fig. 2.7a) with a refractive index n; which impacts the interface with an-
other medium with refractive index n,, at an angle ®; from normal incidence, it is
partially transmitted and reflected. As above described the relationship between the
refractive indices n; and n,, and the angles of incidence (0;) and refraction (©,) is
governed by Snell’s law 2.14. As shown in Fig. 2.7b, as long as the angle of incidence
of the optical beam on the left wall reaches the critical angle, the beam is completely
reflected at the surface, no light is transmitted, and the phenomenon of total internal
reflection occurs. If another interface is considered below, where total internal reflec-
tion occurs once again, it is possible to define a waveguide. In this scenario, the light
is confined to the area with a refractive index of n; and continues its propagation to

the right.

iy

15

Fig. 2.7: A light beam incident on an interface between two media with different
refractive index is partially reflected and transmitted (a), Total internal reflection of

light beams propagated along a waveguide (b).

Then, in order to guarantee optimum light confinement, an optical waveguide

is defined by a region with a high refractive index (n,), called core, in which a light
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beam is injected, and it is surrounded by a lower refractive index (n), cladding. The

main kinds of waveguides are shown in Fig. 2.8.

L L L | !
Immer=ad strip Embedded strip H.||_IJ__'\' Eab F\Irip loaded

Fig. 2.8: Schematic cross-section of various optical waveguides.

An important parameter characterizing the propagation mode in a waveguide is

the propagation constant. It is defined as:

ﬁm:kO”eff,m (2.15)

where, 1y <ners ., <ny is the effective refractive index of the m-th mode propagated

along the waveguide.

Couplers

Optical couplers are used to couple light to and from the waveguides. Two main
solutions are usually adopted: in-plane (butt) edge coupling and off-plane (vertical)
grating coupling [45-47]. In the first case, the light beam is coupled into or out of
the waveguide through its lateral sides, ensuring continuous propagation within the
same plane. In the grating couplers, instead, the light beam is launched on the top
surface of the waveguide at a specific angle [48].

Grating couplers provide a flexible coupling in terms of arbitrary position on a
chip, with a compact size, easy fabrication, and wafer-level testing capability. It is
defined by a diffractive grating structure in which the waveguide refractive index
profile is varied according to a periodic pattern (Fig. 2.9). This allows for phase-
matching between the optical mode incident on the grating structure and the waveg-
uides in the horizontal plane. The diffraction behavior for a grating coupler can be
described using Bragg condition [8]:

ﬁm:kosin®+m2xn (2.16)

It explains the relationship between the wave vector ky of the incident light and
the propagation constant  of the corresponding light coupled into the waveguide.
Moreover, A is the grating period, as illustrated in Fig. 2.9, © is the incident angle

and m is the diffraction orders.
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Incident beam

Fig. 2.9: Schematic structure of grating couplers.

Concerning edge coupling, the light beam from an optical fiber is aligned to the
waveguide horizontally. Nowadays, it is a standard to integrate a single inverse ta-
per. It refers to a gradual widening of the waveguide along the direction of mode
propagation. In this configuration, the narrow end of the taper is in proximity to the
fiber, while the wider end is linked to photonic waveguides. It allows to increase the

light confinement [49, 50]. A schematic of an inverse taper is shown in Fig. 2.10.

Fig. 2.10: Schematic structure of edge couplers [45].

Fabry-Perot cavity

A Fabry-Perot (FP) cavity is an optical device formed by two parallel mirrors par-
tially reflected with high reflectivity. In the simplest way, both mirrors are consti-
tuted by two planes as illustrated in Fig. 2.11.

Fabry-Perot cavity exploits the multiple-beam interference. When light is in-
coming in the cavity through one semitransparent mirror, it undergoes multiple re-

flections between the mirrors, creating an interference pattern. The reflected rays
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L

Fig. 2.11: Structure and schematically working principle of a Fabry-Perot cavity.

interfere with each other to produce sharp fringes in the transmitted field. Indeed,
each time the light reflects off a mirror, it travels back and forth between the mir-
rors, creating an interference pattern. The multiple reflections result in a complex
pattern of constructive and destructive interference. The interference pattern that
forms within the cavity depends on the wavelength of the incident light, the angle at
which the light enters, and the spacing between the mirrors. In Fig. 2.11 the working
principle of a Fabry-Perot cavity is schematically illustrated. Here, the incident light
at a wavelength A and with an amplitude I is injected into the first mirror with an
angle © with the normal of its surface. Each time the optical beam reaches the sec-
ond mirror it is partially transmitted. All such transmitted light rays interfere with
each other to give rise to maxima or minima depending on the path difference be-
tween them. Let the refractive index and length of the cavity be n and L, respectively,

the optical path difference between two consecutive rays is:
A =nLcos® (2.17)

and, when the optical beam is orthogonal to the surface, the difference phase is given
by:
2nA  2mnl

Then, the transmitted signal I;, as the result of multiple interferences taking
place inside the FP cavity, is given by the Airy formula:

I
It_ 0

= (2.19)
1+ 471—F225in2CD

where F=nVR/(1 — R) is the reflecting finesse of the interferometric cavity and R is
the reflectance of the two mirrors.
2.5.2 Active components

This section delves into the working principles of three active components: photode-

tectors, ring resonators, and modulators.
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Photodetectors

The photodetector converts an optical signal into an electrical one. More in general,
the working principle is based on the photoelectric effect, in which the incident pho-
tons are absorbed by the semiconductor layer, leading to the generation of electron-
hole pairs. There are different types of photodetectors based on device structure such
as photoconductors, p-n junction photodiodes, p-i-n photodiodes, Schottky photodi-
ode, Metal-Semiconductor-Metal (MSM) photodiodes. Among them, p-i-n and Schot-
tky photodetectors have been widely studied and applied, so they will mainly be dis-
cussed in this thesis. Their working principle, all relevant terminology, and figures

of merit are defined in the following.
p-n and p-i-n photodetector

The p-n photodiode represents one of the simplest kinds of semiconductor-based
photodetector (Fig 2.12(a)). In this configuration, photons are absorbed within the
depletion region at the interface between the heavily doped p- and n-type region
when a reverse bias is applied. Briefly, photons, whose energy is higher than the
semiconductor bandgap, are absorbed and an electron-hole pair is generated. These
electron-hole pairs are then separated by the intrinsic or externally applied electric
field within the space charge region contributing to electrical conduction [51]. In
this way, a photocurrent is generated at contacts.

In contrast to p-n photodetectors, p-i-n photodetectors incorporate an intrinsic
region between the heavily doped p- and n- regions (Fig. 2.12(b)). In this way, the de-
pletion region is well-defined by the extension of the intrinsic region. The presence
of this layer offers several advantages. It enhances response speed by reducing junc-
tion capacitance and, importantly, increases the absorption probability of incoming
photons. This increase is significant because not all absorbed photons result in the
generation of free electron-hole pairs that contribute to carrier transport. Some car-
riers may undergo recombination, and thus it is essential that the semiconductor
layer responsible for the absorption process be larger than the penetration depth

(1/a, a is the absorption coefficient).
Schottky photodetector

Schottky photodetectors employ a metal-semiconductor junction to separate and
collect the photogerated carriers. When a metal is brought in contact with a semi-
conductor, the Fermi levels of both materials tend to align at thermal equilibrium.
This alignment establishes a potential barrier, known as the Schottky barrier ®g,
which plays a pivotal role in electron transport across the interface. Significantly,

the Schottky barrier is independent of the metal’s work function and is determined
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Fig. 2.12: Schematic energy diagram of a p-n photodiode (a) and p-i-n photodiode
(b).

by the semiconductor’s characteristics, including its doping level and surface proper-
ties, such as the density of surface states. The main mechanism of current transport
in Schottky barriers is well-described by the thermionic theory. According to this
theory, the electrical transport that occurs in a Schottky diode can be described as

follows:

9(V=RsI)
I:Is(e T —1) (2.20)

qP

I, = AA*T?¢ k8T (2.21)

where A is the active area, A" is the Richardson constant, q is the electron charge,
kg is the Boltzmann constant, T is temperature, V is the applied voltage, R, is the
series resistance, 77 is the ideality factor, and ®g = ®py + ADg(V), Ppg is the Schottky
barrier height (SBH) at zero voltage, and ADg(V) is the SBH change due to applied

voltage.
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Fig. 2.13: Schematic energy diagram of a Schottky photodiode before (a) and after

(b) contact.

It should be noted that the photodetection mechanism that occurs in a Schot-
tky junction is the same as that previously described for p-n and p-i-n photodetec-
tors. It enables the detection of photons with energy higher than the semiconduc-

tor’s bandgap. Photons flux into a semi-transparent metallic layer and get absorbed
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within the semiconductor, generating electron-hole pairs within the depletion re-
gion of the semiconductor. Under enough built-in electric field, the photogenerated

carriers are swept out, contributing to the photogenerated current.
Figure of merit

The key parameters used to evaluate the performance of a photodetector are in-
troduced below. Responsivity describes how efficiently a photodetector converts inci-
dent light into an electrical signal, typically measured as a photocurrent. It is defined
as the ratio between the photogenerated current and the incident optical power:

ph (2.22)

R=
DPine

where I, is the photo generated current, P;,,. is the incident optical power. Another
important parameter is the external quantum efficiency (EQE) which quantifies the
number of electron-hole pairs generated by each incident photon and is typically ex-
pressed as a fraction or percentage, representing the proportion of incident photons

that contribute to the photocurrent. It can be defined as follows:

Lo/ h E
ph/q c ph

- _Pr7 _p= _pP2 2.23
Mext P;c/hv qA A ( )

where Epj, is the photon energy and A is the wavelength of the optical beam.

Graphene/semiconductor Schottky junction: Internal photoemission effect

The internal photoemission effect (IPE) allows a sub-bandgap photodetection by
exploiting the photon-assisted transmission of hot carriers across the Schottky junc-
tion. In this process, photons incident on the active area of the photodetector are
absorbed by the metal, generating hot carriers within it. The photo-excited carriers
with enough energy to overcome the Schottky barrier can be collected by the semi-
conductor, thereby contributing to the photocurrent. Consequently, the IPE enables
the detection of photons with energy lower than the semiconductor bandgap but
higher than the Schottky barrier (®p < Epj, < Eg). The main drawback of the IPE-
based Schottky photodetectors is their limited efficiency. To address this limitation,
IPE theory suggests thinning down the metal layer [52]. An intriguing approach to
enhance efficiency involves replacing the metal with two-dimensional material such
as graphene [53, 54].

Extensive investigations have been carried out on the theory of the graphene-
semiconductor Schottky junction [55]. It has been empirically established that graphene
forms a Schottky junction when interfaced with specific semiconductors such as

Si, SiC, and GaN [56-58]. The physical principle of a Schottky junction based on
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graphene/semiconductor could be explained by the internal photoemission (IPE)
theory. Here, the main relationship within the IPE theory concerning the graphene/semi-
conductor interface is reported.

The internal quantum efficiency of a Schottky photodetector based on graphene,
which is defined as the number of carriers emitted to the semiconductor per ab-
sorbed photon, can be expressed as follows [59]:

Hint = P% (2.24)
where hv is the energy of the incident photon, ¢ is the Schottky barrier height
and P is the emission probability. With regard to the internal responsivity, assuming
A represents the optical absorption of the active material, by replacing the total
incident power with the optical power absorbed by the metal layer (P,;s = AP,,.), the
expression of the internal responsivity is:
I

h
R, =P 2.25
int Pahs ( )

where I, is the photogenerated current. According to the Eq. 2.24, the internal re-

sponsivity becomes:

I hv)2 — 2
e g (hv)"—(q¢B)
Rmt - Pabs - hV Nint =P (hv)3 (226)

It’s worth noting that in a Schottky junction based on graphene/semiconductor,
the Fermi level of graphene is sensitive to the applied voltage across it. Without an
applied bias, the Fermi level aligns with the Dirac point. When a forward bias is
applied, a slight downshift of the Fermi level of graphene is shown. On the other
hand, when a reverse bias is applied, the depletion region expands, resulting in an
increase in charges within graphene [56]. This phenomenon is expressed by the fol-
lowing equations in which the SBH @y is expressed as a function of reverse applied
voltage (V). These expressions are distinctly defined for two different types of semi-

conductors: n-type and p-type, as outlined below:
qPg(VR) = qPsr6 = qXsm — AEE(VR) (2.27)

qPy(VR) = Eg — (4Ps1.6 — 4Xsm — AEF(VR)) (2.28)

where q®s; is the work function of graphene, x,, and E, are the electron affin-
ity and the bandgap energy of the semiconductor, respectively. AEg(Vg) = Ef — Eg

can be expressed as:
AEp = —sgn(n)hvpy/n|n| (2.29)

where vp =1.1- 108¢m/s, h is the reduced Planck constant. n is the carrier density in

graphene, and it is defined by two contributions. The first is the extrinsic doping n
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of graphene, the second is the charge induced by the application of a bias across the

Schottky junction. It is expressed as follows [60]:

2
n:n0$\/%N(Vbi+Vr) (2.30)

where the signs minus and plus refer to an n- and p-type semiconductor, respec-
tively. V}; is the built-in potential, while €y, and N are the dielectric permittivity
and the doping density of the semiconductor, respectively.

In this thesis, the fabrication and the electro-optic characterization of a Schottky

photodetector based on Graphene/4H-SiC is reported.

Ring Resonators

The optical micro-ring resonator (MRR) is a basic building block for many applica-
tions [61-66]. Its function is to confine light within a circular waveguide, producing
interference effects that result in specific resonances at specific wavelengths. Gener-
ally, the MRR is comprised of a looped optical waveguide and a coupling mechanism
to enable access to the loop. Resonance along the cavity occurs when the waves com-
pleting one round-trip in the loop accumulate a phase shift equal to a multiple of
27, which leads to constructive interference.

The fundamental structure of an MRR, as depicted in Fig. 2.14, consists of a ring
waveguide coupled to a single bus waveguide for both input and output. In this
configuration, E;; and E,; are the optical power entering into the ring cavity and the
output optical power, respectively. Instead, E;, is the incoming power in the ring,

and E,; is the power inside the ring cavity after one round trip.

By =—> — Bt =
Fig. 2.14: Structure of an optical MRR in all pass filter configurations.

In the typical configuration where a single bus waveguide is connected to the
ring cavity, the bidirectional power coupling between the waveguide and the cav-

ity is often represented using matrix formalism. This coupling can be expressed as



26 Wide bandgap semiconductor integrated photonics

Eor| _|t k|[En (2.31)
E,,| k¢ |\E;, '

here, t is the transmission coefficient through the coupler and K is the coupling co-

follows:

efficient from the ring waveguide to the bus waveguide after one round trip. The
+ denotes the conjugated complex value of t and k, respectively. In order to have a

lossless coupling, the following expression must be satisfied:
It]> + |k|* = 1 (2.32)

The transfer function is expressed as:

Egp  (t)?—2t'tcos® + 12
Ej1  1-2ttcos® +(t*t)2

T= (2.33)

where ® = L is the phase shift after a single round trip and = 27” is the propaga-
tion constant of the mode propagating along the cavity. Resonance within the ring
occurs when the phase @ is a multiple of 27 aligning the wavelength of light per-
fectly within an integer number of times along the optical length of the ring. The
optical power confined within the cavity can be related to the optical attenuation
coefficient a [1/cm] through the power transmission coefficient t*, (t*)> = ¢~*%, and
L represents the entire physical circumference of the cavity, with L = 27r.

A typical transmission spectrum obtained from a microring resonator is illus-
trated in Figure 2.15, in which its characteristic parameters are highlighted. These

parameters can be directly extracted using the Eq. 2.33. First, the full width at half
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Fig. 2.15: Example of transmission spectrum of a ring resonator [63].

maximum (FWHM) of the resonance spectrum, which is the width of the resonance

at half transmission power, is obtained as:
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(1 B tt*)/\ges
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The distance in terms of wavelength between two consecutive resonance peaks is the

FWHM = (2.34)

free spectral range (FSR) and it is expressed as:

Az 2
FSR= & _ ¢ (2.35)
ngl  ngL

where A is the wavelength, c is the speed of light in vacuum, and n, is the group

index of the propagating mode:

dn
Tlg:neff—/\d—/\e (236)
here, n.¢s is the effective refractive index. Another parameter that can be directly
calculated from the previously defined parameters is the finesse (F) of the ring res-
onator filter. It is defined as the ratio of the free spectral range (FSR) to the full width

at half maximum (FWHM) of the resonance at a specific wavelength:

FSR t

F = =
FWHM "“1-12

(2.37)

A distinction between intrinsic (Q;) and loaded (Q) quality factor must be made. The
intrinsic quality factor is determined when the ring resonator is not coupled to the
waveguide, representing its inherent quality. When coupled to the bus waveguide,
additional losses occur, affecting the loaded quality factor (Qp). Q; can be directly
derived from the full width at half maximum (FWHM) as follows:

AR

QL= FwaM

(2.38)

where Ag is the resonant wavelength. On the other hand, Q; is expressed as function

of QL:

- —— 2. 3 9
Qr TevT ( )

where T is the transmitted signal collected in the output of the MRR by waveguide
at resonance wavelength.

The resonance of microring resonators can be tuned by altering the effective in-
dex of the waveguide. This tuning can be achieved through either electro-optic or

thermo-optic effects, resulting in optical modulation within the device.

Modulators

An optical modulator is a device used to control or manipulate the characteristics
of a light beam that propagates either in free space or in an optical waveguide. The
variation of the light characteristics, such as its phase, amplitude, or polarization is

achieved by altering the refractive index and the extinction coefficient of the optical
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modulator’s material. These optical properties can be modified by applying external
stimuli, including changes in temperature, electric field, and optical field. Depend-
ing on the specific property that changes during light modulation, optical modu-
lators can be classified as either refractive modulator or absorptive modulator where
changes in refractive index An or extinction coefficient Ak occur, respectively.

Micro-ring resonator (MRR) modulators, characterized by their compact device
footprint and low energy consumption, present a trade-off with their inherently nar-
row optical bandwidth owing to their resonant behavior. In contrast, Mach-Zehnder
interferometer (MZI) modulators provide high-speed operation and a broader op-
tical bandwidth compared to MRR modulators. However, their drawbacks include
increased power consumption and a larger physical footprint. In this section, the
working principle of the thermo-optic modulator and electro-optic modulator is re-
ported.

Regarding a thermo-optic modulator, it is generally composed of a waveguide and
a resistive heater, which could be a heavily-doped semiconductor region or a metal,
placed above (or near) and along the waveguide. When an electric current flows
through the heater, it generates heat due to the Joule effect. This heat influences the
surrounding area, which includes the waveguide, and this results in a temperature-
induced change in the refractive index of the waveguide material. This alteration in
refractive index, caused by the thermo-optical effect, impacts the phase of the light
at the end of the waveguide. The relationship between the refractive index variation

and temperature is expressed as follows:

n(T) = no(Ty) + g—;AT (2.40)

where, ng is the refractive at temperature Ty, dn/dT is the thermo-optic coefficient
and AT is the variation of temperature. The amount of the light phase shift A¢ due

to the temperature variation is:

_2nl dn

2L
Ap =T A== N 2.41
¢=— A= AT (2:41)

where A is the wavelength and L is the length of the modulator.

In a electro-optic modulator changes in the optical properties of a waveguide
are induced by the application of an external electric field. Commonly utilized elec-
tric field effects include the Pockels effect, the Kerr effect, and the Franz-Keldysh
effect [67]. The Pockels effect, also known as the linear electro-optic effect, results
in a linear change in optical properties concerning the externally applied electric
field [68]. This effect is observed only in non-centrosymmetric crystalline materials,
such as lithium niobate (LiNbO3)[69], barium titanate (BaTiO3) [70] and silicon car-
bide (SiC) [26]. The variation in refractive index of a material under the influence of

electric field (E) can be expressed as:
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1
n(E) =ng— ErngE (2.42)

where ng is the refractive index without electric field, and r is the Pockels coefficient.

The Kerr effect, also known as the quadratic electro-optic effect, introduces a
nonlinear effect in the refractive index as a quadratic function of the applied electric
field. The variation of the refractive index as a function of the applied electric field
became:

1
n(E) :no—zrngE2 (2.43)

Finally, the Franz-Keldysh effect brings about alterations in the energy band
edges of the material, which affect the electron energy as an electric field is applied.
It results in changes in the crystal’s absorption properties.

It’s worth noting that silicon, being a centrosymmetric semiconductor, does not
exhibit the Pockels effect, and both the Kerr and Franz-Keldysh effects are exceed-
ingly small. Consequently, electro-optic modulation based on these effects is not
permitted. To address this limitation, a solution was proposed by Soref and Ben-
nett, which involves leveraging the plasma dispersion effect [25]. In this scenario,
the concentration of charge carriers in the semiconductor is changed, allowing for a
variation in its absorption coefficient and refractive index. This effect becomes the

dominant method of modulation in silicon-based modulators.

2.6 Silicon Carbide photonic devices: Literature review

In this section, a literature review in integrated photonics based on SiC is reported,

with a specific focus on photosensors and modulators.

2.6.1 Silicon Carbide photosensors

In recent years, SiC has been demonstrated to be a suitable semiconductor for ul-
traviolet detection. The ultraviolet (UV) spectrum range includes electromagnetic
wavelengths shorter than those of visible light, spanning from 10 nm to 400 nm,
corresponding to photon energies ranging from 3 eV to 124 eV. The detection of
UV radiation allows a wide range of civil and military applications including optical
communication [71], flame detection [72, 73], combustion monitoring [29], chemical
analysis [74], astronomy [75].

Although the Si-based UV photodiode has been extensively investigated, this ma-
terial shows a lot of limitations. Due to its narrow bandgap, Si-based photodetectors
suffer from device aging which results from exposure to radiation with significantly
higher energy levels than the semiconductor’s bandgap. An additional limitation is

their sensitivity to low-energy radiation, so the use of filters to eliminate visible and
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infrared photons is required. To overcome these limits, a wide bandgap semicon-
ductor such as SiC, supported by its superior physical properties above described, is
considered an intriguing choice.

Despite SiC is an indirect bandgap semiconductor that is characterized by a small
optical absorption coefficient, SiC offers several advantages. SiC’s strong bonding en-
hances device radiation hardness [76], making it less susceptible to radiation damage
and increasing its longevity in high-energy radiation applications [22]. Additionally,
the band gap of 4H-SiC lies at the upper edge of the visible range. It is naturally
transparent to visible and infrared light. Then, SiC guarantees the development of
UV photodetector without visible filters and provides outstanding long-term dura-
bility and reliability [77, 78], even when operated under high-intensity radiation (up
to 1000 W/m?) and high-temperature conditions [79, 80].

Over the past decade, high-performing UV photodetectors based on SiC have
been more widely studied [81]. Extensive research effort on SiC-based UV photode-
tector is made due to their exceptional performance in the visible-blind UV range.
Various device structures have been explored, including Schottky, p-i-n, avalanche,
and metal-semiconductor-metal(MSM). The main results are summarized following.
Although earlier research has explored photodiodes constructed from 6H-SiC [82,
83], 4H-SiC has gained interest in various application domains due to its enhanced
electronic characteristics. 4H-SiC UV photodetectors typically exhibit a responsivity
in the spectrum range of 220-380 nm, with peak responsivity occurring at approx-
imately 290 nm [84]. Regarding the 4H-SiC-based Schottky photodiode, an exper-
imental characterization of a device based on interdigit structure by Ni,Si stripes
[85] is reported. It shows a low peak responsivity at 280 nm of about 37mA/W at
zero bias and an external quantum efficiency just above 10 %. Xu et al. [86] demon-
strated a vertical Schottky photodetector based on 4H-SiC a semitransparent Ni con-
tact. It reaches good thermal stability up to 200° C with a responsivity peak of 0.115
A/W at zero bias.

Schottky-based devices exhibit a higher sensitivity to visible light compared to a
p-n junction [87] and show an increased dark current at higher temperatures. Con-
sequently, their practical use may be confined to moderate temperature conditions.
In contrast, p-i-n SiC photodiodes characterized by low-noise, high-speed responses,
and high responsivity at low reverse bias, have shown great potential. Cheng et al.
[88] report a p-i-n 4H-SiC photodiode with a peak spectral responsivity of 0.13 A/W
at 270 nm wavelength at -5V, resulting in a maximum external quantum efficiency
of 61%. In [89] the investigation of the spectral responsivity as a function of tem-

perature up to 450K is reported. Here, at room temperature, the peak responsivity is
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0.13 A/W at 266 nm, showing a slight rise to 0.15 A/W at 268 nm as the temperature
reaches 450 K.

Avalanche photodiodes (APDs) based on 4H-SiC have also been explored, with
one demonstrating an extremely low dark current [90]. At 280 nm, it achieved a max-
imum responsivity of 93 mA/W, corresponding to an external quantum efficiency of
41%. SiC detectors can serve as photon-counting detectors in applications requiring
ultra-low-level UV detection, sometimes even at a single photon level. These detec-
tors are well-suited for situations where a weak signal must be distinguished from
a relatively low background, such as in bio-aerosol detection, lidar, communication,
and low-light imaging [91, 92]. The first 4H-SiC single-photon counting avalanche
photodiodes (SPAPD) were reported in previous studies, representing a significant

advancement in the field [93, 94].

2.6.2 Silicon Carbide optical modulators

As mentioned in Section 2.5, in order to achieve excellent light confinement in op-
tical waveguides it is necessary a significant refractive index contrast between the
core and cladding materials. For this purpose, during the last two decades, various
approaches have been proposed to create stable platforms with high refractive in-
dex contrast, wherein high refractive index silicon carbide (SiC) is enveloped by a
low refractive index material. One intriguing proposed solution to address this issue
involves the use of SiC thin film on an insulating substrate, commonly known as
SiC-on-insulator (SiCOI). Similar to the principle of SOI, SiCOI provides a substan-

tial refractive index contrast in the vertical direction.

SiCOI platforms

Initially, 3C-SiC has been considered the best choice due to its ease of epitaxial
growth on Si substrate [95, 96]. This method leads to large-scale fabrication with
high efficiency and low cost. Due to the high refractive index of Si a good light con-
finement was obtained by undercutting the below substrate. Despite several results
reported in literature [17, 96, 97], these suspended devices faced challenges related
to low yield and reliability, primarily due to their delicate mechanical structure,
leading them unsuitable for the creation of large-scale integrated photonic devices.
A promised alternative is the fabrication of a SiC-on-insulator (SiCOI) platform. Two
distinct approaches for creating SiCOI platforms on 4H-SiC have been proposed, as
illustrated in Fig. 2.16.

The first method is the smart/ion-cut method which has already been widely

used for Silicon-on-Insulator (SOI) stacks by replacing Si with SiC. In the past



32 Wide bandgap semiconductor integrated photonics

H” implant Flip wafer and Smart/ion cut
bonding
Method 12 ==

Smart/ion-cut (4H 5iC)

2

Method 3:

Direct growth/deposition {amorphous SiC)

- s

Method 2: Wafer bonding

Bonding+grinding+CMP (4H. 3C) - Grinding + CMP
- S

- Si Si0, . SiC

Fig. 2.16: Three distinct approaches for SiCOI platforms [98].

decade, significant efforts have been devoted to the optimization of ion-cutting tech-
nique [99-103]. The fabrication process is briefly presented as follows. Firstly, a
high-purity semi-insulating 4H-SiC wafer is processed by a H* implantation. The
H* implantation caused the formation of a damaged layer at a distance from the
implantation surface adjusted by varying the implantation energy. Both SiC and Si
wafers are thermally oxidized and treated by the standard chemical cleaning pro-
cedure with RCA solution. Then, SiC and Si wafers are bonded together at ambient
temperature. Finally, the bonded wafer was annealed removing the excess SiC layer
at the depth of the implanted H™ ions. Despite the ion-cutting method provides an
easy fabrication process at the wafer scale, it suffers from relatively high losses in the
initial state [16, 102].

An alternative approach is based on thinning and polishing technique[104]. This
method starts with the treatment of <0001> 4H-SiC and Si wafers using RCA clean-
ing. A SiO; layer is deposited on both wafers through thermal wet oxidization. The
wafers are then bonded together at room temperature, followed by annealing to en-
hance the bonding strength. The SiC layer’s thickness is successively reduced first
by a grinding process and then by reactive ion etching (RIE) to achieve the desired
thickness. This method has also been applied to create a 3C-SiCOI substrate [105].
In this case, two Si substrates are initially prepared, followed by epitaxially growing
a 3C-SiC thin film on one Si wafer. After the bonding process, as the last step, The
top Si substrate is then removed resulting in the formation of a 3C-SiCOI substrate.

Another alternative method for SiCOI is the direct deposition of amorphous Sil-
icon Carbide (a-SiC) on the top of a SiO, layer thermally growth on a Si wafer.
The deposition is by means of plasma-enhanced chemical vapor deposition (PECVD)
[106].

A comparison in terms of the quality factors extracted from the resonator struc-

ture reported in literature employing the above-described fabrication methods is



2.6 Silicon Carbide photonic devices: Literature review 33

reported following. So far, the highest reported Q-factor for a micro-ring resonator
based on the 3C-SiCOI platform is 2.42 - 10 at 1550 nm [105]. The quality factor
of 1.6 -10° is achieved on an a-SiC microring resonator [106]. Compared to 3C-SiC
and a-SiC, 4H-SiC has recently demonstrated a higher value of quality factors. In
contrast to both materials, hexagonal 4H-SiCOI exhibits significantly reduced in-
herent losses. Indeed, to date, a well-developed technique for growing wafer-scale
crystals with well-controlled crystalline quality has been reached. Recently, several
results have been obtained on 4H-SiCOI platforms using ion-cutting, and thinning-
polishing methods. Concerning the ion-cutting method, Zheng et al. [102] reported
a Q-factor of 7.3 -10%. So far, the thinning and polishing method based on 4H-SiC
shows the best performance. In this context, the results of a microring with a Q-
factor of 1.1-10° [107] and a micro-disk with a Q-factor of 7.1-10° [108] are reported.
Despite the thinning and polishing method allows for low-power operation, the fab-
rication process is very expensive compared to other methods. However, one chal-
lenge in using SiC in quantum photonics is the need for SiCOI fabrication methods,
the best performance is obtained from thinning and bonding method involves expen-
sive and time-consuming processes together with issues regarding precise thickness
control. On the other hand, the performance of the device based on ion-cutting is lim-
ited by the intrinsic absorption loss. It is suitable for large-scale integrated systems

in which ultra-low power is not required.

Optical modulators

The employment of silicon carbide as a substrate for integrated photonics is still
an emerging technology, and the existing literature provides limited examples of
optical modulators. In the case of electro-optic modulators, they have been demon-
strated on various platforms, including silicon, indium phosphide, and so on. Nev-
ertheless, these modulators have exhibited several drawbacks and have not fully
addressed the requirements of electro-optic systems. For instance, Si modulators
rely on the free carrier dispersion effect, which inherently introduces absorption
and nonlinearity, leading to degradation and distortion of optical modulation ampli-
tudes. On the other hand, non-centrosymmetric materials, which exhibit the electro-
optic (EO) effect, like the Pockels effect, offer a more promising solution. These ma-
terials allow for a linear change in refractive index in response to an applied electric
field. In this context, lithium niobate (LN) has demonstrated a platform for high-
performance electro-optic (EO) modulators with a significant electro-optic coeffi-
cient of r33 = 27pmV~1. However, LN is not compatible with the complementary
metal-oxide-semiconductor (CMOS) fabrication process, which limits its use in pho-

tonic applications. In contrast, SiC exhibits processing that is complementary metal-
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oxide-silicon (CMOS) compatible and has a good electro-optic coefficient, making it
suitable for fast electro-optic modulators based on SiC. Although the Pockels ef-
fect in 3C-SiC was studied over three decades ago, the development of electro-optic
modulators in SiC is relatively recent. Recently, a CMOS-driven electro-optic 3C-SiC
modulator based on microring resonators has been demonstrated [26]. This modu-
lator exhibits an electro-optic coefficient of approximately 1.5 pmV~! supporting a
maximum bit rate of up to 10 Gb/s and an extinction ratio of 3 dB.

Despite the presence of second- and third-order nonlinearities in silicon carbide,
no modulator based on these effects has been experimentally realized thus far. While
SiC exhibits strong Kerr nonlinearity, such modulators remain an unexplored area
of research.

Moreover, an electro-optical modulation effect, due to free carrier depletion in a
4H-SiC slab, which was part of a commercial power Schottky diode was demostrated
[109]. Here, modulation effects were observed in dynamic conditions, extending up
to 500 kHz. This was achieved by applying reverse square pulses with an amplitude
of 180 V and a 50% duty cycle.

Additionally, there are no reported instances in the existing literature of thermo-
optic modulators implemented in silicon carbide. Recently, there have been promis-
ing developments in the field of thermo-optic phase shifters using amorphous sili-
con carbide (a-SiC) [110], providing a potential avenue for further exploration and

experimentation in SiC-based thermo-optic modulation.

2.7 Simulation Tools

2.7.1 Physics-based numerical simulator

The numerical simulations reported in this thesis were conducted using Atlas sim-
ulation software developed by Silvaco. Atlas is a physics-based device simulator de-
signed to predict the electrical characteristics of semiconductor devices and provide
a comprehensive understanding of the physical mechanisms governing their opera-
tion. Unlike empirical modeling, which relies on analytical formulas to approximate
existing data with good accuracy, physics-based simulation offers a deeper insight
into the fundamental principles underlying device behavior.

To perform the numerical results, the simulator employs a grid in two- or three-
dimensions, known as mesh. This mesh is composed of numerous grid points, called
nodes, and the simulator solves a system of differential equations derived from
Maxwell’s laws at each of these nodes. This approach allows it to simulate and pre-

dict the movement of transport of charge carriers within the device structure.
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ATLAS operates based on two types of input files that contain all the necessary
information for proper execution, and it generates three main types of output files.
The input files consist of the command file, which contains execution commands,
and the structure files that define the device’s physics. The output files include the
run-time file which comprises progress, error, and warning messages, the log files
storing voltage and current values, and the solution file, containing values of solution
variables at specific bias points.

For the import and export of these files, the simulator software integrates var-
ious programs that interact with each other. Typically, the key programs include
Deckbuild, Devedit, Athena, and Tonyplot.

Mesh specification plays a fundamental role in determining the accuracy and
numerical efficiency of simulations. It involves user-defined horizontal and vertical
lines that define the spatial domain of the simulation. The appropriate configura-
tion of the mesh is crucial for obtaining reliable and meaningful results from the

simulations.

Physical Model

As previously mentioned, ATLAS is a physic-based device simulator designed to
predict the electrical behavior of a device. In the following sections, the equations
derived from Maxwell’s laws that govern the physics of semiconductor devices will
be presented. To ensure a reliable prediction of the working principles of electronic
devices, it is essential not only to accurately define the device structure but also to
establish an appropriate system of physical models. Additionally, the simulation re-
sults are carried out by solving the fundamental semiconductor equations, i.e. Pois-
son’s equation, the continuity equations, and the drift and diffusion current equa-
tions. By solving these equations, it becomes possible to derive the electrical char-
acteristics and current-voltage (I-V) relationships of electronic devices by applying
various stimuli in the form of voltages, photons, or thermal energy.

ATLAS solves the equations on a discrete mesh within a predetermined device
region, employing the Newton/Gummel/Block iterative method and applying rele-
vant boundary conditions. This process provides the potential distribution, as well
as the distributions of electrons and holes. Once a numerical solution for the equa-
tions is obtained, the simulated electrical characteristics can be visualized and ana-
lyzed using tonyplot tool, enabling comparisons with experimental data.

In the following sections, the basic equations of the carrier transports and the
physical models consist of bandgap narrowing, incomplete ionization, Chaughey-Thomas,
Schokley-Read-Hall (SRH) and Auger recombination implemented in Atlas are detailed

presented.
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Basic semiconductor equations

In order to investigate the behaviors of an electronic device, the physics-based device
simulator employs a model consisting of a set of fundamental equations that cor-
relates the electrostatic potential and carrier densities within a defined simulation
domain. These equations, derived from Maxwell’s law, consist of Poisson’s equation,
the continuity equations, and the transport equations.

The Poisson’s equation relates the electrostatic potential to the space charge den-

sity. It’s defined as follows:

div(e;, VW) = —p (2.44)

where, €, is the dielectric constant of the semiconductor, W is the electrostatic
potential, and p is the local space charge density that comprises both mobile and
fixed charges, including electrons, holes, and ionized impurities. From the potential

gradient, it is possible to deduce the electric field as indicated below:

E=vv¥ (2.45)

The continuity equation for electrons and holes is:

a]’l 1 R
E = Ele]n‘l—Gn—Rn (246)
ap 1 R
WZEdZV]p-FGP—RP (247)

where, n and p are the electron and hole concentration, J,, G,, and R,, are the
current density, the generation and recombination rate of the electron, respectively.
Jp» Gp and R, are the same quantities for hole.

The current density is derived by applying approximations and simplifications
to the Boltzmann transport theory. Among the different transport models, the drift-
diffusion model is the simplest, as it doesn’t introduce any independent variables
in addition to W, n, and p. The more conventional formulation of drift-diffusion

equations is:

— —

Jn =qnp,E, +qD, Vn (2.48)
Jp = anpu,E, +qD,Vp (2.49)

where, E is the electric field, y,, and pp are the electron and hole mobilities, and
D, and D, are the electron and hole diffusion coefficients. According to Einstein’s

relation, the diffusivity can be expressed in the following form:
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KTy

D, = Ly, (2.50)
q
kT,

D, = TL”” (2.51)

Energy Bandgap

As temperature increases, the lattice constant increases leading to a reduction of the

band-gap. The following formula describes this phenomenon:

3002 T/
T2
300+ Br, T - P,

Ey(T) = Eg(o)+aﬁg[ (2.52)

Incomplete ionization

The process of ionizing doping is a crucial phenomenon within semiconductors, as
it has a substantial impact on the concentration of free-carriers and, therefore, the
semiconductor’s properties. The degree of ionization can vary, being either complete
or incomplete at a fixed temperature, depending on whether the impurity atoms
have released (n-type doping) or accepted (p-type doping) electrons completely. Un-
like Si, which exhibits complete ionization at room temperature, SiC, even at room
temperature, shows an incomplete ionization due to the higher ionization energy
of its dopants atoms [18]. As a result, a fraction of the dopant atoms are not ther-
mally activated but remain trapped within the band gap without ionization. This
phenomenon is referred to as freeze-out and is significant at low temperatures in tra-
ditional semiconductors. The principal p-type dopant in 4H-SiC is Aluminum and
can occupy either a hexagonal or a cubic silicon site, with ionization energies of 197.9
and 201.3 meV, respectively [111]. Meanwhile, the main n-type dopants are nitro-
gen and phosphorus. Nitrogen replaces carbon and, when located on a hexagonal
C-site, has an ionization energy of 61.4 meV. Phosphorus substitutes for silicon and,
when found on a cubic Si-site, possesses an ionization energy of 60.7 meV [111]. The
density of effective ionized acceptors and donors are represented as N and N})),

expressed as following [112]:

_ Ny
Na=—%mm, (2.53)
1+gye ¥
Np
1+gce *m

where, Ny and Np are the acceptor and donor concentrations, E4 and Ep are the
acceptor and donor energy levels, Er and Ep, are the quasi-Fermi energy levels for
electrons and holes, whereas g, and g¢ are the appropriate degeneracy factors for

the valence and conduction band.
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Bandgap narrowing

In the presence of a high impurity concentration, the electron and hole-related en-
ergy bands are attracted toward each other, causing a shrinkage of the bandgap. This
effect, known as bandgap narrowing, is described by the Lindefelt’s model for 4H-SiC
[113]:

_ 1 _ 1 _ 1
AE, =A £2+B £3+c N | (2.55)
ga ~ A 018 Al 1018 Al71018 :
N# \2 N \3 N \3
_ D D D
AEgD_AD(lo_IS) +BD(10_18) +CD(10_18) (256)

where Ay p, By p and Cx p are constants for 4H-SiC.
Analytic mobility model: Caughey-Thomas Model

An accurate description of the carrier mobility is essential for estimating the perfor-
mance of semiconductor devices. This parameter takes into account all the micro-
scopic phenomena that limit the motion of charge carriers, including lattice vibra-
tions (phonons), impurity ions, other carriers, surfaces, and other material imper-
fections. For this purpose, the mobility equations are therefore functions of the local
electric field, lattice temperature, and doping concentration. It is necessary to differ-
entiate between two cases related to the strength of the electric field: high-field and
low-field mobility. Both of the cases presented below refer to the Caughey-Thomas
model.

For low field, the carrier mobility is commonly denoted by ;0 and p,0 and relies

on phonon and impurity scattering. The following analytic functions are used:

T ﬁn, 1 T @n,
i )amp+"5%(3°°f<) a1, AP
I/‘On,p‘l‘On,p 300K TP N Onp .
1+ ( 300%) (Nﬁ,’,i‘)

where, N is the local (total) concentration of the ionized impurities, yo”’é”;j and
yg’,f"; are two reference parameters for the maximum and minimum mobility, Nﬁf;t
is the doping concentration at which the mobility is halfway between the mobility
in highly doped and undoped material, and A p) ﬁn,p, yn,p, and 6,1,,, are fitting pa-
rameters.

Regarding high electric field mobility, the carrier mobility decreases as the elec-

tric field increases because carriers that gain energy become more extensively in-

volved in scattering processes. The carrier mobilities are:
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1
Bn,p
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Vsatn,p

/’ln,p(E) = Honp (2.58)
where, p,o and p,¢ are the carrier mobility obtained from the previous model,
Bn and B, are constant coefficients, and v, and ¢y, p are the saturation velocity for

electron and hole.
Recombination Model: Shockley-Read-Hall and Auger

Carrier generation-recombination is a peculiar process through which the semicon-
ductor returns to its equilibrium state (np:niz) after being disturbed from it. In
this section, the recombination process is presented. These processes are critical
in determining the behavior of semiconductor devices and can vary depending on
whether the material has a direct or indirect bandgap. In direct bandgap semicon-
ductors, such as Gallium Arsenide (GaAs), recombination is predominantly domi-
nated by band-to-band recombination, which results in the emission of photons. On
the other hand, in indirect band-gap semiconductors, such as SiC, recombination
is primarily characterized by indirect transitions through energy states localized
within the bandgap. In this context, the processes responsible for the recombina-
tion are Shockley-Read-Hall and Auger. These mechanisms lead to a non-radiative
recombination, meaning that no photons are emitted. In this section, these models
are examined.

The Shockley-Read-Hall recombination, also called trap-assisted recombination,
occurs via energy levels, traps, or defects, located inside the bandgap of the semicon-
ductors. Four possible carrier transitions can occur during this process: the capture
of electrons from the conduction band by a defect, the thermal emission of captured
electrons from the defect to the conduction band, and equivalent transitions of holes
between defects and the valence band. The SHR recombination rate can be estimated

using the equation proposed by [114]:

pn—ni2
Rspy = NC=? NE=? (2.59)
kgT kT
Tp(n+nie B )+Tn(p+1/li€ B )

where, n; is the effective intrinsic carrier concentration, Et is the energy level of
the trap, and E; is the intrinsic Fermi level. 7, and 7, are electron and hole recombi-
nation lifetime, respectively, and could be calculated using the following formula:

T
Ty = ——P (2.60)

P
1+( N )
NIET
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begin, 7y, and N;EﬁH are process-dependent fitting parameters, and N is the
total doping density.

Auger recombination involves three carriers and occurs when the excess energy
generated during electron-hole recombination is transferred to another electron in
the conduction band or a hole in the valence band. This process has a significant
impact on regions with high doping levels. The Auger recombination rate can be

estimated using the formula [115]:

Ruug = Cy (pn® —nn?) + C, (np® — p?) (2.61)

where C,, and C, are the Auger coefficients for electrons and holes, respectively.
Impact ionization

In the presence of a sufficiently high reverse bias, the resulting electric field within
the space charge region will be enough to accelerate free carriers acquiring high en-
ergy. Indeed, this process involves the generation of electron-hole pairs through the
collision of high-energy electrons with atoms or other electrons within the semi-
conductor material. In order to acquire sufficient energy, two conditions must be
respected: the electric field must reach a sufficiently high level, and the distance be-
tween collisions of the free carriers must be adequate to allow for effective accelera-
tion. The impact ionization can cause breakdown or destructive electrical discharge
in semiconductor devices when excessive reverse voltage is applied.

The general impact ionization process can be described by the following equa-
tion:

G = aylll, + Tl (2.62)

here, G is the local generation rate of electron-hole pairs, and ]n’p is the current
density for electrons and holes. The coefficients a,, , are the ionization coefficients,
representing the number of electron-hole pairs generated by a carrier per unit dis-
tance traveled. These coefficients can be determined using a model proposed by Sel-

berherr [116], as expressed by the equation:

Qpp = An,pe

Bup Bu,p
E

(2.63)

where, E is the electric field in the local current flow direction, A,, ,, B, ,, and B, ,

are material-dependent physical parameters.

2.7.2 Beam Propagation Method (BPM)

To design and simulate the behavior of the Fabry-Perot cavity described in Section

4.1.2, the commercial photonic simulation package BEAMProp inside the RSoft en-
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vironment is employed [117]. BeamProp is based on the finite-difference beam prop-
agation method (BPM).

The BPM method uses finite difference methods to solve the well-known parabolic
or paraxial approximation of the Helmholtz equation to find field distributions in a

waveguiding structure. It is given as follows:

_J*D  *D D

2,12 2 —
(V +k )CD 512 + 792 + 572 +k®=0 (2.64)
where spatially dependent wavenumber is k(x,y,z) = %”(X’ 1,z) and n(x,y,z) is the

refractive index space distribution. @ is defined in terms of the optical field distri-
bution and phase as:

D(x,9,2) = u(x,y, 2)el* (2.65)

where k is a constant describing the average phase change of @ in z-direction. The
basic BPM equation in three dimensions became:

u i (Q%u  J%u -

R T | S 2.66

e = oGt gy v ) 266
Simplification to two dimensions is obtained by neglecting any dependence on y.
Given an input field, u(x,y,z=0), the above equation determines the evolution of the

field in the space z>0.

2.7.3 Optical simulation in Lumerical

The simulation and theoretical analysis of the modulator, which is based on the
thermo-optic effect, were carried out using Lumerical simulation software [118].
Developed by Ansys, Lumerical is a comprehensive software solution for photon-
ics simulations, which enables the design of various photonic components, circuits,
and systems.

Lumerical integrates four distinct tools: Lumerical DEVICE, Lumerical MODE,
Lumerical Interconnect, and Lumerical FDTD.

In the subsequent section, an exploration of the operational principles of Lumeri-
cal DEVICE and Lumerical MODE will be undertaken. These tools were employed in
this research to conduct the simulation and theoretical analysis of the thermo-optic
modulator, providing valuable insights into the realm of integrated photonics.

Lumerical DEVICE [119] is an advanced, finite element multiphysics simulation
environment that is equipped with solvers, including DGDT, FEEM, CHARGE, and
HEAT. DGDT and FEEM conduct optical simulations using different methods, Dis-
continuous Galerkin Time-Domain, and Finite Element Eigenmode, respectively. On
the other hand, CHARGE and HEAT are specialized in addressing charge and heat

transport-related issues. In the simulations conducted in this thesis, the HEAT [120]
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solver from Lumerical DEVICE was employed. This particular solver calculates the
thermal response to Joule heating in electrically driven systems. It achieves this by
solving the heat transport equation:

JdT
P = -V-(kVT)=Q (2.67)

where p is the mass density, ¢, is the specific heat, k is the thermal conductivity
and Q is the applied heat energy transfer rate.

Regarding the electrical part, the electric current equation is considered:

J]=0E=-0VV (2.68)

where o is the electrical conductivity, E is the electric field, and V is the applied bias.

It is combined with the auxiliary continuity equation:

dp _
5 ="V] (2.69)

where p is the charge density. In steady-state, dp/dt = 0, and the combination of the

electric current equation with the continuity equation results in:
V-(6E)=0 (2.70)
and the electrical power dissipated by the Ohmic effect is:
P=J-E=0E? (2.71)

This approach is applied to address heat transport questions, considering the
heat energy transfer rate Q=P, which accounts for the Joule effect. The utilization
of the HEAT solver plays a pivotal role in understanding the thermal aspects of
electrically driven systems.

Lumerical MODE [121] is a comprehensive optical waveguide design environ-
ment. It comprises three solvers: Finite Difference Eigenmode (FDE), variational
FDTD, and Bidirectional Eigenmode Expandion (EME) solver.

The Finite-Difference Eigenmode (FDE) is a mode calculator solver that calcu-
lates the spatial profile and the modes by solving Maxwell’s equations on a cross-
sectional mesh waveguide. Particularly, the solver calculates the mode field profiles,
effective index, and loss. The method is based on the work proposed by Zhu and
Brown in [122] in which Maxwell’s equations are formulated into a matrix eigen-
value problem and solved using sparse matrix techniques to obtain the effective in-

dex and mode profiles of the waveguide modes.
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This chapter focuses on the analysis of the optical properties of two wide bandgap semi-
conductor materials, Silicon Carbide (SiC) and Gallium Nitride (GaN). The experimental
results are of significant relevance for exploring the potential of these materials in pho-
tonics applications. In order to characterize the optical properties in terms of the complex
refractive index, a spectroscopic ellipsometry method in a wide spectrum range has been
employed. Especially, the studied samples include 4H-SiC, and 3C-SiC with varying dop-
ing levels (lightly and heavily doped) and semi-insulating GaN. Additionally, this study
investigates the temperature dependence of the thermo-optic coefficient, which measures
the variation of the refractive index as a function of temperature, in two samples of 4H-
SiC and GaN. The experimental measurements have been conducted in a wide temperature
range, reaching approximately 500K, in visible (A=632nm) and near-infrared (A=1550

nm) spectrum.

3.1 Spectroscopic Ellipsometry

3.1.1 Theory of spectroscopic ellipsometry

Spectroscopic ellipsometry is a non-invasive and non-destructive optical technique
employed for the determination of thin film properties, including thickness, com-
plex refractive index, and dielectric constant. It relies on the changes in the polar-
ization state of the light beam reflected from the surface of the sample.

The ellipsometer used in this experiment is a phase-modulated one, UVSEL man-
ufactured by HORIBA Jobin Yvon. It exploits a photoelastic modulator to perform
polarization modulation at a frequency of 50kHz without mechanical movement
[123]. Compared with the conventional ellipsometers, this phase modulation-based
approach enables rapid optical characterization of optical and geometric properties
of thin films, allowing a high level of sensitivity across a broad spectral range. Con-
cerning its working principle, a schematic diagram of a UVISEL phase-modulated

ellipsometer is depicted in Fig. 3.1.
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Light
Source

Photoelastic
Maodulator

Polarizer N

Sample
Optical setup of the UVISEL

Fig. 3.1: Schematic representation of the experimental setup [123].

It consists of two optical arms, with a sample holder placed between them. The
first arm, at the entry, comprises a light source, whose optical beam passes through a
polarizer to establish its incident polarization state, typically linear polarization. The
light source used is a Xenon lamp that covers a broad spectral range spanning from
190 to 2100 nm. This optical beam is directed onto the sample at an incident angle of
approximately 70°, resulting in a change in the polarization state upon reflection at
a specific angle. The second arm, the exit arm, consists of a photoelastic modulator,
an analyzing polarizer, and a photodetector that resolves the polarization state of the
reflected beam. The reflected light from the sample exhibits an elliptical polarization
state, containing information regarding the geometric and optical parameters of the
sample. Both the incident and reflected optical radiation can be categorized as p-
and s-polarized light.

The polarization state of the reflected optical beam can be expressed in terms
of two angles, W and A, representing the amplitude ratio and the phase difference,
respectively. Ellipsometric measurements provide data in the form of a complex re-

flection ratio (p) defined as follows:
’
p=2 (3.1)

where 7, and r, are the complex Fresnel coefficients of the polarized light parallel
and perpendicular to the incident plane, respectively. As previously described in
Section 2.4, these coefficients are related to the amplitude and phase of the reflected
wave in the p-plane and s-plane to those of the incident polarized waves in the p-
plane and s-plane, respectively. The reflection coefficients r, and r, for p- and s-
polarized light waves are related to the amplitude and phase differences in their

electric field components. Their expressions are defined as follows:
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where |E;ef| and |EI§”C| are the amplitude of the electric field of the reflected
and incident radiation in the p-component. Instead, |E5ref| and |Ei"| relate to the s-
component. o represents the phase of these electric fields. According to the previous

expressions, it is possible to rewrite the Eq. 3.1 with:

T ol wo s .
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The Eq. 3.4 is known as the fundamental equation of ellipsometry. As shown in Eq.
3.1, p is expressed as a function of W and A which are analytically related to the real
(e1) and imaginary (e,) part of the dielectric function € of the matter, and so to the
refractive index of the material. In ellipsometric measurements, the reflected polar-
ization state is converted into an electronic signal by the photodetector, expressed
in terms of I. and I;. The measured data are used to describe a model that exploits
mathematical relations, known as dispersion formula, to evaluate the geometric and
optical properties of the material by adjusting specific fit parameters.

Spectroscopic ellipsometry was employed to investigate the optical properties
of Gallium Nitride and Silicon Carbide (4H-SiC and 3C-SiC) with varying doping
concentrations. The results from these ellipsometry measurements are integral to

the research studies presented in the next sections.

3.1.2 Experimental results: 4H-SiC and 3C-SiC

The optical properties, specifically refractive index (n) and extinction coefficient
(k), of 4H-SiC and 3C-SiC were characterized. In the case of 4H-SiC, the sam-
ples under investigation exhibit three distinct doping levels. All these samples are
<0001> oriented and comprise a 2 mm-thick semi-insulating bulk with a resistiv-
ity p > 10°Qcm, and two heavily-doped n-type substrates, each with a thickness of
250 pum and doping levels of 10'8cm™3 and 10'%cm=3 [124]. On the other hand, the
studied sample based on 3C-SiC is a three-layer p-i-n structure epitaxially grown,
whose growing was performed by Advanced Epi [125], on a commercial 6-inch
SOI wafer [126]. Specifically, the first one is a 50 nm-thick heavily doped p-type

(N4 = 10"%cm™3) layer, the next one is a 100 nm-thick intrinsic layer, and the last
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one is a 50 nm-thick highly doped n-type (Np = 10'%cm~3) layer. The details are

summarized in Table 3.1.

Parameters 4H-SiC 3C-SiC p-i-n
Doping (cm™3) 1013 1018 1019 n-type 1019 1012 p-type 1019
Thickness 2mm | 250 ym | 250 um 50 nm 100 nm 50 nm

Table 3.1: Doping and thickness of the samples based on 4H-SiC and 3C-SiC

employed for the ellipsometry characterization.

Spectroscopic ellipsometry data were recorded in a wavelength scanning range
from 300 to 1600 nm, with a step of 5 nm, with an incident angle of 70°. The acquired
data from the ellipsometry were fitted by the classical dispersion model. It is based

on the sum of the single and double Lorentz, and Drude oscillators [127]:

2 2 2 2
€5~ €)W w i " W
E(w) = €q + (25 2°°), L — P +E 5 ﬁz 0i (3.7)
Wy —w +]F0-a) - +]Td-w = wOi—w +jYiw

Fitting of experimental data leads to the evaluation of the dielectric function € =

€1 — j€,. Assuming that € = n? = (n — jk)? the complex refractive index is extracted.
Concerning the characterization of 4H-SiC, the measured dispersion curves of

4H-SiC optical constants led to the refractive index and extinction coefficient which

are shown in Fig. 3.2a and in Fig. 3.2b, respectively.
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Fig. 3.2: Refractive index (a) and extinction coefficient (b) of 4H-SiC substrate.

On the other hand, the ellipsometry characterizations of the p-i-n structure based
on 3C-5iC above-described are depicted in Fig. 3.3.

The experimental data presented here are in good agreement with previously
available literature results [128, 129].

The experimental results for both materials reveal a decrease in the refractive in-

dex of SiC with an increasing doping concentration. This effect is relatively moderate
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Fig. 3.3: Real part of the refractive index of p-i-n structure based on 3C-SiC.

at shorter wavelengths and becomes progressively more pronounced upon increas-
ing wavelength into the infrared range. Regarding the extinction coefficient, which
is directly related to the absorption through the equation o = 47”1‘, it exhibits a rapid
increase at wavelengths corresponding to energies which are higher than the energy
bandgap (around A = 380nm for 4H-SiC). As the wavelength increases, resulting in

lower energies, the extinction coefficient tends toward zero, corresponding to mini-

mal light absorption in the medium.

3.1.3 Experimental results: GaN

In this case, the sample under investigation is a semi-insulating GaN substrate with a
resistivity p > 10® Qcm. The substrate is oriented along the <0001> crystallographic
direction and has a thickness of 0.35 mm. The data acquisition process involving
ellipsometry follows the same methodology as previously described for SiC. How-
ever, there is a variation in the dispersion model employed for GaN, which is the
Adachi-New Forouhi model. This model allows for a more accurate representation

of the optical properties and behavior specific to GaN. It is described as follows:

€(E) = €o(E) + €1(E) (3.8)
where
f(Xo) f(Xs0)
€ :AO{ E;’/g + 2(Eg+2?))3/2} (3.9)

e1(E) = (ny(E) + ki (E))? (3.10)

more detail about the expressions is reported in [130].
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The experimental results of the refractive index and extinction coefficient are
reported in Fig 3.4. These results are in good agreement with others presented in

literature [131].
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Fig. 3.4: Real and imaginary part of the refractive index of GaN substrate.

3.2 Thermo-optic effect in Silicon Carbide and Gallium Nitride

The knowledge of the optical properties of the materials employed in photonics,
and in particular their temperature dependence, is essential for the precise design
of future optical devices. Especially, the evaluation of the thermo-optic effect, which
characterizes how the refractive index changes with temperature, plays a key role.
However, experimental results for wide band-gap semiconductors, such as Silicon
Carbide and Gallium Nitride, are currently limited. In this section, the experimen-
tal data for semi-insulating 4H-SiC and GaN in the visible (1=632 nm) and near-

infrared (1=1550 nm) ranges are reported [132-134]

3.2.1 Theory of thermo-optic effect and its state of art

To ensure a proper design of optoelectronic devices, the evaluation of the temper-
ature dependence of the optical properties, particularly the refractive index, of the
materials is required. The temperature has a significant impact on the refractive
index, through a phenomenon known as thermo-optic effect (TOE). Neglecting the
TOE in the device design may lead to adverse effects on its performance. In fact,

the temperature-induced variation in the refractive index could cause an incorrect
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functioning of optical devices when their resonance wavelength depends on the re-
fractive index. These devices include distributed feedback lasers, optical couplers,
interferometers, and waveguides. Even a slight thermally induced resonance drift
may cause wavelength detuning or phase mismatch, degrading the nonlinear pro-
cesses, and completely changing the device behavior.

On the other hand, understanding the temperature dependence of the refrac-
tive index could be exploited to design and develop thermally activated devices. A
variety of optical devices, such as switches, modulators [135], tunable lasers, wave-
length demultiplexers, and filters employ the thermo-optic effect in order to obtain
a resonance wavelength shift.

Few studies are reported in literature regards the experimental evaluation of the
thermo-optic coefficient, %, for wide bandgap semiconductors. These include meth-
ods such as interferometry [136], z-scan [137], thermal lens [138], and light-induced
transient thermal grating techniques, which is also called a time-resolved four-wave
mixing [139, 140]. Recently, the temperature dependence of the refractive index of
4H-SiC and GaN was demonstrated across a wavelength spectrum spanning from
their respective near band edge (1=392 nm for 4H-SiC, A=367 nm for GaN) to in-
frared (A1=1700 nm). These measurements, performed in a temperature range from
RT to T=500 K, were conducted employing an optical interference method[128]. At
a specific wavelength of A=450 nm, the TOCs of 4H-SiC and GaN were 7.8 107°Kk!
and 1.6-1074K~!, respectively. Moreover, employing the method of minimum devia-
tion, the temperature-dependent refractive index of 4H-SiC and 6H-SiC was investi-
gated within a temperature range extending from 293 K to 493 K. This investigation
is defined in a spectral range from A=404.7 nm to A=2325.4 nm [141]. For 4H-SiC,
at the wavelength of A=450 nm, at T=493 K, a TOC of 8.18- 1075K~! was measured,
closely aligned with the value reported in Ref [128]. At the same temperature, the
TOC of 6H-SiC at the wavelength of 1=1523 nm was evaluated as 5.94 - 107°K1,
which is in agreement with the value of 5.54-107K~! reported in Ref [142].

Despite these reported methods have been implemented across various wave-
length ranges, there is a lack of studies related to the direct dependence on the tem-
perature of TOC for these semiconductors. So far, the knowledge of the temperature
dependence of the thermo optic coefficient of 4H-SiC and GaN in the visible and

near-infrared range, over a wide temperature range, is still lacking.

3.2.2 Experimental setup

An experimental setup has been assembled to evaluate the temperature dependence

of the thermo-optic coefficient of two samples of 4H-SiC and GaN. Both of them are
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commercially available <0001> oriented semi-insulating thick substrates [124]. The

main geometrical and physical properties of both samples are reported in Table 3.2.

Parameter 4H-SiC ‘ GaN
Substrate Semi-insulating <0001>
Resistivity (Q - cm) >10° >10°
Roughness (nm) <0.5 <0.5
Energy gap (eV) (T=300K) 3.2 3.43
Thickness, L (mm) 2 0.35
Thermal expansion coefficient, -1.0971-107°T2 3.92.1073T +2.42
a (107°k~1) +1.8967-1072T —1.9755 [143] [144]
Refractive index, 2.6526 2.3780
n (T=300 K, 1=632.8 nm) (see Fig. 3.2) (see Fig. 3.4)
Refractive index, 2.5908 2.3780
n (T=300 K, A=1550 nm) (see Fig. 3.2) (see Fig. 3.4)

Table 3.2: Main features of the 4H-SiC and GaN samples.

The analysis is carried out in a temperature range from RT to about 500 K at
two wavelengths. Specifically, at the principal optical communication wavelength of
A=1550 nm and at a wavelength in the visible range of 1=632.8 nm.

In order to characterize the thermo-optic coefficient, an interferometric method
[13, 142] based on a Fabry-Perot cavity is exploited. As explained in Section 2.5.1,
a Fabry-Perot cavity consists of two partially reflecting mirrors which are planar
and separated by a distance of L. When an optical beam is launched in one of these
mirrors, the optical beam within the cavity is reflected many times between the two
surfaces and a multiple-beam reflection interference occurs. Because both samples
are double-side polished at an optical grade, they effectively behave as Fabry-Perot
(FP) cavities.

Fig. 3.5 shows a schematic representation of the experimental setup employed in
this study, with individual components detailed in this section. The sample is con-
tained in a fiber-to-fiber U-bench (Thorlabs, FBC-1550-FC) with a 3 cm spacing. Fig.
3.6 is a labeled photograph showing the U-bench system. Through an optical fiber
system, firstly the optical beam is launched into the sample, and then the transmit-
ted optical beam is collected. In order to ensure uniform heating at the desired tem-
perature, the sample is placed on a ceramic-resistive heater. By applying a voltage
across the resistor via a source-meter, the temperature increases due to Joule heating.
The generated heat is transferred to the sample, causing it to heat up, consequently.

The experimental measurements are started after an alignment procedure to ensure
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Fig. 3.5: Schematic diagram of the experimental setup used for characterization of

TOC as a function of temperature.

Fig. 3.6: Picture of the experimental setup.

that the optical beam is launched orthogonal to the surface. The actual temperature
of the sample is monitored by a high-sensitive PT-100 sensor glued onto its surface
close to the monochromatic light spot. Its measured resistance value is evaluated by
a digital Ohmmeter. Concerning the optical beam, it is launched into the fiber by a
remotely controlled tunable laser diode. Finally, the transmitted optical beam is col-
lected at the output by a high-speed Si photodetector (Thorlabs, DET210/M)[145]
investigations in the visible range, and for near-infrared range, it is collected using a

switchable gain amplified InGaAs photodetector (Thorlabs, PDA10CS-EC)[146].
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The experimental equipment is fully remotely controlled by a computer-based
system and data is collected with a specifically designed data acquisition program

by Labview.

3.2.3 Experimental method

To evaluate the thermo-optic coefficient as a function of the temperature, a continu-
ous optical beam at a specific wavelength was launched on the surface of the sample.
The transmitted radiation intensity was monitored and recorded while the temper-
ature of the sample slowly increased from room temperature (RT) to a temperature
of about T=500K.

The transmitted signal I;, as explained in Section 2.5.1, is the result of multiple
interferences taking place inside the FP cavity, and it is given by the Airy formula:

Iy
L= ———— (3.11)
1+ 4—1:22 sin? @
TC
Temperature fluctuations induce variations in both the refractive index and length
of the cavity (thermal expansion coefficient). As a result, the phase of the transmitted

signal exhibits a periodic trend. It is mathematically described by the formula:

oD 2mL (én
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oT A (aT+“( n )) (3.12)
where « is the thermal expansion coefficient, A is the wavelength, g—? is the thermo-

optic coefficient, n and L are the refractive index and length of the cavity, respec-
tively.

The TOC is evaluated by monitoring the pattern of the transmitted radiation
intensity during the application of the temperature ramps. Firstly, the pattern of
the transmitted signal as a function of temperature is obtained by combining the
collected data from the photodetector with the temperature from the PT-100 sensor.
Here, the distance in temperature between two consecutive maxima (or minima)
peaks, AT, which corresponds to a phase shift of the optical propagated field of
®=rt, was extracted. According to Eq. 3.12, it was possible to evaluate the thermo-
optic coefficient g—?

It’s worth noting that both a(T) and n(T), which represent the thermal expan-
sion coefficient and the refractive index, respectively, are temperature-dependent.
Therefore, their values need to be updated at each temperature step. In this study,
expressions from the literature are employed for the thermal expansion coefficient
a(T), according to the relevant equations in Table 3.2. In particular, the a(T) de-
pendence for GaN is the linear interpolation of the experimental data provided in
Ref. [144], from 300 to 500 K. On the other hand, n(T) is calculated according to Eq

3.12 with the value obtained from the previous temperature step. The evaluation of
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the thermo-optic coefficient starts at room temperature and the value of the refrac-
tive index n(RT), as reported in Table 3.2, is extracted from the experimental data of
spectroscopic ellipsometry, as described in Section 3.1.2 and Section 3.1.3.

To ensure a more accurate evaluation of the thermo-optic coefficient, once each
operating temperature was reached, the system has been maintained in a stable
state for approximately ten minutes before starting the measurement of transmitted
optical intensity. Five consecutive and independent acquisitions of the photodetec-
tor output signal, along with the corresponding precise temperature data from the
PT-100 sensor, were then averaged to obtain a single pair of measurement points
(Transmitted signal, Temperature). Finally, each DUT underwent several tempera-
ture ramps, from RT to maximum temperature and, again, from maximum temper-

ature down to RT.

3.2.4 Experimental results: 4H-SiC and GaN

The temperature dependence of the thermo-optic coefficient was evaluated for two
samples of 4H-SiC and GaN. These experimental measurements were carried out at
two distinct wavelengths, specifically in the visible (1=632.8 nm) and near-infrared
(A1=1550 nm) range. The temperature range extended from room temperature (RT)
up to approximately T=500K. The following section shows the experimental results

obtained in this study.

g—; at near-infrared wavelength (1=1550 nm)

In this section, the experimental results obtained at a wavelength A1=1550 nm are
reported. It is the most common wavelength used in optical communications due
to the exceptionally low absorption losses shown by silica optical fibers. Knowledge
of the thermo-optic effect in this spectrum range is fundamental for telecommuni-
cation applications. The experimental results are included in a journal paper [133].

Firstly, the transmission radiation signal is collected when a temperature ramp
from RT to about 500K is applied to the sample. The collected data for the 4H-SiC
sample are reported in Fig 3.7. According to the above-detailed procedure, the mea-
surement of the distance, in terms of temperature, between two consecutive maxima
(or minima) of the transmitted signal, which corresponds to a phase shift of the
optical propagation field of ¢=m, was estimated. It is worthwhile specifying that
the amplitude drop around 400 K is due to a submicrometric shift that occurred
in the mechanical assembly during the several hours-long automated acquisition.
However, these events do not affect the dn/dT extraction, as it only depends on the

distance in temperature between two consecutive maxima or minima.
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Fig. 3.7: Transmitted signal as a function of temperature for the 4H-SiC sample

(A=1550 nm).

According to the Eq. 3.12 and taking into account the recursive method for cal-
culating of a(T) and n(T), the g—? is evaluated as a function of temperature. The
experimental data for the 4H-SiC sample are depicted in Fig. 3.8 and they can be
suitably described by a linear curve in the given temperature range, described by

the following equation:

o

(S—;(T):1.03-10*7T+5.77-10*6 (3.13)
In order to evaluate the agreement grade of the experimental data §—¥ vs T with

the linear fitting curve f;(T), the coefficient of determination, R? was measured. In

statistics, R2, known as R-square, is a number between 0 and 1 that measures how

well a statistical model predicts a result. R? is expressed as follows:

n . £)2
R o SSres g Liaimfi) (3.14)

SSiot B Z?ﬂ(%‘ —371‘)2

where SS,,; is the residual sum of squares, SS;,; is the total sum of squares, n is

the number of the points, y; is the observed data, f; is the fitted data, and p; is the
mean of the observed data. In this case, the high R?=0.9894 demonstrates the good
agreement.

Another important parameter that characterizes the goodness of the polynomial
approximation of the TOCs vs T is the root-mean-square error (rmse) of all of the
experimental points and fL(T). It is an estimation of the accuracy of the model used

to describe a data set and it is expressed as follows:

rmse:\/ssres:\/zyl(yi_fi)z (3‘15)
n n
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Fig. 3.8: Thermo-optic coefficient as a function of temperature for 4H-SiC sample at

(A=1550 nm).

The corresponding rmse value of 4H-SiC TOC, in the investigated temperature
ranges, is 4.74 - 1077K1,

The same procedure was employed to evaluate the temperature-dependence of
the thermo-optic coefficient for the GaN sample. As shown in Fig. 3.9, the distance
in temperature between two consecutive transmission maxima (or minima) is larger
than the 4H-SiC substrate due to the reduced thickness of the FP cavity (L = 0.35
mm), therefore the number of the experimental points of TOC as a function of tem-
perature is limited to only a few values.

The experimental data, shown in Fig. 3.10, were modelled with the 2nd-order

polynomial best-fits, f;(T), described by the following equations:

0

6—;(T) =-3.81-1071T72+3.45.1077T-2.07-107 (3.16)
Also in this case the high R? = 0.9699 demonstrates a good agreement between the
experimental points and the polynomial fit. The corresponding rmse value for GaN
TOCs is 3.78-1077K~!. As observed in the case of 4H-SiC, the rmse value is approx-

imately two orders of magnitude lower than the corresponding TOC values calcu-

lated using Eq. 3.13 and Eq. 3.16.
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Fig. 3.9: Transmitted signal as a function of temperature for the GaN sample

(A=1550 nm).
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Fig. 3.10: Thermo-optic coefficient as a function of temperature for GaN sample at

(A=1550 nm).

g—? at visible wavelength (1=632.8 nm)

In the visible spectrum, both 4H-SiC and GaN, as wide band-gap semiconductors,
exhibit transparency. This characteristic could promote the development of novel
communication or sensory applications utilizing these materials, such as biosens-
ing, nonlinear optics, and quantum photonics. For this reason, the same analysis

procedure was applied to evaluate the temperature dependence of the thermo-optic
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coefficient at a wavelength of A = 632.8nm for 4H-SiC and GaN. The experimental
results are reported in two research papers [132, 134]. The temperature-dependent
transmitted signal for 4H-SiC and GaN samples are shown in Fig. 3.11 and 3.12,

respectively.
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Fig. 3.11: Transmitted signal as a function of temperature for the 4H-SiC sample

(A=632.8 nm).

It is worth noting that due to the shorter wavelength of the incidental optical
beam, according to the Eq. 3.12, the transmitted signal contains more periods than

those obtained at A=1550 nm within the same temperature range.
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Fig. 3.12: Transmitted signal as a function of temperature for the GaN sample

(A=632.8 nm).



58 3 Material characterization

Similar to the analysis at A=1550 nm, the experimental data of the g—% as a func-
tion of the temperature were fitted with the first-order polynomial, f;(T) using the

following equation:

5

6—;(T):7.68-10‘8T+1.72-10‘5 for 4H-SiC (3.17)
on -8 -5

s7(T)=7.21-107°T +4.28-107 for GaN (3.18)

The coefficient of determination, RZ, was calculated in order to assess the agreement
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Fig. 3.13: Thermo-optic coefficient as a function of temperature for 4H-SiC sample

(A=632.8 nm).

between the experimental data dn/dT vs T and the best linear fit, f;(T). Both 4H-
SiC and GaN samples exhibited a high degree of linearity, with R? values of 0.9934
and 0.9802, respectively, as shown in Fig. 3.13 and Fig. 3.14. In addition, the rmse
value was extracted to characterize the goodness of the linear approximation. The
calculated rmse values for 4H-SiC and GaN are 2.954-1077K~! and 5.974-1077K1,
respectively. These values are two orders of magnitude lower compared to the TOC

values extracted from Eq. 3.17 and Eq. 3.18.
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Fig. 3.14: Thermo-optic coefficient as a function of temperature for GaN sample

(A=632.8 nm).

Discussions

Table 3.3 summarizes the calculated thermo-optic coefficients for 4H-SiC and GaN at
room temperature, focusing on the two wavelengths considered in this work: 632.8
nm and 1550 nm. At RT, the TOC values at 632.8 nm are slightly higher than those
measured at 1550 nm for both semiconductors. However, the increase is more pro-
nounced for the GaN sample compared to 4H-SiC.

This observation is consistent with the results reported in Ref [128] where the
thermo-optic coefficients of 4H-SiC and GaN at RT across a broad spectrum of wave-
lengths are reported. Wherein, the experimental data clearly depicts a gradual varia-
tion in the TOC of 4H-SiC. On the contrary, dn/dT for GaN exhibits a rapid increase
as the wavelength decreases. This discrepancy has been attributed to the different

kind of semiconductor bandgap which is direct for GaN and indirect for 4H-SiC.

A(nm) | 4H-SiC TOC (1075K~!) | GaNTOC (107°K~1)

632.8 4.10 6.60
1550 3.60 5.15

Table 3.3: Room Temperature thermo-optic coefficient of 4H-SiC and GaN at 632.8

nm and 1550 nm.
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Silicon Carbide photosensors in ultraviolet, visible and

near-infrared range

In this chapter a formal investigation is conducted on the optical response of photosensors
based on 4H-SiC. This includes a numerical study of an optically controlled power MOS-
FET, where a real-time optical sensing of the junction temperature and an optical driving
have been demonstrated. The experimental and numerical results of a high-performance
p-i-n photodiode operated in the ultraviolet range are also reported. Additionally, pho-
todetection in the visible and near-infrared range has been experimentally demonstrated
through the fabrication and electro-optic characterization of a Schottky photodetector
based on Graphene/4H-SiC.

4.1 Theoretical simulation of an optically monitored 4H-SiC Power

MOSFET

Monitoring the junction temperature of power semiconductor devices is essential to
evaluate their performance, reliability, and durability. Temperature has a significant
impact on critical electrical parameters, and adequate thermal management is of
paramount importance to prevent system failure.

In this section, a novel real-time method for the direct monitoring of the junc-
tion temperature of a SiC-based power MOSFET is introduced. As seen in Chapter 3,
temperature affects the optical properties of semiconductor materials, such as SiC.
Additionally, electro-optical simulations are performed to demonstrate the optical
drive of the same power MOSFET. The theoretical results are included in two re-

search papers [147, 148].

4.1.1 Optical monitoring of the junction temperature

Nowadays, wide bandgap semiconductors, such as SiC, have replaced Si counter-
parts in power applications, especially in power MOSFET. SiC power MOSFETs of-
fer several advantages, including high-frequency operation and minimized switch-

ing losses, making them well-suited to meet the performance demands and fre-
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quencies of the new generation of electronic switching converters. However, during
power and thermal cycling, the cumulative impact of thermal stress on these power-
switching semiconductor devices, which arises from fluctuations in their junction
temperature, remains one of the most common factors leading to device failure.
Measuring the junction temperature of power semiconductor devices is a challeng-
ing task that has become increasingly critical as the need for higher power density
in power MOSFETs continues to grow.

Consequently, a lot of examples have been successfully demonstrated in the lit-
erature regarding the development of techniques and methodologies aimed at ac-
curately determining the junction temperature of these critical power-switching
semiconductor devices. Currently, three primary approaches stand out as the most
prominent for evaluating the junction temperature of power semiconductor devices.
These include optical methods, physical contact methods, and electrical methods
[149].

The electrical-based technique involves using electrical devices or electrical pa-
rameters to measure temperature. Examples of electrical devices include thermal-
sensitive electrical devices (TSED), which require additional electronic components
like resistors, diodes, and external electrical circuits for accurate temperature mea-
surement. Electrical methods also rely on detecting thermo-sensitive electrical pa-
rameters (TSEP), including on-state resistance, on-state voltage, and turn-on delay
of pulse signals [150-152], which are used for online junction temperature mon-
itoring. However, power loss is introduced to the system, making these methods
less suitable for temperature measurement during device operation. Although these
methods provide excellent spatial resolution, they require high costs and add to the
system’s complexity [149]. Recently, a study explored the linear relationship between
the body-drain voltage of power MOSFETs and junction temperature across a wide
range of bias currents, from 22 °C to 150 °C [153].

Instead, physical contact methods involve placing a die directly in contact with
a thermo-sensitive material, using thermistors and thermocouples to measure tem-
perature variations. These methods are limited by their need for mechanical access
to the die and have limited accuracy and dynamic response [154].

Recently, optical-based sensing techniques have emerged as a non-invasive and
prominent solution of junction temperature monitoring, immune to electromagnetic
interference [149]. These techniques rely on detecting the optical properties of the
semiconductor, which exhibit temperature-dependent behaviors, or on acquiring a
thermal image of the semiconductor die via an infrared camera. These techniques
can achieve high accuracy and generate a thermal map of the semiconductor die,

facilitating the identification of temperature maxima and the temperature gradient
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across the die. Various indirect approaches for measuring T using optical solutions
have been proposed, including those based on electroluminescence, light spectrum,
Raman spectroscopy, and liquid crystal thermography [155-158].

In the following section, a novel real-time optical junction temperature monitor-
ing, relying on the evaluation of the optical response of a Fabry-Perot cavity inte-

grated into a power MOSFET, is presented.

4.1.2 Device concept

The structure of an optically-controlled power MOSFET is in many aspects compa-
rable to a traditional MOSFET. The proposed device structure is a vertical diffusion
MOSFET (VDMOS) and its cross-section is shown in Fig. 4.1. It illustrates the verti-
cal configuration of the device: notably, the source electrode is positioned above the
drain, which directs the current predominantly in a vertical direction when the tran-
sistor is in the on-state. The structure consists of several distinct regions as described

below.

z % Gate

Source
/ \Optical window,
Oxide )

Channel

A) Drain

Fig. 4.1: Schematic cross-section of an optically-driven 4H-SiC Power Mosfet. The
MOSFET-integrated FP cavity consists of the 4H-SiC epilayer between the 5iO,
gate-oxide and the 4H-SiC heavily-doped substrate.

There is an n-type region heavily doped with nitrogen (10!%cm™3) that forms
the drain of the MOSFET, with a drain contact defined below it. Above this region, a
lightly doped n-type layer, typically with a doping concentration in the range of 10!°
cm™3, is epitaxially grown. Subsequently, two aluminum-doped p-type regions are
established, containing the actual MOS structure, including the device channel with

a length of 1 ym. The final SiC regions are the phosphorus-doped n-type regions,
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defining the source regions, with metal contacts placed on top to serve as the source
contacts. An 80 nm thick SiO, layer forms the insulating layer of the MOSFET, and
subsequently, a metal contact is placed above it, which forms the gate contact. The

key geometric and physical properties are detailed in Table 4.1.

Parameters Value
Silicon oxide thickness, t,y (pm) 0.08
Source thickness, tn+ (pum) 0.50
Substrate thickness, t5,; (um) 100.00
Channel length, L. (um) 1.00
Base junction depth, ty,s. (pm) 1.30
Base-to-base distance, Wi (um) 10
Epilayer thickness, t,,; (pm) 10
Base-to-substrate distance, tepi' (pm) 0.5
N*-source doping (cm™3) 1018
P-base doping (cm=3) 1017
N~ -epilayer doping (cm™3) 1016
N*-substrate doping (cm~3) 1019

Table 4.1: Geometric and physical parameters of power MOSFET based on 4H-SiC.

Based on this device structure, optical driving power MOSFET has been demon-
strated. This was enabled by integrating an optical window within the gate electrode.
Through this optical window, an optical beam, composed of two wavelengths, one in
the transparency and one in the absorption region of the semiconductor, is launched
into the upper surface of the device. This configuration allows, at the same time, the
real-time optical monitoring of the junction temperature and the optical driving of
the same device.

Regarding the junction temperature monitoring, the transmitted signal from a
Fabry-Perot cavity, which is integrated into the MOSFET, is evaluated. It consists
of the lightly-doped epilayer sandwiched between the silicon oxide and the heavily
doped 4H-SiC substrate. The simulation results on the interferometric output of the
MOSFET-integrated Fabry-Perot cavity show that the variations of the junction tem-
perature can be determined by monitoring the fringe patterns. The latter are caused
by the temperature-induced variations in the refractive index of the 4H-SiC lightly-
doped n-type epilayer region. On the other hand, the optical-driving is achieved by
employing an optical beam with a wavelength in the absorption region which en-

ables the electron channel formation.
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4.1.3 Optical simulation: junction temperature monitoring

The optical simulations were performed using the RSoft BeamPROP simulation soft-
ware package. As explained in Section 2.7.2, BeamPROP relies on the finite dif-
ference beam propagation method (BPM), a widely employed and well-established
technique for modeling field propagation in integrated photonic devices. The simu-
lations took into account the structure of the MOSFET-integrated Fabry Perot cavity.
As shown in Fig. 4.1, the device is defined in the <x,z> plane where <z> is the opti-
cal propagation direction. Then, the structure implemented in RSoft was simplified
to the vertical structure composed of a silicon oxide layer, a lightly-doped 4H-SiC
epilayer, and a heavily-doped 4H-SiC substrate.

The optical beam at a wavelength of A = 450nm was launched on the top of the
gate-oxide layer. Within the structure, multiple beam interferences occurred due to
reflections at the interfaces of the epilayer/substrate and oxide/epilayer. These inter-
ferences arose from slight differences in refractive index between the layers. In the
case of epilayer/substrate, the primary reason for this refractive index contrast is the
significant difference in their doping concentrations. The 4H-SiC epilayer typically
has a doping concentration of Np ~ 10'® cm=2, while the 4H-SiC substrate exhibits
a nitrogen doping concentration ranging from 10'® cm=3 to 10'% cm=3.

It’s worth noting that at the considered wavelength, A = 450nm, 4H-SiC exhibits
transparency. Consequently, no excess carriers are generated, which means that the
electrical conductivity and the drain current remain unaffected by the probing opti-
cal signal employed for temperature monitoring.

The transmitted optical signal was monitored and collected at the input of the FP
cavity, specifically at the surface of the SiO; layer. Firstly, a parametric simulation
spanning a wavelength of around 450 nm was performed.

Fig. 4.2 illustrates the simulated FP reflected spectrum centered around the
wavelength of interest. The corresponding calculated Free Spectral Range (FSR),
which represents the optical wavelength spacing between two consecutive maxima
or minima of optical intensity reflected by the FP interferometer, is FSR=3.62 nm.
It is consistent with the theoretical value that can be derived from the following
equation: ¥

FSR:m:3.70nm (4.1)

As explained in Section 3.2.1, temperature variations, resulting from environ-
mental and/or operating conditions, have a notable impact on a Fabry-Perot cavity.
These temperature variations induce a change both in the refractive index of the cav-
ity and its physical length. As a result, a shift in the phase of the transmitted signal

is induced.
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Fig. 4.2: The normalized reflected output power as a function of wavelength.

To investigate this phenomenon, a parametric simulation was performed by vary-
ing the refractive index of the epilayer over a range that allowed for the gradual and
complete detuning of the cavity. To evaluate the impact of these variations, a mon-
itor was placed at the gate-oxide output, enabling the assessment of the reflected
optical power. Fig. 4.3 shows the normalized reflected optical power as a function
of the epilayer refractive index highlighting the transition from the maximum to the

minimum of the reflected signal.
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Fig. 4.3: Reflected output power vs epilayer refractive index.
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A complete detuning of the FP cavity occurs in the 10-ym-thick 4H-SiC epitaxial
layer when the refractive index change reaches 9.65-107°. Assuming a thermo-optic
coefficient of 7.8 - 107>K~! for 4H-SiC at 450 nm [128], in turn, it is necessary a
temperature variation of AT,;; = 123.7°C to achieve a thermally-induced refractive
index change of 9.65-107°. Therefore, the results show that, by monitoring the fringe
pattern of the MOSFET-integrated Fabry Perot cavity, it is possible to detect a tem-
perature variation of AT,,, = 123.7°C, value that can provide information on the
status of the device[148].

In addition, the impact of the gate oxide thickness on the optical output of the
cavity was investigated through a parametric simulation. The study involved moni-
toring temperature variations while varying the gate-oxide thickness from 50 nm to
500 nm. The results, depicted in Figure 4.4, demonstrate that the temperature varia-
tion is independent of the gate-oxide thickness. The selected value of 100 nm aligns

with the typical thickness of commercial power MOSFET.
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Fig. 4.4: Temperature variation induced by a complete detuning of the

MOSFET-integrated Fabry Perot cavity as a function of the gate-oxide thickness.

4.1.4 Electro-Optic simulation: activation of power Mosfet

Numerical simulations were conducted to demonstrate the optical driving of the
4H-SiC-based power MOSFET. The electro-optic simulations were carried out us-
ing Atlas, a physics-based numerical simulator produced by Silvaco. The simulation
process began with the design of a 2D cross-section of the 4H-SiC MOSFET elemen-

tary half-cell, as shown in Fig. 4.5. Its modeling was performed using DevEdit, a
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tool integrated into Atlas. The device structure was fine-meshed wherever appropri-
ate and in particular where a high gradient of doping levels was observed [159]. It
was especially around the p-n junctions and within the channel region, just below
the 4H-SiC/SiO2 interface. The mesh density is of crucial significance since an in-
sufficient density can lead to convergence issues in simulations. Notably, the vertical

spacing towards the substrate was relatively less dense.

Microns

Materials

4H-SIC
sioz
Aluminum

Polysilicon

Fig. 4.5: A cross-section of the simulated 4H-SiC power MOSFET half-cell
showcasing the finite element mesh where the equations are solved at each node.

Note the high mesh density near the junctions.

The elementary half-cell structure consists of seven regions, each defined as pre-
viously described. The key parameters associated with these regions are concisely
presented in Table 4.1. The device has a length (x-direction) of 6.5 um and a width
(z-direction) of 1um by default. Therefore, the drain contact area is 6.5 um?, the
source contact area is 1.8 ym? and the gate contact area is 3.4 um?.

The key physical models taken into account include the mobility and carrier
lifetimes depending on doping concentration and temperature. Additionally, the
models include incomplete doping ionization, apparent bandgap narrowing, impact
ionization, Shockley-Read-Hall, and Auger recombination. Detailed descriptions of
these models were previously provided in Section 2.7.1, while the comprehensive
model parameters are thoughtfully summarized in Table 4.2.

The numerical simulations were conducted by integrating the LUMINOUS opto-
electronic tool to investigate the carrier photogeneration phenomenon in the MOS-
FET channel. Particularly, optoelectronic simulations involve the evaluation of the

photogeneration rate at each mesh point through two correlated calculations per-
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Parameters Value
y(')';‘f’f(cmz/Vs) 950,125
yg;f:(cmz/\/s) 40,15.9
Nerit(cm=3) 2-1017,1.76-101°
Qn,p -0.5
Bup -2.4,2.15
Snp="Vp 0.76,0.34
EA (meV) 200
Ep (meV) 100
0, (ns) 15
NSRH (c73) 5.1016
Cup 5-10731,2.10731

Table 4.2: Model parameters used in the electro-optic simulation of 4H-SiC

optically-driven power Mosfet.

formed simultaneously. The initial calculation relies on the real part of the refrac-
tive index to compute optical intensity at each grid point along the optical path. In
parallel, the second calculation employs the imaginary refractive index to analyze
absorption and photogeneration phenomena occurring at these same points. This
coordinated approach allows for a comprehensive assessment of the device’s opto-
electronic behavior.

The aim is to drive the 4H-SiC power MOSFET by generating an electron channel
through photogenerated carriers. For this purpose, an optical beam in the ultraviolet
range, in which 4H-SiC exhibits the maximum optical absorption, was injected into
the gate electrode which includes an optically transparent window placed above the
MOSFET channel. In the case of a fully optically-driven power MOSFET, a significant
quantity of optical power is required. To address this limitation and, consequently, to
facilitate the turn-on process, a sub-threshold gate voltage was continuously applied.
The value of the threshold gate voltage, previously determined for these devices, has
been evaluated at V; = 8V according to Ref. [159]. In order to maintain the device
in a cutoff state during simulations, a subthreshold gate voltage of V5 = 5V was
chosen. Under these conditions, no electron channel is formed, and consequently,
no current flows between the drain and source contacts even with an applied drain-
source voltage (Vps).

The investigation of power MOSFET activation under a UV optical beam in-
volved the extraction of the MOSFET characteristics, specifically the drain current
density vs. drain-source voltage (/p — Vps). Firstly, the |5 — Vps MOSFET characteris-
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tics were compared under different wavelengths within the UV range. This analysis
aimed to determine the most effective optical beam wavelength for inducing pho-
togeneration phenomena with the 4H-SiC MOSFET channel. This analysis revealed
that A = 285nm is the optimal wavelength. This value maximizes the optical response
of 4H-SiC and enables the efficient generation of high currents at low optical power
densities.

The Jp — Vpg characteristics were examined under dark conditions and under an
optical beam at wavelength A = 285nm. The optical power was varied across a range
up to 10kW/cm? while a sub-threshold gate voltage was fixed at Vg = 5V. These
characteristics are graphically depicted in Fig. 4.6. Additionally, within the same
figure, the Jp — Vpg characteristics in dark conditions with gate bias of Vgg =5V and
Vs = Vp = 8V are presented. Here, it’s shown that MOSFET remains in the off-state
for Vs = 5V while it begins conducting at V5 = 8V which represents its threshold
voltage. It’s worth noting that these values of optical power are consistent with those
that can be reached in an optical fiber. Specifically, the power density of 10kW/cm?
is obtained in a single-mode optical fiber, whose diameter is typically 8 ym, in which

an optical power of 5mW propagates.
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Fig. 4.6: Forward Jps — Vpg output characteristics at dark condition with Vg =5V
and Vg = 8V and under UV beam at 285 nm with seven different values of optical

power density when a sub-threshold gate voltage Vg =5V is applied.

At a specific working point within the saturation region, specifically with a drain-
source voltage (Vpg) of 4 V and an incident optical power density of 4 kW/cm?, the

resulting drain current density amounts to approximately 16 pA/um?. This, in turn,
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leads to an ON-state resistance of 250 kQum?. This value closely aligns with the

typical characteristics of commercial power devices.

4.2 Ultraviolet 4H-SiC p-i-n Photodiode: Experimental

Characterization and Simulation-based Interpretation

4.2.1 Device structure

The ultraviolet p-i-n 4H-SiC photodiode was processed by the Institute of Microelec-
tronics and Microsystems (CNR-IMM) of Bologna (Italy). A schematic cross-section

is shown in Fig. 4.7.

TiAl (anode contact)

4H-SiC p+ region

epi

sub

Ni (cathode contact)

Fig. 4.7: Schematic cross-section of a half cell of 4H-SiC p-i-n photodiode.

The device was manufactured on a commercially available <0001> 8° off-axis,
300 pum-thick, highly-doped n-type 4H-SiC wafer. The substrate has a doping con-
centration of Np=5-10'"cm~3 and it is the starting layer of the proposed p-i-n struc-
ture. On this substrate, an epitaxial layer of 16.5 ym-thick slightly doped (n-type,
Np = 10"°cm=3) 4H-SiC was grown. To realize the top p* region, that is the anode
region with a circular area of 9.62-10~*cm? (diameter of 350 ym), an ionic implanta-
tion of aluminum (Al) was performed. The Al-implanted doping concentration pro-
file was measured by the Secondary Ion Mass Spectroscopy (SIMS) and the results are
shown in Fig. 4.8. At the surface, the Al-implanted concentration is 7-10%cm~3 with
a profile edge located at 2 ym. The concentration gradually decreases and reaches
the constant epilayer doping (i-region) at about 1.35 ym from the surface of the an-
ode contact. Finally, the upper concentric Ti/Al anode contact, with a circular area of
2.41 -10~*cm? was formed, along with the Ni cathode contact. These contact regions

were defined by photolithography and lift-off processes on the p* implanted region
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and the n* back surface of the wafer, respectively. The main geometric and physical

parameters are summarized in Table 4.3.

[ [
Doping (cm™3) 71019 (peak) 3-1015 | 5.101°
Thickness (ym) | See profile in Fig. 4.8 16.5 300.0

Table 4.3: Physical parameters of 4H-SiC p-i-n layers.

Al concentration (cm'3)

n-type epilayer doping

1015"["|"|"|"|"|"|"|"|"
0.00 0.15 0.30 0.45 0.60 0.75 0.90 1.05 1.20 1.35 1.50

Distance from anode contact (um)

Fig. 4.8: Secondary ion mass spectrometry (SIMS) profile of the Al-implanted

doping concentration in p* layer of p-i-n photodiode.

4.2.2 Experimental results

In order to investigate the electro-optical performance of the p-i-n photodetector the
experimental setup, shown in Fig. 4.9, was employed. This setup consists of a probe
station (MPS150) equipped with a semiconductor parameter analyzer (AGILENT
4155C), used to trace the device’s experimental characteristics, and a UV monochro-
mator that applies the radiation to DUT.

By considering an active area of 7.21 - 10~*cm™2, the current density-voltage (J-
V) characteristics at room temperature and under dark conditions were evaluated
[160]. The experimental results in forward voltage bias, ranging from 0 V to 3 V,
and in reverse bias up to 30V are reported in Fig. 4.10 and in Fig. 4.11, respectively.

Both plots show a typical trend compared to those reported in the literature for
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Fig. 4.9: Schematic experimental setup and fabricated microchip bonded on a

custom PCB for a stable remotely controlled measurement.

73

similar devices. Regarding the forward bias analysis, it was possible to extract the

electrical parameters, specifically the series resistance (Rg) and ideality factor (). By

fitting the analytic diode equation, the extracted values of Rg and # are 489 Q2 and

1.8, respectively. While, under reverse bias conditions, the current density gradually

increases with increasing voltage bias, ranging from -5 V to -30 V. Notably, at -5 V

and -30 V, the current densities reach 22.3 and 78.6 nA/cm?, respectively.
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Fig. 4.10: Current density as a function of the forward voltage from 0 to 3V at RT in

dark conditions in semilogarithmic scale. The insert reports the experimental data

in linear scale.

In order to evaluate the optical response of the p-i-n photodiode in the ultravi-

olet range, an optical beam from a Xenon lamp was dispersed through a remotely

controlled UV monochromator and focused onto the photoactive area of the device.
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Fig. 4.11: Current density as a function of the reverse voltage up to -30V at RT and

under the dark condition in semilogarithmic scale.

The J-V characteristics were monitored at room temperature under UV incident light
with wavelength in the range from 210 nm to 380 nm, by step of 5 nm. The obtained
J-V characteristics in reverse bias at different wavelengths are depicted in Fig. 4.12.
It is observed that the current density increases with longer wavelengths, and the
diode characteristic shifts upwards. It should be noted that the photogenerated cur-
rent density increases until the wavelength reaches 315 nm. As shown in the zoomed
view in Fig. 4.12, for wavelengths longer than 315 nm, the current density decreases.

So, the maximum photo-generated current is obtained at A=315 nm.
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Fig. 4.12: Current density as a function of the reverse voltage up to -30V at RT for

different UV wavelengths.

This trend is confirmed in Fig. 4.13 in which the photogenerated current as a
function of the UV radiation wavelength at zero-bias and 30V-reverse bias is de-

picted. As anticipated, in both cases, the photogenerated current density exhibits a
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peak at A=315 nm. It should be noted that this wavelength doesn’t correspond to the
peak response wavelength of the photodetector. In fact, it also relies on wavelength-
dependent incident optical power. For this reason, a full characterization of the
monochromator was performed in order to calculate the optical power spectrum in
the same range. The incidental optical power was monitored by replacing the DUT
with a commercial photodiode (DET 210) with a known active area and fully charac-
terized responsivity, R(A), at all wavelengths. The measured optical incident optical

power density is reported in Fig. 4.14.
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Fig. 4.13: Photo-generated current density vs. ultraviolet wavelength without bias

(blue line) and at reverse voltage V=-30 V (red line).

As previously explained in Section 2.5.2, a related figure of merit of photode-
tectors is the spectral responsivity, defined as the ratio between the photogenerated

current (I,,) and the incidental optical power (P,):

h
R=-12 (4.2)
Pinc

Moreover, the spectral responsivity is related to the external quantum efficiency
(EQE), the number of charge carriers collected per incident photon, by the following
expression:

n= Rh?v (4.3)

where hv is the photon energy and e is the elementary charge.
The spectral responsivity curve at zero-bias in the UV range (from 210 nm to

380 nm) is reported in Fig. 4.15. In the same plot, the relative quantum efficiency is
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Fig. 4.14: Incident optical power density as a function of wavelength.

evaluated. The measured responsivity is 0.168 A/W at a wavelength 1=285 nm and

the relative external quantum efficiency is 72.7%.

0.20
0.18 1
0.16 1
0.14 1
0.12
0.10
0.08 1
0.06 -
0.04
0.02
0.00

Responsivity (A/W)

T+~ 1 1T~ 1 1 1 1 1T " 17
200 220 240 260 280 300 320 340 360 380
Wavelength (nm)

Fig. 4.15: Responsivity and quantum efficiency at zero-bias of the 4H-SiC p-i-n

photodetector as a function of wavelength.

Fig. 4.16 shows how the responsivity and the quantum efficiency, evaluated at
peak wavelength, change with the applied reverse voltage. A slight increment is ob-
served as the reverse voltage increases. This phenomenon is attributed to the widen-
ing of the depletion region which enhances the collection efficiency and the separa-

tion mechanism of photogenerated carriers, consequently [161].
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Fig. 4.16: Responsivity and corresponding quantum efficiency at peak response

wavelength as a function of the reverse bias voltage.

Additionally, the electro-optic performance of the 4H-SiC p-i-n photodetector
was investigated at different incidence angles of light. The photo-generated current
was monitored when the photodiode was illuminated with UV radiation at a wave-
length of A=285 nm without bias. The results, depicted in Fig. 4.17, show the mea-
surement obtained as the viewing angle of the incident light changes in a range

between -45° to +45°, in the steps of 5°.
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Fig. 4.17: Photogenerated current density at varying viewing angles between -45° to

+45°.



78 4 Silicon Carbide photosensors in ultraviolet, visible and near-infrared range

It’s evident that the optical response is at its peak when the incident radiation
is normal to the photodiode surface. Conversely, as the viewing angle deviates from
normal, whether increased or decreased, the photogenerated current exhibits a no-
table reduction.

To our knowledge, the calculated responsivity peak of 0.168 A/W at the wave-
length of 285 nm, is the best value reported in the literature for UV photodiodes.
A comparison between different structures, such as Schottky, p-i-n, and avalanches

UV photodiodes, reported in the literature to date, is shown in Table 4.4

4.2.3 Electro-optic simulation

The above-described p-i-n photodiode, complete with its geometric parameters and
doping levels, was imported into a physic-based device simulator, Atlas by Silvaco.
The working principle of Silvaco Atlas is described in Section 2.7.1.

The initial step involved the construction of the device structure using the
Devedit tool within Atlas. Here, the photodiode’s geometry and doping profiles, as
outlined earlier, were imported into the simulation environment. These key param-
eters are summarized in Table 4.5.

4H-SiC p-i-n photodiods
Structure

um

Materials

4H-5iC
24 Auminum
Nickel

Fig. 4.18: Structure of 4H-SiC p-i-n photodiode in Silvato Atlas.

The resulting structure, shown in Fig. 4.18, consists of three regions and two

metal contacts.

* a heavily n-doped region, characterized by an arsenic impurity concentration
of 10'%m™3 which corresponds to the cathode region. As reported in Table 4.5,

its thickness could be 300 pym, however in this simulation it was significantly
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Table 4.4: Responsivity and Q.E. comparison for Schottky, p-i-n, and avalanche UV

photodiodes reported in the literature to date.
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pt ‘ n ‘ nt
Doping(cm‘3) 7-101° (peak) 3.10!3 5.1019
Thickness (ym) See profile in Fig. 4.8 16.5 300.0
Bandgap energy (eV) 3.26 3.26 3.26
Saturated velocity (cm?/s) 2107 2-107 2107
Dielectric constant 9.66 9.66 9.66

Table 4.5: 4H-SiC p-i-n layers’ physical parameters.

reduced to 10um. This allowed to obtain significant computational advantages
by reducing the number of nodes in the simulation mesh without compromising
result accuracy;

* alightly n-doped region that defines the intrinsic layer;

* a heavily p-doped region with boron impurities which corresponds to the anode

region.

Finally, two metallic contacts are defined, an anode contact based on Titanium
with an area of 175 ymz and a back contact, a cathode contact, in Nickel with an area
of 370 um?. The 3D simulation of the half cell as shown in Fig. 4.7 was performed.
Regarding the dimension of the cell, a length of 185 ym (x-direction) and a 1 ym
width (z-direction) were set up. In order to obtain the right numerical results, the
mesh is denser near a junction.

The above-described structure was simulated by three-dimensional modeling
and simulation processes taking into account the charge transport and genera-
tion recombination mechanism. For this purpose, the standard drift-diffusion trans-
port equations are coupled with Shockley-Read-Hall, Auger, and optical generation-
recombination models. In addition, the physical models take into account the mo-
bility and the carrier lifetime as a function of the doping concentration and temper-
ature, apparent bandgap narrowing, incomplete ionization of dopants, and impact
ionization. These models were employed as described in Section 2.7.

The simulation involved a careful tuning of the physical properties of the mate-
rials in the numerical model for the purpose of improving agreement between ex-
perimental and simulated results. The fundamental 4H-SiC parameters, assumed at
room temperature, were extracted from the good agreement between theoretical and
experimental results, and they are summarized in Table 4.6. It should be noted that
these values are consistent with other values reported in the literature [167-170].

In order to investigate the spectral response of the p-i-n photodiode, the optical
properties of 4H-SiC were defined. Especially, the complex refractive index, i = n+

ik, is responsible for the photodiode spectral response. The value in the ultraviolet
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Parameter ‘ Electron ‘ Hole

Eq(eV) 3.26 3.26
v(em?/s) 2-107 2-107

ppex (cm?/V's) 950 125

pmin (cm?/V's) 40 15.9
NCit (em~3) 21017 21017

a -0.5 -0.5

-2.15 -2.15

o=—y 0.76 0.76

7o (ns) 15 15
NSRH (¢473) 7-1016 7-1016
C 5.10731 | 3.1073!

Table 4.6: Simulation model parameters assumed at room temperature.

spectrum range is monitored. Regarding the real refractive index, an ellipsometric
analysis was performed in samples of 4H-SiC with a doping concentration similar
to our intrinsic (i) p-i-n epilayer. The experimental data illustrate the wavelength-

dependent real part of the refractive index (n), as presented in Fig. 4.19, which was

incorporated into our numerical model for wavelengths up to 410 nm.
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Fig. 4.19: Real refractive index as a function of the wavelength in ultraviolet
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spectrum range up to 420 nm of an intrinsic 4H-SiC sample.

On the other hand, the imaginary part of the refractive index, which directly
impacts light absorption within the medium, was determined by exploiting a model

developed through the experimental data of the dielectric function by Zollner in

81
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[171]. The latter was evaluated in a wide spectrum of wavelengths, as depicted in
Fig. 4.20. To evaluate the accuracy of the developed model, the data were compared
with the imaginary refractive index suggested by Sridhara in [172] obtaining a good

agreement.
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Fig. 4.20: Intrinsic 4H-SiC imaginary refractive index as a function of the

wavelength up to 420 nm.

Simulations results

The simulated spectral responsivity of the 4H-SiC p-i-n photodiode was evaluated
across a voltage range from 0V to 60V, with increments of 10 V, in a wavelength
range from 190 to 400 nm [173]. As depicted in Fig. 4.21, the responsivity peak
exhibits a significant increase with the applied reverse voltage. Particularly, it is ob-
served that the resposivity increases significantly up to 20V, and tends to saturate as
biases exceed 30V. This trend is due to the increment of the depletion region width,
in full agreement with the expected trend. To validate these numerical results, they
were compared with the experimental data extended up to 60V, as reported in Table
4.7.

It is worth noting that the responsivity curves exhibit a widening on the right
side. This is attributed to the increased penetration depth of photons with longer
wavelengths in SiC. This implies a more pronounced impact of the reverse bias on
the responsivity at longer wavelengths [83, 174]. In addition, a slight shift of the
responsivity peak towards longer wavelengths (red-shift) occurs as the reverse bias
increases. This phenomenon should be attributed to a progressive expansion of the

depletion region. The same behaviors were observed in the experimental results.
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Fig. 4.21: Simulated results of the spectral responsivity of 4H-SiC UV p-i-n
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photodiode under different reverse biases, 0V to 60V.

Reverse Responsivity Peak (A/W) EQE (%) at responsivity peak
bias Experiments | Simulations | Experiments Simulations
ov 0.168 0.168 72.7 70.8
10V 0.187 0.186 81.1 78.5
20V 0.198 0.195 85.6 81.7
30V 0.204 0.201 88.3 83.9
40V 0.205 0.205 89.0 85.1
50V 0.209 0.209 90.6 86.7
60V 0.212 0.212 91.8 87.9

Table 4.7: Responsivity peak and relative external quantum efficiency for

experimental and simulated results measured under a voltage bias up to 60V.
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The electron concentrations (cm™3) were probed under an ultraviolet optical

beam to mainly investigate the depletion region width modified by reverse bias. Fig

4.22 shows the numerical results of the electron concentration depth profiles evalu-

ated at the center of the active area of the p-i-n photodiode along <y> direction for

zero-bias, 20V, 40V, and 60V. Here, the optical beam wavelength corresponds to the

value at the responsivity peak.

As expected, the depletion region expands with the increasing reverse voltage.

The relative expansion as a function of the reverse bias up to 60V is shown in Fig.

4.23.1In Fig. 4.24, a comparison between the simulated and experimental data of the

responsivities at zero bias and reverse bias of 20V, 40V, and 60V is depicted.
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Fig. 4.22: Simulated electron concentration profile along the vertical <y> direction

of the 4H-SiC photodiode under different reverse biases from 0V to 60 V at the

responsivity peak wavelength.
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Fig. 4.23: Depletion region width when the p-i-n is illuminated with an optical

beam at the responsivity peak wavelength as a function of the reverse bias.

The developed numerical model provides electro-optic results which match very
well the experimental data with the theoretical ones. This agreement attests to the
accuracy and reliability of these simulations. The numerical model could be a valu-
able instrument for an in-depth understanding of the physical processes within a
4H-SiC-based device. Furthermore, it enables reliable predictions of the behavior

of next-generation devices. Simulations with properly calibrated parameters are in-
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Fig. 4.24: Experimental and simulated responsivity of the 4H-SiC p-i-n photodiode
at 0V, and reverse bias of 20V, 40V, and 60V.

deed invaluable for predictive parametric analysis of novel and more intricate device
structures.
The ad-hoc numerical model was also employed for the purpose of designing an

optimized structure. The optimization process is described in the following section.

Optimization of photodiode structure: geometrical and physical parameter

To enhance the device’s performance, an investigation was carried out to evaluate
the impact of physical and geometrical parameters on its optical response.

It’s important to note that all the ensuing results and simulations concern zero-
bias measurements.

The first step in efficiency optimization involved the selection of the optimum
doping concentration of the intrinsic layer of the p-i-n photodiode. The doping
concentration was reduced from 3-10"5cm™3 to 3- 10 cm™3 and subsequently to
1-10'cm=3. As illustrated in Fig. 4.25, a lower doping concentration in the intrinsic
layer leads to an enhancement in responsivity. This phenomenon can be attributed
to the expansion of the depletion region as doping concentration decreases. Within
this region, the amount of photons with longer wavelengths, that are absorbed in-
depth, increases. This leads to the additional generation of electron-hole pairs which
contribute to the photocurrent and consequently to an enhancement in the optical

response. As the depletion region width triples in thickness, both the peak respon-
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sivity and the relative quantum efficiency increase by approximately 20% and 17%,

respectively.
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Fig. 4.25: Simulated responsivity (a), electron and hole concentration along the
vertical <y> direction of the p-i-n photodiode (b) with the distinct value of the

doping concentration of n- layer.

Reducing the doping concentration in the epitaxial layer leads to an increased
optical response, which is a favorable outcome for enhancing the device’s perfor-
mance. However, it’s crucial to acknowledge that achieving lower doping levels in
the epitaxial layer presents a more significant technological challenge as it demands
a higher level of purity and precision in the fabrication process. Various doping pro-
files for the anode region were examined, and it was observed that no substantial
impact on the optical response has been detected [175].

The investigation of the effect of the hole lifetime on the device’s optical response
was carried out. Fig. 4.26 shows the dependence of responsivity on the hole lifetime.
Photons with lower energy levels, which are absorbed deeper outside the depletion
region, tend to generate electron-hole pairs that are more susceptible to recombina-
tion. An increase in the hole lifetime leads to a decrease in the recombination rate,
and consequently, a larger amount of electrons reach the depletion region and the
cathode contact. As a result, the optical response improves. It’s worth noting that a
slight shift in the peak of responsivity towards longer wavelengths (red-shift) occurs.

A further optimization process is related to geometric parameters, specifically
the extension of the lateral region of the n-layer exposed to UV light and its thick-
ness. In Fig. 4.27a, the responsivity is depicted for varying lateral region sizes rang-
ing from 10 ym to 60 ym. The optimal value is 20 ym, corresponding to a respon-
sivity of 0.169 A/W.

Furthermore, the impact of the n-layer thickness (f,;) on the optical response

was also investigated, with thickness variations ranging from 4 ym to 16.5 ym. In
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Fig. 4.26: Simulated responsivity (a), electron and hole concentration along the
vertical <y> direction (b) of the p-i-n 4H-SiC photodiode with distinct value of

hole lifetime.
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Fig. 4.27: Simulated responsivity varying geometrical parameters: length (a) and

thickness (b) of the lateral region of n-layer exposed to UV light.

this case, as depicted in Fig. 4.27b, no significant variations in optical responsivity
were observed for thicknesses exceeding 8 ym. As a result, to facilitate the develop-
ment of a more compact device, the optimal n-layer thickness was established as 8
pm.

In summary, the optimal values obtained from the above-described simulations
are listed in Table 4.8. As depicted in Fig. 4.28, when all these effects are considered,
the performance of the 4H-SiC UV photodiode exhibits a substantial enhancement.
Notably, the optical responsivity reaches 0.220 A/W at 303.4 nm, and the relative
quantum efficiency at the peak response wavelength achieves an impressive value
of 90.1 % at zero bias. Therefore, the results show an improvement in the perfor-
mance of the 4H-SiC p-i-n photodiode. In particular, the responsivity and quantum

efficiency enhance to 31% and 27%, respectively.
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Parameter Optimum value
Doping concentration (n-layer) 1-10M%cm™3
Hole lifetime 50 ns
Lepi 20 pm
tepi 8 ym

Table 4.8: Model parameters achieved by means optimization process.
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4.3 Graphene/4H-SiC Schottky Photodetector in visible and

near-infrared range

As demonstrated in the previous section, 4H-SiC is an excellent candidate for ul-
traviolet (UV) detection in high-temperature and high-power environments. How-
ever, it’s important to note that the bandgap of SiC, approximately 3.2 eV, limits its
capability to detect photons with wavelengths exceeding 380 nm. To overcome this
constraint and extend its detection into the visible and near-infrared spectrum, alter-
native device structures need to be explored. In this research, a promising approach
has been employed, involving the implementation of sub-bandgap photodetection
exploiting the internal photoemission effect (IPE) within a Schottky junction by in-
tegrating a single layer of graphene (SLG) on a 4H-SiC substrate. The theory of the
IPE effect was previously explained in Section 2.5.2. The experimental results are
included in two research papers [176, 177].

In the forthcoming section, a Schottky photodetector, based on 4H-SiC and
graphene, which enables a broadband photodetection up to the near-infrared range,

is presented.

4.3.1 Device concept

The schematic cross-section of the proposed Schottky photodetector based on SLG/4H-
SiC is illustrated in Fig. 4.29a. When an optical beam is launched into the upper
surface of the device, specifically into the circular active area of the device (Schot-
tky junction SLG/4H-SiC), incident photons are absorbed by SLG. Subsequently,
photoexcited carriers in the conduction band, with enough energy to overcome the
Schottky barrier, are emitted into the 4H-SiC substrate. Once the carriers reach the
4H-SiC substrate they are rapidly swept towards the depletion region by the electric
field and then collected in the semiconductor metallic contact. This flux of carri-
ers contributes to the photogenerated current. Therefore, this mechanism allows the
detection of photons with energy between the Schottky barrier and semiconductor
energy gap (Pp < hv < E;). The described photodetection mechanism is illustrated
in Fig 4.29b. The main geometric parameters of the proposed SLG/4H-SiC photode-

tector are summarized in Table 4.9.
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hv
SLG/4H-SiC

Schottky Junction

Fig. 4.29: Schematic cross-section of Schottky photodetector based on SLG/4H-SiC.

Parameters Value
4H-SiC substrate thickness, tg;c (ym) 250
Silicon oxide thickness, tg;0, (nm) 200
Nickel thickness, ty; (nm) 200
Chromium thickness, tc, (nm) 5
Gold thickness, t4, (nm) 50
Circular active area (ymz) 7.85-103

Table 4.9: Geometrical parameters of 4H-SiC/SLG Schottky photodetectors.

4.3.2 Fabrication process

The Schottky photodetector based on Graphene/4H-SiC was fabricated at the CNR -
Institute of Applied Sciences and Intelligent Systems (CNR-ISASI) of Naples (Italy).
The fabrication process, which is described here, was carried out by myself.

The SLG/4H-SiC Schottky photodetectors were fabricated starting from a Si-face,
highly-doped (Np ~ 10'8c¢m~3, n-type, Nitrogen doped), 250 ym-thick 4H-SiC sub-
strate. The fabrication process includes eight main steps, schematically illustrated
in Fig. 4.30. To begin, a standard RCA cleaning process on the 4H-SiC substrate was
carried out (a). A 200 mm-thick SiO, layer was uniformly deposited by the sputter-
ing process on the top of the substrate, working as an insulating layer (b). Then, the
shape of the ohmic contact with the 4H-SiC substrate was defined via a bilayer pho-
tolithography process. At first, a PMGI photoresist and then a positive photoresist
were spun onto the wafer, and then the optical lithography using a mask aligner was

performed. After exposure, a developer was used to develop the exposed photore-
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sist. Then, the exposed SiO, was etched by oxide wet etching in buffered HF solution
(buffered oxide etching, BOE) (c). Subsequently, without removing the photoresist,
a 200 nm-thick Nickel layer was deposited via thermal evaporation, followed by a
lift-off process and rapid thermal annealing (RTA) in N, ambient at 950°C for 2
min in order to obtain a not-rectifying behavior (d). The nature of the ohmic contact
was validated by measuring the I-V characteristics among Ni contacts of adjacent
devices, and their linear behavior was confirmed. The realization of the Schottky
contact involves patterning a 100 ym diameter circle followed by the BOE etching
in order to expose the 4H-SiC substrate (e). The sample was then prepared for the
graphene deposition.

A single layer of graphene (SLG) grown by chemical vapor deposition (CVD) was
coated with a 500 nm thick poly(methyl methacrylate) (PMMA) film. This SLG/P-
MMA stack was placed on a polymer substrate and immersed in deionized (DI) wa-
ter, allowing the SLG/PMMA film to detach and float on the water surface. Subse-
quently, the floating SLG/PMMA film was lifted by the substrate, and after drying,
the sample was heated up and placed in acetone to remove the protective PMMA
layer (f). The pattern of graphene was defined by a photolithography process, suc-
ceeded by dry etching in an oxygen plasma, which leads to the removal of the excess
graphene layer. Finally, the metal electrode on graphene was lithographically pat-
terned, and a stack of Chronium (5 nm) and Gold (50 nm) was deposited by thermal
evaporation following a lift-off process.

The optical microscope image of the fabricated Schottky photodetector is de-
picted in Fig. 4.31. Here the SLG boundaries are highlighted by a red dashed line.
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Fig. 4.30: The fabrication process of SLG/4H-SiC Schottky photodetector. RCA

Sio,
4H-SiC
Ni
Cr/Au
SLG

!

cleaning on 4H-SiC substrate (a), sputtering deposition of SiO, (b), 4H-SiC ohmic
contact shape definition by a photolithography process and buffer oxide etching
(BOE) (c), Nickel deposition by thermal evaporation (d), pattern of the active area

(Schottky contact) by photolithography process and BOE (e), deposition of SLG by
fishing procedure (f), the pattern of the SLG shape by photolithography (g), SLG

contact area definition and Cr/Au deposition by thermal evaporation (h).

SLG/4H-SiC
junction

4H-SiC contact

Fig. 4.31: Optical microscope image of the fabricated device. The red dashed line

represents the boundary of the graphene layer.
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4.3.3 Material characterization: Raman analysis

Raman spectroscopy, a non-destructive technique used for material characterization,
offers a means to evaluate both stress and doping in graphene. Raman spectra were
performed by a HORIBA Scientific LabRAM HR Evolution Raman spectrometer with
an integrated Olympus BX41 microscope. The Raman spectrum of a freestanding
graphene sheet, which is almost strain and doping-free, is characterized by the pres-
enceof a Gband at 1580 cm™! and a 2D band at 2700 cm~! for an excitation energy
of 2.33 eV. However, the concurrent presence of stress [178, 179] and doping [180]
results in a shift in the position of the G and 2D peaks. By constructing a correlation
map between the G and 2D peak positions, it is possible to obtain information on
the simultaneous presence of stress and doping and to separate their contributions
[181].

Fig. 4.33 shows the Raman spectra which were evaluated by focusing on various
points within the sample, which correspond to two stacks: graphene-5i0,-4H-5iC
and graphene-4H-SiC. Here the 2D peak and G peak are highlighted.

Gr-Si02-4HSiC

Intensity(arb. un.)

i

Gr-4HSiC

i T T T T T ) T ) T T T L T T I
1400 1600 1800 2000 2200 2400 2600 2800
Raman shift (cm™)

Fig. 4.32: Raman spectra of graphene on silicon oxide (green spectrum) and

graphene deposited on 4H-SiC (red spectrum).

In Fig. 4.33 the correlation map between the Raman shift of the 2D peak, Pos(2D),
and the Raman shift of the G peak, Pos(G), is shown. The point placed at 1582
cm~! and 2670 cm~! (black dot in the map) corresponds to the Raman shift of ideal

graphene, with no stress and doping; from this point, two reference lines are plot-
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ted, with slope 2.45 [178, 179] and 0.07 [180] which indicate pure strain and pure
doping, respectively. On the other hand, the dashed lines represent the condition of
the studied sample. It’s worth noting that both points show the error bars which are

correlated to the different measurement points.
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Fig. 4.33: G-2D correlation plot showing data for graphene placed in contact with
SiO; (green dot) and when graphene is placed in contact with 4H-SiC (red dot).

The result reveals a doping concentration of 0.3 -102cm~2 when graphene was
deposited on the SiO, layer, which increased to 3-10'2cm~2 when SLG was in direct

contact with 4H-SiC substrates.

4.3.4 Electrical characterization: Experimental setup and results

Experimental setup

The electrical characterization of the Schottky photodetectors based on SLG/4H-SiC
involved the measurements of their current-voltage (I-V) characteristics. To perform
these measurements, a probe station, as shown in Fig 4.34, equipped with a source
meter (Keysight B2902A), was employed. The sample was placed on the holder of
the probe station and the two electrodes, which are a Ni contact with an approxi-
mate area of ~ 0.25 um? and a Cr/Au contact with an area of 0.15 ym?, were con-
nected by 2 probe-tips both controlled by three-axis micromanipulators. In order to
perform an accurate alignment of the probe tips into the electrodes, an optical mi-
croscope integrated into the probe station was employed. It should be noted that the
probe station is enclosed in a black box which allows the measurement under dark

conditions. The data acquisition involved applying a voltage bias to the graphene
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contact while silicon carbide was kept grounded. The source meter was connected
to a PC via a GPIB cable and it was driven by codes implemented in Matlab. The
I-V curve was obtained by averaging five measurements performed by varying the

applied voltages repetitively across the range of -3.0 to 3.0 V.

Fig. 4.34: Experimental setup of the electrical characterization: schematic

illustration (a) picture of the probe station (b).

Experimental results

Firstly, the I-V characteristics under dark conditions and at room temperature were
performed. The experimental results are depicted in Fig. 4.35 in semilogarithmic
scale. The photodetector exhibits clear rectifying diode I-V characteristic which con-
firms the formation of a Schottky junction between graphene and 4H-SiC. In partic-
ular, the dark current in reverse bias at -3V is approximately 60 nA, which is more
than three orders of magnitude lower than that one in the forward bias of 50 yA at
3V.

The experimental data are well-described by the thermionic theory, according to

which the Schottky diode equation is expressed as follows[182]:

9(V-RsI)
I:IS(e 5T —1) (4.4)
, 4%
I, = AA*T?¢ %7 (4.5)

where A is the active area equal to 7.85 - 10~5¢m?2, A* is the Richardson constant
(for n-type 4H-SiC, it is theoretically estimated to be 146 A/cm?K? [183]), q is the
electron charge, ky is the Boltzmann constant, T is temperature, V is the applied
voltage, R; is the series resistance, 7 is the ideality factor, and ®p is the Schottky

barrier. Many details are reported in Section 2.5.2.
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Fig. 4.35: Current-Voltage (I-V) characteristics under dark conditions and at room

temperature.
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Fig. 4.36: Band diagrams of the graphene/4H-SiC n-type junction at the thermal

equilibrium (a) and when a reverse bias V (b) is applied.

As shown in Section 2.5.2, the Schottky barrier exhibits a dependence on the

reverse voltage, which is expressed as follows:

qPp(V) = qPs16 — 4Xan-sic — AEF(V) (4.6)
and at zero-bias it becomes:

qPpo = 4Psr6 — qXaH-sic —AEp(V =0) (4.7)

where ®g;5=4.6 eV[184], xsy_sic=3.3eV[185], and the variation of Fermi level
AEp(V) (Fig. 4.36) can be expressed as below:

AEp = —sgn(n)hvpy/n|n| (4.8)

where the carrier density (n) of the graphene is defined as follows:
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n(V) =y - Zj;'"mvhi ) (4.9)

ng is the natural p-type graphene doping. By subtracting Eq. 4.6 and Eq. 4.7, it is

possible to obtain the following expression:

2 2
q05(V) = gD + hvpy /7‘(‘ | i;’"NvM —th\/n, / e;mN(Vbi —V) (4.10)

where @ is the Schottky barrier without bias, vy = 1.1-10% cm/s is the Fermi ve-

locity, €, is the dielectric constant of the 4H-SiC, and V is the applied reverse bias.
It’s worth noting that in Eq 4.10 the sign of the carrier density (n), which is clearly ex-
pressed in Eq 4.8, has been considered negative, due to the n-type doping of the SiC
substrate [60], and n( has been neglected. Indeed, the results of the Raman analysis,
which was previously presented, showed that ng is 3-10'!cm~2 which is an order

of magnitude lower than /%N Vii = 3-102cm™2. These results lead to consider

n(V=0)=~ , /%%NVM =3-10'2cm™3. Under this approximation, the Fermi level vari-
ation at zero-bias is evaluated by applying the Eq. 4.8 and it is AEp(V =0) = 0.22¢V.
Consequently, the Schottky barrier at zero-bias was extracted and its value was
®py = 1.1eV. The extracted ®p is consistent with other values reported in the lit-
erature [56, 186] and with the theoretical value that is ®gy = q®s; 6 — Xag_sic=1.3
eV. Finally, the Schottky barrier as a function of reverse bias was extracted by apply-

ing the Eq. 4.10, and the results are depicted in Fig. 4.37
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Fig. 4.37: Schottky barrier as a function of reverse bias up to 5V.
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4.3.5 Optical characterization: Experimental step and results
Experimental setup

The optoelectronic characterization of the SLG/4H-SiC-based Schottky photodetec-
tor was carried out using the experimental setup depicted in Fig. 4.38. The opto-
electronic characterization was performed in order to measure the photogenerated
current (Fig. 4.38a) and the incident optical power (4.38b).

Firstly, the measurement of the photogenerated current was performed. It should
be noted that the optical response of the photodiode has been evaluated under three
distinct optical beams with wavelengths of 406 nm (L4 408-48B-TE), 633 nm (Thor-
labs HRP120-1), and 785 nm (LaserSLT Diode). The experimental setup was the
same for each wavelength. After a collimation step, the free-space optical beams
emitted by each laser were modulated by a mechanical chopper operated at a fre-
quency of 300Hz. Then, the modulated beam was split into two beams using a beam
splitter. One beam was launched to the circular active area of the SLG/4H-SiC pho-
todetector. The other one was collected to a microscope objective equipped with a
charge-coupled device (CCD) camera. This allowed a precise alignment of the op-
tical beam into the active area in order to achieve maximum optical response. The
electrical contact to the electrode of the photodetector was performed by employing
two probe-tips controlled, also in this case, by a couple of three-axis micromanipula-
tors. The photogenerated current was amplified by a transimpedance amplifier (CVI
Melles Griot 13AMP005) which also applied a voltage bias to the Schottky photode-
tector. Thanks to that it was possible to investigate the optical response as a function
of the applied reverse bias. Furthermore, in order to enhance the measurement ac-
curacy and minimize noise interference, a lock-in amplifier (Signal Recovery 7280
SDP) was employed.

The incident optical power measurement, whose setup is shown in Fig. 4.38b,
was performed by replacing the proposed photodetector with a commercial one,
which was connected to a power meter (Newport 1931), maintaining the same op-
eration conditions. The incident optical power was measured and normalized to the
active area of the device under test. It should be noted that, as explained in Section
2.3, the SLG absorbs only ~ 2.3 %[187, 188] of the incident optical power. There-
fore, the optical power absorbed by SLG was evaluated by taking into account the
relationship P, = 2.3%P; ;..

All instruments were connected to the PC with a GPIB cable in order to autom-
atize the measurement process and to collect all data which were analyzed by an

ad-hoc code developed in Matlab.
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Fig. 4.38: Experimental setup of the electro-optic characterization: photogenerated

current (a), and incident power (b) measurements.

Experimental results

The optoelectronic measurements were carried out at three distinct optical beam
wavelengths: two in visible and one in the first window of the near-infrared spec-
trum range. Specifically, the optical response was investigated at A=406 nm, 1=633
nm and A=785 nm.

In order to evaluate the performance of the SLG/4H-SiC photodetector, the in-
ternal responsivity (R;,;) was evaluated. This is defined as the ratio between the
photocurrent I, to the absorbed optical power Py, that is Rjy; = Ipp/Paps. For each
wavelength, the optical response has been monitored at different optical powers and
under different reverse-applied voltages.

Firstly, the electro-optic performance was characterized at zero-bias. After the
device was illuminated using the optical beam, the photogenerated current and then
the incident optical power were measured accurately. Specifically, the photogener-
ated current was evaluated as a function of the optical power absorbed by SLG. The
experimental results are depicted in Fig. 4.39a,c,e for each wavelength. It’s worth
noting that the lock-in technique, which is employed in this case, allows to obtain
highly precise measurements and the error bars are within the experimental dots, so
they are not shown here. As expected, the experimental data, I, — Py, are suitably
described by a linear curve in which the angular coefficient represents the internal
responsivity at that condition of bias and wavelength. The internal responsivities

evaluated at zero bias for three wavelengths are summarized in Table 4.10.

A=406 nm A=633 nm A=785 nm
Rjy, at OV 3.275 mA/W 0.268 mA/W 56.73 uA/W

Table 4.10: Internal responsivity evaluated without bias for each wavelength.
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Moreover, the behavior of the internal responsivity as a function of the reverse
bias was evaluated. For this purpose, the photogenerated current was measured as
the reverse bias increases at a fixed optical power. The experimental data are shown
in Fig. 4.39b,d,f for each wavelength under a reverse bias up to approximately -5V,

with steps of 0.5 V. The results exhibit a progressive increment of the responsivity

as the reverse voltage increases.
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Fig. 4.39: Photogenerated current with respect to the optical power absorbed by

SLG without bias (a,c,e) and internal responsivity as a function of the reverse bias

(b,d,f) when the photodiode is illuminated with an optical beam at wavelength

A=406 nm, 1=633 nm, and A1=785 nm, respectively.

In the following section, a discussion of the detection mechanism that occurs in

the characterized device is reported.
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The optical absorption mechanism in graphene is mainly based on inter-band ab-
sorption, which occurs when an electron in the valence band reaches the conduction
band after its interaction with a photon. It’s worth mentioning that inter-band opti-
cal absorption manifests when half of the photon energy is higher than the graphene
Fermi level (hv/2 > Ep). Conversely, when this condition is not satisfied, graphene
becomes transparent to incident light. When a photon is absorbed by graphene due
to the inter-band optical absorption, the photoexcited electrons can be transferred
into SiC by the thermionic emission effect, which corresponds to the internal pho-
toemission effect (IPE). As already defined in Section 2.5.2, the internal responsivity
is defined as follows:

T (1v/2 = (q@p(V))?

R; V)= =
li’ltlpE( ) Pabs (hV/2)3

(4.11)

At 406 nm, which corresponds to a photon energy of about 3.05 eV, spanning the
entire range of reverse voltages in our experimental measurements (from -4.5 to 0
V), the condition hv/2 > q®g(V) was satisfied, as it is evident in Fig. 4.37. However,
the experimental results depicted in Fig. 4.39b, which represent the internal respon-
sivity as a function of reverse bias, were not successfully fitted by Eq. 4.11. For this
reason, another mechanism, which describes the transfer of photoexcited electrons
into SiC to detect the signal, must be taken into account. It is the thermionic-field
emission (TFE) that takes place when Ep(V) < hv/2 < q®g(V) as illustrated in the
energy band diagram of Fig. 4.40.

E,

Xsic

Fig. 4.40: Schematically representation of the emission effect that occurs in a

Schottky junction.

TFE represents a tunneling process for photoexcited carriers, and the responsiv-

ity due to this effect can be expressed as:
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DOp(V Dp(V) qV
Riptrpp (V) = A qV+qBTf)e‘i“é e (4.12)

where A mainly depends on the intensity and wavelength of the optical power in-
cident on graphene while B, C, and D are energy levels defined in the TFE theory
[182]. Therefore, by combining Eq. 4.11 and Eq. 4.12 and using A, B, C, D, and K as
fitting parameters, the experimental data at 406 nm reported in Fig. 4.39b were suc-
cessfully fitted. The experimental data and the fitted curve, whose plot is reported

in Fig. 4.41, exhibit a good agreement with a large R-square of 99%. The fitting pro-
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Fig. 4.41: Internal Responsivity as a function of reverse bias at a wavelength of 406

nm.

cedure gives the following parameters: A=0.31 A/WW, B=0.81 eV, C=0.20 eV,
D=2.08 eV and K=2.64-1073 (adimensional).

Moving our attention to the experimental responsivity at 633 nm and 785 nm,
it can observed that IPE plays a limited role at 633 nm (where hv/2 > g®g(V),
hv=1.95eV) only when reverse bias is higher than -4V and it is absent at 785 nm
(where hv/2 > q®g(V), hv=1.57eV) in all range of observation. Therefore, the exper-
imental results of Fig. 4.39d and 4.39f can not be fitted only by taking into account
TFE. This means that a third charge transfer mechanism, which becomes predomi-
nant at weak photogenerated current, could have a key role. An explanation of this
behavior could come from the field emission (FE) effect which is a pure tunneling
process that involves the charge carriers close to the graphene Fermi level, as shown

in Fig.4.40. Further investigations will have to be carried out to confirm this hypoth-

esis.
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4.4 Summary

In this chapter, demonstrations of three types of photosensors based on 4H-SiC have
been demonstrated: 1) optically controlled power MOSFET 2) high-performance
ultraviolet p-i-n photodetector, and 3) graphene/4H-SiC Schottky photodetector

which operates in the visible and near-infrared range.

Firstly, numerical simulations were conducted to analyze an optically controlled

4H-SiC power MOSFET. This investigation introduced a novel real-time junction
temperature monitoring method for the same device. Additionally, optical activa-
tion of the device was achieved through UV wavelength signals.
The monitoring technique relied on the temperature-induced refractive index change
within the MOSFET-integrated Fabry-Perot (FP) cavity, exploiting multiple-beam in-
terference. Numerical simulations at a wavelength A=450 nm, situated within 4H-
SiC’s transparent window, were employed to identify thermally-induced complete
FP detuning. The results indicated that in a 10-ym-thick 4H-SiC layer, a temper-
ature variation of AT, = 123.7°C was detected, which is vital for device health
assessment and preventing overheating.

Furthermore, numerical simulations were carried out to extract the current
density-voltage (Jp — Vpg) characteristics of the power MOSFET. The results demon-
strated that, under sub-threshold voltage bias, the photogenerated carriers, which
are induced by an optical beam (1=285 nm), established an electron channel. Con-

sequently, the optical drive was demonstrated.

Experimental and simulated results of a high-performance 4H-SiC ultraviolet p-
i-n photodetector were reported. Experimental measurements were performed in a
UV wavelength range of 210-390nm and under various reverse voltages up to 60V.
The photodiode at A=285nm exhibited a high responsivity of 0.187 A/W and a rela-
tive external quantum efficiency of 72.7% at zero bias, these results represent signif-
icant enhancements compared to prior literature. In addition, an ad-hoc numerical
model was employed to analyze the optical response, demonstrating strong align-
ment between experimental and numerical results and confirming the reliability of
the developed numerical model. An optimization process targeting electrical and
geometrical parameters led to a substantial 31% increase in optical responsivity and
a 27% in relative quantum efficiency, so the device’s performance improved signifi-

cantly.
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In the last part of the chapter, a study focused on the fabrication and character-
ization of a graphene/4H-SiC-based Schottky photodetector is reported. The device
exploits the sub-bandgap photodetection within a Schottky junction, which allows
an optical response in both visible and near-infrared (NIR) wavelengths. Given 4H-
SiC’s wide bandgap (3.2 eV), intrinsic photodetection limitations exist beyond 380
nm. Electrical characterization allowed the determination of the Schottky barrier at
zero bias and its behavior under reverse bias. The I-V characteristics exhibited clear
rectification behaviors, with a measured Schottky barrier of ®gy = 1.1 eV, consis-
tent with literature values. Optoelectronic performance was evaluated at three dif-
ferent wavelengths (406 nm, 633 nm, and 785 nm), indicating internal responsivities
of 3.275 mA/W, 0.268 mA/W, and 56.73 uA/W, respectively. While responsivity is
limited, these findings encourage further exploration of graphene/4H-SiC photode-

tectors in the NIR spectral range.



Silicon Carbide modulators integrated on SiCOI

platform

In this chapter, optical modulators based on Silicon Carbide-on-Insulator platforms are
demonstrated. Firstly the design, fabrication, and characterization of a thermo-optic mod-
ulator based on amorphous-SiC (a-SiC) is presented. This modulator is based on a mi-
croring resonator integrated with a Titanium microheater. Moreover, the early simulated
results, relaying on the design of a waveguide based on a p-i-n 3C-SiC platform, are dis-
cussed. Both devices operate in the near-infrared range, where SiC demonstrates excep-
tional properties. Specifically, SiC maintains transparency across a spectrum extending
from visible to infrared wavelengths. Its substantial bandgap provides protection against
nonlinear losses or generated free carrier losses at operational wavelengths within the
telecommunication band of 1550 nm, where photon energies are significantly lower than
the bandgap. Furthermore, within this wavelength range, SiC exhibits remarkable nonlin-
ear optical properties, enabling functionalities such as light confinement, propagation or

storage, optical modulation, and emission frequency conversion.

5.1 Design, Fabrication and Characterization of a Thermo-optic

Modulator based on amorphous Silicon Carbide

As an important component of photonic integrated circuits (PICs), various thermo-
optic phase shifters (TOPS) have been demonstrated so far and they have been
applied for many interesting applications including switching [189, 190], sens-
ing, advanced communication, and neural networks [191]. Typical photonic devices
that implement the TOPS include microring resonators (MRRs)[192-194], Mach-
Zehnder interferometers (MZIs) [9, 195], and micro-disk [196]. This kind of phase
shifter allows a simple design, easy fabrication, low cost, and small footprint. How-
ever, the modulation bandwidth of TOPS is less than 100kHz, consequently, it is only
suitable for applications that do not require high modulation speed [191, 197, 198].

In this section, a thermo-optic phase shifter is employed to enable an optical

modulation in a Silicon Carbide-on-Insulator (5iCOI) platform based on amorphous-
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SiC (a-SiC). The experimental results are included in two research papers [199, 200].
The main simulated and experimental results as well as the fabrication process are

detailed in the following sections.

5.1.1 Device Concept

A thermo-optic modulator (TOM) exploits the refractive index changes of a waveg-
uide, induced by a variation of its temperature, to modulate light passing through it.
For this purpose, the TOMs include a metal heater that is placed in close proximity,
generally on the top, to an optical waveguide [201].

In this case, the TOM is realized by a microring resonator based on amorphous-
SiC (a-SiC). This structure is encapsulated within SiO,, which serves as the cladding
of the device. On the top of the microring resonator, separated by a SiO, layer, a
metallic microheater based on Titanium (Ti) is placed. The schematic cross-section
of the proposed device is depicted in Fig. 5.1. Briefly, when an electrical signal is ap-
plied to the microheater its temperature increases because of the Joule effect, and the
generated heat is transferred to the microring. This leads to changes in the refractive
index due to the thermal effect on the lattice. Consequently, the optical phase and
therefore the resonance wavelength of the transmitted optical signal propagating

along the microring resonator are tuned.

sio,

Fig. 5.1: Schematic cross-section of the thermo-optic modulator based on

amorphous-SiC (a-SiC).

5.1.2 Numerical simulation of thermo-optic modulator

The a-SiC thermo-optic modulator was simulated by combining thermal and op-
tical mode solvers in the DEVICE and MODE tools in Lumerical. The TOM was
analyzed and solved using HEAT and FEM (Finite Element Eigenmode) tools. The

cross-section shown in Fig. 5.1 was imported into the simulators. The thickness and
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width of the waveguide are 1.1 ym and 500 nm, respectively. The waveguide is de-
fined above a 2 um-thick SiO, layer which, in turn, is placed on a thick Si substrate.
The metallic heater based on Ti, which is located at a distance of 1.5 ym above the
waveguide, has a thickness and width of 200 nm and 1.4 um, respectively. The geo-

metric parameters are summarized in Table 5.1.

Parameters Values (um)
Si0; (substrate) thickness 3
a-SiC waveguide thickness 0.5
a-SiC ring width 1.1
Si0; (cladding) thickness 1.5
Ti (microheater) thickness 0.2
Ti (microheater) width 1.4

Table 5.1: Simulated geometric parameters of the a-SiC TOM.

The thermal simulations were carried out using the HEAT solver tool which
solves the heat equation with constant power flow to the heater element. For these
simulations, the temperature at the bottom of the thermal simulation region (in the
Si substrate) was approximated with the ambient temperature of 300 K, and the
heat convection boundary condition was applied to the top surface of the device (be-
tween the oxide layer and air above it) with fixed convection of 10 W/m? - K. The
details of the physical properties of each material implemented in the simulations
are listed in Table 5.2, where C, p, and k are the specific heat capacity, density, and
thermal conductivity of the material, respectively. A uniform heat source is defined
across the heater. The steady-state simulations were performed and the temperature
change profile in the waveguide cross-section, as shown in Fig. 5.2, was recorded. A
parametric sweep on the input power from 0 to 100 mW, with steps of 10 mW, was
performed and the distribution of temperature at the cross-section of the waveguide
was calculated and recorded for each value of power.

Then, the temperature profile, which is a function of the input power, was im-
ported into the optical solver wherein the same schematic cross-section was im-
ported. The fundamental mode of the TOM as a function of the power was solved
at A=1550 nm, and the perturbation in the refractive index was calculated for the
waveguide using the thermo-optic coefficient dng;c/dT. Therefore, the spatial tem-
perature variations are converted into changes in the refractive index of the material.

The effective refractive index was evaluated for each value of the applied power and
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Material C(J/(kg-K)) | plkg/m?) | k(W/(m-K))
Si 700 2329 156
Thermal SiO; (substrate) 730 2200 1.4
a-SiC 690 3216 490
PECVD Si0; (cladding) 650 2200 1
Ti 544 4800 17

Table 5.2: Material parameters imported in the simulation.

336
324
y (um)
317
x (um)
311

Fig. 5.2: Simulation results of the temperature distribution when the electrical

power applied to the heater is P=10mW.

the relative phase shift of the optical field propagated along the waveguide was cal-

culated by applying the formula:

27 — L
A = (rtes 1 . ef1.0) (5.1)

where 7,77 and 1,5, are the effective refractive index with and without applied
power, respectively. A is the wavelength and L is the length of the microring res-
onator. According to Eq. 5.1, the phase shift as a function of the input power was
evaluated, as depicted in Fig. 5.3. The results show that a 207 um-long MRR requires
an applied power equal to P, = 46mW to achieve a complete detuning, which corre-
sponds to a phase shift A¢p = m.

The dependence of the optical loss due to metal material absorption with vary-
ing SiO, layer thickness has been simulated. The simulation results are shown in
Fig. 5.4. It’s worth noting that the simulations included SiO, loss, while the loss
contribution from the substrate wasn’t included. In fact, the aim is to evaluate the
impact of the only metal and not that of the surrounding materials. The simulations

show that the metal absorption becomes negligible for SiO, thickness higher than
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Fig. 5.3: Simulation results of the phase as a function of the applied heater power.

approximately 1 um. The value of 1.5um was selected in order to limit the metal

absorption.

10* T T

o DIS 1 1‘5 2 25
Distance waveguide-microheater (um)
Fig. 5.4: Simulation results showing optical absorption of devices with microheater
placed directly above the waveguide with different values of the gap (in SiO,)

between the waveguide and microheater.

5.1.3 Device fabrication

The designed device was fabricated with the same geometric parameters as used in
the simulations. The layout design of the thermo-optic modulator, which includes

the microring resonator with the microheater, was carried out using KLayout, a CAD
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software developed for chip design. In the same chip with dimensions 1.5 x 0.3 cm,
60 devices have been designed. Fig.5.5 shows a detail of the designed mask which
clearly shows the structure of the device. Here, the blue lines represent the a-SiC
microring resonator, while the red lines represent the titanium-based microheater
along with its corresponding pads. The devices vary in terms of coupling gap, which
ranges from 200 nm to 400 nm, and in terms of the metal width, which can be 0.7
um, 1.4 uym, or 2 uym. The width of the microring is 1.1 ym and its outer radius is 33

um. The probe pads are both 100 pum wide and they are separated by a 10 pum gap.

Fig. 5.5: Mask layout of the a-SiC thermo-optic modulator based on microring.

The fabrication process of the thermo-optic microheater was carried out in the
cleanroom facilities at the Technical University of Denmark (DTU). The mask lay-
out design was carried out by myself, instead, the fabrication was performed by
group WISE Photonics from DTU University. Moreover, the a-SiC PECVD depo-
sition, which was developed on a Corial D250 deposition system, was performed
by the Plasma-Therm Europe Company. The detailed device fabrication process is
schematically illustrated in Fig. 5.6a-g.

The fabrication began with a Si wafer with a 2.5 ym-thick thermally grown SiO,.
Subsequently, a 500 nm-thick a-SiC film (ratio Si/C of 1.473) was deposited onto it
using the plasma-enhanced chemical vapor deposition (PECVD) technique (a). The
first step regards the definition of the microring resonator carried out by electron
beam (e-beam) lithography. For this purpose, a 300 nm-thick e-beam resist (CSAR)
layer was deposited onto the sample, which was subsequently patterned by the mask
layout using an e-beam writer machine (b). Following the e-beam exposure, the alu-
mina (Al,O3) has been deposited and the resist was removed (c). The transferred
pattern refers to the microring shape, and as a result, the a-SiC layer was etched
through inductively coupled plasma reactive-ion etching (ICP-RIE) (d). After that, a
1.5 ym-thick top cladding of SiO, was deposited by PECVD (e). The purpose is to
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separate the a-SiC waveguide from the overlying metal heater in order to prevent
high optical losses. Then, the heater pattern was formed on the top of the device
using EBL, therefore the resist was again deposited and exposed by e-beam writer
(f). Subsequently, the deposition of 200-nm thick Ti was performed using e-beam

evaporation, and then a lift-off process was followed (g).

(a) (b) (c)

(d) (e) ®

M 5-Sic M Titanium (Ti)
Sio, e-beam Resist

M si M Aluminia

(9

Fig. 5.6: Fabrication flow of the a-SiC thermo optic modulator.

Fig 5.9 shows optical microscope images of the thermo-optic modulator based on

a-SiC after the fabrication process.

GAP:8.26 UN
usIC=1.1 un

GAP:8.28 UM
usIC=1.1 un

Fig. 5.7: Optical microscope image of the a-SiC thermo-optic modulator: after
etching of a-SiC layer with the definition of microring structure (a) and at

completed fabrication process (b).
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5.1.4 Experimental setup
The measurements were conducted using the experimental setup depicted in Fig.

5.8 in which a fiber coupling system (not shown in the figure) was exploited for light

coupling of the device.
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Fig. 5.8: Schematic of the experimental setup for characterization of a-SiC

thermo-optic modulator based on microring resonator.

The experimental setup was divided into two parts: DC analysis, which has been
used for measuring the transmission spectra of the microring resonator at various
driving powers applied by a direct current (DC) source, and AC analysis, which has
been used to evaluate the dynamic response of the thermo-optic modulator. The op-
tical source was a tunable laser (TSL-550, Santec), which injected the optical beam
at 0dB into the chip through a grating coupler by an SM optical fiber. A polarization
controller was employed to ensure a proper input polarization to the chip optimiz-
ing the coupling efficiency. After the propagation along the microring resonator, the
light is coupled with a power meter (Santec, MPM-210H) which measures the trans-
mission spectrum. The tunable laser and power meter were connected via GPIB ca-
ble to the PC and dedicated software controls both instruments and in particular
records the transmission spectrum from the power meter.

The sample was placed on a stage, and the optical fibers were supported on a
metallic holder placed on a three-axis stage allowing for an accurate alignment. The
first alignment was achieved by visually aligning both the input and output fibers
with the waveguide using the microscope placed above the sample stage. It has al-
lowed an approximative alignment of the SM fiber with the device, which formed
an angle of approximately 75° with respect to the device’s plane. At that angle, the

precise position of the fiber in all three dimensions can be accurately determined by
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moving the holders. This process involved monitoring the signal output to maximize
it in order to obtain the optimum optical response from the microring. The spectral
response of all the fabricated devices was characterized in a wavelength range from
1500 nm to 1600 nm, with steps of 10 pm. Fig. 5.9 shows a labeled photograph il-

lustrating this configuration.

Fiber in Fiber out

Fig. 5.9: Labelled picture of the experimental setup.

For both DC and AC measurements, two separate electrical micro-probes were
employed to establish contact with the heater through two metal pads placed at
its ends. Each electrical probe incorporates a 3-axis stage which enables an accu-
rate positioning of the probe. It is worth noting that the probes were lowered before
the optical alignment. Indeed, when the probes were lowered to establish electrical
contact, the chip’s movement could have disrupted the optical alignment. As re-
gards the static analysis, a source meter (2450, Keithley) was used to apply voltage
to the metallic heater and monitor the applied power. As the electrical contact has
been established, an electrical scan ranged from OV to 12 V, and the transmission
response of the microring was collected by the power meter across the same spec-
tral sweep for each applied voltage. On the other hand, in order to evaluate the dy-
namic response of the thermo-optic modulator, the wavelength of the tunable laser
source was set at the resonance value around 1550 nm. Simultaneously, the heater
was polarized using a pulsed electrical signal from a waveform generator (Hewlett
Packard, 33120A). The output fiber was connected to a commercial NIR photodiode
(Thorlabs, DET01CFC) that converts the optical modulated signal into an electri-
cal modulated signal. The signal was collected and displayed by the oscilloscope.

Finally, it was connected to the computer via a GPIB connector, and the experimen-
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tal data were recorded and processed by a procedure implemented in the MATLAB

environment.

5.1.5 Experimental Results

The optical loss of the a-SiC thermo-optic modulator was characterized before the
investigation of its thermal tuning performance. The high-resolution spectra were
measured by scanning the laser wavelength from 1500 nm to 1600 nm with a 10 pm
step. Fig. 5.10 a shows the transmission spectrum of the micro-ring around 1550 nm

at room temperature without bias.
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Fig. 5.10: Transmission spectrum around 1550 nm without bias.

It should be noted that the transmission spectra were measured to reveal a single-
mode operation, that is fundamental transverse mode (TE). Here, the resonance
peaks were observed with an extinction ratio of approximately 16 dB and a free spec-
tral range (FSR), that is the distance between two consecutive resonance wavelength
peaks, of 4.1 nm. The transmission spectrum around the 1550nm wavelength was
processed using a Lorentzian fitting, and the Full Width at Half Maximum (FWHM)
value was extracted. The FWHM of the a-SiC thermo-optic modulator is 119 pm.
Then, according to the Eq 2.38 and 2.39, as discussed in Section 2.5.2, the loaded
and the intrinsic quality factors were extracted. These values are 1.23-10% and 3-10%,
respectively.

To electrically characterize the thermo-optic modulator based on microring res-
onators, the DC response of the devices was characterized first. In this case, the phase

shift of the propagated light was monitored as a function of electrical power applied
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to the microheater. The measurement of the transmission spectrum was performed
in a range between 1500 nm to 1600 nm at room temperature. The temperature-
induced effective index change of the fundamental TE mode was calculated from the
measured resonance shift. Following the adjustment of the electrical probe in con-
tact with the device and optical alignment, the transmission spectrum was recorded
at zero bias for each applied voltage. Fig. 5.11 shows the transmission spectrum
around the wavelength of 1550 nm at zero-bias (black line) and under different
applied voltages to microheaters up to 12V. It should be noted that the resonance
wavelength is red-shifted, i.e. towards longer wavelengths as the applied voltage
increases. Indeed, as temperature increases, due to the thermo-optic effect, the re-
fractive index and consequently the resonance wavelength increases. As a result, in
order to achieve again the resonance condition, it is necessary to increase the wave-
length of the optical source wavelength. These trends are in agreement with other
works in literature performed for the same kind of devices [110, 193]. Furthermore,
the minimum applied voltage required to achieve a high modulation depth, indica-
tive of a high modulation effect, is 2V, which corresponds to a dissipated electrical
power of 3mW. The modulation depth describes how the modulated level of the sig-
nal varies around its unmodulated level and it is defined as Mo, = W, where
Lnax and I, are the maximum and minimum values of the transmission signal, re-

spectively. Starting from these experimental data, the resonance wavelength at each
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Fig. 5.11: The transmission spectra of the ring resonator at different drive voltages.

The black line represents the experimental data without bias.

applied power was extracted. Using a minimum tracking code for each transmission

spectrum written in MATLAB, the wavelength shift from the value at zero bias was
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evaluated. So, the wavelength shifts as a function of applied power with respect to
the unbiased spectra were extracted, as shown in Fig. 5.12. The experimental data
obtained from measurements (blue dots) were modeled with the first-order poly-
nomial best-fits. The angular coefficient of the fitted curve represents the thermal
efficiency of the modulator and it is 1 = 52.2pm/mW. To further analyze the ther-
mal tuning performance of the thermo-optic modulator, the P, which is the power
consumption necessary to detune the resonator by a phase shift of 7, was evaluated.
As shown in Ref [63], a complete detuning, which corresponds to a phase shift of
27, occurs in a microring resonator within one FSR shift. For this reason, the value
of P, can be measured by applying the formula P, = % As the thermal efficiency
1 =52.2pm/mW and an FSR=4.1 nm, the measured P is 39.24 mW.
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Fig. 5.12: Resonance wavelength shift as a function of the electrical power applied

to the Ti microheater.

Regarding the dynamic response, a 10 kHz square-wave signal, which corre-
sponds to the red line in the upper part of Fig. 5.13, was generated by the wave-
form generator to drive the Ti-based heater. It was employed to measure the dy-
namic response of the thermo-optic modulator. The driving electrical signal has a
peak-to-peak voltage amplitude of 2V, which corresponds to an applied power of
3mW, which is the minimum value to observe an efficient modulation effect. The
wavelength corresponding to the resonance at zero bias around 1550 nm was se-
lected. While the heater was driven by the square-wave signal, the optical beam at

this wavelength was injected into the microring. The transmitted optical signal was
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collected by a commercial photodiode. The blue line depicted at the bottom part of

Fig. 5.13 describes the modulated signal.
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Fig. 5.13: 10kHz square electrical drive signal (top), and optical response of the

a-5iC thermo-optic modulator (bottom).

To assess the performance of the thermo-optic modulator, the switching time of
the modulated signal was determined. According to the 10%-90% role, the rise and
fall time was evaluated. The rise time is defined as the time required for a signal to
move from 10%-90% of the maximum value of the waveform, and vice-versa, the
fall time is defined as the time required for a signal to move from 90%-10% of the
maximum value of the waveform. The proposed thermo-optic modulator exhibits a
rise and fall time of 16 us and 13 ps, respectively.

The performance of the proposed a-SiC thermo-optic modulator based on mi-
croring is compared with other reported TO modulation devices, as shown in Table
5.3. SiC shows good performance in terms of switching time which aligns with sim-
ilar devices, but due to the lower TOC of SiC compared with Si, it shows a slightly
higher applied power than Si.

Based on the unique advantages of SiC as a semiconductor for integrated photon-
ics, the proposed thermo-optic modulator based on a-SiC can be considered a good
platform for the development of future photonic devices. It should be noted that the
performance of the a-SiC TOM is limited mainly by heat diffusion through the SiO,
cladding to the SiC layer and from the quality of the PECVD a-SiC.
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Operation
Py power | Rise/Fall time
Device wavelength
(mW) T (pm)
(nm)
LiNbO3 MRR/NiCr [202] 1550 23.2 60/53
Si MZI/TiN [203] 2000 32.3 15/15
Si MRR/Graphene [193] 1550 28 0.78/0.8
Si/TiN [201] 1500 21.4 5.6
3C-SiC MRR/NiCr [204] 1550 50 -
a-SiC MRR/Ti [this research)] 1550 39.2 16/13

Table 5.3: Comparison between similar devices in literature with other platforms.

5.2 Prospects for 3C-SiC photonics on SOI: integrated waveguides

3C-SiC has emerged as one of the primary choices for fabricating optoelectronic de-
vices due to the easy thin-film growth on silicon substrates by heteroepitaxial grow-
ing [95, 96]. Despite that, it has been difficult to obtain high-quality thin films due
to the crystal defects associated with this approach. To overcome this limit, an al-
ternative method, which is more complex and expensive, has been proposed. This is
based on the thinning and polished technique described in Section 2.6. Although SiC
shows many defects in the first microns of its growth, these decrease far from the in-
terface 3C-SiC/Si. Taking this into account, this section focuses on the investigation
of an optical waveguide based on a 3C-SiC p-i-n structure epitaxially growth on an
SOI wafer. In this case, the optical propagating field is launched along the intrinsic
layer far from the growth interface.

A first sample of the 3C-SiC p-i-n growing was performed in a 6-inch SOI wafer
and the ellipsometric measurements, which results have been already discussed in
section 3.1.2, were performed. Starting from these results an optimization process
was performed in order to achieve an optical waveguide that was single-mode and
polarization-independent. The fabrication process began with a commercially avail-
able 6-inch SOI wafer on which the 3C-SiC epitaxially growing was performed by
Advanced Epi[125].

The schematic cross-section of the proposed 3C-SiC waveguide integrated into
the SOI platform is depicted in Fig. 5.14. It is composed of a SOI wafer on top of
which a 3C-SiC-based p-i-n structure is epitaxially grown. The aim is to allow the
propagation of an optical field along the intrinsic layer of the p-i-n 3C-SiC structure.
Optical simulations were performed in order to design the device. For this purpose,
the schematic cross-section reported in Fig. 5.14 was implemented in MODE tool by

Lumerical.
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Fig. 5.14: Schematic cross-section of the p-i-n waveguide based on 3C-SiC

epitaxially growth above a SOI wafer (not in scale).

According to the ellipsometric measurements reported in Section 3.1.2, which
have been performed in this sample, optical simulations were carried out in order to
prove the propagation of an optical field confined along the intrinsic layer based on
3C-SiC. Firstly, the best value of the Si top-layer of the SOI was chosen. Due to the
low contrast of the refractive index between Si and 3C-SiC, which are 3.48 and 2.62
at A=1550 nm respectively, a part of the optical field tends to propagate along the
Si-layer. This phenomenon becomes increasingly noticeable with increasing layer
thickness. To minimize this effect, the best value of the Si top-layer thickness of the
SOI was evaluated. The simulated results have shown that the impact of the Si layer
significantly decreased as its thickness was lower than 80 nm. For this purpose, a
thickness of 50 nm was chosen. The geometry of the waveguide was defined through
parametric simulations on the thickness of the three 3C-SiC layers and on the width
of the rib. These simulations were performed to ensure the single-mode propagation
and the polarization-independent waveguide operation. Combining several simu-
lated results, the thickness of the slab ts;c , and the top layer tg;c , were assumed to
be 100 nm and 50 nm, respectively. Then, the impact of the geometric parameter of
the waveguide rib has been investigated. Fig. 5.15a and 5.15b show the relationships
between the real part of the effective refractive index and the waveguide width for
the fundamental and the first higher order modes (TE and TM) for waveguides with
tsic,i=400nm and 500nm respectively. In both cases A=1550 nm, tg;c,,=100nm and
tsic,p=50nm. The simulations were conducted for rib widths in the range 0.3 pm-2.0
um. Comparing both results, the single mode along with polarization-independent
condition was obtained when the thickness of the intrinsic layer (t3¢_gic,;) is 500 nm
and the waveguide rib width (w,;;) is approximatively 500 nm.

The fabrication of the designed structure started by thinning down the Si top

layer of the SOI wafer from 220 nm to 50 nm, which was carried out at the clean-
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Fig. 5.15: Effective refractive index of the first four modes which propagate into the
waveguide as a function of the rib width, when #3¢_g;c ;=400 nm (a) and

t3c-sic,i=500 nm (b).

room facilities of DTU. For this purpose, dry oxidation followed by wet etching in
BHF was carried out. Then, the 3C-SiC p-i-n growth was subsequently performed
again. Future work involves the definition of the actual waveguide with the geomet-

ric parameters that were obtained from the simulations and its subsequent optical

characterization.
Parameters ‘ Si0y ‘ Si top-layer 3C-SiC
Thickness 3 um 50 nm 100 nm 500 nm 50 nm
Doping (cm™3) - 1019 n-type 1019 i~101° p-type 1017

Table 5.4: Geometric and optic parameter of the device layers.

5.3 Summary

In this chapter, the potential of silicon carbide for optical modulation was inves-
tigated. The design, fabrication, and characterization of a thermo-optic modulator
based on amorphous silicon carbide (a-SiC) were demonstrated. It was developed
into a Silicon Carbide-on-Insulator (SiCOI) platform in which an a-SiC layer was
deposited via PECVD in a thermally SiO;-on-Si substrate. The thermo-optic mod-
ulator was defined by integrating a microring resonator with a microheater based
on Titanium (Ti). The geometric parameters were evaluated by performing optical
simulation in Lumerical. The designed device was fabricated and characterized.
Firstly, a comprehensive optical transmission spectrum analysis was conducted
across a wavelength range spanning from 1500 nm to 1600 nm. Then, in order to

evaluate the static thermo-optic response of the modulator as temperature changes,
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the transmission spectrum was monitored under different electrical power applied
to the heater up to 80 mW. As the applied voltage increased, a phase shift was in-
duced by the refractive index change, and a red-shift in the resonance wavelength
was shown, consequently. These experimental results exhibited a thermal tunability
of 52.2 pm/mW.

Furthermore, the dynamic optical response of the a-SiC thermo-optic modula-
tor was evaluated. By applying to the Ti heater a 10 kHz square wave with a peak-
to-peak amplitude of 2 V, corresponding to a dissipated power of 3 mW, a large
modulation depth of M=96% was measured. The switching time was also evaluated,
according to 10%-90% role, and the measured rise and fall time were 16 us and 13
us, respectively.

Moreover, the early investigation of a waveguide based on a 3C-SiC p-i-n struc-
ture epitaxially growth in an SOI wafer was reported. Taking into account the results
from the ellipsometric characterization, a 3C-SiC optical waveguide, which is single-

mode and polarization-independent, was demonstrated.






Conclusions and Future Works

6.1 Conclusions

In this thesis, the potential of silicon carbide (SiC) as a photonics platform has been
investigated. For this purpose, photonics devices based on SiC were numerically
studied, fabricated, and experimentally characterized. Achieved key results include
the material characterization as well as the simulation, fabrication, and characteri-
zation of photosensors operated in the ultraviolet, visible, and near-infrared range.
In addition, the design, fabrication, and characterization of integrated optical mod-
ulators based on Silicon Carbide-on-Insulator platforms were performed.

More in detail, the main results can be summarized as follows.

At first, the optical characterization of wide bandgap semiconductors was car-

ried out. Spectroscopic ellipsometry was conducted in several substrates including:

* n-type 4H-SiC substrates with three different doping levels (semi-insulating,
1018cm=3,10%cm™3);

e a p-i-n structure based on 3C-SiC (n-type 10'%cm~3, intrinsic layer, p-type
10'cm™3) epitaxially grown on a SOI wafer;

* a semi-insulating GaN bulk.

The experimental results were performed at room temperature in a wide spectrum
range from 300 nm to 1600 nm. These results were useful for an in-depth under-
standing of the physics of the devices which were investigated in this thesis.
Furthermore, the temperature dependence of the thermo-optic coefficient (dn/dT)

was experimentally characterized in 4H-SiC and GaN substrates. The thermo-optic
coefficient (TOC) is the measurement of how the refractive index changes with tem-
perature variations. The knowledge of the temperature dependence of the optical
properties, that is the thermo-optic effect (TOE), is essential to understand the op-
tical potential of novel materials, such as 4H-SiC and GaN. However, the investi-

gation of the TOE for these materials is still lacking. Therefore, the experimental
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measurements were carried out in order to evaluate the TOCs and their temperature
dependences on 4H-SiC and GaN substrates. The results were reported in a wide
range of temperatures up to 500K at the fiber-optic communication wavelength of
A=1550 nm and at visible wavelength 1=632.8 nm. The experimental method was
based on an interferometric technique by considering the studied samples, which
are double polished at an optical grade, as a Fabry-Perot cavity. For both samples at
each wavelength, the plots d1n/9dT vs T was defined and the best fitting was extracted.
The experimental results showed a good agreement between experimental data and
the fitting curves.

The results can be helpful for the proper design of SiC/GaN-based optoelectronic
and nonlinear optical devices which operate in the infrared telecommunication re-
gion and visible range, that actively use (or are affected by) the refractive index

change with temperature.

The optical response of photosensors based on 4H-SiC has been investigated.
Firstly, the numerical simulations of an optically controlled 4H-SiC power MOS-
FET were performed. Here, a novel real-time method for the junction temperature
monitoring of the power MOSFET was proposed. It was based on the evaluation of
the temperature-induced refractive index change in the MOSFET-integrated Fabry
Perot cavity. This cavity is naturally defined within the structure and it is composed
of the epitaxial layer sandwiched between the oxide layer and heavily-doped sub-
strate. This technique exploited the multiple-beam interference, which occurs in an
FP cavity. For this purpose, numerical simulations were performed at the wavelength
A=450 nm, which is within the transparent window of 4H-SiC, in order to monitor
when the thermally-induced complete FP detuning occurs. The results showed that,
in a 10 pym-thick 4H-SiC layer, a variation of AT/, = 123.7°C could be detected
by monitoring the patterns of the transmission spectrum when a refractive index
change of An = 9.65-1073 occurs. This optical approach shows real-time junction
temperature monitoring which prevents the device from overheating. This approach
finds applicability in numerous power applications including signal-conditioning
circuits for sensors [205] as well as in the control of switching systems based on
wide bandgap semiconductors where, changes in temperature above the tempera-
ture limit, lead to a mean time to failure reduction or device disruption.

Moreover, the investigation of the optical driving of the same device has been
performed. For this purpose, the photogenerated carriers by an optical beam were
exploited to generate an electron channel. The numerical simulation for the extrac-
tion of the current density-voltage (Jp — Vpg) characteristics of the power MOSFET

was carried out. The electro-optic simulation showed that when the device is bi-
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ased with a sub-threshold voltage, the application of a UV optical beam (1=285 nm)
leads to the formation of the electron channel between drain (D) and source (S). The
corresponding Jp — Vpg characteristics were investigated under different values of
the optical power density. This demonstration enables devices to work in critical
environments where electromagnetic interferences may be challenging. This is at-
tributed to the fact that it does not necessitate the application of high-frequency or
high-voltage pulses to drive the gate.

Experimental and simulated results of a high-performance 4H-SiC ultraviolet
p-i-n photodetector were illustrated. Regarding the experimental results, the opti-
cal response was measured under UV radiation (from 210 to 390nm) at different re-
verse voltages up to 60V. At a wavelength of A=285 nm, the photodetector exhibits
a responsivity of 0.168 A/W and a relative external quantum efficiency of 72.7 %
at zero bias. It’s worth noting that these values represent significant improvements
compared to those reported in existing literature.

The optical response was analyzed by means of an ad-hoc developed numerical
model. The numerical model was defined through careful finding of the physical pa-
rameters which allowed obtaining a good agreement between the experimental and
numerical results. The simulations were performed in the same spectrum range of
experiments and under a reverse voltage up to 60V. The experimental and theoret-
ical results of the optical responsivity match very well, and therefore these results
validate the goodness of the developed optical model.

Additionally, an optimization process was applied to enhance the photodiode’s
performance. This process involved the investigation of paramount parameters
which were electric type such as doping concentration of n- layer, carrier lifetime as
well as geometrical. The results exhibit a considerable increase in the performance
of the device. In fact, the optical responsivity and the relative quantum efficiency

improve by about 31% and 27%, respectively.

Although 4H-SiC photodetector in the ultraviolet range has been successfully de-
mostrated, 4H-SiC shows an intrinsic limitation in its photodetection up to 380 nm.
To extend photodetection into the visible and near-infrared spectrum, exploration
of alternative device structures is essential. An encouraging strategy is integrating a
two-dimensional material, like graphene, into the device. The fabrication and elec-
trical and optical characterization of a graphene/4H-SiC-based Schottky photode-
tector was reported. The device exploits a sub-bandgap photodetection which occurs
in a Schottky junction in order to enable detection in both visible and near infrared

range. As it is known, 4H-SiC, due to its wide bandgap of 3.2 eV, exhibits an intrin-
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sically limited photodetection at wavelengths up to 380 nm. The photodetector was
fabricated at the CNR-Institute of Applied Sciences and Intelligent Systems (ISASI)
of Naples (Italy) and the detailed fabrication process was described.

Electrical characterization, performed by the extraction of the current-voltage (I-
V) characteristic in a voltage range from -3V to 3V, allowed for the determination of
the Schottky barrier at zero bias and its behavior as a function of reverse bias. The I-
V characteristic shows clear rectifying behaviors and the measured Schottky barrier
is Pgp=1.1eV which aligns with the values reported in the literature.

In addition, the optoelectronic performance of the device was investigated at
three different wavelengths: two in the visible spectrum (1=406 nm, A=633nm) and
one in the first window of the near-infrared range(A=785nm). For each wavelength,
the internal responsivity was evaluated at zero bias and under reverse bias up to =~ -
5V. The results show at zero-bias an internal responsivity of 3.275 mA/W at 406 nm,
0.268 mA/W at 633, and 56.73 pA/W at 785 nm. Despite the limited responsivity,
the results are encouraging and they open the way to a deep investigation of a new

family of graphene/4H-SiC PDs operating in the NIR spectral range.

Finally, the investigation of optical modulators integrated in SiO-on-Insulator
(SiCOI) platforms was performed. As a novel material, SiC is currently being inves-
tigated as a potential material for optical modulation. To date, few examples have
been demonstrated on SiC-based optical modulators. Despite SiC shows a lot of ad-
vantages thanks to its exceptional physical properties, its substrate quality is still
a challenge to develop advanced optical modulators. However, SiC platform has a
large potential to revolutionize integrated optoelectronics.

In this context, an amorphous-SiC (a-SiC) thermo-optic (TOM) has been suc-
cessfully demonstrated. The study consisted of its design, fabrication, and character-
ization. The proposed TOM, which has been fabricated at the Technical University
of Denmark (DTU), was based on a microring resonator integrated with a Titanium
microheater. The temperature generated by the heater, due to the Joule effect, was
employed to detune the optical beam which propagated along the microring res-
onator, by the thermo-optic effect. The fabrication process started with a 500 nm-
thick PECVD a-SiC deposited on the top of a thermally oxide Si wafer. After the
realization of the microring structure, a PECVD deposition of 1.5 ym-thick SiO,
layer was performed in order to limit the optical loss due to the metallic heater,
which was deposited on the top of the structure.

Firstly, the optical characterization was carried out in a wide spectrum range
from 1500 nm to 1600 nm and a quality factor of 3 - 10* was extracted. Then, the

thermo-optic response of the device has been demonstrated by static and dynamic
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response. Regarding the static optical response, the investigation of the transmission
spectrum for different values of voltage applied to the microheater was performed.
The experimental results, which refer to a TE mode propagation at a wavelength
around 1550 nm, show a progressive shift of the resonance wavelength as the ap-
plied voltage increases. The experimental data of the wavelength shift with respect
the peak at zero bias was expressed as a function of the applied power and the ther-
mal tunability of 52.2 pm/mW was extracted. In addition, a large modulation depth
of 96% was demonstrated when an electrical power of 3mW was applied to the mi-
croheater.

Furthermore, this value has been employed to demonstrate the dynamic response
of the thermo-optic modulator. In detail, a square-driven signal at a frequency of
10kHz was applied to the microheater when an optical beam with a wavelength of
around 1550 nm was launched along the microheater. The modulated optical signal

showed a rise and fall time of 16 us and 13 ps, respectively.

Finally, an initial exploration involved the development of a waveguide con-
structed from a 3C-SiC p-i-n structure, epitaxially grown on an SOI wafer. The sim-
ulated results, supported by experimental evaluation of the refractive index which
was performed in a first prototype by spectroscopic ellipsometry, allowed for the
successful design of a single-mode, polarization-independent 3C-SiC optical waveg-

uide.

All results presented in this thesis, which are both numerical and experimental,
prospect a new generation of integrated photonics devices based on SiC for applica-
tions that include photodetection, e.g. for sensing and optical communication, and

optical modulation.

6.2 Future Works

Overall, SiC photonics represents a promising and expansive field for future re-
search. Several possible directions for future work are outlined below.

In terms of material characterization, the exploration of wide bandgap semicon-
ductors, such as SiC, is still lacking in the literature. Other effects, such as electro-
optic or thermo-optic, and further investigations into optical properties could sub-
stantially enrich existing experimental data. This, in turn, would allow the proper
design and fabrication of a new generation of both active and passive optical devices.

A novel real-time junction temperature monitoring and the optical driving of

the 4H-SiC power MOSFET have been already theoretically demonstrated, and
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possible experimental investigation will prospect. It also paves the way for high-
performance future temperature sensors. SiC photodetection in the visible spec-
trum range is significant, holding promise for applications in applications including
sensing, biomedical, and visible optical communications. The detection of 4H-SiC
in the visible and first window of the near-infrared range has been experimentally
demostrated, which encourages further exploration of graphene/4H-SiC photode-
tectors in this field. However, the physical detection mechanism has not been fully
established for all investigated wavelengths, necessitating further focused investiga-
tion. In particular, a more in-depth understanding of the physics behind the detec-
tion mechanism at wavelengths of 633 nm and 785 nm is essential.

Finally, regarding optical modulators, the experimental results show the first ex-
ample in literature of a thermo-optic modulator based on a-SiC, which exhibits a
large modulation depth and an appreciable switching time. Improvements in the
quality of a-SiC deposition could enhance the optical performance of these devices.
Additionally, exploring the same effect in crystalline forms, such as 4H-SiC, could
provide further insights. Work on an electro-optic modulator based on 4H-SiC is
underway, with the device design completed and the fabrication process imminent.

Another potential avenue for future work involves developing an electro-optic
modulator based on the 3C-SiC-on-SOI waveguide, as demonstrated in this thesis to

be single-mode and polarization-independent.
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