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DEVELOPMENT OF SILICON CARBIDE PHOTONICS FOR QUANTUM
TECHNOLOGIES

by Francesco Martini

Quantum information sciences offer novel capabilities in the fields of computation, data
security and sensing. In order to deliver these improvements, information needs to be
encoded in a physical quantum system the realization of which is technologically chal-
lenging. Even though several platforms have been proposed for computation, quantum
information encoded in nonclassical states of light is going to play a central role since the
classical fiber technology already provides an almost ideal transmitting medium. Fur-
thermore, a hybrid approach formed together with solid state emitters could meet the
non-trivial requirement needed for quantum computation. In the past ten years, efforts
have been placed in integrating the bulky optical components required to manipulate
nonclassical states of light, giving birth to the field of quantum photonics. Between
all the different materials proposed, 3C silicon carbide (SiC) meets all the complex re-
quirements needed for photonic quantum technologies and the development of essential
components to this scope is the main subject of this thesis. The design, fabrication and
characterization of small modal-area waveguides, grating couplers and ring resonators
made in SiC are reported. Four wave mixing was demonstrated thanks to the small
modal volume achieved in the ring resonator and the Kerr coefficient of SiC was re-
trieved. The realization of photonic crystal cavities is also investigated with the aim to
harness quantum emitters. Thanks to the demonstration of coupling between confined
and propagating surface waves, SiC is a potential platform for quantum applications in
the mid-infrared. Finally, the generation of photon pairs in the near-infrared by means
of third order nonlinear process is reported using ring resonators fabricated in silicon

nitride.
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Chapter 1

Overview on Quantum Photonics

and SiC proposal

After a first introduction to the field of quantum technologies, the basic devices needed
for photonic quantum information processing are discussed in Sec.1.2. In particular, an
overview of the main achievements and properties of the photonic materials suggested
so far is discussed in Sec.1.2.4. The nonlinear and quantum optical advantages that
motivate the proposal of SiC as material platform for quantum photonics are reported

in Sec.1.3. Finally, in Sec.1.4 is presented the organization of this manuscript.

1.1 Introduction to quantum technologies

Over the past several decades, we have witnessed an increasing interest in quantum
information sciences[1] which purpose is to harness the intrinsic features of a quantum
mechanic system to gain new functionalities and performances in different technological
fields. This area of study was triggered from the initial intuition of R. P. Feynman[14],
when he envisaged the computational problem deriving from the simulation of a physical
system with a classical computer. To solve this problem, Feynman proposed the use of a
quantum computer that would take advantage of the properties of a quantum system
to decrease the requirement of computational resources to a polynomial number instead
of an exponential one, like in the classical case. The probabilistic nature of quantum
systems is exploited by quantum algorithms to provide speed up in performing specific
tasks, where classical computers suffer resources overheads. In addition to benefits in
computational velocity, quantum technologies have also found to offer improvements in
the field of communication and sensing.

The basic entity composing a quantum computer is the quantum bit (qubit) that can

assume any value given by the linear combination between the orthogonal states |0) and
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W) = |0) + B[1) (1.1)

where, by performing a measurement we find the state |0) with probability |a|? and
|1) with probability |3|2. This is a crucial difference with the well-defined classical bit
where the outcome of a measurement results in definite values of 0 or 1. Since the two

probabilities are subjected to |a|? 4 |3|?> = 1, Eq.1.1 can be described using
0 0 .
|0y = cos§]O> + sin§ez¢|1) (1.2)

where 0 < 0 < m and 0 < ¢ < 27 are angles representing a point on the surface
of the Bloch sphere (Fig.1.1). The poles of the sphere constitute the vectors of the
computational basis and any state inside the sphere is defined as mixed states that can
be described with a density matrix, the trace of which is still 1.

In the following of this section, a review of the main fields of study composing the

11}

Figure 1.1: The Bloch sphere representing a qubit[1]

quantum technology area is reported.

Quantum computation The interest on this field has tremendously increased since P.
Shor demonstrated in 1994 an algorithm, designed for quantum computers, that would
require a polynomial number of steps to factorize any number[15]. This is a major
difference with a classical computer where there is no known algorithm able to solve the
same problem with a polynomial number of resources. Even though Shor’s algorithm
is considered a landmark in the subject, Grovers algorithm[16], used to implement an
efficient searching of a database, and Deutschs algorithm[17], concerning the evaluation
of a binary function, are equally of main interest as provide a speedup compared to
classical algorithms (albeit of polynomial size).

Even though different two-level quantum mechanical systems have been proposed to
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implement the qubit, as described from Eq.1.1, in order to successfully complete any

quantum algorithm proposed schemes have to meet the DiVincenzo’s criteria[18]:

1. Scalability of the physical system:;

2. The ability to initialize the qubits in a defined state;

3. Single- and two-qubits gate operations;

4. A qubit decoherence time much longer than the gate operation time;

5. The ability to measure the state of individual qubits.

These requirements are not trivial to implement on a large number of qubits additionally
considering that criteria 2-3 and 4 are in some sense contradictory since the quantum
system requires to be both isolated from the environment, otherwise it would be cause of
decoherence, and have to perform ondemand gate operations. To date, there is still not a
scalable system and even the implementation of a small number of qubits is challenging.
This has led to the idea to divide the large quantum computer into a network of small
ones with the distances compensated with a transfer of quantum information from each
node. The qubits within each node are called static qubits and the quantum information
exchanged between two quantum computers is carried with flying qubits. To implement

this scheme, DiVincenzo proposed two additional requirements:

6. The ability to convert stationary qubits in flying qubits, and vice versa;

7. The ability to reliably transfer flying qubits.

Photons are the natural choice to implement flying qubits since their long decoherence
time, they hardly interact with each other and the possibility to use the existent fiber
network allowing their transmission for long distances. On the other side, static qubits
have still to find the technology able to deliver the computational nodes in a semi/scal-
able manner and to meet the requirements 6 and 7 of DiVincenzo’s list.

One of the first system proposed in 1995 to address this problem was based on cold
ions[19] that can be trapped using laser beams[20]. The qubits are encoded in the exci-
tation states of the atoms and each of them can be initialized and measured separately
by resonant laser pulses. The interaction needed to perform two-qubits gate operations
can be provided by the repulsive forces, experienced between close ions, resulting in
additional vibrational modes[21].

A lot of research has been carried out in order to embed qubits in solid state systems with
the aim to improve the scalability. One of the most successful system in terms of deco-
herence and operation fidelities is based on superconductor (superconductive qubits).
The quantum state of these qubits are encoded in charges, given by the Cooper’s pair,

of a superconductive region. By applying electromagnetic pulses across a Josephson
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junction[22] formed with LC circuits, gate operations are performed by controlling the
properties of the superconductive states. The advantage in this technology resides in the
opportunity to encode qubits in ordinary electronic designs[23]. In order to have long
decoherence, these systems work in challenging temperature of hundreds milli-kelvins
and are affected by cross-talk between qubits that ultimately affects the scalability.
Another integrated proposal that has been pursued is based on quantum dots, where
the quantum information is stored in excitons confined in such as structures or in spin
levels[24, 25]. In fact, the three dimensional confinement of the electrons results in atom-
like discrete energy levels and operations can be performed, analogously as with cold
ions, by resonant optical pulses. Different excitons within a quantum dot can interact by
means of Coulomb interaction. This system requires cryogenic temperature but not so
deep as the superconductive technology, and the main drawback of quantum dots consists
in the random spatial positioning that hampers the development of auxiliary photonic
components. Furthermore, the relatively wide size distribution of quantum dots affects
the energy levels and results in the so called inhomogeneous broadening. Analogously to
this technology, isolated impurities in solid, such as diamond NV centers, present an
atom-like behaviour that can be exploited for quantum information processing (QIP).
The spin levels of these defects can be controlled with RF waves[26, 27] and the quantum
state is preserved thanks to a remarkable coherence time. However, spin-spin coupling
is challenging and results in difficult two-qubits operations.

Another approach to perform quantum information processing considers the use of non-
classical states of light[28]. In this all-optical system, operations can be performed with
classical optic components meanwhile sources provide the quantum nature required to
encode qubits. This technology can be hybridized with solid-state emitters, discussed
previously, to harness the advantages deriving from both proposal[29]. Due to the rele-
vance of this topic in this thesis, a more deep treatment is given in the following section.
A lot of physical systems exhibit quantum coherence and therefore have been proposes
as qubits, here the most pursued technologies are introduced. For a more complete

treatment the reader can refer to Ref.[30, 1].

Quantum communication This field exploits the transmission of a flying qubit be-
tween two distant places and, as anticipated before, photons are the undisputed choice
for this task. Quantum information can be encoded using different degrees of freedom
such as polarization, spatial mode or time[28]. In 1984, the first application exploiting
the quantum features of this system gave birth to the field of quantum key distribution
(QKD)[31] where the transmission of data is made secure from eavesdropping thanks to
the non-cloning theorem. The work principle is based on the fact that a measurement
performed by an eavesdropper would affect the quantum system giving notice of his/her
presence to the parts exchanging the data. Thanks to a low-loss optical fiber network,

QKD systems are already commercially available[32] and soon quantum communication



Chapter 1 Overview on Quantum Photonics and SiC proposal 5

might be additionally transmitted using space technologies[33].

Quantum sensing Another branch where quantum features provide improvements
over the classical counterpart regards the reduction of uncertainty during a measurement
process. Even in this field, non-classical states of light play a central role due to the vast
use of systems based on Mach-Zehnder interferometers where the outputs are dependent
on the respective phase between the two arms. In the case we use classical inputs,
any measurement is hampered by vacuum fluctuation resulting in the Shot noise and
limiting the sensitivity to 1/v/N, where N is the mean number of photons. The use
of either squeezed or entangled states as inputs can improve the sensitivity to 1/N[34].
Between all the applications that are arising in this research, it is worth noting the
field of quantum lithography that takes advantage of a N-entangled state to reduce the
diffraction limit to a value of A/(2NN)[35], improving the resolution of a factor of 1/N.

1.2 Quantum photonics

As discussed in the previous section, various approaches are still developed to perform
QIP and it is still not possible to determine which technology will be able to successfully
and reliably meet all the DiVincenzo’s criteria. However, it is clear that non-classical
states of light will play a central role in both quantum communication and sensing and
a system able to generate as well as manipulate flying qubits will be necessary.

In the last decade, research has been focused on integrating bulky components needed to
implement optical qubits and consequently giving birth to quantum photonics field[28].
In this section, the focus will be placed on the main devices needed to generate, manip-
ulate and detect single photons even though some parts can be extended, with the due

differences, to squeezed states composing the so-called continuous variable area.

1.2.1 Sources

The development of ideal photons sources is the main obstacle to photonic quantum
computation[36] since, so far, there is not a platform able to deliver on-demand and
high-indistinguishable pure single photons. Furthermore, a photons source should be
integrated in a scalable way within a photonic circuit and be very bright. A central
role in the characterization of a source is played by quantum interference experienced
by two indistinguishable photons entering one in each arm of a 50:50 beam splitter: due
to Hong Ou Mandel (HOM) effect[37], the probability of detecting one photon at each
output arm is null and both photons will instead come out together at the same out-

put port. Therefore, the HOM experiment can be used to define the indistinguishably
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between two photons. This is especially important if we consider photons emitted from
two distinct sources or deriving from the same source but in two temporal windows.
In order to exhibit HOM interference, the multiphoton probability has to be negligible.
This can be characterized by the Hanbury Brown and Twiss interferometer, able to
provide the autocorrelation function g(® () and therefore to describe the photon statis-
tics emitted by a source. A coherent laser beam has a Poissonian statistics, with an
equivalent 9(2) (0) = 1, meanwhile a super Poissonian one characterizes thermal sources
with an equivalent ¢(®(0) = 2. With ¢®(0) < 1, identifying an antibunched photon
statistics, are defined all the states of light that can not be described classically and
the lower 9(2)(0) the higher is purity of a single photon emitter. This means that for
g(2)(0) = 0 there is a null probability of multiphoton emission. Finally, the brightness
simply describes the maximum photon emission rate.

As already mentioned, photons are ideal flying qubit and an essential building block
for quantum communication. In order to benefit of the low absorption of optical fiber
(Fig.1.2), sources should preferentially emit in the telecom bands where losses can reach
the low value of ~0.2dB/km (at 1550nm). For comparison, if operations are moved in
the first telecom band at ~800nm, losses increase to more than 2dB/km and therefore
severely limiting the maximum communication length. The main solid state emitters
produce photons at wavelength shorter than the telecom one and therefore research has
been carried out in order to develop quantum transducer[38]. These devices exploit the
nonlinear optical properties of photonic waveguides to upconvert photon wavelengths
while preserving its quantum footprints. However, these components are still not effi-
cient enough and sources operating in the C-band are still desirable.

Over the years, different approaches have been used to produce single photons. An
isolated quantum system, like an atom, is a natural source of antibunched light. Thanks
to complex bulky set-up, cold atoms can be used to produce on-demand indistinguish-
able photons[39] in a deterministic way. However, these systems can not be integrated
in photonic platform and provide a slow dynamic, limiting the operation rates. Solid
state emitters could provide the same advantages of atoms with the possibility of inte-
grating multiple point sources within the same chip, being conveniently scalable. The
presence of the surrounding medium negatively affects emitters by providing two main
effects: inhomogeneous broadening, that provides a low HOM visibility between pho-
tons deriving from two distinct emitters, and homogeneous linewidth broadening, that
causes photons deriving from the same source to be not indistinguishable. Due to the
discrete energy levels, the generation of ondemand photons with quantum emitters can
be achieved with an excitation pulse that triggers the point source in an exited state
and, upon the relaxation of the generated exiton, a photon can be extracted by removing
the triggering pulse with spectral filters. In the past decades, a plethora of integrated
platforms providing atom-like emitters have been suggested[40] with some showing in-
teresting properties. Here, the focus will be on the most promising ones: quantum dots

and fluorescent atomic defects.
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Figure 1.2: Absorption in optical fiber in function of the wavelength. The losses
at high frequencies are limited from Rayleigh scattering and, in the UV range,
from electronic absorption. In the infrared band, the losses are caused from
the intrinsic absorption of vibrational modes, existing in the SiOy amorphous
structure. The absorption peak around 1.4um is due to Si-OH bond that arises
from the presence of water inside the fiber. The C-band defines the lowest
absorption region, where losses of 0.2 dB/Km are reached|2].

Emitters based on self-assembled InAs/GaAs quantum dots have shown remarkable
performances[41, 42, 43, 44, 45, 46] where high brightness, purity and indistinguishably
can be achieved. The majority of these results are achieved using photonic components
to increase the extraction efficiency that is otherwise challenging due to the high refrac-
tive index contrast of III-V compounds. One of the most employed photonic cavity used
to exploit quantum dots consists of high-reflective Distributed Bragg Reflector (DBR)
and this vertical approach does not allow the fabrication of photonic circuit within the
same chip. The main challenges of these sources lie in the emitters inhomogeneity, since
two different quantum dots can have very distant emission wavelengths, and random
space location. In most cases, photonic components are fabricated only after the emit-
ter location in the wafer plane is identified, hampering the scalability of this platform.
Furthermore, due to the inhomogeneous broadening, multiple photons can be only gener-
ated using the same source and delay lines that are activated by fast switches. However,
this approach is severely affected by losses of these additional photonic components.
Other drawbacks of the quantum dot technology reside in the low temperature opera-
tion (around 4K) and in the emission in the nearinfrared wavelength band.

Point defects in diamond have been extensively studied over the past two decades since
they can operate at room temperature if the defect electronic states are far from the
conduction and valence band of the host material. On the contrary to quantum dot,
defects can be placed with great accuracy[47] since they can be created by ion implanta-

tion using small-aperture masks[48] or with a scanning helium microscope[49]. Recently,
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positioning of diamond defect have been achieved with strong laser pulses[50]. The most
studied defects are the nitrogen-vacancy (NV) and the silicon-vacancy (SiV) that emit
at 640nm and 740nm, respectively. Due to their non-zero electronic dipole, NV cen-
ters are more affected by the local environment that worsens both homogeneous and
inhomogeneous broadening. On the other side, SiV defects are more robust to nearby
environment conditions and multiple defects can be grown with similar properties within
the same sample[51, 52]. This difference is reflected in the HOM interference between
photos coming from remote defects (cooled down to 5K needed to exhibit a sharp zero
phonon line) where the SiV case holds a visibility value of 72%[51] against a 66% for
the NV case[53]. However, the brightness of the SiV centre in bulk diamond is low due
to a low quantum efficiency of the defect[40]. Only the highest crystal-quality diamond
exhibits interesting properties of point emitters and this comes in small wafers (2-5mm)
of thick monolithic layer, making the scalability of this technology questionable. This is
why other crystal impurities in other materials are currently under studies. As it is dis-
cussed later in Sec.1.3 and Chap.6, crystal defects in SiC are one promising alternative.
Due to the wide interest in the laser industry and a mature technology, rare-earth-ion
impurities are well characterized and emit in the visible wavelengths. However, the ex-
tremely long coherence time severely limits the operation speed[54, 55].

Another approach to generate single photons takes advantage of the nonlinearity of
crystals by a process of parametric fluorescence such as spontaneous four wave miz-
ing (SFWM) and spontaneous parametric down conversion (SPDC). Entangled photon
pairs can be conveniently produced by these processes and have been used in fundamen-
tal quantum optics experiments to test Einstein-Podolsky-Rosen paradox[56] or even
to achieve teleportation[57, 58]. Furthermore, SPDC is a cornerstone for the gener-
ation and experiments involving squeezed states[59, 60]. The light produced through
nonlinear process has a super-Poissonian statistics but single photons can be generated
by heralding one of two photons. As it is going to be discussed in Chap.5, the sin-
gle photon emission is possible only in a low pump condition and imposing a trade-of
between brightness and photon purity. Furthermore, this source is intrinsically proba-
bilistic and efforts are currently placed in the development of multiplexing schemes[61]
able to provide a near-deterministic photon source. Multiple sources can be easily inte-
grated within the same sample where field confinement boosts the efficiency of nonlinear
processes. Furthermore, photons are produced at telecom wavelengths and at room

temperature, providing high quantum interference.

1.2.2 Circuits

In the past decade, efforts have been spent in integrating all the photonic devices needed
to manipulate photons. In comparison to bulky components used in first experiments of
quantum optics, an integrated approach for QIP offers thermal stability, the promise of

an easy reconfigurability and scalability, since multiple devices can be integrated within
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a small sample. Furthermore, integrated optical cavities are essential to increase the
emission rate of solid state emitters (through Purcell enhancement) or to boost the non-
linear process required to generate single photons.

Flying qubits can be physically controlled with directional couplers, Mach-Zehnder inter-
ferometers and phase shifters, to implement single qubit operations in a reconfigurable
way. In order to reach universal quantum computation, a two-qubits gate operation
is required and the most common example is the C-NOT gate, where a qubit state is
flipped upon the value of a control qubit: if in the state value of the control qubit is |0)
the target qubit is left unchanged meanwhile in the case of |1) the target qubit under-
goes a NOT logic operation. This is not trivial for optical qubits since the control qubit
has to cause a strong nonlinearity able to shift the phase of the target qubit of w. A
major breakthrough came in 2001, when it was shown an all-optical way to implement
this operation using the nonlinearity provided by the detectors and ancillary photons[62].
However, this scheme is probabilistic and quantum teleportation is required to determin-
istically perform a C-NOT gate[63]. Another approach to overcome the small linearity
at single photon level consists in the use of quantum emitters strongly coupled to an
optical cavity[64, 65]. The small modal volume reached in integrated cavities is advan-
tageus to reach strong coupling and high nonlinearities have already been shown with
quantum dots[66, 67, 68, 69]. Alternatively, cavity quantum electro dynamic (QED)
can be used to efficiently transfer the photon states to spin level of emitters|70, 71, 72],
where two-qubit operations might be performed.

Other than logic gates on qubits, photonic circuits need to integrate a series of classical
components. In order to implement single photon sources, integrated filters, able to re-
move a triggering pulse for the quantum emitter case or the strong coherent pump in the
nonlinear case, are needed. This task can be particularly challenging if sources are based
on SFWM since the pump is spectrally close to the generated photon pairs but promis-
ing solution have already been implemented in an integrated way[73]. Reconfigurability
of optical circuits, even required for a fine spectral tuning of photonics components, is
also desirable. In centrosymetric material, this is at the moment achieved with thermal
phase shifters that severely limit the operation speed and are not compatible with super-
conductive single photon detectors (SSPD), which work at cryogenic temperature. On
the other side, fast optical modulations can be achieved through Pockels electro-optic

effect of noncentrosymmetric crystals.

1.2.3 Detectors

Until a few years ago, efficient detection of single photons in the telecom band would have
been a major challenge since the poor performances of photomultiplier tube and single
photon avalanche photodiode made in Ge or InGaAs semiconductors. Single photon
detectors are characterized by the dead time, that defines the time where the detector is

unable to capture an event after the first detection has occurred, by dark counts, that are
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events registered in the absence of an input source, and the quantum efficiency, defining
the probability of detecting a single photon. Upon a photon detection, the detector
emits an electronic signal within a time window, called jitter, that is another important
parameter. For photonic quantum information processing, the integration of detectors
with waveguides would be ideal in order to avoid outcoupling of light in optical fiber
that may be inefficient.

Superconductive single photon detector (SSPD) have proven to reach 93% quantum
efficiency[74] with reset time of ~10ns, low time jitter and dark counts. The absorbing
layer is a nanowire, usually 80nm wide, made of a thin material that is cooled down
right below the critical current. Upon the absorption of a photon, a hotspot is generated
causing the rupture of the superconductive regime and generating an electrical signal.
The only drawback of this technology lies in the low temperature operation (below 4K),
requiring therefore cryogenic systems, and the poor fabrication yield. Photon counting
can be achieved by multiplexing conventional detectors|75] and they can be conveniently

integrated on top of waveguides[76, 77| without loosing the characteristic performances.

1.2.4 Material platforms

The material platform requires non-trivial characteristics and therefore a lot of tech-
nologies have been proposed. Here, I will review some of the main achievements in the

principal platforms[78].

Silicon  Due to its natural compatibility with the existent semiconductor industry
and the advanced development of photonics components driven by classical informa-
tion processing, the platform based on silicon on insulator (SOI) has been the leading
proposal to implement photonic QIP. In fact, in this technology it has been shown al-
most a full range of photonics components required for QIP[79] and the first quantum
devices have already been fabricated using a commercial 45nm complementary metal-
oxide semiconductor (CMOS) microelectronic chip[80]. Si offers a high refractive index
of 3.6 that allows a deep integration of photonic components and, together with a high
x®)

volume cavities[81, 82, 83] or small cross-section waveguides[84]. The bandgap of 1.12eV

susceptibility, efficient photon pairs generation by can be achieved in small modal

allows the generation of photons in the telecom band where efficient gratings couplers
can be used to interface optical fibers[85, 86]. However, the bandgap is not wide enough
to avoid multiple photon absorption that limits both the generation rate[82] and the
signal to noise ratio[87]. A reverse p-i-n junction bias has shown to mitigate the effect
of nonlinear absorption in the photon pair generation|[88].

The preferred method to encode information is the photon path[89, 84] and the thermo-
optic effect is generally used for modulation in QIP. The process speed is severely ham-
pered with this technology and furthermore cannot be combined with low tempera-

ture operations required for SSPD. Additionally, nonlinear absorption prevents the use
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of strong optical beams to achieve modulation with the Kerr effect since free carriers
would be generated leading to an increase of propagation losses. By using an electro-
optic cladding and slot waveguides, this problem might been solved[90] but this approach
has yet to be demonstrated useful for QIP. Another fundamental challenge comes from
the probabilistic nature of photons generated with SFWM, which require multiplexing

schemes that might be complex to integrate within the same sample.

Silicon Nitride and Silica Other CMOS compatible platforms were investigated
initially and the first QIP on a photonic sample was indeed carried out with silica-
on-silicon waveguides[91, 92]. This technology benefits of high coupling efficiency with
optical fibers and low-birefringence, needed for polarization encoding of photons, can be
achieved with a similar technology[93]. Even though silica waveguides have provided a
useful tool for proof of concept experiments, the scalability of this platform is hampered
by the small refractive index contrast that causes the bending radius of waveguides to be
1000 times bigger than for silicon waveguides. The small nonlinearity requires W-level
pump powers to achieve the same photon generation rate of silicon[94] and furthermore
the implementation of SSPD is hard on this technology due to a small field overlap with
the superconductive medium.

One promising platform that delivers low propagation losses together with a CMOS
compatibility is silicon nitride (SigN4) on silica. Thanks to both a moderate field con-
finement and a third-order nonlinearity, efficient photon pair generation can be achieved
with high quality factor ring resonators[95, 96, 97] and advanced photonic circuits for
QIP are realized[98]. Even though the amorphous crystal structure does not present
a Pockels coefficient, fast modulation might be achieved using the Kerr effect[99] since
the wide bandgap prevents multiplephotons absorption that plagues the Si counterpart.
However, a defined crystal structure is a prerequisite to achieve high quality sources
since Raman gain is spectrally limited to defined wavelengths and the generation of
uncorrelated photons can be avoided if the flying qubit wavelengths do not match the
Raman ones. This is a main drawback for all source based on SFWM implemented on

amorphous materials.

Aluminium Nitride Between all CMOS compatible materials, aluminium nitride
(AIN) have risen a growing interest for both classical and quantum applications. Low
loss waveguides (0.6dB/cm)[100] can be fabricated starting from an AIN layer deposited
by sputtering on top of a silica layer. Instead of being completely amorphous, the layer
growth has preferential directions resulting in a non-vanishing x(? nonlinearity[101, 102].
Together with high quality factor ring resonators, efficient photon pairs generation has
been demonstrated through a SPDC process[103]. Furthermore, fast electro-optical
switches can been realized in this technology[100]. Even though the presence of solid
state emitters would be beneficial, this platform represents a promising candidate for an

all-optical QIP approach.



12 Chapter 1 Overview on Quantum Photonics and SiC proposal

Gallium Arsenide The CMOS compatible platforms treated up to now lacks in a
solid state emitter that can provide essential resources for QIP (Sec.1.2.1 and 1.2.2).
Between the III-V compounds, developments in integrating quantum dots in photonic
structures and other essential components for QIP have reached an advanced state in
GaAs[104]. Photons emitted can successfully be channelled with almost unitary proba-
bility in waveguides[105, 106] representing an ideal integrated photon source. Due to the
lack of inversion symmetry, SPDC can be used to produce entangled photons[107, 108]
and the high electro-optic coefficient allowed the realization of fast switches[109]. A
strong light-matter interaction is provided with photonic crystal cavities where quantum
dots can be placed in the middle of the low-modal volume achieved in such as structures.
This results in both ondemand single photon generation and a strong single-photon
nonlinearity[69]. Other than the low temperature operations, the main drawbacks coin-
cide in the inhomogeneous broadening and the random position of quantum dots, even
though progress have been made in addressing these problems[104]. Furthermore, linear

losses of photonic circuits are considerably higher than the CMOS compatible materials.

Diamond The wide band-gap of ~5.5eV allows the presence of more than 500 colour
centers and most of them are optically active in the visible spectrum. A relatively
low phonon population grants the electronic state of defects to persist for long time
without phonon-induced relaxation[47]. Exceptional mechanical and thermal proper-
ties are available in this material that can be synthesized in high purity thanks to
CVD techniques[110, 111]. Even though during the years many defects were isolated
singularly, NV and SV center are the most employed for QIP. Thanks to the prop-
erties described in Sec.1.2.1, NV centers have shown advanced optical quantum net-
work functionalities that, by employing the spin-photon entanglement[112], have led to
the demonstration of quantum teleportation[113] and the loophole-free Bell inequality
violation[114]. Even though NV centers can be used for memory[115], SiV centers can
be used for ondemand single photon sources due the low inhomogeneity and to create
quantum-optical switch[116]. The best quality defects require a crystalline bulk diamond
that is not fabrication friendly since the need of free-standing structures[117]. Another
approach is to etch a 20pum membrane to a desired thickness[118] that has brought
to the demonstration of high quality factor ring resonators (10°) and efficient non lin-
ear frequency conversion[119]. Alternatively, polycrystalline thin films can be grown
heteroepitaxially on sacrificial substrate[120]. However, the realization of large-scale
single-crystal layer is the main challenge to the scalability of this technology. Further-
more, a lack of Pockels coefficient and auxiliary electronics, that is difficult to integrate

on this material[78], are impairing factors to the realization of diamond QIP.
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1.3 3C SiC as quantum photonic platform

In the development of new platforms for photonics applications, a lot of interest has
grown in 3C Silicon Carbide (SiC) for its unparalleled properties suitable especially for
quantum and integrated non-linear optics. The unique properties of 3C Silicon Carbide
have risen interest for the possibility of developing integrated quantum and non-linear
devices. Its non-centrosymmetric crystal structures grants both third-order and second-
order non-linear effects, with a significant () susceptibility of 20.4 pm/V[121]. The
high refractive index of 2.6, indispensable for deep integration of photonic component
and small modal volume in resonators, together with the wide electronic bandgap of
2.3 eV, could allow efficient non-linear optics process, like frequency conversion and
non-classical generation of light, without incurring in multiple photon absorption[122].
Furthermore, the high electro-optic coefficient could be used for the fabrication of fast
lossless Pockels modulator[123, 124]. 3C SiC thin layers can be grown directly on top of
a silicon substrate thanks to a CVD process [125] meanwhile other polytypes need extra
fabrication steps (like smartcut process) to create thin layers from thick homoepitaxial
crystals[126].

The presence of point defects [127, 128] adds the possibility of implementing a wide
range of quantum application (from single photon generation[129, 130] to the engineer-
ing of light-matter interaction ). Indeed, SiC color centers display features similar to
diamonds NV centers[131] with the convenience of near infrared zero phonon line (1100
nm)[132], the possibility of being integrated with semiconductor devices and an easier
fabrication technology, more scalable than diamond one. In order to take advantage of
all this properties, a fully scalable photonics platform, able to integrate different com-
ponents, is needed[38]. Due to a small lattice mismatch with niobium nitride[133], SiC
could be used to fabricate superconducting detectors with unparalleled signal to noise
ratio. The photonic platforms discussed in the previous section are compared with SiC
in Tab.1.1, comparing their main features for quantum applications.

The development of photonic structures in this material suffered from the presence of
the Si substrate, since its higher refractive index makes the light confinement impossi-
ble. The only attempt of waveguiding with high modal-area geometry relied on oxygen
implantation[124] or sapphire substrate in order to achieve SiC on insulator[134]. How-
ever, sub-pmeter cross-section waveguides benefit of higher confinement, essential for
enhancing light-matter interactions and deep integration of optical devices. Moreover,
in order to take advantage of the y(?) susceptibility and for a vast number of general
applications, circular resonators are needed[135, 136, 137, 138]. High-multimode sus-
pended cavities were demonstrated with high quality factor[139, 140], however lacking
in the possibility of either engineering the mode dispersion or the coupling with an in-
tegrated bus waveguide. Rib waveguides with PECVD SiC have already been realized
[141], even with losses less than 1dB/cm [142].



14 Chapter 1 Overview on Quantum Photonics and SiC proposal

SSE NL PM PL TPA | Detector | Waveguide
SOI - 3x10~¥ | TOPS | 0.9 5 x | SNSPD | strip Si/SiOs
[143, m? /W dB/cm| 10712
144, 79, m/W
145]
SigN4[146 - 2x1071 | TOPS | <1 - SNSPD | strip
147, 148, m? /W dB/cm SigNy/SiO4
149]
SiO - 3x107% | TOPS | <1 - TES | direct writ-
[150, m?2/W dB/cm ten or
151, 152] (low Ge:Si02/Si0q
conf.)
AINJ100, - 5 pm/V | Pockels | 0.6 - SNSPD | strip
100, 153, dB/cm AIN/SiO9
154]
GaAs[155 QD 90 pm/V | Pockels | 3 - SNSPD | strip
104, 6] dB/cm GaAs/Al-
(low GaAs
conf.)
Diamond | SiV/NV | 8.2 x | TOPS |0.34 |- SNSPD | free-standing
[119, 1020 dB/cm wire or ridge
156, 157] m? /W diamond /SiOy
SiC [128, Kyb 20 pm/V | Pockels | 21 - SNSPD | Suspended
121, 123, dB/cm
124, 133,
11]

Table 1.1: Comparison of main features of optical platforms for quantum ap-
plications. SSE - Solid state emitter; NL - Nonlinearity value (with red is
identified the ¥ nonlinearity meanwhile in blue is identified the Kerr nonlin-
ear index); PM - Phase modulation; PL - Propagation losses (at 1550nm); TPA
- Two photon absorption (at 1550nm); TOPS thermo-optic phase shifter; TES
- Transition edge detector; SNSPD - Superconductive nanowire single photon
detector

1.4 Summary of the thesis

As discussed in Sec.1.2.4, the material platforms proposed so far for photonic QIP face
challenges deriving from intrinsic material properties or from technological impairments.
The outstanding optical characteristics of 3C SiC together with a well-develop semicon-
ductor technology, make this material a promising candidate for nonlinear and quantum
photonics. The scope of this work is to harness all optical resources of 3C SiC by de-
veloping essential photonic components. Advancements are also achieved in SizN4 that
may offer new possibilities in a uncommon spectral range.

The thesis is organized as follow: in Chap.2 efforts required to develop the fabrication
procedure of 3C SiC are reported with special emphasis on the realization of suspended

waveguides. The design and characterization of sub-um waveguides, grating couplers
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and ring resonators, realized with the suspended technology, is reported in Chap.3.
The realization of small modal volume cavities facilitates the observation of nonlinear
effects, like reported in Chap.4 where the proposal for efficient second harmonic genera-
tion is disclosed together with the experimental demonstration of frequency conversion
by means of four wave mixing. As reviled in Chap.5, thanks to x(®) nonlinearities, cor-
related photon pairs in SigNy ring resonators are generated in the nearinfrared band,
where competitive semiconductor detectors can be integrated together with thermal
phase shifter to realize a complete reconfigurable quantum photonic platform working
at room temperature. In order to take advantage of SiC point defects, in Chap.6 is
reported our efforts to develop high quality-factor photonic crystal cavities, whose small
modal volume is essential to enhance the light-matter interaction and consequently to
provide deterministic single photon emitters as well as strong nonlinearities at single
photon level. Another interesting feature of this material is exploited in midinfrared
wavelengths, where surface phonon polaritons (SPhP) propagate at the interface with
air and the strong coupling with resonant modes is demonstrated in Chap.7, unfolding
the path for polaritonic circuits. Finally, conclusions and perspectives are reported in
Chap.8.






Chapter 2

Development of SiC Fabrication

In this chapter I report the process development to produce SiC photonic devices in
the Southampton Nanofabrication Centre. The fabrication steps will be used to realize
SiC waveguide components, photonic crystals and SPhPRs. For this reason, a study
of the SiC dry etch as well as of an appropriate hardmask was performed. Due to the
superior complexity in the fabrication of SiC waveguides, the focus is concentrated on

their development.

2.1 Etheroepitaxial growth of SiC layer

In addition to the outstanding optical properties described in Sec.1.3, the growth of SiC is
of a fundamental interest for many mechanical and chemical properties of this material,
useful for the realization of high power electronics as well as sensors[158]. The high
production cost of the hexagonal SiC polytypes (4H and 6H), grown homoepitaxially,
has motivated the research for a heteroepitaxial-growth technique on top of a silicon
substrate, to deposit SiC on an area as large as possible and consequently to reduce the
production costs. The cubic structure (3C SiC) is obtained when the bilayer stacking is
of the kind ABCABC.. ., resulting in a pure zincblende structure that is more stable at
lower temperature with respect to other polytypes. Consequently, 3C SiC can be grown
below the Si melting temperature (1410 degC), meaning that the growth of epitaxial 3C
SiC films on Si substrates is allowed. Furthermore, Si and 3C SiC have the same cubic
symmetry, which implies a relationship of epitaxy usually driven by the orientation of
the substrate seed.

The heteroepitaxial growth of SiC on top of Si is technologically challenging due to
the high lattice mismatch between these two materials. 3C SiC and Si have a lattice
constant of 4.3589A and 5.4311 A, respectively, resulting in a lattice mismatch of Aa/a

of about 19.7%. In order to overcome the lattice mismatch, Nishino et al[159] proposed

17
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the use of a multi-step CVD process consisting of three steps (Fig.2.1): a) an etching
is performed at 1100 °C using HCI gas flow to clean the Si substrate; b) the Si surface
is carbonized at 1360 °C for 2min using C3Hy as gas; c) a single crystal is grown at
the same temperature of the carbonization step using CsHy and SiHy as gas precursors.
The carbonization of the Si substrate acts like a buffer layer between Si and SiC since it
mitigates the effect of lattice mismatch. During the carbonization, Si atoms out-diffuse
to react with the carbon atoms coming from the pyrolytic decomposition of the propane

and, as a result, voids are formed in the Si substrate as reported in Fig. 2.2.
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Figure 2.1: Temperature steps for the growth of monocrystalline 3C SiC on top
of a Si substrate. With tgrom, tcarBoN and toyp are indicated the time for
surface cleaning, surface carbonization and SiC growth, respectively|[3].

The lattice misfit contributes to a residual strain field at the SiC-Si interface that (in
order to relieve it) results in high density region of defects in the SiC film, such as stack-
ing faults, microtwins and anti-phase boundaries. This is evident from Fig.2.3, where a
cross-section TEM image of a (111)-oriented 3C SiC heteroepitaxially grown on Si shows
a dense presence of defects at the interface (darker region). The SiC quality gradually
increases with the thickness of the deposited film, eventually leading to a region with
low presence of defects (Fig.2.3). In addition, SiC and Si have different thermal expan-
sion coefficients (a mismatch of about 8% is reached at room temperature), causing a
tensile strain that results in the bowing of the wafer once it is cooled down after the
growth. The amount of bowing is dependent by wafer size, thickness of both 3C SiC
film and Si substrate and can lead to the generation of cracks in the epitaxy and in the
substrate[158].
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Figure 2.2: SEM picture taken after deposition of a thin layer of (001) 3C SiC[4].

Even though a lot of research has been carried out to use compliance substrates to
reduce the presence of stress and voids[160, 161, 162], the multi-CVD technique is the
most employed for the heteroepitaxial growth of SiC. For the work carried out in this
thesis, I employed a (001)-oriented 3C SiC grown by NOVASIC[163] with the same
method developed from Nishino et al. In addition to the polished surface, fundamen-
tal for the fabrication of photonic components, the SiC provided by this company has
already proven useful to create and observe SiC point defects[164].

2.2 Ellipsometer measurement of SiC layer

Ellipsometry uses a collimated beam to shine the sample surface meanwhile a sensor
measures the reflected amplitude. By fitting the polarization change of the beam due
to the layer properties, it is possible to retrieve different parameters, like the refractive
index n and the material absorption .. The ellipsometer Woolham M-2000, in particular,
offers a quick evaluation of layer thickness (mostly transparent dielectrics) and it has
been vastly used together with the ICP RIE (Inductively Coupled Plasma Reactive Ion
FEtching) to determine etching rates and selectivities with respect to masks. Moreover,
the exact knowledge of the SiC refractive index is a crucial point for the development of
linear and nonlinear photonics.

Using the Cauchy model in the transparent window of SiC

B,< (2.1)
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SURFACE

Figure 2.3: Cross-section TEM image showing a (111)-oriented 3C SiC from
the interface with the Si to the surface. The darkest part of the image, close
to the interface with Si, is due to the large density of defects generated by the
heteroepitaxy[5].

is possible to find the coefficients A, B and C' describing the material dispersion, as
reported in Fig.2.4. The presence of voids in the Si substrate[165, 166, 167], due to the
carbonization step done before the heteroepitaxial growth, limits the fit quality to mean
squared error (MSE) of 10-20. Improvements can be achieved considering a graded layer,
to take in account the inhomogeneity of the material as the thickness grows (2.3). As
reported in Fig.2.5, where the MSE is plotted in function of percentage change of the A
parameter, the absolute minimum corresponds to a variation along the growth direction
of 6.8%. If we consider this variation in the A coefficient, the resulting fit provides two
refractive indexes for the top and the bottom SiC levels (Fig.2.6).

The introduction of different parameters to describe different layers of the SiC slab can
reduce the MSE value of 50%, however the development of a model with fixed Cauchy’s
values that is able to fit all different points of the wafer and all different thickness, is
still to be found.
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Figure 2.4: Fitted SiC dispersion with A = 2.559, B = 0.01994[um]? and
C = 0.00238[m]*. The value of the absorption coefficient is o = 0.019121/cm
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Figure 2.5: The minimum of the MSE corresponds to an inhomogeneity of 6.8%.
The grading of the SiC layer is a statistical relevant parameter for the fit since
it provides only one absolute minimum of MSE

2.3 Plackett-Burman design for SiC etch

Photonics structures generally require to be patterned by means of lithography tools
and anisotropic etches. The latter is not trivial in SiC due to its chemical inertness and
robustness against physical etches, like ion sputtering or milling. As a result, SiC is far
more etching resistant than many resists or hardmasks from both physical and chemical
point of views. The ICP RIE has proven to be able to etch SiC thanks to reactive ions
impacting the surface with high energy and providing combined chemical and physical
actions. Strong RF sources generate the reactive plasma from gas precursors meanwhile
additional RF induction magnetic coils control the plasma density, providing supple-
mentary advantages in term of process control over standard RIE tools. The ICP RIE
technology offers great versatility in the choice of the parameters and its potentials in
the nanofabrication of SiC has already been widely investigated.

The principal gas mixture employed for the etching of SiC with RIE-based tools consists
of SFg and Og, where the ratio of 4:1 (SFg:02) was found to provide high etching rates
in different independent studies [168, 169, 170, 171, 172, 173]. The addition of Ar to the
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Figure 2.6: New fit made with the SiC slab of 1.2um divided in 30 layers
with different A parameters. In the middle layer, the value of A = 2.647,
B = 0.02183[um]? and C = 0.00224[um]*. The inhomogeneity causes two
refractive index dispersions for the top and bottom layers while the values of
the absorption coefficients are coincident.

SFs-O2 mixture was found beneficial to further increase the etching rate [174]. Other
fluorine[175] and chlorine[176, 177] based gas precursors were also studied with consid-
erably lower etching performances in term of etching rate and sidewall angle. Photonic
crystals realized in SiC were fabricated using SFg-based gas mixtures[178, 179] mean-
while CHF3-O2 mixture was used for the realization of ring resonators[140] and CF4-Ar
mixture to fabricate toroids[180]. Since SF¢ is the most used gas for the etching of
SiC and was successfully employed to fabricate photonic components[178] in the same
material I used in this thesis (provided by NOVASIC), I performed the etch study in
the SNC cleanroom by fixing the SFg gas flow meanwhile changing its ratio with other
gases in the ICP-RIE chamber.

The optimal condition of the etch (most anisotropic etch with an etching rate that allows
a controllable depth) is strongly dependent on the exact properties of the plasma and
chamber configuration. Consequently it is impossible to transfer the parameters found
in literature to the OIPT SYS380 tool made by Oxford Instrument that is available in
the SNC facility. The development of a physical model that describes the profiles of dis-
tribution of electrons and ions within the plasma inside the ICP-RIE chamber requires
computationally expensive numerical simulations. In addition, the plasma modelling
is usually subjected to many simplifying assumptions that, together with the complex
nature of particle dynamics within the plasma, make the connection between these micro-
scopic models and macroscopic parameters (such as etch rate) difficult to establish[181].
However, empirical approaches can be used to obtain statistical models that describes

the etch characteristics in terms of input parameters. This methodology effectively
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treats the etching process as a black box with input factors (gas mixture, plasma en-
ergy, pressure, etc.) and output responses(etching rate, anisotropy, uniformity, etc.)
which connections are described thanks to a set of definite experiments (called runs).
The process of changing one or more factors in order to observe their effects on one or
more responses can be time and cost consuming, especially with a large number of fac-
tors. The (statistical) design of experiments (DOE) is an efficient procedure for planning
experiments so that the data obtained from a limited number of runs can be analysed
to yield valid and objective conclusions[182].

The most common empirical model that can be used to fit the experimental data is

linear

Y = Co+ 81 X1 + B2 Xo + B3X3 + f12 X1 Xo+ (2.2)
+ B13X1X3 + P23 Xo X3 + B123X1 X3X3 + experimental error (2.3)

where X, are the main terms, XX, are interaction terms and XX, X; is a three-way
interaction term. The scope of DOE is to determine all the unknown 8 parameters to
address which one is statistically irrelevant (5 ~ 0) and which one has a significant
impact on the output. In order to fully describe Eq.2.2, the full factorial design is
required for the simultaneous study of the effects that several factors may have on a
process. For the linear model described by the full factorial design, the input factors can
assume two levels and a design with all possible high/low combinations of all the input
factors will require 2%V experimental runs, with N the number of input factors.

For the SiC etch development, I am interested in screening which are the statistical
relevant factors between a total of ten factors and the use of a full factorial design would

require 210

etches. Instead of varying levels one at a time, it is convenient to change levels
simultaneously. In the attempt to find an experimental design where each combination of
levels for any pair of factors appears the same number of time, Plackett and Burman[183]
described a construction of a very economical design where the total run number is a
multiple of four (rather than a power of 2). Therefore, this design is very efficient in the
screening process when only main effects are of interest. In fact, the downside of this
method is given by the impossibility to distinguish main factors from effects given by the
interaction of two factors. The development of this experiment as well as the analysis of
the results was carried out with the help of Dr. Owain Clark. In Tab.2.1 twelve different
experiments are reported, where the flow of SFg was maintained constant in order to
study its interaction with other gases. The ranges of the factor composing Tab.2.1 were
chosen to effectively encompass the typical values of etch recipes in the ICP RIE tool of
the SNC .

These experiments were carried out on bmm x 5mm chips, with a patterned grating of
S1813 positive resist made via optical lithography. The resist thickness was 1.3 pm and
the sidewall angle, selectivity and etching rate were measured via a SEM analysis of the
cross section, obtained through the cleaving of the chips. The 1st and the 6th etch are
reported in Fig.2.7 .(a) and (b) respectively.
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Run P T RF | ICP | MC SF¢ Oq Ar CyFs TF
# | (mT) | (°C) | (W) | (W) | (A) | (sccm) | (scem) | (scem) | (scem) | (scem)
1 5 15 50 | 1500 | O 50 10 10 10 80
2 5 -5 25 | 1500 1 50 10 0 40 100
3 5 -5 25 1000 | O 50 0 0 10 60
4 15 15 50 | 1000 1 50 10 0 40 100
5 15 -5 50 | 1500 | O 50 10 0 10 70
6 5 15 50 | 1000 1 50 0 0 10 60
7 5 -5 50 | 1500 | 1 50 0 10 40 100
8 15 15 25 | 1500 1 50 0 10 10 70
9 5 15 25 1000 | O 50 10 10 40 110
10 15 15 25 | 1500 | O 50 0 0 40 90
11 15 -5 25 | 1000 1 50 10 10 10 80
12 15 -5 50 | 1000 | O 50 0 10 40 100

Table 2.1: Plackett-Burman experiment of design for SiC etch characterization.
P: pressure in the chamber; T: plate Temperature; RF: power in the forward
capacitors; ICP: Power in the ICP capacitors; MC: magnetic current; SFg:
Sulphur Hexafluoride; Og: Oxygen; Ar: Argon; C4Fs: Octafluorocyclobutane;
TF': total flow inside the chamber.

In Tab.2.2, the results measured from the etches are showed. These output values
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Figure 2.7: (a) experiment 1; (b) experiment 6. The relative parameters can be
found in Tab. 2.1. After the etches, both the samples still presented the resist
on top the etched SiC layer. In (a), the Si substrate can be seen

were analysed through the software MiniTab, that performs the analysis of variance

(ANOVA) technique to statistically determine which of the input parameters have the

strongest effect on each output we measured. As can be seen from Fig.2.8, the main
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factors to get the most anisotropic etch are the forward power, the ICP power and the
pressure. This is also confirmed from the Pareto plot of Fig.2.9 , where the red line in
the Pareto plots indicates a level beyond which main factors are statistically significant.

The effects of the inputs on the etching rate are reported in Fig.2.10 and the relative

Run (#) | SA(°) | ER SiC (nm/min) | ER S1813 (nm/min) | Selectivity
1 64.7 261 500 0.52
2 54.3 86 200 0.43
3 42.7 117 290 0.40
4 44.2 97 250 0.39
) 64.8 175 400 0.44
6 70.2 224 370 0.61
7 71.4 165 420 0.39
8 49.5 127 320 0.40
9 / / / /
10 55.3 70 185 0.38
11 39.9 75 193 0.39
12 42.6 80 165 0.49

Table 2.2: Results of Plackett-Burman experiment. SA: sidewall angle; ER:
etching rate
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Figure 2.8: Effects of the inputs on the sidewall angle

Pareto plot in Fig.2.11. An increase of RF or ICP plasma powers boost the etching rate
since the higher energy promotes physical sputtering. On the other side, the presence
of C4Fg inhibits the chemical reactions and the same effect is provided by lowering the
plate temperature. Finally, with pressure is possible to control the amount of chemical

reagents in the chamber as well as the physical etch. We believed that a smaller amount
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Figure 2.9: Pareto plots for the effects of the inputs on the sidewall angle

of precursors could increase the physical sputtering of SiC since the increased line of
sight allows a higher ion acceleration before impacting the SiC layer. On the other side,
we observed a decrease of etching rates at pressures below 5mTorr since in this condition

the process is limited by the amount of reagents.
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Figure 2.10: Effects of the inputs to the etching rate
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Figure 2.11: Pareto plots for the effects of the inputs on the etching rate

2.4 Process workflow

The waveguide cross-section is showed in Fig.2.13 and the process step list used to fab-
ricate it is reported in Fig.2.12. Unlike the previous works, here we are going to remove
the Si substrate under the SiC waveguide by the use of xenon difluoride (XeFs). This
gas can reach the substrate through a series of holes of 1.6um diameter, appositely made
on the SiC slab along the sides of the waveguides (~ 7um of distances) with a repetition
of one every 6um. In this way, the photonic structures are suspended in air thanks to a
membrane and a high refractive index contrast is reached.

So far, only micrometer rib waveguides were realized in SiC, where the related trans-
verse mode fields were not able to reach a tight confinement. Even if a large mode
reduces the losses since the scattering due to the roughness decreases, the mode is less

concentrated in the waveguide leading to less efficient non-linear effects.

2.5 Hardmask and process definition

The high-energy SiC etch performed with the ICP RIE can not be used only with electron
beam resists since these offer a limited etching resistance and they generally come in low
thickness to attain high resolutions in patterning. The ratio between the mask and SiC
etching rates defines the selectivity of one particular etch and high values are desired
to achieve anisotropic and deep etches. The photonics layout is transferred from an

electron beam resist to a sacrificial middle layer (called hardmask) with a dry etch and
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Figure 2.12: Workflow for the fabrication of SiC suspended waveguides

then a second one patterns the SiC taking advantage of superior etching resistance of
the hardmask, able to stand the etch for the time needed to reach the desired depth
in SiC. In the following, different hardmasks are employed to find which one is able to
deliver vertical sidewall, low roughness and the desired etch depth of SiC. Even though
etches are aimed to fabricate waveguides, some results coming from realized photonic

crystal samples as well as SPhPR pillars are used for the process analysis.
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Figure 2.13: Structure of the suspended SiC waveguide (400nm width, slab of
50nm and total thickness of 400nm)

2.5.1 Nickel hardmask

Thanks to the results from the Plankett Burman DOE, we developed the anisotropic
etch for SiC in the OIPT SYS380 reactor, using 800 W of ICP power, 280 W of forward
power, 0.7 mT of pressure , 5 sccm of SFg flow, 2 sccm Ar flow and 20°C of plate
temperature. The etching rate was ~150nm/min with a high selectivity for Chromium
(Cr) and Nickel (Ni), and below one for SiOy. In Fig.2.14 is reported the cross section of
SiC grooves etched with the anisotropic recipe, where the sidewall angle of the structures
was better than 86°. For the etch of Fig.2.14, we employed Ni as hardmask deposited
by electron beam deposition and using a lift-off process. Unfortunately, the Ni etch is
difficult to perform with an electron beam resist and the lift-off technique is not suited

for photonics processing due to the high roughness.

— 100nm JEOL 5/11/2015
X 60,000 2.00kV SEI SEM WD 9mm  4:23:12

Figure 2.14: SiC etched with 800 W of ICP power, 280 W of forward power,
0.7 mT of pressure , 5 sccm of SFg flow, 2 scem Ar flow and 20°C of plate
temperature. A Ni hardmask deposited by lift-off was used for the etch
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2.5.2 Chromium hardmask

Another hardmask able to stand with high selectivity over the powerful anisotropic SiC
etch described in the previous section is Cr that, differing from Ni, can be successfully
dry etched using chlorine gas precursors. In order to define the 400nm-width waveguide
we employed 30nm of HSQ as negative electron beam resist, which offers high selectivity
with chlorine-based etches and high lithography resolution. The pattern in the resist
was transferred to the Cr hardmask of 60nm thickness (deposited with electron beam
deposition) thanks to the ICP RIE. The etch lasted ten minutes with the following
parameters: 2000 W of ICP power, 25 W of RF forward power, 16 mT of pressure, 50
scem of Cly flow and 20 scem Os flow. The selectivity of the Cr etch and HSQ was
measured to be greater than 20:1.
With all the process steps characterized, the first SiC sample patterned with electron
beam lithography was made and in Fig.2.15.(a) is showed the top view of the waveguide
while in Fig.2.15.(b) is reported the 35° angled view of the etched sidewall of the SiC.
The top view of the waveguide shows a problem of shrinking of the Cr hardmask during
the etch of SiC, due to the behaviour of the HSQ during the Cr etch. This effect was
further investigated in the fabrication of pillars in SiC, where in Fig.2.16.(a) was used
a 100nm-etched Cr hardmask (prepared in the same way as for the waveguide) and in
Fig.2.16.(b) it was used the same thickness of Cr deposited by lift-off (the conditions of
etching for the SiC were equal for both the samples).

Increasing the forward power from 25W to 75W of the Cr etch solved the shrinking

Figure 2.15: (a) top view of the realized waveguide with the Cr hardmask ; (b)
35° view of the etched mark in SiC.

problem and consequently the waveguide showed in Fig.2.17.(a) was realized. Although
the good verticality of the etched sidewall (Fig.2.17.(b)), the waveguides presented an
excessive roughness due to the grain size of the Cr film. Furthermore, the conditions of
low pressure and high power of the SiC etch resulted in an uncontrollable etching rate

since the gauge of the tool chamber is not accurate at this pressure level. An increase of
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Figure 2.16: (a) SiC pillars made with an etched Cr hardmask patterned with
HSQ ; (b) SiC pillars made with a Cr hardmask deposited by lift-off. In the left
figure is possible to see a change in the sidewall slope due to the shrinking of
the etched hardmask.

pressure would have led to higher etching rates, undesirable to control the etch depth.

Figure 2.17: (a) top view of the realized waveguide with Cr hardmask ; (b) 60°
view of the etched sidewall in SiC.

2.5.3 Silica hardmask

In order to reduce the roughness with the respect to the one provided from a Cr layer,
we decided to try SiO2 as hardmask that is amorphous, widely used in photonic pro-
cessing and could be thermally grown directly from the SiC layer. SiOy was etched by
RIE Plasmalab 80 Plus made by Oxfor Instrument with a forward power of 200 W, a
pressure of 30mT, 38 sccm of Ar and 12 sccm of CHF3. This choice imposed the use
of another electron beam resist since HSQ has selectivity below unity for the SiO9 etch
and the maximum thickness is not enough to endure the SiC etch. We decided to use
270nm CSAR 62 positive electron beam resist that offers the same advantage of the well
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known ZEP but at a cheaper price. The selectivity between CSAR 62 and SiOy was
measured between 0.8 to 1 (for the PECVD and for the thermal SiO2, respectively).
The SiC etch was changed in 100W forward power, 1000W ICP power, 3mT of pres-
sure, 20scem of SiCly and 5scem of Os. Although the sidewall verticality is 80°, this
etch has the advantage of a slower etching rate (100nm/min) and the use of a chlorine
based chemistry increases the selectivity with the SiO2 mask (etching rate 48nm/min).
Furthermore, the higher pressure is more controllable by the gauge and improves the
stability of the plasma. These characteristics increase the repeatability of the process
and make this etch more suitable for the waveguides fabrication.

In Fig.2.18.(a) is showed the top view of a waveguide made with a hardmask of 200nm
of SiOg deposited by Oxford Instrument PECVD 100 Plasma Pro (pressure 1000mT,
SiH4 10sccm, No 80scem, 20W forward power, NHg 1000sccm and 350°C plate temper-
ature). As shown in Fig.2.18.(b), the sidewall roughness is affected by the quality of the
SiO9 hardmask that looks inhomogeneous and composed by ”grains” instead of being an
amorphous continuous layer. Furthermore, the insulating properties of the SiOs hard-
mask produced a trenching effect in the SiC layer (Fig.2.19), imposing the fabrication
of a thicker SiC membrane (100nm instead of 50nm).

The poor SiOy layer quality results in rough SiC sidewalls and additional steps, aimed

Figure 2.18: (a) top view of the realized waveguide with PECVD SiOy; (b) 60°
view of the etched sidewall of the mark. Both the images were taken with the
SiOy layer still on top

to improve both the hardmask quality and its sidewall roughness, are needed and in the

next paragraphs some tests are reported:

Wet etch  Since a rough surface is chemically more active than a smooth one, an
isotropic process can decrease the roughness of the SiOs sidewall. A partial improvement
was indeed seen using a buffered hydroflouric acid (BHF) carried out after the dry etch.
In Fig.2.20.(a) is shown the cleaved SiO2 hardmask before the effect of 5s in HF 48%,
whose effects are reported in Fig.2.20.(b) .
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Figure 2.19: 60° view of the cleaved waveguide showing the trenching effect
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Figure 2.20: 60° of cleaved SiOy hardmask (a) before the HF etch and (b) after
the HF etch

Annealing and sputtering deposition In order to improve the quality of the
SiOq film, we tried a step of annealing at 850°C for 10 minutes (Fig.2.21.(a)) after the
deposition by PECVD. The resulted SiC waveguide has roughness smaller than the one
of waveguide without the annealing step reported in Fig. 2.19. A similar result in term

of roughness can be achieved by the use of sputtered SiOy as hardmask (Fig.2.21.(b)).

ICP RIE etch In Fig.2.22 is reported an etched hole for the access of the XFq to
the Si substrate in order to make the undercut (see Fig.2.23.(b)). In figure is possible to
compare the straight etched line made in SiC (derived from the use of a positive resist
and after the etching by RIE of the SiOy hardamask), with the curved line made using a
Si0q layer etched by ICP RIE OIPT SYS380 (100W forward power, 1500W ICP, 10mT
of pressure, C4Fg 40 sccm, Og 15 scem and 15°C of temperature). Even if the layer of
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Figure 2.21: Top view of SiC etched waveguide using (a) annealed SiOy (b)
sputtered SiOs. Both the images are taken after the hardmask removal.

SiO2 used to make the holes was not annealed, the roughness is decreased due to the
different etches. The waveguide resulted from the use of the ICP RIE etching of the
Si0 hardmask is showed in Fig.2.23.(a).

First waveguide completion After the waveguide fabrication, a second step of elec-
tron beam lithography was carried out in order to make the holes in the membrane along
the waveguide, creating the access points for the XeFs gas to etch the Si substrate under-
neath and creating the suspended waveguide (Fig.2.23.(b)). This step was accomplished
using 200nm of SiO9 hardmask under 220nm of positive electron beam resist CSAR 62,
to remove 100nm of SiC from the membrane. Before the XeFs etching step, the chip
was lapped (to remove the imperfection on the edge due to the inhomogeneous spinning
of the resist at the sample edges) and chemical mechanical polished. These two steps
were made in order to have a better optical coupling between the waveguide end-face
and the lensed fiber. As it is reported in Chap.3, the preferred method to couple light
with an optical fiber is going to be grating couplers. In this case, the depth of the SiC
etching during the second step is optimal for maximizing the coupling efficiency and
always enough to etch through the SiC membrane to reach the Si substrate in the holes
positions. However, in the rest of this paragraph, the steps required to complete the
waveguide with side couplers are described.

In order to prevent the gas to access from the sides of the chip creating a fragile sus-
pended membrane along the sample edges, the chip was oxidised at 850°C for 10min to
create 10nm of thermal SiO5 on the substrate sidewall and dry etched in RIE, allowing
the gas to access only from the holes. In Fig.2.24.(a) is showed the etch of the Si sub-
strate trough the holes after seven steps of 30s at 1T of XeFs. The inhomogeneous etch
of the Si (Fig.2.23.(b)) produces a strong light scattering, allowing the waveguide to be
seen even with a stereoscopic microscope mounted on top of the waveguide measuring

setup.
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After 20pum are removed from the Si substrate by the XeFs, the waveguide is com-

] 100nm JEOL 12/12/2014
X 55,000 1.00kV SEI WD 9mm

Figure 2.22: Top view of a hole made in SiC for the access of XeFs to the Si
substrate by ICP RIE etched SiO9, with an etched SiC straight line made by
RIE etched SiOq

100nm JEOL 1/16/2015
X 40,000 1.00kV SEI  SEM WD _6mm
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Figure 2.23: (a) Top view of SiC waveguide made by ICP RIE etch of SiOq
hardmask; (b) Top view of a hole in the membrane along the waveguide for the
access of XeFy made in SiC

pleted as is shown in Fig.2.25 (a) and (b), where the polished end face is shown. In
the second figure is still possible to see the partial film of SiOo under the waveguide.
To reduce the losses due to the scattering [142], we also carried out a wet oxidation
step[184] at 1000°C for three hours and we removed the generated oxide. This step has
grown 30nm of SiOs corresponding to 15nm of SiC. The effects of the wet oxidation
on the waveguide of Fig.2.25 is depicted in Fig.2.26, where is possible to see the pres-
ence of defect lines on the surface (the wet SiC oxidization happens preferentially in the
defects sites). The defects number increases exponentially as the thickness of the SiC

film decreases [158], as it is illustrated in Fig.2.26.(a) where the presence of defects on
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Figure 2.24: (a) Optical-microscope image of an etching of the Si substrate by
the XeFs; (b) 60° SEM image of the etching of the XeF,

the waveguide (400nm thick) is less than on the membrane (100nm thick). The stress
of the oxidation and the subsequent SiOs removal by wet etch, caused the breakage of
the membrane (Fig.2.26.(b)). These results suggest to carry out a dry oxidation step,
followed by a vapour HF removal of the SiOs.

100am JEOL 1/30/2015 == ipn  JEoL 1/30/2015
X 60,000 5.0kv SEI  SEM WD 9mm X 7,000 5.0kv SEI  SEM WD 9mm

(a) (b)

Figure 2.25: (a) Polished face of the waveguide after all process steps; (b) SiOg
membrane under the waveguide

Thermal SiOs as hardmask Up to now, the poor quality of the deposited SiOy was
one of the main reasons to cause the high roughness of SiC structures. The best SiOo
quality from both homogeneity and stoichiometry point of view can be achieved by oxi-
dizing directly the SiC layer. The dry oxidation of the SiC requires temperatures above
1000°C [185] and the use of the furnaces room in the Integrated Photonic Cleanroom
allowed us to characterize the thermal growth of SiOs, using a tube furnace at 1100°C.
The comparison of the quality of the SiOg films on SiC is reported in Fig.2.27, where
in figure (a) was used 200nm of standard PECVD SiOs and in (b) 190nm of thermally
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Figure 2.26: Effects of the wet oxidation on SiC; (a) revealing the presence of
imperfections at the low thickness; (b) breakage of the membrane due to the
stress of this step

grown Si0O2 at 1100°C for 8 hours and 35min, to fabricate a photonic crystal cavity.
The improvement given by the thermal SiOs9 is promising for the fabrication of low loss
SiC waveguide, although the quality of the sidewall results rough after the SiC etching
(Fig.2.28.(a)). This problem could derive from the high power of the SiC etch.

2.5.4 Aluminium hardmask

So far, the best result from the roughness point of view is given by the use of an
Aluminium (Al) hardmask. Unlike Cr, the ICP-RIE etch of Al (150W RF, 800W ICP,
S5mt pressure, 40sccm HBr, 10sccm Cly and 50°C of temperature) results in smooth
sidewall as reported in Fig.2.28.(b), where it is possible to see under the SiC the Si
substrate. This hardmask shows a selectivity greater than 8 using the anisotropic etch
of SiC developed with the Plankett Burman DOE. As depicted in the figure, the downside
of this technology is the presence of residues on the bottom of the etched surface that
are difficult to remove and a low verticality due to the shrinking of the Al mask during
the SiC etch.

The shrinking problem deriving from the use of the powerful anisotropic etch and the
Al hardmask (Fig.2.28.b) can be solved by the use of a lower RF power during the SiC
etch (130 W). By carefully tailoring the time of etching and by keeping the CSAR 62
after the Al etch, anisotropic sidewall can be reached in close structures like photonic
crystal (Fig.2.30(a)). The same etch performed in open structures, like waveguides,
resulted in a sidewall angle of ~ 80°, as reported in Fig.2.30(b). The presence of residues
(Fig.2.28.b) were attributed to the oxidization of the Al and to the inhomogeneous etch
in air due to the presence of Cly on the resist sidewall after the Al etch. In order to
prevent oxidization, bnm of Titanium (Ti) were deposited right after the Al deposition
by electron beam evaporation. The residues Cly molecules were nullified using a short
C4Fg RIE plasma right after the Al etch. The high RF power could have taken part in
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Figure 2.27: RIE etch of photonic crystal in (a) PECVD SiOg and (b) thermal
SiO. Both the films were grown on SiC and patterned with 220nm of CSAR62

Figure 2.28: (a) SiC waveguide using 200nm of thermal SiO2 (b) 45° view of
SiC etch using 100nm of Al hardmask.

the formation of residues as depicted in Fig.2.29. The SFg molecules impacting the mask
with high energy, due to the high forward power and low pressure (that increases the
line of sight of the molecules before hitting each other), caused a sputtering process of Al
that was partially rideposited on the SiC sidewall. The reduction of RF power together
with the removal of the Ar chemistry, contributed to the elimination of the residues that

were present at the end of the process. An extensive wet etch in HF ensured that all

the remaining residues were dissolved.

2.6 Conclusions

Due to the high selectivity and reasonably smooth sidewall, the use of Al hardmask with
the reduced forward power during the ICP etch allowed the realization of anisotropic

holes for photonic crystals and relatively low roughness for waveguides. Furthermore,
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Figure 2.29: Process of Al sputtering and redeposition on the SiC sidewall due
to the high power of the SiC etch
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Figure 2.30: (a) Photonic crystal fabricated using 130 W forward power, 900 W
ICP, 1 mT chamber pressure and SFg gas. 100nm of Al was used as hardmask
and 5nm Ti were deposited on top to prevent the oxidation of the Al hardmask.
(b) Same process for the SiC waveguides fabrication

the drop in verticality for the waveguide does not affect the guiding properties. This
etch conditions were used for the realization of photonic crystal cavities and waveguides,
meanwhile the powerful etch deriving from the Plackett-Burman DOE was used together
with Ni hardmask for the realization of the SPhPRs samples. In the latter, Ni offered
high selectivity for the extensive SiC etch and the powerful etch granted high verticality

even in open-space structures(Fig.2.14).






Chapter 3

SiC Linear Photonics

In this chapter, it is reported the work made to design and characterize linear components
fabricated in 3C SiC. In the first section, some general notions are introduced including
a preface of light confinement in dielectric media, derived from a ray optics treatment
together with the concept of total internal reflection. We report the mode solution of
the multi-mode (MM) and single-mode (SM) waveguide structures realized in 3C SiC
using the fabrication described in Chap.2. Since ring resonators play a central role
in this thesis (Chaps.4 and 5), in Sec.3.2 the ring behaviour is analysed in function
of its physical parameters. Furthermore, the method used to retrieve the propagation
losses from the measured quality factor is described. The components for coupling to
SiC waveguides are evaluated in Sec.3.3, where we show the disadvantages of an edge-
coupling system based on waveguide tapering over the grating coupler approach. The
suspended grating couplers, ring resonators and waveguides are characterized in the last

section of this chapter. Part of the results reported here have been published in Ref.[11].

3.1 Light confinement in dielectric media

Light propagating in a homogeneous medium is subjected to diffraction, where the initial
field cross-section will spread as it propagates in the material. However, optical fields can
be confined and routed thanks to the employment of a higher refractive index dielectric
(core) with the respect to the surrounding medium (cladding). In this case, the beam
inside the core can be trapped due to total internal reflection (TIR), that is a direct

consequence of the Snell’s law and reflection law

nq sin(61) = ngy sin(62) (3.1)

6, =0, (3.2)

41
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where the first relates the trajectories (described from the angles) of a refracted beam
to the incidence angle 6; of a beam travelling through the interface of two media of
different refractive indexes (Fig.3.1). At the interface, the beam will be also reflected
back with the same incidence angle (Eq.3.2).

Considering a wave propagating from a higher refractive index region to a lower refrac-

Refracted
beam

0,

Figure 3.1: The incident beam crossing the interface of two media with different
refractive indexes with an angle 6, is refracted with an angle 62 (Snell’s law)
and reflected with ¥, = 6

tive index one, there is an incident angle

§, = sin~! (@> (3.3)
ny

in which sin(f2) = 1 and no light will be refracted in the lower index material. For all
the angles greater than 6., the power of an incident beam will be totally reflected.

For the structure of Fig.3.2.(a), where n; is greater than ng, the light injected in the
core region with an angle greater than 6. is subjected to the TIR at both interfaces.
However, not all waves subjected to TIR can constitute a mode of the structure. The
mode of the structure must have a well defined field amplitude at each point in space
and in time and a unique propagation constant § [6]. The wave propagating in the

structure of Fig.3.2.(a) can be written as
E(z,y,z) = Eo(x) expli(wt — fz — h)] (3.4)

where Ey(x) is the field profile along the structure, w is the angular frequency, g is the
propagation constant of the guided mode and h is the transverse propagation constant.

In the distance Az, the phase accumulated from the field will be
drot = WAL — BAz — 2hd + 2¢, (3.5)

where d is the waveguide thickness. The phase shift ¢, derives from the Fresnel equation
for the reflected and transmitted amplitudes at the interface between two transparent

media. In the s polarization, the amplitude of a beam encountering an interface between



Chapter 3 SiC Linear Photonics 43

two medium is changed following

n1 cosfy — ng cosbs

— 3.6
® " njcosby + ng cosbsy (3.6)

where, in TIR, 03 becomes complex. In order for 8 to be the propagation constant of a
mode of the structure, the extra transverse phase shift must be equal to a multiple of
27

—2hd + 2¢, = 2mm (3.7)

where m denotes the T'F,,, and T'M,,, modes of the structure. Following the development

reported in reference[6], ¢, can be linked directly to

h=+/(n1ko)? — B2 (3.8)
q=/B?— (n2ko)? (3.9)

where ¢ describes the exponential decay of the mode in the cladding while ki the sinusoidal

behaviour of the amplitude in the core

Asin(hz) 4+ Beos(hz) if |z| < d/2
Epn = < Cexp(—qz) if x> d/2 (3.10)
Dexp(q ) if x <d/2

with A, B,C and D constants to be derived from the boundary conditions. Thanks to
Eq.3.7, h and ¢ can be calculated considering

2tan—! (%) for TE modes
b = " (3.11)
2tan—! ( 1q> for TM modes

n2h
The fundamental mode corresponds to m = 0 and it is always present for the TE case.
For bigger refractive index nj or thicker core, the structure supports higher order modes,
each corresponding to a different input angle (Fig.3.2.b). The mode angles are always
in TIR and greater value of m corresponds to angles approaching the critical angle. The
propagation constant (8 is instead bigger for the fundamental mode and smaller for the

highest order mode, since the effective refractive index

Brm
Neff = ?0 (3.12)

approaches to the clading value no. For a confined mode n.s; is always between n; and

n9.
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Figure 3.2: (a) Light trapped by total internal reflection in the core of a waveg-
uide. b) Different modes propagating at different incident angles

3.1.1 Mode Solver

The ray treatment can be used only for slab waveguides and step-index fiber to determine
the propagation constant. However, this method does not provide any insight of the field
distribution inside the structure. The field described in Eq.3.10 can be used as solution
of the Maxwell’s equation for the regions composing the structure of an infinite slab

waveguide (Fig.3.2)

V-D=p (3.13)
0B
E=— 3.14
V x T ( )
V-B=0 (3.15)
oD

H=J+— 1

V x + T (3.16)
together with the constitutive equations

B=pyH+M (3.17)
D=¢E+P (3.18)

where B is the magnetic flux density, H is the magnetic field, D is the displacement
vector and E is the electric field. For nonmagnetic materials, the magnetization field
M is zero and, for the purpose of this thesis, both the current density J and the charge
density p will be zero. In Eq.eqs. (3.17) and (3.18), g is the vacuum permeability and
€0 is the vacuum permittivity.

The electric polarization P describes the induced electric dipoles moment of a material
subjected to an electric field. In this chapter, we will consider only the case of linear

dependence of the polarization vector with the respect to the electric field

P = exVE (3.19)
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where YV is the linear susceptibility and it is linked to the refractive index of the

medium
n=1/(1+xW)u, (3.20)

with u, the relative permeability and for the considered materials is equal to 1.

For high-confinement two-dimensional channel waveguides (or in general more complex
structures) there is no analytical solution to egs. (3.13) to (3.16) describing the field
distribution in the guiding region. Only approximated analytical approach, like the ef-
fective index theory, can be used when the difference of refractive index between core
and cladding is small. For the general case, numerical solvers are needed.

In order to calculate the mode of SiC waveguides, we employed the software Lumeri-
cal Mode Solution which uses the finite difference method (FDM) as numerical solver.
Provided a uniform rectangular grid (Yee’s mesh [186]) that subdivides the structure in
cells (Fig.3.3), the FDM discretizes the partial differential eqgs. (3.13) to (3.18) for each
grid point where the spatial increments are given by mesh resolution. The discretized
equations can be gathered in a matrix form[187] whose eigenvalues correspond to the
propagation constants and the solutions of the problem. In this way, the solver provides
the field distribution and the propagation constant. The FDM accuracy relies on the

refinement of the mesh.

Figure 3.3: Coarse Yee’s mesh of the suspended SiC waveguide

3.1.2 SiC mode solutions and waveguide engineering

The high refractive index of SiC is fully exploited by our technology using air as cladding
and sub-um cross-section of the waveguides. A mode analysis of the structures is per-
formed for the fundamental TE mode, reported in Fig. 3.4, showing effective index n.y
of 1.88 (SM) and 2.25 (MM) for 480x400 nm and 670x700 nm sizes, respectively. The
modes were calculated using the refractive index dispersion reported in Fig. 2.4 and the

high n.¢s values of both structures are evidence of a thigh light confinement, essential
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for integrating photonics components in a small area and achieving the minimum modal
volume in resonators.

The possibility of engineering the waveguide dimensions for the MM waveguides can

b) 670nm

700nm

[E] [V/m]

Figure 3.4: Normalized electric field intensity for the first TE mode in SM (a)
and MM (b) waveguides.

improve the propagation losses by diminishing the roughness scattering thanks to a ma-
jor confinement of the mode inside the core material and a consequent reduction of the
field at the SiC-air boundaries. This is shown in Fig.3.5, where is reported the distri-
butions of the electric field norm E,(z) taken at half of the waveguide total thickness
for the first TE mode, where the black line show the case of a 400nm-thick waveguide
meanwhile the red line reports the 700nm-thick case. The dashed lines represent the
position of SiC-air boundaries, where the roughness deriving from the fabrication could
cause scattering losses (see Sec.3.1.3). As expected, by increasing the waveguide dimen-
sions (both thickness and width), the electric field at the SiC-air boundary is reduced
with the respect of the smaller waveguide. The field at the boundary can be plotted as
function of the waveguide width (Fig.3.6) for different thickness. For 700nm and 900nm
thickness (black and blue line, respectively), the electric fields have similar values for
almost all the waveguide widths, meaning that the waveguide thickness does not con-
tribute to the lateral field distribution for values larger than 700nm. This is not true
for the 400nm case (red line), where the electric field at the boundary is always greater
than the thicker cases. For large widths, the electric field diminishes as the waveguide
width increases for all the thickness reported in Fig.3.6.

The reduction of the field at the waveguide boundaries that can be achieved by increas-
ing the waveguide dimensions comes at the cost of higher order modes, like reported in
Fig. 3.7 where the effective index of modes are plotted for 700nm-thick (Fig. 3.7.a) and
900nm-thick (Fig. 3.7.b) waveguides as function of the width. The n.s; difference be-
tween the fundamental and higher order modes of the MM waveguide (Fig.3.4.b) is wide
enough such that cross-mode field leakage is avoided, especially in small-radii bending

of waveguides.
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Figure 3.5: First TE-mode distribution of the electric field norm E,,(z) simu-
lated at half of the waveguide total thickness. Red line shows E,,(z) for 700nm
thickness meanwhile the black line reports the 400nm case. Dashed lines rep-
resent the SiC-air boundaries of the waveguides in the 700nm (red) and 400nm
(black) thickness case.
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Figure 3.6: Electric field norm for the first TE mode at the SiC-air boundaries
at half thickness in function of the waveguide width. The thicknesses considered
in the simulation are 400nm (red line), 700nm (black line) and 900nm (blue line)
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Figure 3.7: Effective index of modes as function of the waveguide width for a)
700nm and b) 900nm thick waveguides.

3.1.3 Losses in waveguides

When light propagates in a waveguide for a distance Az, the electric field amplitude is

attenuated by a factor
a=e 307 (3.21)

where « is the power loss coefficient and it is mesured in [1/c¢m]. The absortion coefficient

can be decomposed in three different factors
a=op+ a5+ ap (3.22)

where «y describes the losses deriving from the waveguide bending, o accounts for the
scattering of the field due to the roughness and «, is the bulk material loss.

The presence of dislocations, impurities and crystal boundaries can cause absorption in
the bulk material. The light emitted outside the waveguide from this inhomogeneity
results in an imaginary component of the refractive index and consequently in the ex-
ponential decay described by Eq.3.21.

The fabrication of sub-um waveguides requires the pattering of a mask. Although the
high resolution of the lithography tools, patterned resists and subsequent etching pro-
vide a non-negligible sidewall roughness ¢ at the interface between cladding and core.
The top and the bottom interfaces, instead, usually do not contribute significantly to
scattering losses since the chemical mechanical polishing provides a roughness level on

the order of angstroms. The scattering losses can be described using[188, 189]

_ Chgh EZ

2
Qs 5 TF2day - An (3.23)
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where An is the refractive index difference between core and cladding meanwhile Ej
represents the electric field of the mode at the core/cladding interface. The integral
[ E%*dzy, where E(x,y) is the mode electric field, is extended over all the waveguide
cross-section such that the term EZ2/ f E?%dxy is the normalized electric field intensity
at the core/cladding interface. In order to minimize g, fabrication techniques have
been developed to reduce ¢[190, 191, 192]. In order to decrease the field portion at the
interface and increase the propagation constant, multimode waveguides can be used to
reduce a;[193].

When a mode propagates in a bent waveguide (Fig.3.8.a) it is subjected to two kind

n(ry

Straight

v

Tenuical
'

Req ()

Bent

v

(b)

Figure 3.8: (a) bending of a waveguide; (b) change of the equivalent refractive
index during the bending[6]

of losses. The first is the mode mismatch at the interface between the straight and
bent waveguide while the second is given by a field leakage in radiative modes during
the propagation in the bent waveguide. In fact, the equivalent refractive index of the

structure depends on the radius of curvature R[6]:

Neg(r') = n(r') (1 + 2(:08((1)’)) (3.24)

where 1’ is the radial distance with the respect to the waveguide center and ¢’ is the
azimuthal angle from the plane perpendicular to the propagation. The radial dipendence
of the refractive index can be physically explained assuming that the mode inside the
waveguide keeps the same field profile as it propagates. To do so, the outer field portion
must propagates with a smaller propagation constant (and higher phase velocity) with
the respect to the inner portion of the field, that travels for a smaller distance. As
depicted in Fig.3.8.(b), at a critical radius, the propagation constant is below the one

correspondent to the cladding refractive index and the field starts to leak[194, 188]
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following

ap = Kexp(—Br) where (3.25)
B = B(2Anesy/neps)?/? (3.26)

where K depends on the waveguide thickness and refractive indexes of the core and
cladding), Anyy is the difference between n.s¢ and the cladding refractive index. There-
fore, the higher An.s; the higher is the possibility to reduce the size of photonic com-

ponents without deteriorating the bending losses.

3.2 Ring Resonators

Ring resonators are a key component for a vast range of applications[136, 137, 195] since
the provide size reduction of photonic devices and a boost in nonlinear optical effects
due to the field enhancement experienced inside the cavity. As we will see later in this
dissertation, ring resonators were used to retrieve the propagation losses of SiC waveg-
uides, for frequency conversion in SiC (Chap.4) and for the generation of nonclassical
state of light in SigN4 (Chap.5).

Rings are made by bending the waveguide back to itself and forming a close path,

Figure 3.9: Scheme of a ring resonator of radius R coupled to a straight waveg-
uide.

like showed in Fig.3.9. The advantage of such a cavity is the ability to control the field
coupling between the ring and the bus waveguide by just changing the gap during the
lithography step. Referring to Fig.3.9, we can analyze this component using the matrix

formalism[196, 197] describing the coupler

(3.27)
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where Ay and B; are the beam amplitudes of the field at the input and output of the
resonator, respectively, while By is the field coupled to the ring thanks to the cross
coupling coefficient x and with ¢ is indicated the straight-through field transmission.

The matrix in Eq.3.27 is unitary
|t + k> =1 (3.28)

and, by propagating in the ring resonator of radius R, the coupled field By acquires a

phase 6 so that

Ao = Byaexp(if) (3.29)
with
27
GzﬁL:neffTQﬂ'R (3.30)

where the dependence of n.f¢ to the wavelength has been omitted for simplicity in the
notation and the attenuation a is defined as in Eq.3.21, with Az = L the circumference

of the ring. Using Eq.3.27 and 3.29 we can derive

Bi  —a+texp(—if)

—_— = 3.31
Ay —at! + exp(—ih) (3:31)
A _ /
£2 ar (3.32)
A1 —at' + exp(—ib)
with the normalized power straight-through transmission
By 2 _ a? +t? — 2atcosf (3.33)
Aq 14+ a?t?2 — 2atcosd
and circulating power coefficient
Ay |? a(l — t2)
—| = (3.34)
Ay 1+ a?t? — 2atcosb)

At some wavelengths there is no phase difference between As and Bs and the input field
is on resonance with the ring resonator. Considering Eq.3.30, this is equivalent to the
case of § = 2mm, with m integer. The resonances \g correspond to difference values of
m

L
)\0 = neff(Ao) (3.35)

m
and the distance between two following resonances corresponding to m and m + 1 is
defined the free spectral range (F'SR)

)\2

FSR=Api1— Ay~ ——m__
T () L

(3.36)
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where we used the definition of group index n,

Onerr(A)

ng(A) = ey (A) = A5+

(3.37)

that takes in account the small change of n.fs between two consecutive resonances.
Using Eq.3.33, it is possible to retrieve another important spectral characteristic of the

ring resonator named the full width half mazimum (AX)

(1 —ta)\3

A= ——"+—
wngL\/a

(3.38)
where again we made use of the dispersion of the effective index (3.37).
When the input field is on resonance with the ring resonators, the circulating power

coefficient of Eq.3.34 reaches its maximum

A a1 —¢2)

4, 7(1 ~al)? (3.39)
meanwhile the straight-through transmission reaches its minimum

B> (a—t)?

—| =—= 3.40

A1 (1 —a t)Q ( )

By tuning the coupling between the bus waveguide and the ring resonator is possible
to reach the particular condition a = t. This is called critical coupling condition and
it is reached when the coupled power to the ring is equal to the round trip losses. The
destructive interference at the output causes the straight-through transmission to be
zero, meanwhile the intra-cavity field to be the maximum.

Once the light is trapped inside the cavity, the field can be either out-coupled in the
bus waveguide or lost due to the propagation losses (Eq.3.22). This behaviour is charac-
terized by the quality factor @) that physically describes the number of field oscillations
before the power inside the cavity is depleted by 1/e[198]

_wE

©=p

(3.41)

where £ is the energy stored, w is the angular frequency and P is the dissipated energy
P = 0&/0t. For optical cavities the @ factor relates to the spectral sharpness defined
by A

Ao

Q=13 (3.42)

and can be experimentally measured by a transmission scan to reconstruct the Lorentzian
deep of Eq.3.33. The retrieved @Q is function of the power loss in the ring due to

propagation losses and the coupling to the bus waveguide, and it is defined as loaded
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quality factor (Qpr)

anL\/a
= 9-7 3.43
QL ( 1-— ta))\() ( )
from Eq.3.38 and 3.42. If the ring resonator is completely un-coupled to the bus waveg-
uide, the value of ¢t becomes zero and the @ factor depends just on the propagation
losses a. We define in this case the intrisinc quality factor (Qr)
mngLly/a

Qr = 1— ) (3.44)

The intrinsic and loaded quality factors are linked by

1 1 1

- - 3.45
Qr QL Qc (3.45)

where the value of Q¢ depends on the coupling conditions

— 201 for g<t
R (3.46)

L
m for a >t

The first case in Eq.3.46 is called under-coupled condition and defines the event in which
the cross-coupling coefficient r is smaller than the internal loss v/1 — a2. On the other
side, the over-coupled condition refers to the opposite case (a > t) in which & > /1 — a2.
The value T}, in Eq.3.46 corresponds to the transmission when the field is resonant
with the cavity. In critical coupling T, = 0 and, since Q7 = 2@, we can extract the
propagation losses « from a transmission scan. However, we are interested in retrieving
the propagation losses in the most general case Ty, # 0, where from a transmission
correspond two values of a (Eq.3.46). In order to understand if a measured ring is
in under-coupled or over-coupled condition, it is necessary to disentangle the value of
a from the value of ¢[198]. In this thesis, we fabricated multiple rings with different
coupling conditions by sweeping the gap values between rings and bus waveguides. By
going from a ring with a small gap to a ring with an increased gap, we go from an
over-coupled condition to an under-coupled condition and at the same time the loaded
quality factor increases. The drawback of this analysis lies on the assumption that all
the rings have the same propagation losses.

In a high Q-factor cavity the optical power is boosted due to a constructive interference
of the field. This is a direct consequence of the light trapping experienced inside the
cavity and can be expressed by the finesse (F)

_ FSR  m/ta
AN 1-—ta

F (3.47)
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that is the number of round trip inside the cavity before the energy is reduced of a factor

1/e times 27. In the case of critical coupling (a = t), we have

Ta 27

F=1—a~a

(3.48)

where the second equality holds in low loss regime[199] (o ~ 1). In most applications
it is required a high finesse in order to enhance the power intensity inside the ring. For
the same propagation losses, this can be achieved by reducing the ring radius as showed
in Eq.3.48.

3.3 Fiber Coupling Optimization

High field confinements in waveguides represent a problem for coupling light from an
optical fiber due to a small field overlap between the two modes that would cause high
insertion losses. In order to overcome this problem, mode converters can minimize the
modal mismatch in edge-coupling systems[200, 201] showing high CE but requiring fur-
ther processes (as dicing and polishing, that compromise the throughput of the process),
in general combined with lensed fibers. Alternatively, grating couplers are one of the
most used component in silicon photonics since they can be integrated in different parts
of the chip (thanks to the vertical coupling) with a higher spatial tolerance in the align-
ment. Gratings remove the need of polishing steps often used to maximize performances
in edge-coupling systems and can be easily scaled to couple tens of waveguides using
standard v-grove fiber arrays.

The versatility of our technology offers the possibility to use both techniques by slightly
changing the process list in order to insert the polishing step in case of edge coupling.
Since edge-coupling system can offer high CE, we present some simulations to evaluate
the coupling between a lensed fiber and the waveguide. However, due to the resulting
design requirements, the additional fabrication steps and the lower CE, the preferred
component for out-coupling light is the grating coupler and in Sec.3.3.2 we present its

parameters optimization.

3.3.1 [Edge coupling

Edge-coupling techniques require that the input or output fiber is accurately aligned
in all directions with the photonic waveguide. In this way, provided a close proximity
between the two guided modes, the light scattered from the end-face of the waveguide is
coupled directly to the fiber mode. The efficiency of the process depends on two factors:
the mode overlap and the effective index mismatch.

The mode overlap can be computed directly with the software Lumerical, where it
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calculates

fE1><H§deE2XHTdS 1
[Ei x Hj dS Re [[ E; x Hj dS]

overlap =

(3.49)

Re

in which E; and H; are the electric and magnetic vectors with ¢ defining the fiber and
waveguide modes.

Due to a tight confinement given by the high index contrast between the SiC waveguide
and the air cladding, a lensed fiber is considered in this analysis in order to achieve
higher CE. The lensed fiber provides a mode waist of ~ 2um that is, compared to
normal single mode fibers, about five times smaller (Fig.3.10).

By sweeping the waveguide width, the mode overlap can be changed as reported in

1.0
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Figure 3.10: Normalized electric field intensity for the TE mode of the lensed
fiber.

Fig.3.11. The maximum overlap is achieved with a waveguide width of ~ 100nm meaning
that a mode converter is needed to adiabatically change the dimension of Fig.3.4(a) to
inverse taper of Fig.3.12.(a). If the width changes along the propagation direction is
slow enough, the mode converter can have negligible excess losses.

A good CE can also be obtained by increasing the width of the waveguide. For
the mode of Fig.3.12.(b), the overlap is ~ 16%. The dip in overlap depicted in Fig.3.11
corresponds to the case where the field is optimally confined in the structure. Besides the
mode overlap, the coupling efficiency is also dependent by the index mismatch between
the tapered waveguide and the fiber: in case the two effective refractive indexes are
equal there is no light reflection at the end. This can even be seen in the ray optics
picture since the more the numerical aperture of the fiber is equal to the waveguide one,
the higher the CE is.

The fabrication of an inverse tapered waveguide of 100nm imposes some lithography
and etching challenges. Furthermore, the expected CE is considerably lower than the

one simulated for apodized grating coupler.
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Figure 3.11: Overlap between the first TE mode Fig.3.12 and the lensed fiber
mode Fig.3.10 at different waveguide width.
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Figure 3.12: Normalized electric field intensity for the first TE mode of the
in-versed(a) and normal(b) tapered waveguides.

3.3.2 Grating Coupler Optimization

When a beam, propagating inside a waveguide, encounters a section in which the refrac-

tive index is changed periodically, the field is scattered preferentially in the direction
angle 0 described by the Bragg’s condition

Neff — MA/P
Nelad

sinf = (3.50)
where n,y is the effective index characterizing the periodic section, 744 is the refractive
index of the cladding, p is the period and A is the free-space wavelength. In Eq.3.50,
m is an integer describing the scattering order and usually, in order to have just one
scattering angle, it is fixed at one by the grating design. The scattered light can be
gathered by a single mode fiber, inclined at the angle that matches the scattering angle
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0. With reference to Fig.3.13.(a),the CE between grating and waveguide can be divided
in three factors[202, 86]

Py,
P,

n= = Tlrad * Ndir * Nov (351)
where 1),.4q accounts for the radiation efficiency that is affected by the power reflection
at the grating (P,) and the remaining power after the grating (P;)
P, — P.— P,
Mpad = —2——L """ 1 _R-T (3.52)
Py,

The reflection coefficient R = P,/P;, can be minimized if the refractive index change
at the interface between waveguide and grating is not too abrupt meanwhile the trans-
mission 1" = P,/ Py, can be reduced to zero if the number of scattering elements is high
enough.
The light at the grating can be either scattered toward the fiber, with power P,,, or

scattered toward the substrate, with power Py,,,. This efficiency is described with

Py

_ 3.53
Pup + Pdown ( )

Ndir =
The maximization of this efficiency requires generally additional fabrication steps to
implement efficient back reflectors, like metal layer[86] or distribute Bragg reflector[203],
in order to reflect back the light towards the fiber. In SOI technology, the thickness of
the layer between the waveguide and the back reflector, called BOX, is chosen such that
a constructive interference phenomenon occurs between the reflected and the scattered
light. The suspended nature of the SiC photonics does not allow the use of a back
reflector and consequently this is a limiting factor for this technology.
In order to have a high coupling efficiency, the spatial distribution of the field has to
match along all directions the gaussian distribution of the fiber. In a uniform grating,

the envelope of the scattered field propagating along the z direction follows
Py(z) = exp(—272) (3.54)

with ~ is a constant loss per length. This power profile has a mode overlap with the

fiber mode that can be calculated using

Nowz = Efzbe?"( ) E;ratzng(z) )de (3 55)
> f fzber )dz f( gratmg( )dZ
for the z direction, and
Novy = Eflber( ) E;ratmg (y) )2dy (3 56)
> f fzber dy f gratzng ( )dy
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for the y direction, perpendicular to the plane of Fig.3.13.(a). In Eq.3.55 and 3.56, Efjper
and Ey,qting are the electric field of the mode of the fiber and scattered from the grating,
respectively, along the two directions. The efficiency 7.,y can be close to unity if we use
a tapered waveguide or focusing grating[204], since, for large width of the waveguide, the
field distribution along y of the fundamental mode is similar to the gaussian distribution
of the fiber. In addition to 7.,y and 1,,z, the efficiency 7., depends on the Fresnel

equation for the fiber mode and cladding propagation constants

4 Bfiber : /Bclad
/Bfiber + Bclacl)2

NovF = ( (3.57)
where, provided the use of a cladding and an index matching oil, the efficiency 7,,r can
be close to unity. Even if at the moment we have not implemented a cladding different
from air, the suspended platform can make use of different upper-cladding materials and
consequently increase the efficiency 1oy F.

From now on we focus in the optimization od 3C SiC grating couplers, since they best
take advantage of the presence of a second step of electron-beam lithography to achieve
a higher CE. By implementing the model (Fig. 3.13.a) in a 2D-FTDT simulator, we
optimized the grating period, etch depth and filling factor for maximizing the CE from
a 8°-tilted single mode fiber injecting TE-polarized light. Fig. 3.13(b) reports the
simulated CE versus wavelength for the best period (794 nm and 720 nm for SM and MM
waveguide, respectively), etch depth (162 nm and 320 nm for SM and MM waveguide,
respectively) and filling factor (0.457 and 0.417 for SM and MM waveguide, respectively).
For both structures we considered a sidewall angle of 80°, consistent with our process
technology, and a refractive index of 2.6. Despite the lack of a back reflector, often used
in SOI technology, the SM grating coupler reaches a high CE of -4.4 dB at 1550 nm and
a wide 3 dB bandwidth of 88 nm. On the other side, the uniform grating coupler for the
MM platform shows reduced CE of -7.7 dB with the fundamental mode, and a similar
bandwidth of 74 nm.

In order to match the spatial distribution of the scattered light from the grating with
the gaussian shape of the fiber mode and improve the efficiency 1,,7 and 7.4, it is
possible to optimize the position and size of each post (apodized grating coupler). The
parameter space, already composed by the etch depth (ED) and the position of the fiber
with respect to the grating coupler (Fjos), is increased by two times the number of posts
composing the grating coupler: each post ¢ adds a period p; and a size s; [Fig. 3.13(a)].
In a similar way to references [85, 86], we developed a four-steps algorithm to optimize
the CE: 1) In a first step, we optimize the uniform grating coupler for a given etch depth
in order to find the best period p and size s. 2) From the previous step, the algorithm
simulates structures sweeping sequentially the value of all s; for a set of periods close to
p for each post i. The parameters are saved only if they perform with a higher CE at
1550 nm than the previous saved solution. The procedure is repeated until the solution

converges. 3) In this step, every saved position p; and sizes s; are mutated by different
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Figure 3.13: (a) Schematic of an apodized grating coupler. (b) Coupling effi-
ciency versus wavelength from 2D-FDTD simulation of grating couplers opti-
mized for SM and MM waveguides.

random values between +2 nm and the new grating coupler is simulated. Once again,
the parameters are saved only if they perform with an higher CE and the procedure
is repeated until the solution converges. 4) By changing ED of the grating of 10 nm
steps and repeating step 3), it is possible to determine the etch depth that delivers the
highest CE. At each step, Fj,s is swept in order to maximize CE. The optimization can
be constrained by process limitations in step 3): for minimum post size of 100 nm and
distance between two post of 50 nm, the retrieved post positions and sizes are reported in
Table 3.1 for an etch depth of 320nm. This level of constrains does not affect drastically
the CE since the reduction from the optimal design lies in a few percent, and makes the
designed structure feasible with the fabrication process described below. The simulated
CE for MM waveguides is reported in Fig. 3.13 and it improves for the apodized case
reaching a value of -2.3 dB at expense of the bandwidth, that reduces to 27 nm. Rather
than simply maximizing the CE at 1550 nm, the described algorithm can be used to
optimize different figure of merits of the grating depending on the requirements of the
photonic device. The complete source code to implement the apodization algorithm in

Lumerical, is reported in Appendix B.

3.4 Linear Characterization of SiC Photonics Components

In order to fabricate photonics components in SiC, we developed the fabrication proce-
dure reported extensively in Chap.2. The process steps are resumed in Figs. 3.14(a)-
3.14(f) and discussed here for convenience. The SiC layer, heteroepitaxially grown on
a Si <001> substrate, is purchased from NOVASIC with a chemical-mechanically pol-
ished surface. As the first step, the SiC film is thinned down to the desired waveguide
thickness (400 nm and 700 nm for SM and MM waveguide, respectively) by dry etching,

while a first electron beam lithography step is performed to define the waveguide width
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Table 3.1: Positions and sizes resulting from the apodization algorithm for the
MM structure, with a refractive index of 2.6 and an etch depth of 320 nm

1<4i<10 11 <4< 20
p; [nm] | s; [nm)] p; [nm] | s; [nm]
562.2 482.0 824.7 381.8
652.5 233.1 961.7 232.9
791.8 449.8 542.2 492.2
711.0 235.1 688.9 232.9
617.6 | 472.8 734.0 | 614.0
793.3 379.4 571.2 308.7
773 | 2329 947.0 | 2884
667.7 609.6 640.6 589.7
812.1 | 2329 758.9 | 616.8
500.1 428.8 516.5 254.2

of 480 nm (SM) and 670 nm (MM) using CSAR62 resist [Fig. 3.14(b)]. The pattern
is subsequently transferred to a 100 nm aluminum hardmask by dry etching in order
to guarantee sufficient selectivity during the high-power ICP-RIE SiC etch based on
fluorine chemistry (SFg), Fig. 3.14(c). The SiC layer is etched 300 nm and 500 nm
for SM and MM waveguides, respectively, and a thin SiC membrane is left in order to
provide mechanical support once the Si substrate is removed. In a second fabrication
flow, both grating coupler grooves and holes in the membrane are patterned by etching
the SiC layer for 162 nm (SM) and 320 nm (MM), Figs. 3.14(d) and 3.14(e). The etch
depths are chosen to produce the optimum CE for the gratings couplers, while being
greater than the membrane thickness, ensuring that the holes expose part of the silicon
substrate. In this way, a XeFy vapor etch can be performed to undercut the Si sub-
strate, suspending the photonics components and generating the maximum refractive
index contrast achievable [Fig. 3.14(f)]. Fig. 3.14(g) shows a 45°-tilted SEM picture
of a suspended MM ring resonator resulting from the described fabrication flow. The
optical-microscope image of the final device is reported in Fig. 3.19(a) and depicts a
suspended area of ~40 um around the waveguides. The extremely high Young’s modu-
lus of SiC [205] ensures large suspensions without incurring in the membrane cracks or

deformations.

3.4.1 Scattering measurement of straight waveguides

The light propagating inside the waveguide is scattered by roughness at the interface
between core and cladding as reported in Eq.3.23. This field leaked from the guiding
mode is proportional to the intensity at precise point where it is recorded.

Thanks to an experimental setup composed of magnifying lenses and an InGaAs CCD
camera, that absorbs at telecom wavelength, it is possible to record the scattered light

in different points of a straight waveguide. In Fig.3.15.(a), the initial scattered light of a
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Figure 3.14: Schematic representation of the fabrication process (a)-(f). 45°
SEM view of a MM ring resonator (g).

SM waveguide is recorded and, due to propagation losses, the intensity of beam is atten-
uated as the distance increases from the initial point. This is evident from Fig.3.15.(b),
where the distance between the initial point and the recorded point is 0.35cm, resulting
in a faint scattered light. The beam was injected in TE polarization thanks to uniform
gratings coupled to a single mode fiber.

By averaging the pixel values of the images recorded in different positions, it is possi-

(a) (b)

Figure 3.15: Scattering measurement from a single mode waveguide at the Ocm
(a) and after 0.35cm of propagation (b)

ble to retrieve the scattered field intensity. The different intensities are plotted versus
the relative distances at which they are recorded in Fig.3.16 where the exponential fit
provides a propagation losses of —(65.8 &+ 5.3)dB/cm. This measurements were taken
with the help of Roman Bruck, that gently lent us his time and setup to perform this

characterization.
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Figure 3.16: Intensity measurements of the scattered light at different propaga-
tion distances (black dot) and exponential fit (red curve)

3.4.2 Gratings and rings experimental characterization

To perform a more comprehensive characterization of the fabricated devices, transmis-
sion measurements have been performed. The photonics components are characterized
in TE polarization using a CW laser (Santec TSL-510) tunable across the telecom band
(1500-1630 nm) and a polarization-maintaining fiber array. Following the layout of the
fabricated optical circuit [Fig. 3.19(a)], light is injected using the uniform grating cou-
pler for the SM waveguide and the apodized grating coupler for the MM waveguide.
Both gratings are optimized for the refractive index measured by ellipsometry on the
two different wafers used for the fabrication of SM and MM waveguides. In Fig.3.17 is
reported the SEM of an apodized grating coupler used to couple light in a MM waveg-
uide. Since the lateral dimension of the grating is 20 pm to maximize the overlap with
single mode fibers, mode converters are employed to adiabatically reshape the mode at
the grating to the SM and fundamental MM ones. Numerical simulations show conver-
sion loss lower than 0.15 dB for the fabricated length of 800 pm and 490 pm (SM and
MM case, respectively). In Fig3.18, the |Sio /21\2 parameters describing the transmission
of the mode converter (20um) are plotted as function of the length of the taper, where
the waveguide size is changed linearly along the propagation direction. The fluctuations
in the |S /21|2 values are due to the approximated method used to compute them that
makes use of eigen-mode expansion of the structure at different points. This fluctuation

can be reduced considerably if the mesh of eigen-mode solver is increased.
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Figure 3.18: Mode converter for the SM case. The [S}2/2; |2 parameter describes
the power coupling from the input to the output of the tapered section as
function of the component length

We characterized the performance of the grating couplers by measuring the transmission
of SM and MM devices. Since the linear losses calculated below are valid only for the
SM (MM) part of the circuit in Fig. 3.19(a), the grating plus tapering sections are
characterized as a single coupling component. In Fig. 3.19(b), the total CE for the
grating-taper component is reported for both the SM and MM case. The CE is ~-6
dB (-6.8 dB) at 1500 nm (1527.5 nm) and the half width at half maximum is ~38 nm
(~18 nm) for the SM (MM) platform. The shift in wavelength of the measured CE
compared to the simulation results, is ascribed to fabrication imperfections given by the
high etching rate (giving an error on waveguide thickness and E'D parameter) and a
small difference between the actual refractive index of the sample and the one used for

simulations. Both effects are amplified by the high refractive index contrast.

Ring resonators provide a direct way to retrieve linear losses of waveguides from the
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Figure 3.19: Optical microscope image of the sample layout (a). Experimental
characterization of fabricated SM and MM grating coupler together with mode
converter (b).
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Figure 3.20: Measured high-Q resonance of different ring resonators (black dots)
and lorentzian best-fit (red line): 20 pum ring realized with SM waveguide (a),

10 and 20 pm ring realized with MM waveguides (b and c, respectively). All
the rings are in the undercoupled condition.

measured quality factor[199]. Thanks to the high confinement, we fabricated ring res-
onators with small radius of 10 pm (MM) and 20 pm (SM and MM) that are simulated
to exhibit small excess bending losses. In the same sample, different gaps between bus
waveguides and rings are fabricated in order to tune the coupling strength with the
resonators and determine the coupling condition. Fig. 3.20 shows measurements of
transmission versus wavelength for a SM-20pm ring [Fig. 3.20(a)], MM-10um ring [Fig.
3.20(b)] and MM-20pum ring [Fig. 3.20(c)]. For the SM resonance, the intrinsic quality
factor is calculated as 9,100 corresponding to linear losses of 58 dB/cm. When the field
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is more confined inside the material (MM waveguides) the scattering losses reduces and
the intrinsic quality factor improves up to 20,000 (25 dB/cm) for the 10 pm ring. This
is further shown from Fig. 3.20(c), where the bigger radius decreases the field overlap
with the sidewall roughness and the intrinsic quality factor reaches 24,000 (21 dB/cm).
Further increasing the radius of the resonator does not provide any significant improve-
ment in the propagation losses. Since the mode intensity at the sidewall is still non-zero
for the MM waveguide [Fig. 3.4(b)], it is possible that the reported value of the losses
is still not limited by material absorption. The improvements in the losses for the MM
structures are also partially explained by the reduction of the field intensity in bottom
part of the SiC layer, where the high density of defects generated during the crystal
growth increases the material absorption.

The complete losses analysis procedure is reported in Appendix A, where resonance
spectra of set of ring resonators (made in the same fabrication run) are reported to
extract the linear losses for the 10pm-radius MM, 20pum-radius MM and a 20pum-radius
SM case.

3.5 Analysis of scattering losses

The propagation losses of 58 dB/cm (21 dB/cm) for the SM (MM) waveguide are due
to the loss mechanisms described in Sec.3.1.3. For the analysis of propagation losses we
can neglect the term oy of Eq.3.22 since the bending losses can be calculated by mean
of numerical solvers and ring radii are chosen such that bending losses are negligible.
Since it is not trivial to determine the material losses of the suspended SiC film, we can
estimate o, by removing from the total losses the computed scattering losses. As first
approximation, we can neglect the scattering due to the top interface since the wafer
is chemical-mechanical polished and the roughness is considerably smaller than the one
presents on the sidewall. However, we do not have any insight on the roughness of the
bottom interface that could be considerably rough due to the SiC growth. Even though
the model of scattering losses due to roughness (Eq.3.23) introduced in Sec.3.1.3 relates
the losses directly to the field at the boundaries, it does not account for the autocorre-
lation length L. that is an important parameter for accurate loss calculations[206, 188].
The top-view image of a MM waveguide reported in Fig.3.21 can be used to estimate
the autocorrelation length to be L. = 80nm and the standard deviation to be { = 4nm.
According to the model derived from Payne and Lacey[207, 206], it is possible to re-
trieve the scattering losses due to the lateral sidewall surface roughness to be ~46dB/cm
and ~16dB/cm for the SM and MM case, respectively. These values well-match with
the experimental results since they explain 30dB/cm out of 37dB/cm improvement in
term of propagation losses achieved using a MM structure instead of a SM one. The
remaining 7dB/cm that are not explained from the scattering of the waveguide sidewall

can be attributed to the use of Al as hardmask that introduces metallic contaminations
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in the waveguide sidewalls[208]. Additionally, the MM structure presents a mode con-
centration at the bottom SiC boundary less than the SM case and this could concur
to the propagation losses improvement experienced in the MM waveguide. Therefore,
the material losses can be estimated to be at maximum 5dB/cm including the losses

provided by scattering of the bottom interface.

— 100nm JEOL 4/5/2017
X 80,000 2.00kV LEI

Figure 3.21: SEM images of a MM waveguide (top view) to show the sidewall
quality. From the roughness at the edge of the waveguide we can estimate the
amplitude and approximate mean distance between the surface fluctuations to
be 16nm and 80nm, respectively.

3.6 Conclusion

The presence of a Si substrate, needed for heteroepitaxially growing the crystalline SiC
layer, hampered the development of basic photonics components needed for a multitude
of optical processes. Thanks to a new fabrication approach, that removes the underly-
ing substrate by employing two steps of electron beam lithography, both SM and MM
photonic platforms were realized in a fully scalable manner. This technology can easily
be integrated with photonic crystal cavities, a key component for exploiting SiC point
defects and low power non-linear interaction, and be extended to other heteroepitax-
ially grown materials, such as hexagonal SiC films created by electrochemical etching
or GaAs membranes. The fabricated couplers show CE around -6 dB when considering

grating efficiency and taper propagation loss (in the order of 1-2 dB considering MM
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propagation losses). This value can be improved using selffocusing gratings [204] that
do not require long mode converters, increasing transmission and reducing the footprint
of the optical devices. The characterized ring resonators demonstrated high intrinsic
quality factors up to 24,000. Even though the reported values of quality factor are suf-
ficient to demonstrate non-linear effects like efficient frequency conversion, improving
the propagation losses would open the possibility to use SiC for scalable quantum opti-
cal interconnections. Additional steps in the fabrication procedure, including roughness
reduction by oxidization or the deposition of a cladding to decrease the high index con-
trast, could target the scattering loss by reducing the roughness effects and improve the
quality factor of the resonators. Furthermore, the use of a non-metal hardmask could
improve the propagation losses[208]. The reported results demonstrate a fundamental
step in the development of SiC photonics and open the way for the integration of a

variety of classical and quantum devices.






Chapter 4

Frequency Conversion in 3C SiC

Ring Resonator

The SiC optical properties are ideal for the realization of nonlinear devices, due to the
wide bandgap (2.3 €V), the high refractive index (2.6) and the non centrosimmetryc
crystal. These features can be fully exploited in integrated structures, where the pres-
ence of a tight confinement in the waveguide and in the ring enhances the nonlinear
behaviour. The first section of this chapter is dedicated to a brief introduction to opti-
cal nonliner process meanwhile, since SiC is non-centrosymmetric, in Sec.4.2 is shortly
reported the second harmonic generation (SHG) process. In particular, to overcome
phase matching problems affecting non-birefringent media, a route toward an efficient
process is highlighted.

The four-wave mizing (FWM) effect is described in Sec.4.3 together with the enhance-
ment obtained from confined structures. Using the linear photonic components devel-
oped in Chap.3, the demonstration of frequency conversion by FWM is reported in
the last section of the chapter. Part of the results reported in this chapter have been
published in Ref.[13].

4.1 Optical nonlinearities

In Sec.3.1, we introduced the Maxwell’s equations and we limited the study to the case
of linear dependence of the polarization vector P to the electric field E (Eq.3.19). In
the most general case, the polarization vector has a non-linear power dependence on
the electric field and, consequently, the susceptibility x is function of the electric field.

Using the Taylor’s expansion, we can write

1 2 3
P; =« Z Xz(j)Ej + Z Xz(jl)cEjEk + Z Xz(jl)clE]'EkEl - (4.1)
j ik K

69
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()

®3)
ijk j

where ;. and x; Kl are second and third order susceptibility tensors, respectively. The
non linear behaviour of the polarization vector can be explained considering the dielec-
tric material as formed by Coulomb dipoles, whose poles are electrons and nucleus. If
the electric field is high enough, the potential energy of the dipoles becomes anharmonic
and consequently higher order terms are needed to correct the dielectric tensor.
In centrosymmetric materials, the second order susceptibility is zero since in these ma-
terials a sign inversion in the applied electric fields E; and Ej corresponds to a sign
inversion of the nonlinear polarization vector va L without changing the amplitude
PN = BB, =\ (-E)(-E) (4.2)

K]
(2)
ijk
consequence of the non-centrosymmetry and consequently all centrosymmetric crystals

resulting in a vanishing x Furthermore, Pockels effect and piezoelectricity are a
do not show these effects. With analogous arguments leading to Eq.4.2, it is possible to

show that all materials (comprehending gases, liquids and amorphous dielectric) possess
(3)

Xijhl

The nonlinear susceptibilities can roughly be estimated if we consider the Coulomb

dipoles approximation and an applied electric field of the same order of magnitude of

the characteristic atomic electric field strength[209]

e

Eat (43)

- 471'60&8
where ag = 4megh? /me? is the Bhor’s radius of the hydrogen, with e the electron charge, A
the Planck’s constant, m the electron mass and ¢y the vacuum permittivity. In this case,
considering a non-centrosymmetric crystal, the first correcting factor of the polarization

vector deriving from the XZ(?; will be of the same order of magnitude of linear polarization
vector Py, = eoxl(-;-)E. Since E, = 5.14 X 1011V/m and considering that the linear

susceptibility is in the order of one, we have
X = X4/ Bar = 1.94 x 107 2m/V. (4.4)
This argument can be extended for the successive susceptibilities appearing in Eq.4.1
X ~ XM B, (4.5)

and consequently the magnitude of the nonlinear effects due to the second order suscep-
tibility are more than ten orders bigger than the ones due to the Xifl)d

The wave equation in a nonlinear medium is defined by
n? 0°E 1 o?pNL

2
VB~ 22 2 o2 (4.6)
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where the nonlinear response of the polarization vector drives the electric field and, in
the case of energy conservations, concurs in the coupling of different fields oscillating at

different frequencies.

4.2 Second harmonic generation

In the case of second order nonlinearities, the nonlinear polarization vector is composed
by
(2

= 2e0\ 2 B B, (4.7)

NL
P; ]

where, given the point group symmetry 43m of 3C SiC, the second order non linear
optical tensor is
000x2 0 o0
=000 0 X0 (4.8)
000

0 0 x%

with X%)z = Xg(ﬁg)z = Xﬁ)y, where the theoretical value of the susceptibility is 34 pm/V[210].
The coupling equations that can be derived directly from Eq.4.7[6] and Eq.4.1, where E
is composed by the modes at three different frequencies, can be used to describe differ-
ent phenomena, like Sum- and Difference-Frequency Generation and Optical Parametric
Amplification. Here we just mention Second Harmonic Generation (SHG), where two
photons at frequency w are annihilated to generate one photon at 2w (Fig.4.1.b). Under
the slowly varying amplitude approximation and considering that the pump power at w
is not considerably affected by the SHG process (nondepletion approximation), the cou-

pling equations linking the two fields at different frequencies inside a nonlinear crystal

reduces to
0Fs, . Ho (2) 2 Ak
= — _— E z 4.
7 Twy/ Zeo eox\“EZe (4.9)
where
2w
Ak = Ek(2w) — 2k(w) = —(n(2w) — n(w)) (4.10)
c

is the phase mismatch due to the natural dispersion of the crystal. By integrating Eq.4.9
and considering an absent second harmonic field at the beginning of the crystal, we have

after a propagation distance L

[ 1o (@) 2 € -1
Es, (L) = —3 —_ Ef— 4.11
20.)( ) 2% n2€0€0X w ZAkL ( )
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Figure 4.1: a) In SHG, two photons of the pump are converted inside the non-
centrosymmetric crystal . b) For energy conservation, the virtual energy level
reached by the sum of the two input photons has to match the energy of the
output photon.

that can be used to retrieve the efficiency ngpg of the process

Ly 2(weox®@L)? [ po\*? sin2(AkL/2)
_faw Mo = SIMARRE/Z) p 4.12
IsHG = n3 € (AkL/2)2 (4.12)
The maximum of the efficiency is obtained when
k(2w) = 2k(w) (4.13)

called phase matching condition. In general, the refractive index of a material increases
with w so, for example, it is possible to realize SHG in birefringence materials, where the
polarization of the pump must have at least one component in the plane perpendicular
to the polarization of the generated wave.

When the phase matching condition in Eq.4.10 is not satisfied and Ak # 0, a sustained
growth of the second harmonic mode is not present and the amplitude sinusoidally oscil-
lates as function of the distance z. In this case, the non-linear interaction can be realized
through Quasi Phase Matching, where the relative phase difference is corrected using
structural periodicity built in the non-linear material [211]. In this way, the generated
fields is affected by an inversion of the sign of y(?) (z) that leads to a constructive build

up of the second harmonic mode along the propagation in the crystal.

4.2.1 SHG in SiC photonic structures

Second order non-linear effects have already been reported in 6-H SiC in an integrated
way [212] through the use of photonic crystal nanocavity. In materials with the same
point-group symmetry of the 3-C SiC, second harmonic generation with second-order

quasi phase-matching has been showed [213, 138] using toroids structures. In fact, by
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taking advantage of ring resonators (Fig.4.2), we can obtain a modulation of the x?
using the dependence of the non-linear coefficient on . The beam propagating for an
angle of 90° in the ring experiences an inversion of the domain leading to the second-
order quasi phase-matching for a complete round trip in the ring. The quasi phase

matching condition results in a reduced value of the nonlinear susceptibility|[6]

2 (2
XS = ;Xz(m)lk (4.14)

meaning that an increased propagation length is needed to have the same conversion

efficiency.

Figure 4.2: Ring resonator for second-order quasi phase matching in 43m crystal
class made using four domain inversions through the propagation of the beam
around the 4 axis (<001>)

With this configuration, it is possible to set both the pump and the generated modes on

resonance at the condition of

2 2
lnpR =m, lnsR =ms (4.15)
)\Op )\05

in which the refractive index n,,/, are respectively the effective refractive index of the

pump and the signal associated to the waveguide mode, m,/; are integers and Ag,/,

/s
are the pump and second harmonic free space wavelengths, r/espectively. As reported
in Sec.3.2, the maximum field enhancement is reached in critically coupled condition of
the ring, resulting in an increase efficiency of the non linear process (Eq.4.12). From the
propagation of the beam in the ring, the following phase matching condition is obtained
[213]

2
ky — 2k, = 5 4.16
P SR ( )

where s = £1. Due the use of confined structure, the conversion efficiency depends also
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on the mode overlap between the generated and pump mode

1 X /b As(s)Ap(s)ds (4.17)

where a, b are the edges defining the waveguide cross-section, ¢ is the coordinate trans-
verse to the direction of propagation and A, (<) are the eigenmodes. By looking at the
SiC nonlinear tensor (Eq.4.8), the only non vanishing elements can be used to generate
a second harmonic TM mode starting from a TE pump, and vice-versa. In this way,
it is possible to tune the mode effective indexes by changing the waveguide dimensions
in order to aid the phase matching of the process. Nonlinear tensors of some non-
centrosymmetric materials require the phase matching between the fundamental and
higher order modes, like AIN[214] and GaN|[215], resulting in a low mode overlap due to
mode orthogonality. This is a disadvantage with the respect to the SiC case, where the
use of TE and TM modes with the same parity[216] can result in a high mode overlap.
As reported in Ref.[213], the double resonant structure provides high conversion effi-
ciency even considering low Q factors and moderate pump powers without the need of
additional fabrication steps usually required in periodically poled structures[217]. When
both the fundamental and the second harmonic fields are on resonance with the ring
resonator, the maximum efficiency of the nonlinear process is reached since the quasi
phase matching condition is fulfilled. Furthermore, both the fundamental field E,, and
the second harmonic Fs, are enhanced by a factor described from Eq.3.39. As result,
the second harmonic conversion efficiency is function of the product of the square of the
circulating power coefficient (Eq. 3.39) experienced from the fundamental wave with

the circulating power coefficient of the second harmonic wave[218].

4.3 Four wave mixing nonlinear process

Third order nonlinear effects are relevant for a broad variety of optical process in inte-
grated structures, ranging from wavelength conversion[219, 220, 221], amplification[222]
and self phase modulation][223] to generation of non-classical state of light[81]. These
effects were widely studied in Silicon (Si)[224], due to its high x® susceptibility and
scalability, and Silicon Nitride[148] (SizN4), due to its low propagation loss and wide
bandgap. Recently, photonic platform in Aluminium Nitride[225] and Diamond[119]
have reached competitive results. Lately, x(3) effects were demonstrated in amorphous
SiC toroids at telecom wavelengths[226] and in 4H SiC waveguides in the mid infrared
wavelengths[126]. Even though numerical predictions are available for 3C SiC x(3) sus-
ceptibility [227], third order nonlinear effects have not been experimentally demonstrated

due to difficulties in fabricating sub-pum photonic components.



Chapter 4 Frequency Conversion in 3C SiC Ring Resonator 75

The FWM process involves the coupling of four different fields and it is a direct conse-

quence of the nonlinear polarization vector

i =

PN = cox ) B B Ey (4.18)

where the tensor Xij,)d elements determine the coupling strength. Here we focus on the
degenerate case where two fields have the same frequency. In this common case, the
process is seen as frequency conversion mechanism where a field, referred as signal at
ws, is converted in another field at w;, called idler (Fig.4.3), even though there is no
energy transfer between signal and idler. This mechanism is possible thanks to a strong
pump field that oscillates at frequency w,. The process requires the conservation of the

energy and momentum

2wp = ws + w; (4.19)
2k, = kg + k; (4.20)

where the second equation is called phase matching condition. In a FWM process, the
frequencies of the fields are close to each other and usually the process involves a small
change in refractive index. Therefore, the fulfilment of the phase matching condition is
less demanding compared to a second order nonlinear process.

In the case of undepleted pump, the nonlinear polarization vector of Eq.4.18 can be
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Figure 4.3: a) If a pump and signal waves propagate inside a x® crystal an idler
can be generated, provided the satisfaction of the phase matching condition. b)
If the x®) susceptibility is real, the input and output energy are conserved and
the process is parametric.

used together with the constitutive Eq.4.6 to obtain the coupled amplitude equation
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linking the three waves [228, 229, 6]

OF. a .
aizp = _?pEp +J’Y|Ep|2Ep (4.21)
oF « . . i

8; — _?SES +2jy|Ep|*Es + YEL Effe JAkz (4.22)
0F; o ‘ .

8; — _EE +2jy|E,|*E; + yE2Ee JAkz (4.23)

where v is a function of the nonlinear tensor element and describes the nonlinearity of
the system. The first term on the right of egs. (4.21) to (4.22) account the attenuation
due to the propagation loss ay,, described before in Sec.3.1.3. The second and third
terms account for the self phase modulation and cross phase modulation, where the )
nonlinearity causes a phase shift in presence of strong fields. The final term is responsible
for the energy transfer between the signal and idler mode and is affected by the phase

mismatch
Ak =2k, — (ks + ki) (4.24)

where we disregarded the phase shift due the pump power that becomes important when
the nonlinear process is extend over long distances or if a large bandwidth of the process
is required. For the same reasons the second term in Eq.4.22 and 4.23 is neglected.
Usually the intensity of the pump is much larger than the other fields and in the case of
|Es| >> |E;| the power coupling from the idler to the signal in Eq.4.22 can be ignored.
In conclusion, the third term of Eq.4.23 is directly responsible for the generation of the
idler wave and depends quadratically with respect to the pump field and linearly with
the signal field.

4.4 Experimental demonstration of third-order frequency

conversion

Optical nonlinearities can be enhanced decreasing the cross-section of waveguides[230],

in which the small mode area A,y increases the effective nonlinearity v of structures

NoWwe

= << 4.25
Y= e (4.25)
where w, is the pump frequency, ¢ is the speed of light in vacuum and
3.0
n2 = cn2ey Vil (4.26)

is the Kerr coefficient[6] where all the four fields are polarized in the same direction

1. Thanks to the tight confinement, efficient frequency conversion was demonstrated in
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silicon using millimetre long high-confinement waveguides together with a broad conver-
sion bandwidth[221], provided a tailored anomalous group velocity dispersion (GVD) of
the structures.

Further improvements in both conversion efficiency and footprint of devices can be
achieved implementing ring resonators[220]. When the electromagnetic field is resonant
with the cavity, it is subjected to a field enhancement (F'E) that, given the nonlinear
nature of the process, increases the conversion efficiency 7 of the nonlinear effects. For
a resonator of length L, in which the field is attenuated by a factor a = exp(—aL/2) for
a round trip, the F'F is dependent by the field coupling from the bus waveguide to the
ring o, and the transmitted field through the bus waveguide 7 (with ¢ + 72 = 1), by

FE = ' (4.27)

o
1 — 7 exp(—alL + jkL) ‘

PMF
z Portl
Spectrometer + A FS @) ° .
InGaAs CCD 50:50
Port2

PM

Figure 4.4: a) Experimental setup for the characterization of the FWM pro-
cess with an optical micrograph of the sample. PMF, Polarization Maintaining
Fiber; EDFA, Erbium-Doped Fiber Amplifier; BPF, Band Pass Filter; GR,
Grating Reflector; M, Mirror; PMFA, Polarization Maintaining Fiber Array;
FS, Fiber Splitter; PM, Power Meter. b) SEM view of the multimode ring
resonator.

where k is the wavenumber. The maximum F'FE is reached when the field wavelength
is resonant with the cavity (kL = 2mm, with m integer) and the resonator is in critical
coupling condition (a = 7). Satisfied the previous conditions and in the ideal case of
o << 1 (low loss regime), the F'E can be linked directly to the quality factor (Q) of the
cavity

2Q

FE=,— 4.28

I (4.28)
By looking at Eq.4.25 and 4.28, an increase in the Q factor and a reduction in the modal
volume of the resonator correspond to the enhancement of the field inside the photonic
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structure.

The SiC ring used for this experiment was fabricated as reported in the previous chapter,
with a small radius of 10um and a multimode structure. The ring was close to a critical
coupling condition (Fig.4.6) with a loaded Q of ~7400. Due to the propagation loss of
36.6dB/cm, we used the un-approximated model to describe the FWM process[220], in
which

n=|P,L'* FE, FE: FE; (4.29)

1 —exp(—aL + jAKL) |?
L?=1r? —al 4.30
B A LY (4.80)

where F'E; is the field enhancement (Eq.4.27) for the pump, idler and signal and
Ak =2k, — ks — k; (4.31)

is the phase mismatch due to the dispersion of the structure. By performing the linear
characterization of the sample[199] , we retrieved a F'E of 4.37 for the pump and signal,
and a reduced value of 4.27 for the idler. Even though the wavelengths of the signal, idler
and pump met three successive resonances of the cavity, the phase mismatch accumulated
in the ~ 26nm bandwidth caused the difference in F'E value for the idler.

The experimental setup used for the characterization of the FWM process is depicted in
Fig.4.4.(a) where the pump (1549.99nm) and signal (1563.42nm) were gathered in the
same polarization maintaining fiber using a reflective diffraction grating;, additionally
providing more than —45dB noise reduction at the idler frequency. The pump power was
increased using a Pritel polarization maintaining erbium-doped fiber amplifier, whose
excess noise was filtered using an additional band pass filter. The combined pump
and signal waves were injected in the SiC waveguide using a polarization maintaining
fiber array and apodized grating couplers (with ~ —10dB coupling efficiency). In the
output, the pump and signal were attenuated by the spectrometer and a band pass filter,
meanwhile the generated idler intensity was measured with an InGaAs CCD array. A
power meter was used to guarantee that the pump and signal were resonant with the
ring resonator during the experiment. In Fig.4.4.(b) is reported a SEM view of the
multimode SiC ring resonator.

For a pump power of 1.2mW, the measured idler power at the ring position is reported
in Fig.4.5. The red curve represents the idler peak with both signal (70uW') and pump
on resonance, meanwhile the black curve was measured with the signal laser switched off
and just the pump on resonance. The power generated when the signal laser is switched
off is attributed to Raman gain in the SiC ring resonator and its power dependence is
reported in Fig. 4.7.(b).

In crystalline 3C SiC, Raman signals due to the main vibrational modes[231] are expected
at ~ 200nm far from the pump wavelength. However, the high density of crystalline

defects at the SiC-Si interface[232] might be seen as an amorphous-like region that can
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Figure 4.5: Power measured in the idler position for 1.2mW pump power on
resonance with and without signal (red and black curve, respectively)

benefit of the F'E in the resonator and generate a Raman field.

As depicted in the optical micrograph in Fig.4.4.(a), the sample was designed with

eight different ring radius, each with a slightly shifted central resonance. This was made
to overcome the fabrication tolerances and deliver one ring with a resonance within
the tunability of the pump laser (~ 1.5nm). In Fig.4.6 is reported the transmission
spectrum showing all the resonances due to the ring resonators coupled to the same
bus waveguide. The pump, signal and idler resonances, that belongs to the same ring
resonator and are separated by a free spectral range, are highlighted meanwhile he other
resonances shown in the figure result from the presence of other seven ring resonators
coupled to the waveguide that do not contribute to the experiment.
In order to determine exactly the losses 8 between the fiber array and the ring used for
the frequency conversion, we performed the experiment twice by inverting the input and
output ports of the fiber array. With reference to Fig.4.4.(a), the pump injected inside
the sample through the Port 1 (Port2) of the fiber array was attenuated by 51 (52) at
the ring position and corresponded to the FWM efficiency 71 (n2). Considering 1" the
total transmission between the Port 1 and Port 2, and from Eq.4.29

m/m2 = (B1/B2)?
T = 3152

we retrieved the input loss values of —12.61dB and —6.99dB. This difference in losses

between the two experiments is attributed to propagation losses and inhomogeneities
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Figure 4.6: Transmission spectra of the sample used for the frequency conver-
sion. In the figure, the pump, signal and idler resonances, that belongs to the
same ring resonator and are separated by a free spectral range, are highlighted.
The other resonances shown in the figure are due to the presence of other seven
ring resonators coupled to the waveguide that do not contribute to the experi-
ment.

deriving from the fabrication process.

The data points of the two experiments are combined together in Fig.4.7 by taking in
to account the distinct 8 values. The FWM gain for different pump powers is reported
in Fig.4.7.(a) where the corresponding values of the generated Raman (Fig.4.7.b) were
subtracted. By fitting Fig.4.7.(a) with the nonlinear gain of Eq.4.29, we retrieved the
nonlinearity of the structure v = 3.86 & 0.03W ~'m~!. The nonlinear susceptibility can
be estimated from Eq.4.25, in which[233]

Acpr = AnL / / S> dwdy / / S. dxdy (4.32)
— NL

with A the area of the waveguide cross-section and S, is the Poynting vector parallel
to the propagation direction. Using a mode solver, we calculate A.ry = 0.558(um)?,
corresponding to ng = (5.31 4 0.04) x 10~19m?2/W. This value is in partial agreement
with the estimated value for bulk crystalline SiC[227] of 4.9 x 10~19m?2 /W . The absence
of a cladding able to participate to the FWM process is accounted in Eq.4.32, where
only the field inside the SiC cross-section contributes to the modal area.

The Raman signal of Fig.4.7.(b) is fitted using a linear dependence with the pump power
and we estimated a Raman gain in the ring of (3.8 4 0.3) x 1071°W/W. To the best of

our knowledge, low energy measurements of heteroepitaxially-grown SiC thin films are
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Figure 4.7: a) Experimental FWM gain (black points) and quadratic fit (red
line). b) Raman signal generated from the pump power on resonance (black
points) and linear fit (red line)
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not reported in literature and the in-depth analysis of this effect is left to future works.

4.5 Conclusions

We report the demonstration of frequency conversion by four-wave mixing in 3C SiC
ring resonators, fully integrated in an optical circuit composed of grating couplers, bus
waveguides and mode converters. The tight confinement provided a high nonlinearity of
the structure of 3.86W~'m~! while the use of the small radius ring resonator enhanced
the nonlinear gain of ~50dB compared to a straight waveguide of the same length. We
achieved a conversion efficiency of 72dB at the low pump power of 2.9mW. The absence of
two photon absorption at telecom wavelength does not limit the pump intensity, meaning
that high conversion efficiencies are possible. The retrieved nonlinear refractive index
ny = (5.31 & 0.04)10~m2W ! is almost twice the value of Si3N, and comparable to

many materials used for nonlinear photonics.



Chapter 5

Near-Infrared twin photon
Generation in Si3N, ring

resonator

In this chapter I will discuss the photon pair generation in the near-infrared wavelength
range in a silicon nitride (Si3Ny) ring resonator. The main part of this work was carried
out by Robert Cernansky while my responsibilities were the design of the grating coupler,
the definition of etching and lithography parameters for the waveguide fabrication and
experimental contribution throughout the project.

In the first section I will briefly introduce the generation of single photon pair by means
of spontaneous four wave mizing (SFWM) and the characterization of such a source. The
results from the optimization of Si3N4 grating coupler are discusses in Sec.5.2 meanwhile

in the last section the experimental results of the single photon generation are presented.

5.1 Correlated photon pairs generation in ring resonators

In Sec.4.3, we discussed how the third order nonlinearity of the material can be used to
generate an idler wave when a pump and signal propagate inside a nonlinear medium.
Due to the presence of the signal, the process is often referred as stimulated FWM.
The use of optical cavities or long propagation distances can be employed to enhance
the efficiency of the process to the point that the pump field generates both signal and
idler. In this case, the process is called spontaneous FWM (SFWM) and can be seen
as a stimulated FWM effect where the signal is provided by vacuum fluctuations. This
process can be used for the generation of correlated photon pairs, essential for applica-
tions in quantum technologies. The use of integrated structures can boost the SFWM

process due to the enhanced electric field provided in waveguides and ring resonators.
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To describe the spontaneous emission of photon pairs, some physical parameters devel-
oped in Sec.4.4 can be employed due to the shared nature of the nonlinear process. The
complete quantum mechanical treatment of the generation of correlated photon pairs in
ring resonator is outside the scope of this chapter and here we will introduce just the
essential results developed in Ref.[122, 234].

The generation of the correlated photon pairs comes from the evolution of the squeezing

Hamiltonian applied to a coherent pump state[235, 234]

[Wgen) = 711(0)]0) (5.1)
where
i1 it
Ci = B dws dw; ¢(ws,w;)al a; (5.2)

contains the bipartite photons wavefunction that, in case of a CW pump, satisfies
|p(ws, wi)[* = (2w — w; — ws) (5.3)

for energy conservation. In Eq.5.1, |3|? represents the generation probability and, for
single photon operations, is chosen || << 1. This corresponds to pump the nonlinear

process with low power in order to achieve
t
|Wgen >= 7“11]0)[0) & [0)0) + BI1)1) (5.4)

where we neglect all the following terms 82, 2. .. deriving from the complete Taylor’s
series of Eq.5.1.

Since FWM and SFWM share the same nature, even SFWM is subjected to the fulfilment
of the phase-matching conditions of Eq.4.19. If we consider a small generation band-
width, the mode effective index can be considered dispersion-less and the resonances of
a ring resonator are equally spaced. Consequently, three resonances are naturally phase
matched if we consider symmetric number modes for signal and idler with the respect
to the pump. If the pump corresponds to the Nth mode, phase matching is therefore
satisfied for an idler in the (N —m)th mode and a signal in the (N +m)th mode, with N

and m integers. The power generated by SFWM from a ring resonator can be written

hwyv
PN = (yLR)* |FE|* =7, (5.5)
where v is the group velocity
c
= 5.6
b= (56)

with n, the group index described in Eq.3.37. In Eq.5.5, |F'E| is the field enhancement

(Eq.4.27), L the ring circumference and 7 the waveguide nonlinearity, all described in
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Sec.4.4. From the comparison of SEFWM (Eq.5.5) with the classical FWM (Eq.4.29)

PSFWM B hwpvp 1
PFWM " 9L|F (1) |2 P

(5.7)

we can see that power generated in the stimulated and spontaneous process are equiva-

lent considering a signal power of

hwpvy,

RO .

Once the linear characterization has been complete, it is possible to calculate the scal-
ing factor from the classical to the spontaneus process (Eq.5.7) and characterizing the
quantum process starting from classical FWM.

The number of detected photon pairs (CC') generated from a ring resonator can be

calculated from Eq.5.5
PSFWM

Gsrwm = oh = CCnsni (5.9)
D

where 7/, accounts the total losses from the ring resonator to the detector for the idler
and signal, respectively. In addition to the presence of losses, other effects such as two
photon absorption [87] or Raman [236] can alter the number of coincident photons and

an important figure of merit is the coincidence over accidental (CAR)[237] ratio

ccC
CAR = =, (5.10)

where the accidental photons (AC) are the background coincidence, emitted randomly

in time. This can be described by

AC = R;R;AT, (5.11)

where
Ry =ngs+ Gspwmns + des (5.12)
R =n; + Gspwmmi + de; (5.13)

are the count rate at signal and idler. Other than the generation rate given from Eq.5.9
and the efficiency 7,/;, these are formed by the dark counts of the detector dc,/; and
ns; represents any noise generated by experimental imperfections. The CAR value
is strongly affected by the time window AT since for a longer time the number of
accidental increases[88]. In experiments where ngy ~ 0, the CAR has a well defined
power dependence: for low pump powers the CAR is limited by detector dark counts

meanwhile for high pump powers the two photon approximation of Eq.5.4 is not satisfied.
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5.2 Si3Ny grating coupler optimization

The number of photons coincidences measured at the detector depends on how efficiently
it is possible to outcouple the generated photons from the sample. In the wavelength
range below 1000nm, thanks to the use of silicon as active medium, this problem can be
overcome with the integration of single photon avalanche photodiode inside the sample
even though the layout complexity increases considerably and, so far, the integration
with waveguides has never been demonstrated. Efficient grating coupler can be used ad-
ditionally to inject the pump power more easily, allowing the use of cost-effective lasers.
Using the same tools reported in Sec.3.3.2, I optimized two kinds of SigsNy grating cou-
pler, both surrounded by SiOs cladding and index matching oil in order to avoid Fresnel
reflection at the fiber end face. The SigNy refractive index used in the simulation is 2
and can be considered constant for both the wavelengths treated in this section (near-
infrared and telecom range). The first scheme consists of an apodized grating coupler
where the position and size of each post were optimized using the algorithm developed in
Sec.3.3.2. This scheme benefits of the Si substrate that can be used as back reflector and
consequently to improve the directionality of the scattered light (Eq.3.53), provided that
the BOX thickness allows constructive interference between the reflected and incoming
fields (BOX=2.086um of thermal SiO3). The CE obtained at 785nm for a waveguide
thickness of 400nm is ~-4 dB that is better than 3 dB with the respect to the optimized
uniform grating coupler (Fig.5.2). The etch depth of the grooves is 400nm, allowing the
use of one step of electron beam lithography to fabricate the whole optical circuit.
The second scheme takes advantage of the higher refractive index of Si posts realized
on top of the SisN4 waveguide, as reported in Fig.5.1, to enhance the light scattering.
The Si posts can be fabricated after the realization of the waveguides, by depositing an
etch stop layer of SiOy (50nm thick) and 200nm of amorphous Si. The size and distance
of each post were apodized and can be realized by means of a second electron beam
lithography step. Finally, the SiOs top cladding can be deposited. Even though silicon
absorbs at 785nm, the CE is -1.4dB (Fig.5.2) with a really large 3dB-bandwidth.
The use of Si as grating material to enhance the CE in Si3N4 waveguides has never been
proposed and I conceived it with the aim to achieve the same CE experienced with Si
grating coupler. This design requires only an additional step of electron beam lithog-
raphy and the presence of an etch stop layer grants a robust fabrication procedure. A
similar design was proposed for Si photonics using heteroepitaxially-grown Germanium
as grating medium[238]. However, this design requires a total of three electron beam
lithography steps, it does not provide an etch stop layer and the CE is lower than the
one achieved employing only Si apodized grating coupler[86, 85].

Considering the same waveguide thickness of 400nm, the CE at 1550nm of optimized
uniform grating coupler improves compared to 785nm and there is little difference with

respect to the apodized case (Fig.5.3). Gratings were also simulated with varying etch
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Figure 5.1: Silicon-assisted grating coupler for SizN4 waveguide scheme. The

coupler benefits of refractive index Si posts and a silicon back reflector.
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Figure 5.2: Coupling efficiency for different grating couplers at 785nm
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depths, providing the highest CE (350nm). The best grating coupler scheme we sim-
ulated included a gold back reflector together with the apodized positions and sizes of
the posts. In this case, the CE reaches a value of ~-1dB. Even in the telecom range
it is possible to implement the silicon grating coupler scheme of Fig.5.1 by optimizing
all the parameters. The etch stop becomes 200nm meanwhile the silicon post thickness
increases to 276nm. As reported in Fig.5.3, the CE of this scheme is 0.6dB worse than
the apodized grating coupler with gold back reflector.
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Figure 5.3: Coupling efficiency for different grating couplers at 1550nm

5.3 Experimental results

The development of photonics quantum technologies has relied mainly on Si as ma-
terial platform[239, 79], due to the high scalability, high refractive index and trans-
parency in the telecom range. This well matched with the need to work at telecom
wavelength, where the low loss propagation in silica fiber provided a straightforward
platform to implement quantum cryptography[240, 241]. In the telecom wavelengths,
due to the lack of competitive semiconductor alternatives, the only efficient platform
to detect single photons are superconductive single photon detectors[242] that restrict
the temperature operation at a few kelvins. This, however, in the most common case of
centrosymmetric materials, conflicts with the use of thermal phase shifters greatly used
to change the phase of quantum states, since the termo-optic coefficient decreases at low
temperature[243].

If the quantum operations are moved in the nearinfrared wavelengths, it is possible to
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use Si as active medium which provides efficient single photon avalanche photodiodes.
These detectors are cost-effective, work at room temperature with low dark counts,
perform with high efficiency and offer a time resolution of tens of picoseconds[244]. Fur-
thermore, single photons in these wavelengths can be used to interface solid state quan-
tum memories[245, 246] as well as atomic systems[247]. The wide bandgap of SizNy
(~ 5eV)[248] allows operations in nearinfrared without incurring in multiple photons
absorption, that limits the generation rate of photons pairs[87]. Furthermore, efficient
nonlinear effects have already been demonstrated in SigNy integrated structures[148, 249]
thanks to high Q factor[193] and moderate x(3) nonlinearity.

Waveguides in SigNy are fabricated as reported in Fig.5.4. The Si wafer is oxidized for
2.086 pm in order to form the optimal BOX thickness and to have a high quality bot-
tom cladding. Successively, the SigNy layer is deposited by PECVD with low contents of
SiHy, to avoid the formation of Si clusters. The waveguides are patterned using electron
beam lithography to expose the positive resist CSAR62 and etched with the ICPRIE. A
top cladding of SiOs is deposited by PECVD usingh TEOS as precursor. Excluding the
first wet oxidation step, all the remaining fabrication processes are performed at 350°
and therefore, the realization of the SigN, waveguides is CMOS compatible.

The optical circuit used for the photon pair generation is reported in Fig.5.5.(a) where

1st step 2nd step
3rd step 4th step
5th step 6th step

Figure 5.4: Fabrication steps of SizN4 waveguides

in the optical micrograph is possible to see two rings. These rings have slightly differ-
ent radius in order to ensure that at least one resonance is within the tunability of the

pump laser, since the low radius of 19um (Fig.5.5.b) provides a FSR of ~ 2.5nm. In
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Fig.5.5.(d), is reported the transmission measurement of the ring used for the nonlinear
process, showing an intrinsic quality factor of 270,000 corresponding to propagation loss
of 2.6 dB/cm. The SEM image of Fig.5.5.(c) shows the apodized grating coupler whose
simulated CE is reported in Fig.5.2.

The experimental setup used for the coincidence measurements is reported in Fig.5.6
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Figure 5.5: a) Optical micrograph of the sample; b) and ¢) SEM images of
the ring resonator and the apodized grating coupler (scale bars of 5 pum). d)
Transmission measurement of the undercoupled ring chosen for the photon pair
generation, showing an intrinsic quality factor of 270,000.

and consists of a first filtering stage, the photon pair generation and the signal and idler
photons measurement. The DFB laser at 785nm has a signal to noise ratio of 40 dB and
additional noise reduction (60dB) is provided with a reflective diffraction grating. After
the filtering, the noise-free pump is coupled to the sample by a high NA objective lens
in free space to avoid the use of optical fibers that may introduce Raman photons. The
ring resonator provides 11.6 dB attenuation of the pump since the ring is close to criti-
cal coupling with the waveguide. The pump and the generated photons are outcoupled
with the apodized grating coupler. Finally, the signal (777.5nm) and idler (792.5nm)
are separated thanks to a second reflective diffraction grating and the residual pump

power is completely removed in both arms thanks to additional band pass filters.

The silicon avalanche photodiodes used to measure the signal and idler photons are con-
nected to a time-correlated single photon counting electronics to perform coincidence
measurements. Whenever two photons in both arms arrive within the same time win-
dow, a coincidence count is recorded. The coincidences histogram for a pump power of
1.68mW is reported in Fig.5.7, where it is possible to identify a clear coincidences peak
due to the arrival of the generated photons, over a constant background due to acciden-
tal photons. The coincidences peak distinguishes in this way the photons deriving from

the nonlinear process from the randomly photons caused by noise and the width of the
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Figure 5.6: Experimental setup for the characterization of the source. On the
left is shown the scheme used to filter the excess noise of the pump laser. In
the second part the correlated photons are generated and the third part of the
setup is used to measure the coincidences.
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Figure 5.7: Coincidence histogram for 1.68mW pump power. The measurement
was integrated for 30s with a time window of ~1ns.
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Figure 5.8: The measured count rates for different pump powers considered
inside the sample (blue dots). The data is fitted with Eq.5.9 (black line).

peak is due to the time response of the detector (350ps). The signal and idler photons
measured at the detectors are subjected to inefficiencies of the setup that decrease the
count numbers of 19.4dB and 18 dB, respectively, compared to the numbers initially
generated at the ring resonator. In Fig.5.8, it is reported the retrieved generation rate
at the ring position versus the pump power. The experimental data (blue dots) follows
the quadratic behaviour that is expected from Eq.5.9. The fitting curve (black line),
calculated with the common value of the nonlinear susceptibility of SigNy, is in good
agreement with the experimental data.

The power dependence of the accidental coincidence is reported in Fig.5.9.(b), where
the linear behaviour can be attributed to the presence of spontaneous Raman gain in
the SigNy layer. The coincidences deriving from the Raman photons can not be totally
distinguished from the correlated photons generated from SFWM. This affects strongly
the measured CAR (Fig.5.9.a), where at low pump powers is mainly limited by the coin-
cidence due to spontaneous Raman generation and dark counts meanwhile at high pump
power the multi-photon generation compromises the source. Furthermore, the ring used
for this experiment is in undercoupled condition and, even though the transmission is

low at resonance (Fig.5.5.(d)), this may affect the heralding efficiency[250].

5.4 Conclusions

In this chapter, the correlated photons pairs generation in the nearinfrared is demon-
strated by means of SFWM in CMOS compatible SigNy ring resonators. The large

Q factor granted a maximum generation of ~1.2 MHz inside the sample at low pump
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Figure 5.9: a) CAR measurement in function of the pump power (blue dots)
and theoretical fit (black line). b) Count rates due to spontaneous Raman of
the SizNy (blue dots) and linear fit (black line). The time window was 36ps.

2.0

power of ~1.6mW meanwhile the highest CAR is measured to be around 10. The high
bandgap of SizNy4 prevents multiple photons absorption from hampering both CAR and

generation rate. However, CAR might be improved by using a different coupling con-

dition for the ring and by placing the idler and signal frequencies in the minimum of

the SisN4 Raman gain. This platform could benefit from efficient silicon single photon

detectors integrated in the same sample or to interface quantum emitters performing in

this wavelength range.






Chapter 6

SiC Photonic Crystal Cavities

In addition to the outstanding nonlinear optical characteristics, SiC offers another es-
sential functionality for quantum technology applications since it implements quantum
emitters that can be used as stationary qubit or as on-demand single photon source.
In this chapter I am going to introduce briefly the possibilities provided from the inte-
gration of these quantum emitters in photonic crystal cavities (Sec.6.1), realized in 3C
SiC. My involvement in this project was mainly limited to the substantial fabrication
work, deriving from the complexity of SiC processing, meanwhile my colleague Toannis
Chatzopoulos managed all the other aspects concerning the realization and characteri-
zation of 3C SiC photonic crystal cavities. In Sec.6.2, some experimental results from

the linear characterization are presented.

6.1 Light Matter Interaction

In order to be effective, quantum emitters have to interact efficiently with photons. In
fact, optical fields can be used to initialize these two-level atoms in a desired quantum
state or to carry out quantum states readout. In more complex systems, photons radiated
from an isolated stationary qubit can be used to connect another one, to perform as a
quantum node for interconnections or two-qubit gate operations[70]. To enhance the
light-atom interaction, the emitter is usually placed inside a high-Q cavity and two
different coupling regimes can be achieved: the weak and strong coupling.

The coupling conditions are described using three parameters:

e the cavity decay rate k, described as

(6.1)
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where 7.4, is the time in which the cavity lost 1/e photons. By looking at the
definition of Q factor we employed in Sec.3.2, we can deduce that the cavity decay

rate is dependent on the sharpness of the cavity resonance
k= Aw (6.2)

with Aw the full width half maximum and therefore k is directly connected to the

cavity Q factor, since Q = w/Aw, ;

e the non-resonant decay rate v that describes the amount of photons spontaneously
emitted from the qubit. Even though several factors contribute to this parameter,
we can imagine that v increases if the photon absorbed can reach the ground level

in a non-radiative manner or by means of vibrational states;

e the atom-photon coupling rate gg that describes the strength of the interaction

between the emitter and cavity, expressed as

quw 1/2
_ ([ Pew 6.3
. (QGOWO) (6.3)

where 12 is the dipole moment and Vj is the cavity modal volume. In a similar
way of Sec.4.4, the light matter interaction is increased as the modal volume of

the cavity is reduced.

In the weak coupling regime gy << (k,7y) and therefore the photon emitted from the
qubit is lost in free space before it is able to couple a second time with the qubit within
the emitter coherence time. The emission rate is however affected by the cavity that
enhances the density of states compared to the free-space value as described by Purcell’s
enhancement

Weav 3Q(\/n)? , Aw?

F = = < 6.4
P Wree 47V ¢ 4(wo — we)? + Aw? (6-4)

where ¢ is field overlap between the cavity and the emitter and W,y free are the transi-
tion rates in the cavity and in free-space, respectively, provided from the Fermi’s golden
rules. In Eq.6.4, F), is maximized when the frequency of the cavity mode w. and of
the emitter wg are resonant, otherwise the Purcell’s effect can suppress the spontaneous

emission. The Purcell’s enhancement can be retrieved by measuring the time decays

-
F,= "= (6.5)
Tfree
and, in the case where £ = 1, it can be maximized by increasing the ratio Q/Vj.
On the other side, the strong coupling regime describes the case where gg >> (k,v) and
consequently the atom-cavity coupling rate is much faster than the decay rates. The

photon emitted by the qubit, since is trapped inside the cavity, is reabsorbed multiple
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times by the qubit itself before being radiated in free space. This reversible light-matter
interaction is described in the framework of cavity Quantum FElectro Dynamics (cavity
QED) that implements the Jaynes-Cummings model. In this case, the wavefuction of
the state describing the system is formed by the superposition between the cavity and
photon states. The atom excitation energy and photon energy are not degenerate but
new "dressed” states, separated by the Rabi splitting, are formed. For a complete
treatment of the light matter interaction, the reader can refer to Ref.[251, 252].

In a similar way of NV center in diamonds, SiC hosts different point defects that can
be used as resource for quantum information[253]. One of the most studied defect is
called divacancy and it is formed by the removal of one Si and C atoms from the crystal
structure (inset of Fig.6.1). The photoluminiscence of this emiter is reported in Fig.6.1,
where it is possible to distinguish a strong zero phonon line (ZPL) at 1.1eV and a wide
phonon sideband that extends to the telecom bandwidth. In analogy with diamond NV
center, the energy level diagram (Fig.6.2) forms a A system where it is possible to take
advantage of the auxiliary level A to perform the state readout and initialization. The
spin levels also have demonstrated impressive coherence time[254] and their properties
were widely studied[255, 128].
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Figure 6.1: Photonluminescence of 3C SiC divacancies defect at 20K. In the
inset, the SiC atomic structure in which one Si atom and C atom are missing,
forming the quantum emitter.

As we discussed at the beginning of this section, the SiC divancancy needs to be placed
inside a cavity with a high Q/Vj ratio to interact efficiently with an optical beam.

Photonic crystal cavities [256, 257] are an excellent solution to this task since they can
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Figure 6.2: Energy level of divancy showing a three-level A system with a ZPL
at 1.1eV. The spin properties can be used as additional resources for quantum
information.

confine the field in a tight volume, comparable with (A/n)3, and can be interfaced with
waveguide-based photonics. At the same time, in material with high refractive index,
it is generally possible to achieve high quality factors. Photonic crystals are usually
fabricated with periodic holes in a dielectric slab to form a periodic perturbation of
the refractive index. In analogy with the periodic electronic potential in crystal lattice,
where electronic bands are formed as direct expression of the Bloch wavefuctions, even
a photonic crystal forms bands were the light propagation is allowed. The frequencies
between two photonic bands, called photonic bandgap, define a region where the light
propagation is not admitted and consequently the density of states in this region is
null. An optical cavity can be formed by removing a number of holes in a photonic
crystal structure where the cavity frequency falls in the photonic bandgap of the crystal
(Fig.6.3). This generates a mirror-like effect, analogous to the Bragg reflector in optical

fiber, and confines the mode in a small volume.

6.2 Realization and characterization of SiC photonic crys-

tal cavities

The long-term aim of this project is to integrate SiC divacancy inside a SiC photonic
crystal cavity and to achieve the strong coupling regime. Defects can be implanted with
excellent spatial accuracy[128], using an electron beam resist to identify the areas where
the defects have to be located. This is a relevant advantage over quantum dots, where
the best optical-quality samples are grown randomly on the substrate. Furthermore, SiC
divacancies suffer from a reduced inhomogeneous broadening compared to the quantum
dot counterpart.

The short-term goal is to develop high Q photonic crystal cavities. This task can be
decomposed in the design and fabrication problems. In the case we remove three holes in

a 2D photonic crystal slab, we form a L3 cavity whose @ factor can be largely increased
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by shifting and changing the size of the holes nearby the cavity[258]. This has been
extensively studied in Si[259] and the optimization of these parameters requires several
time-consuming FDTD simulations.

Even though SiC has a higher refractive index than a lot of photonic materials, the
fabrication of satisfying cavities has been challenging due to the intrinsic resistance to
plasma etching, as discussed in Chap.2. The Q factor is strongly affected by the etch
anisotropy[164], as reported in the FDTD simulations of Fig.6.4, where the cavity central
frequencies and Q factors are computed as a function of the sidewall angle.

In the Sec.2.5 is reported in detail the SiC fabrication process that, for the photonic
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Figure 6.5: a)SEM picture of the realized photonic crystal cavity. b) Particular
of the fabricated holes showing a near vertical etch.

crystal cavities, requires to one electron beam lithography step compared with the two
needed for suspended waveguides. However, Al hard mask, SiC etch condition, electron
beam resist and XeFy undercut are equally employed. The need for high verticality
required a tailored etch timing in order to prevent the damage by sputtering of the
hardmask hole edges, that would deteriorate the holes quality. The reduced plasma
power prevented the ri-deposition of Al-hardmask residues on the hole sidewall. In
Fig.6.5.(a) is reported a 3C SiC L3 cavity with a shifted position of the holes adjacent
to the cavity in order to increment the quality factor. Even though some designs required
considerable shrunk holes that could eventually cause a worsening of the etch, the process
seems not to be affected by this as showed in Fig.6.5.(b). Additional fabrication results
regarding the development of SiC photonic crystal cavities are reported in Appendix C.
The samples were measured with the experimental setup illustrated in Fig.6.6 which
consists of a confocal microscope where the broad band source and cavity scattered light
are in cross polarization. This allows to separate the light emitted from the cavity from
the strong pump thanks to a polarization beam splitter. The source light can be focused
on the cavity spatial position thanks to two galvanometric mirrors that accurately scan
the sample plane. In Fig.6.7, it is reported the backreflected scattered light as response of

the input Gaussian beam that is scanned throughout the sample surface. The mechanism
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Figure 6.6: Experimental setup for the characterization of photonic crystal cav-
ities.

leading to different scattering intensities, forming the spatial map of Fig.6.7, is caused
by the refractive index contrast between the photonic crystal, the cavity and the SiC
slab that results in different reflectivities. In this way it is possible to spatially locate
the cavity. Once the cavity position is identified, it is possible to spectrally characterize
the frequency components thanks to a spectrometer and a cooled InGaAs CCD. The
spectral characterization is reported in Fig.6.8 where it is possible to identify a cavity
mode at 1145nm with a Q factor of 4138. The Q factor value is the highest reached
in 3C SiC and it is promising for the achievement of high Purcell’s factors. As it is
shown in Fig.6.8, the measurement of sharper resonance peaks is challenging with the
current experimental setup since more experimental points are required to accurately fit
the Lorentzian shape. Therefore, the experimental setup is going soon to implement a

tunable laser which will allow a fine scanning of higher-Q cavities.

6.3 Conclusions

In conclusion, SiC divacancies offer an additional resource for quantum technology ap-
plications since they can be used as single photon gun or as computational node for

flying qubits, if combined together with a resonant optical cavity. Additionally, spin
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Figure 6.7: Scattering contour plot of the scanned sample.
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Figure 6.8: Spectral response of the measured cavity mode, showing a mode at
1145nm with a @Q of 4138

properties of defects have shown remarkable long coherence time even at room tempera-
ture. Here, it is reported our efforts to develop in 3C SiC layer a photonic crystal cavity
showing both a high Q factor and a small modal volume, both essential to achieve strong
light-matter interaction with defects. In particular, Q factor of these cavities is strongly
affected by the etched sidewall angle that was maximized thanks to a precise control
of the sample fabrication. Measurements of the realized photonic crystal cavities by a
confocal microscope setup provided a maximum Q factor value of ~4100, that is the

highest reported so far in literature for 3C SiC.



Chapter 7

SiC Surface Phonon Polariton

Resonator

This chapter is dedicated to the project on Surface Phonon Polariton that was carried out
in collaboration with Imperial College of London and the Quantum Theory & Technology
Group of University of Southampton. The results reported here have already been
published[10]. The involvement in this project consisted in the fabrication of pillar

arrays in 3C SiC using a lift-off process and the vertical etch developed in Chap.2.

7.1 Surface Phonon Polariton

In Chap.3 we discussed about the confinement achieved in dielectric waveguides by means
of total internal reflection and how it is possible to inject light inside guided modes using
the scattering from periodic structures. As we have seen in Chap.4 and 5, small modal
volume and high-Q cavities are the prerequisites to achieve efficient nonlinear process.
These two parameters are also essential to enhance the radiation from emitters (Chap.6),
described conveniently by the Purcell’s factor. SiC grants an additional way to provide
an exceptionally confined mode exploiting Surphace Phonon Polaritons (SPhP). These
waves can propagate at the interface between SiC and air under the same condition
characterizing the Surface Plasmon Polariton (SPP)[9, 260]

Re(en) <0 (7'1)
|Re(err)] > Re(er) >0 (7.2)

where €;,7; are the permittivities of the two materials composing the interface and
usually e; = 1 (air). In the case of SPP, the surface waves are associated with coher-
ent oscillations of electrons composing a metal since Eq.7.1 and 7.2 can be satisfied for

frequencies below the plasma frequency. Materials that are composed from a partially

103



104 Chapter 7 SiC Surface Phonon Polariton Resonator

T T T v !

o f,l'\""\’\""’"’"“"“‘ = 100

£ 1000 —

c E \

O . (@]
} -

2 100 %03

» Q2

g [T

E - 40 &,

- 32

= ')

©

(1'd

T

) M 1 M
800 900 1000
Wavenumber (cm™)

Figure 7.1: Red line represents the Raman scattering form 6H SiC substrate
meanwhile the blue line represents the measured reflectivity. The image is taken
from Ref.[§]

ionic bonding (referred as polar dielectrics) exhibit a similar behaviour in the frequency
region between the longitudinal (LO) and transverse (TO) optical phonon modes, called
Reststrahlen Band. In this case, the surface wave is composed by the coherent oscil-
lations of charged atomic species composing the polar dielectric[8, 261]. Since in this
frequency region Eq.7.1 and 7.2 are satisfied, the polar dielectric behaves as a perfect
metal and consequently the reflectivity of a wave impinging the surface approaches 100
%. Between TO and LO frequencies, the presence of a negative refractive index induces
high reflectivity of the material as represented from the blue dashed line of Fig.7.1,
measured for 6H-SiC substrate[8]. The red solid line represents the phonon energies
measured by Raman scattering that are overlapped onto the reflection spectrum within
the Reststrahlen band. The end of high reflectivity region is achieved when the real part
of the permittivity crosses through zero near the LO and TO phonon energies.

The dispersion of the permittivity in this frequency region can be conveniently described

with the Lorentz model

2 2
€(w) = €inf <1 + w%C;LS (,:QW—TZQOJF> (7.3)
where wro/ro are the frequencies of the longitudinal and transverse phonon modes,
respectively, and I' accounts for the losses. With €;,¢ is instead indicated the electric
permittivity in the visible range. All the parameters for SiC in Eq.7.3 have already been
reported in literature[262].
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The wave propagates on the surface with a wavevector

w €II€]
kep) = — 7.4
(ksp) = Ao T e (7.4)

with e;; given from Eq.7.3. This corresponds to the dispersion reported in Fig.7.2,

where the real part of the wavevector is plotted as function of the wavelength. The
non-radiative part of the SPhP is on the right side of the light line meanwhile the left
side is in the light cone, and therefore not guided. The two sides of the dispersion are
divided by the discontinuity corresponding to the case of ;7 + ¢y = 0.

As it is shown from Fig.7.2, the confined modes do not cross the light line and, in order
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Figure 7.2: Dispersion of the wavevector propagating at the SiC/air interface
(red line) and vacuum light line (black line). In the inset the correspondent
permittivity is plotted. This picture is taken from Ref.[9]

to be exited, require an additional momentum that can be provided with manufactured
periodic structures. In a similar way of grating coupler (Sec.3.3.2), it possible to write
a Bragg equation that allows the phase matching between the free-space and the SPhP
modes[263]

2
ksp = %sin@i + %m (7.5)

where 6; is the incident angle, a the period of the structures and m is the diffraction
order. The periodic structures have the function of shifting the light cone in frequency
of the amount 27m/a allowing the coupling with the surface wave.

Even though SPP and SPhP share the same high confinement, the lifetimes of optical

phonos is in the picosecond range; orders of magnitude higher than the value for plasmons
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related to electrons in metal. This substantial difference impacts extremely the optical
losses of the surface waves and consequently the development of resonators. In fact,
highly localized modes made with SPhP resonators (SPhPR) can reach an equivalent
Purcell’s factor (Eq.6.4) of 6.4x107[8] that is three orders higher than the maximum

theoretical Purcell’s enhancement achievable with plasmonic structure[264].

7.2 Coupling between resonant and propagating SPhP

The development of a photonic platform based on SPhP requires the coupling between
propagating and localized modes, to fully exploit the high field enhancement achieved
in these structures.

In order to demonstrate the aforementioned coupling, we realized in a 9.7 pym-thick 3C
SiC layer a series of arrays, each composed of 70x70 pillars equally spaced in the x — y
directions. Each array was characterized from a specific pitch defining the distance be-
tween the pillars, whose designed diameter and height are 1um and 0.8um, respectively.
The sample fabrication required an electron beam lithography step to pattern the pil-
lars in a PMMA-MMA bilayer and subsequently the deposition of 120nm Ni hardmask
by electron beam deposition. Once the lift-off process was completed, the sample was
etched in the ICP RIE using the anisotropic etch developed as result of the Plackett-
Burman experiment (Sec.2.3). The Ni hardmask was removed by immersing the sample
in FNA acid for 20 minutes. The final pillar height was measured to be 811nm and in
Fig.7.3.(c) is reported a SEM picture of a fabricated array.

Even though the realized pillars support a monopolar and transverse dipolar modes|8,
265], from now on we will consider just the monopolar mode whose electric field norm
is reported in the inset of Fig.7.3.(b). In an analogous way to Chap.6, the periodicity of
the pillar arrays results in Bloch eigenmodes whose dispersion for different pitch dimen-
sions is reported in Fig.7.3.(b). In addition, the different periods of the arrays (between
5 and 7um) grant the satisfaction of the phase matching condition (Eq.7.5) for differ-
ent wavevectors and allows consequently the coupling of the free space light with the
surface wave. The crossing between the light cone and the propagating surface waves is
also represented in Fig.7.3.(a), where the dispersion of the propagating SPhP waves are
folded back at different frequencies as they meet the band edges (that are function of
the array period) of the first Brillouin zone. Therefore, the arrays work simultaneously
as couplers between free space light and propagating SPhP and as resonators. The deep
confinement of the localized modes can be deduced from Fig.7.3.(d) where, as compari-

son, the surface wavelength is shown.

The dispersions of modes of Fig.7.3.(a-b) cross at some frequencies and, provided a non-
zero field overlap, the propagating and localized modes couple with each other. In the

case of a strong interaction, the dispersions of the two modes splits in two new branches
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Figure 7.3: a) Dispersion of the propagating SPhP waves (solid blue lines)
folded at the edge of first Brillouin zone (dashed lines) depending on the array
pitch. The light line (red curve) outlines that the fundamental dispersion of
the propagating SPhP (black curve) in non-radiative. In the inset is reported
the electric field norm of the propagating surface wave showing that there is
approximately no field at the SiC-Si interface (Si substrate is the grey region).
b) Dispersion of the Bloch modes associated to the pillar resonators arrays.
The insets show a SEM view of the single pillar and a mode cross-section of the
electric field. ¢) SEM picture of the fabricated array of pillars. d) Electric field
norm of the pillars modes showing the sub-wavelength nature of the resonator.
This whole picture is taken from Ref.[10]

to form the so called anti-crossing. The new and old dispersion can be linked together
following[10]

i_w?—kwéﬂ:\/(w}f—wg)z—i-élgg
- 2

w (7.6)

where gg describe the interaction strength, wflt are the new frequencies computed from
wq' / ® the original resonant and surface modes frequencies, respectively. Similarly to
what discussed in Chap.6, in order to see strong coupling and hence anti-crossing, the
interaction strength has to be greater than the losses of the two modes.

In order to measure the sample, we employed a FTIR microscope in reflectance mode
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Figure 7.4: a) Measured reflectance map with a FTIR microscopy, showing the
two branches composing the anti-crossing and the Transverse dipolar mode. b)
The intensity peaks related to the two different angles are extracted: the blue
dots represent the larger angle and the red the smaller one. The curves show
the fit done considering standard values found in literature for the dielectric
constant. ¢) The parameters describing the dielectric constant are fitted. This
picture is taken from Ref.[10]
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with the illuminating beam aligned along the principal axis of the resonator arrays. The
tool provided illumination of the arrays with two different angles at the same time[10].
The raw reflectance map measured for all the arrays with different periods is reported
in Fig.7.4.(a) where it is possible to see the expected anti-crossing and a higher-energy
bipolar transverse mode at ~ 113meV . The retrieved peak positions composing the top
and bottom branches of the anti-crossing, correspond to different angles as reported in
Fig.7.4.(b), where the dots are the experimental peaks and the curves represent their fit.
The red colour is associated with the smaller angle (48.54", by fitting) meanwhile the
blue colour is related to the bigger angle (55.08, by fitting). The small error in the fit
(in the order of 1 meV) can be significantly reduced by fitting additionally the dielectric
constant parameters and the TO phonon frequency. As reported in Fig.7.4.(c), with
just a change of 5% from the standard values found in literature, the anti-crossing is

satisfyingly fitted.

7.3 Conclusions

The maximal value of the coupling parameter is gg = 2.55meV and, consequently,
the energy is exchanged coherently ~ 4 times between the propagating and localized
waves before radiating, showing that this platform can be use as a base for coherent
circuit[266]. The high Purcell enhancement achieved in SPhP resonators could be used
to probe quantum emitters and together with propagative modes paves the way for
quantum architectures in the mid-infrared. Furthermore, this platform does not suffer
from the limitations of plasmonic circuit since the intrisic losses are orders of magnitude

smaller.






Chapter 8

Conclusions and Future Work

The progress of quantum technologies requires new material platforms that satisfy non
trivial requirements, including the presence of quantum emitters and of electro-optic
effects that, if taken together, considerably narrows down the list of candidates. These
prerequisites, together with outstanding optical properties, have raised interest in SiC.
The mature fabrication technology offers high quality SiC grown heteroepitaxially on
silicon substrates, providing thin layers for device fabrication without requiring extra
process steps. Until recently, the presence of the Si substrate hampered the develop-
ment of a fully scalable 3C SiC photonics needed to integrate nonlinear devices as well
as quantum components within the same platform.

One of the basic requirements for the development of low-loss photonics is the fabrication
of structures with low sidewall roughness. For 3C SiC, this was accomplished in this the-
sis by using an Al hardmask, patterned with electron beam lithography, together with a
powerful ICP RIE etch, performed with low pressure of the SF¢ precursor in the reactor
chamber. The higher refractive index of the Si substrate does not grant the confinement
of the electromagnetic field within the SiC layer. Thanks to a second lithography step,
access points for a subsequent XeFy vapour etches were patterned along all the photonic
components together with the grooves for the grating coupler, whose etch depth was
optimized to achieve the maximum CE. With this fabrication procedure that suspends
all the integrated optical components, waveguides with sub-um cross-sections, grating
couplers and ring resonators were consistently realized for both SM and MM platforms.
The devices were characterized using a CW laser tunable across the telecom band and
polarization maintaining fiber arrays. The measured coupling efficiency is -6 dB for the
uniform SM grating coupler and -6.6 dB for the apodized MM grating coupler, both
including losses due to propagation in the tapering region. The half width at half max-
imum was 38 nm ( 18 nm) for the SM (MM) platform. The intrinsic quality factor for
the SM ring resonators was around 8,700, meanwhile 24,000 was achieved for the 20m
MM ring resonators, corresponding to 21 dB/cm propagation loss. This suspended tech-

nology could easily be interfaced with photonic crystal cavities which are fundamental
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components to exploit SiC quantum emitters. This is the first demonstration of high
confinement photonic in 3C SiC and it is essential for the development of a wide range
of classical and quantum components.

In order to increase efficiencies in nonlinear processes and for quantum optics intercon-
nections, improvements in the propagation losses are required. This can be achieved in
the current suspended technology by implementing extra fabrication steps or by chang-
ing the fabrication process. Scattering losses could be diminished by an oxidation step,
that would reduce the sidewall roughness. The implementation of a cladding would
decrease the refractive index contrast leading to a reduction of the propagation losses
and make the sample more robust against the environment at the expenses of bigger
bending losses that ultimately affect the dimensions of components. The use of a metal
hardmask could introduce metallic contaminations in waveguide sidewalls[208] meaning
that a dielectric hardmask, with a drastic change of the fabrication procedures, could
be needed to reduce absorption losses. Finally, the crystalline quality of SiC at the
boundary with the Si substrate is poor[232] and the realization of SiC on insulators|[267]
would reduce both material absorption, due to the better quality of the crystal, as well
as the scattering losses, due to the use of a bottom oxide cladding. Furthermore, the
presence of a BOX layer would improve the grating coupler efficiency.

By taking advantage of the high field enhancement achieved in the rings together with
small modal area of the waveguide, in this thesis is demonstrated frequency conversion
by means of four wave mixing, measuring for the first time the Kerr nonlinear index
of 3C SiC as ny = (5.31 & 0.04) 10~ m?/W. The measurement took advantage of an
almost critically-coupled ring resonator which Q factor was 7,400 and three consecutive
resonances where employed for the signal, idler and pump fields. The spectral distance
was given by the ring FSR of 13nm and the pump power at 1550nm was increased us-
ing an erbium doped fiber amplifier. At the low pump power of 2.9mW inside the bus
waveguide, the conversion gain was -72dB that was not limited by nonlinear absorption
due to the wide electronic bandgap of SiC. The measurement of the Kerr nonlinear in-
dex of SiC is fundamental for exploiting all x® effects in this material and is a decisive
step forward in the development of 3C SiC nonlinear photonics. The demonstration of
x?) effects, such as Pockel modulator and second harmonic generation, could already
be achieved with this suspended platform. In particular, efficient SHG could be reached
with both the fundamental and the second harmonic fields on resonance with a ring
resonator. However, improvements in the fabrication procedure aimed to reduce the
propagation losses would benefit nonlinear processes in this material.

Third order nonlinear effects are also fundamental for the generations of correlated pho-
ton pairs in centrosymmetric materials. One of the main platforms for classical and
nonlinear photonics is provided by using SisN, waveguides, since they present both a
moderate x®) nonlinearity and refractive index together with a CMOS compatible pro-
cess. These features have already been utilized for efficient single photon generation

as well as for complex quantum circuits working at telecom wavelengths. By taking
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advantage of the wide transparency window in SigNy, in Chap.5 is reported the gen-
eration of single photon pairs in the near-infrared window by means of SFWM. The
process employed a high-Q factor ring resonator, which radius was 20um in order to
achieve a high field enhancement. The demonstration of a single photon source in the
nearinfrared is crucial for the development of an all-optical photonic platform working
at room temperature since it can be integrated with Si avalanche single photon detector.
Furthermore, this source could be efficiently interfaced with atomic memories once the
cavity Q factors are improved. The use of Si as active medium could be beneficial even
for the development of a continuous variable platform, since Si photodiodes have high
quantum efficiency and nonlinear process can be used to generate squeezed states.
Small modal volume and high Q factor cavities are the main prerequisites to achieve a
strong light-matter interaction that is essential to harness SiC quantum emitters. An
efficient way to implement cavities showing these features is to create a 2D periodic
perturbation of the refractive index through the patterning of holes in the SiC slab,
resulting in a spectral band where the light propagation is inhibited. The removal of
three holes defines a L3 photonic crystal cavity that is the one fabricated in this thesis.
The Q factor of these cavities is severely affected by the etch anisotropy and therefore
the process required particular attention during the fabrication. The SiC cavities were
analysed with a confocal microscope that scans the sample surface with a wide-spectra
beam and the cavity resonances are identified in cross-polarization with a spectrometer.
The produced photonic crystal cavities showed Q factors as high as 4,000 at the same
wavelength of the ZPL of the divacancy colour center, meaning that strong light matter
interaction could be potentially reached once single defects are placed in the middle of
cavity centres. Since solid state emitters are affected by the surrounding material con-
dition, improvements in the crystal quality would increase the coherence time as well
as the emitters indistinguishably. This could be provided again by the use of SiC on
insulator platforms, which better material quality would also benefit the Q factor of the
photonic crystal cavities.

Periodic structures were also realized to exploit the coupling between propagating and
localized SPhP in the Reststrahlen band, where SiC shows a negative permittivity and,
analogously as for plasmonic waves in metal structures, supports a surface wave at the
interface with air. Pillars of 1um diameter were realized at different pitches in order
to couple the propagating surface wave at different wavevector points. Furthermore,
resonant cavity modes are sustained in the SiC pillar and the dispersion provided by the
array periodic distribution is almost flat in the considered wavelengths. In the spectral
positions where the propagating waves and the resonant modes dispersions cross each
other, the field is coherently exchanged as demonstrated by the resulting anticrossing
dispersion. The achieved strong coupling between a cavity mode with a propagating
wave is essential for the realization of polaritonic optical circuits. Furthermore, these
SPhP resonators present an incredibly high Purcell’s enhancement that could be used

for sensing application in the mid-infrared range.
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In conclusion, the development of novel platforms for photonic quantum technologies
is demonstrated in this thesis. In particular, the unique optical features of 3C SiC are
exploited by a new fabrication approach, consisting in the suspension of photonic com-
ponents, that led to the realization of sub-um cross-section waveguides, grating couplers
and ring resonators. The tight confinement achieved in the cavities was also essential for
the demonstration of frequency conversion by four wave mixing and could be exploited
in a range of nonlinear and quantum applications. As the presence of quantum emitters
in SiC, photonic crystal cavities are also realized with the aim to achieve strong-light
matter interactions, fundamental for the development of a scalable photonic quantum
platform. Furthermore, the coupling between propagating and localized surface waves
are investigated in pm-scale pillar arrays. Finally, the generation of a photon pair source
in the nearinfrared wavelengths is reported in SizN4 ring resonators that, if combined
with on-chip Si avalanche single photon detectors, could compose a fully integrated

photonic platform operating at room temperature.



Appendix A

Analysis of ring resonators for the

extraction of linear losses

In order to determine the linear propagation losses from the resonance of a ring resonator,
I fabricated a set of waveguides in which the position of the ring with the respect of
the bus waveguide was changed. In this way, the trend of loaded quality factor together
with the transmission at resonance can be used to determine the coupling condition
(undercoupled or overcoupled). This procedure allows to simulate a ring moving from
a position close to the waveguide (overcoupled condition) to a position far from the bus
waveguide (undercoupled condition), passing through the critical coupling condition
where the transmission at resonance is zero. By increasing the ring-waveguide gap,
the loaded quality factor increases as described from Eq.3.43 since the transmission ¢
increases.

Fig.A.1, A.2 and A.3 show a set of resonances for a 20um SM ring resonators, 20um MM
ring resonators and 10um MM ring resonators, respectively, where the gap is increased
(waveguide one has the smallest gap) and each set is realized in the same fabrication
run.

The resonances are fitted with a Lorentzian function to determine the AX and the loaded

quality factor

Ao

Qr=7Ax

(A1)

Due to the unknown coupling condition, for one value of Q1 corresponds wo different

value of intrinsic quality factor @

291 for g <t
Qc = 1—vVTmin (A.2)

- 2Qp
TV for a>t
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Thanks to

mngLy/a
Qr= T—a)h (A.3)

we can extrapolate the attenuation coefficient a from Q7 and by inverting
a=e 2k (A.4)

the propagation losses a. In Eq.A.4, L is the ring circumference meanwhile ng in Eq.A.3
is the group index, that can be either simulated or measured from the free spectral range
from resonance.

The complete analysis of the losses for the set of ring resonators of Fig. A.1, A.2 and A.3
are reported in Tab. A.1, A.2 and A.3, respectively. With the exception of waveguide 1

(Fig.A.3) , all the rings are in undercouled condition.

WG number | Transmission | Qoaded | Lunder (dB/cm) | Loyer (dB/cm)
1 0.01 2785 103 84
2 0.002 3098 88 80
3 0.008 3000 95 79
4 0.09 2622 129 69
5 0.25 2189 177 59
6 0.10 3586 95 50
7 0.18 3773 98 40
8 0.52 2177 205 33

Table A.1: Single Mode Ring Resonators (20 pum radius). Losses for overcou-
pled and undercoupled conditions calculated from the resonances of Fig.A.1.
The distance between the bus waveguide and the ring was gradually changed
from the smallest gap (waveguide 1) to the biggest (waveguide 8). Values re-
ported in red represent the condition in which the ring should be considered
for the exact losses evaluation. Transmission - Normalized transmission at res-
onance; Qjoaded - loaded quality factor; Ly,qger - Equivalent linear losses if the
ring is in undercoupled condition; Lgyer - Equivalent linear losses if the ring is
in overcoupled condition
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WG number | Transmission | Qoaded | Lunder (dB/cm) | Loyer (dB/cm)
1 0.027 10789 27 20
2 0.082 12024 27 15
3 0.19 12269 30 12
4 0.24 16151 23 8
9 0.37 19282 21 5

Table A.2: Multi Mode Ring Resonators (20 pm radius). Losses for overcou-
pled and undercoupled conditions calculated from the resonances of Fig.A.2.
The distance between the bus waveguide and the ring was gradually changed
from the smallest gap (waveguide 1) to the biggest (waveguide 5). Values re-
ported in red represent the condition in which the ring should be considered
for the exact losses evaluation. Transmission - Normalized transmission at res-
onance; Qjoaded - loaded quality factor; Ly,qger - Equivalent linear losses if the
ring is in undercoupled condition; Lyyer - Equivalent linear losses if the ring is
in overcoupled condition

WG number | Transmission | Qoaded | Lunder (dB/cm) | Loyer (dB/cm)
1 0.06 9507 33 20
2 0.61 11946 38 5
3 0.60 17952 25 3
4 0.82 8461 57 3

Table A.3: Multi Mode Ring Resonators (10 pm radius). Losses for overcou-
pled and undercoupled conditions calculated from the resonances of Fig.A.3.
The distance between the bus waveguide and the ring was gradually changed
from the smallest gap (waveguide 1) to the biggest (waveguide 5). Values re-
ported in red represent the condition in which the ring should be considered
for the exact losses evaluation. Transmission - Normalized transmission at res-
onance; Qjoaded - loaded quality factor; Ly,qger - Equivalent linear losses if the
ring is in undercoupled condition; Lyyer - Equivalent linear losses if the ring is
in overcoupled condition
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Figure A.1: Single Mode Ring Resonators (20 pum radius).Resonance spectra of
a set of ring resonators in which the distance between the bus waveguide and
ring resonator was gradually increased, with the smallest value for waveguide 1
and biggest for waveguide 8.
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Figure A.2: Multi Mode Ring Resonators (20 um radius). Resonance spectra
of a set of ring resonators in which the distance between the bus waveguide and
ring resonator was gradually increased, with the smallest value for waveguide 1
and biggest for waveguide 5.
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Figure A.3: Multi Mode Ring Resonators (10 um radius). Resonance spectra
of a set of ring resonators in which the distance between the bus waveguide and
ring resonator was gradually increased, with the smallest value for waveguide 1
and biggest for waveguide 4.



Appendix B

Algorithm for apodization of SiC

grating coupler

In this Appendix is reported the source code to implement the genetical algorithm for

the apodization of grating coupler in Lumerical.

Step 2

HARHBARHBAAHBAARHEA AR BARHBABHBARBBARHBAABRBARABAARBEARHARHBBARHBAAHBARBBAASHBRR BB AR HES
HEHHHHHBBBBBAAAAAAAAAAAAAAAAOptimizat ionN #AHAHAHAHARARARRHHHHHHHHHHHHBH B R AR AR AR HHHHHH
HHBBAAAARRAAARRRRHR R AR R B R B BB R AR BB RRARRRRRARR R R BB BB R AR AR RARRRARA R R R BB BB AR AR R RRRS

size_post=matrix(n_periods+2,1);

size_postl=matrix(n_periods+2,1);

T_1550=0;
deltaW=2e-9;
deltaP=2e-9;
costraingroove=50e-9;

costrainpost=120e-9;

#switchtolayout;

select ("Ap_grating");
delete;
addstructuregroup;

set ("name","Ap_grating");

position_post=0;
for(ii=0:n_periods){
size_post1(ii+1,1)=£ill(ii+1,1)*Pperiodsi (ii+1,1);

#[x,y] points

V(1,1:2)=[-size_postl(ii+1,1),0];
V(2,1:2)=[-size_postl(ii+l1,1)+a,z_span_grating];
V(3,1:2)=[-a,z_span_grating]l;

V(4,1:2)=[0,0];
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#add grating
position_post=position_post+Pperiodsl(ii+1,1);
addpoly;
set ("name" ,"post");
set ("x",position_post);
set("y",0);
set ("z span",width);
set ("vertices",V);
set ("material" ,mat_grating);
if (get ("material")=="<0bject defined dielectric>")
{ set("index",index_grating); 1}
addtogroup ("Ap_grating");
}
select ("Ap_grating");
set("x",0);
set ("y",0);

for(iii=0:1300){

#calculate the T_avg_new

run;
T = getresult("waveguide","expansion for T");
Tfund = -T.getattribute ("T_backward");

lambda = T.lambda;
T_avg_new = integrate(Tfund,1l,lambda)/integrate(matrix(length(lambda))+1,1,lambda);

index=find (lambda ,1550e-9);
lambda_1550=1ambda (index);
T_1550_new=Tfund (index);

#compare with the best and update if necesary
if (T_1550_new>=T_1550){

T_1550=T_1550_new;

?T_1550;

?iii;

for(i=0:n_periods){
size_post(i+1,1)=size_postl(i+1,1);
PperiodsO(i+1,1)=Pperiods1(i+1,1);
}
matlabsave ("apod_MM_300nm2nd");

#mutate from the best
switchtolayout;
select ("Ap_grating");
delete;
addstructuregroup;

set ("name","Ap_grating");
position_post=0;

for(i=0:n_periods){
randW=rand (-1,1)*deltaW;
randP=rand (-1,1)*deltaP;
size_postl(i+1l,1)=size_post(i+l,1)+randW;
Pperiods1(i+1,1)=Pperiods0(i+1,1)+randP;



Appendix B Algorithm for apodization of SiC grating coupler

123

if ((Pperiods1(i+1,1)-size_postl(i+1l,1))<costraingroove){
size_postl(i+1,1)=Pperiods1(i+1,1)-costraingroove;

}
if ((size_postl1(i+1,1)-2*a)<costrainpost){
size_postl(i+l,1)=costrainpost+2*a;
}
#[x,y] points
V(1,1:2)=[-size_postl1(i+1,1),0];
V(2,1:2)=[-size_postl(i+1l,1)+a,z_span_grating];
V(3,1:2)=[-a,z_span_grating];
V(4,1:2)=[0,0];
position_post=position_post+Pperiods1(i+1,1);
#add grating
addpoly;
set ("name" ,"post");
set ("x",position_post);
set ("y",0);
set ("z span",width);
set ("vertices",V);
set ("material",mat_grating);
if (get ("material")=="<0bject defined dielectric>")
{ set("index",index_grating); }
addtogroup ("Ap_grating");
}
select ("Ap_grating");
set ("x",0);
set("y",0);
}

HitHH#HHHBHBBBBBB BB AR AR AR Dest grating

select ("Ap_grating");
delete;
addstructuregroup;

set ("name" ,"Ap_grating");
position_post=0;
for(i=0:n_periods){

#[x,y] points

V(1,1:2)=[-size_post(i+1,1),0];
V(2,1:2)=[-size_post(i+l,1)+a,z_span_grating]l;
V(3,1:2)=[-a,z_span_grating];

V(4,1:2)=[0,0];

position_post=position_post+PperiodsO(i+1,1);

#add grating
addpoly;
set ("name","post");
set ("x",position_post);
set ("y",0);
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set ("z span",width);
set("vertices",V);
set ("material",mat_grating);
if (get ("material")=="<0bject defined dielectric>")
{ set("index",index_grating); 2}
addtogroup ("Ap_grating");
}
select ("Ap_grating");
set ("x",0);
set("y",0);

Step 3

clear;
matlabload ("apod_MM_320nm2nd");

z_span_grating = 330e-9;
T_1550=0;

a=(z_span_grating)/tan(theta);
aa=10e-9/tan(theta);#from the previous

diff=30e-9;#from the previous previous-actual z_span_grating

deltaW=2e-9;
deltaP=2e-9;
addstructuregroup;

set ("name","Ap_wg");

addrect;
set ("x",(n_periods+1)*period/2);
set ("y",-(Thickness-z_span_grating)/2);
set ("x span",(n_periods+1)*period);
set ("y span",Thickness-z_span_grating);
set ("z span",width);
set ("material",mat_grating);
if (get ("material")=="<0bject defined dielectric>")
{ set("index",index_grating); 1}

addtogroup ("Ap_wg");

addrect;
set ("x",-(n_periods+1)*period/2);
set ("y span",Thickness);
set ("x span",(n_periods+1)*period);
set ("y",-(Thickness)/2+z_span_grating);
set ("z span",10e-6);
set ("material",mat_grating);
set ("z span",width);
if (get ("material")=="<0bject defined dielectric>")

{ set("index",index_grating); 1}

addtogroup ("Ap_wg");

#initial grating etch
V(1,1:2)=[2*a,0];
V(2,1:2)=[a,z_span_grating];
V(3,1:2)=[-a,z_span_grating]l;
V(4,1:2)=[-2%a,0];
addpoly;
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set ("name","fpost");

set ("x",0);

set("y",0);

set("z span",width);

set ("vertices",V);

set ("material",mat_grating);

if (get ("material")=="<0bject defined dielectric>")

{ set("index",index_grating); 1}

addtogroup ("Ap_wg");

HEHSHAHAHBHBEHSEHAEH AR BHHEHAHAH B H B SRS H A H AR S RS HEH R H B #E# DOX

select ("Ap_wg");
set ("x",-4%aa);
set("y",-diff);

addstructuregroup;

set ("name" ,"Ap_grating");

position_post=0;

for(i=0:n_periods){

#[x,y] points

size_post(i+1l,1)=size_post(i+l,1)+2%*aa;

for(i=0:n_periods){

#[x,y] points

V(1,1:2)=[-size_post(i+1,1),0];
V(2,1:2)=[-size_post(i+l,1)+a,z_span_grating]l;
V(3,1:2)=[-a,z_span_grating];

V(4,1:2)=[0,0];

position_post=position_post+PperiodsO(i+1,1);

#add grating
addpoly;
set ("name","post");
set ("x",position_post);
set ("y",0);
set ("z span",width);
set ("vertices",V);
set ("material",mat_grating);
if (get ("material")=="<0bject defined dielectric>")
{ set("index",index_grating); 2}
addtogroup ("Ap_grating");
}
select ("Ap_grating");
set ("x",3%aa);
set("y",-diff);

T_1550=0;
for (iii=0:6000){

#calculate the T_avg_new
run;
T = getresult("waveguide","expansion for T");

Tfund = -T.getattribute ("T_backward");
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lambda = T.lambda;
T_avg_new = integrate(Tfund,l,lambda)/integrate(matrix(length(lambda))+1,1,lambda);

index=find (lambda ,1550e-9);
lambda_1550=1ambda (index);
T_1550_new=Tfund (index);

#compare with the best and update if necesary
if (T_1550_new>=T_1550){

T_1550=T_1550_new;

?T_1550;

?7iii;

for(i=0:n_periods){
size_post(i+1,1)=size_postl(i+1,1);
PperiodsO(i+1,1)=Pperiods1(i+1,1);
}
matlabsave ("apod_MM_330nm2nd");

#mutate from the best
switchtolayout;
select ("Ap_grating");
delete;
addstructuregroup;

set ("name" ,"Ap_grating");
position_post=0;

for(i=0:n_periods){
randW=rand (-1,1)*deltaW;
randP=rand (-1,1)*deltaP;
size_postl(i+1,1)=size_post(i+1l,1)+randW;
Pperiods1(i+1,1)=Pperiods0(i+1,1)+randP;

if ((Pperiods1(i+1,1)-size_postl(i+l,1))<costraingroove){

size_post1(i+1,1)=Pperiodsi(i+1,1)-costraingroove;

if ((size_postl1(i+1,1)-2%a)<costrainpost){
size_postl(i+l,1)=costrainpost+2*a;

#[x,y] points

V(1,1:2)=[-size_postl1(i+1,1),0];
V(2,1:2)=[-size_postl(i+l,1)+a,z_span_grating];
V(3,1:2)=[-a,z_span_grating];

V(4,1:2)=[0,0];

position_post=position_post+Pperiodsl(i+1,1);

#add grating
addpoly;
set ("name" ,"post");
set ("x",position_post);
set("y",0);
set("z span",width);

set ("vertices",V);
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set ("material",mat_grating);
if (get ("material")=="<0bject defined dielectric>")
{ set("index",index_grating); }
addtogroup ("Ap_grating");
}
select ("Ap_grating");

HitHH#HHHBBBBBB BB BB R R AR R Dest grating

select ("Ap_grating");
delete;
addstructuregroup;

set ("name" ,"Ap_grating");
position_post=0;
for(i=0:n_periods){

#[x,y] points

V(1,1:2)=[-size_post(i+1,1),0];
V(2,1:2)=[-size_post(i+l,1)+a,z_span_grating];
V(3,1:2)=[-a,z_span_grating];

V(4,1:2)=[0,0];

position_post=position_post+PperiodsO(i+1,1);

#add grating
addpoly;
set ("name" ,"post");
set ("x",position_post);
set ("y",0);
set ("z span",width);
set ("vertices",V);
set ("material",mat_grating);
if (get ("material")=="<0bject defined dielectric>")
{ set("index",index_grating); }
addtogroup ("Ap_grating");







Appendix C

Fabrication of SiC photonic

crystals

In this appendix are reported fabrication results for the development of SiC photonic
crystal. The in-depth description of fabrication of photonics components in 3C SiC is
reported in Chap.2.
In a similar way of waveguides, the fabrication of photonic crystal requires low roughness
and high resolution. In addition to these, the sidewall angle plays a fundamental role
to achieve high quality factor cavities (Chap.6). One of the main cause of reduction of
sidewall angle and a main problem for the photonic crystal fabrication, is the shrinking
of the mask during the slab etch.

As starting point for the fabrication of SiC photonic crystal, I took recipe of etch devel-

.
lpm  JEOL 12/18/2014
X 25,000 2.00kV SEI WD 10mm

Figure C.1: SiC layer after the PB etch made with 250nm-SiO9 hardmask. The
hardmask was removed in HF after the SiC etch.

oped for the ICP RIE as result of the Plackett-Burman design of experiment (Sec.2.3).
The PB etch parameter consisted in: 800 W of ICP power, 280 W of forward power, 0.7
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mT of pressure , 5 sccm of SFg flow, 2 sccm Ar flow and 20°C of plate temperature. In
order to complete the process development, both an electron beam lithography (EBL)
resist and a hardmask, capable to withstand the powerful SiC etch, have to be defined.
The geometry of photonic crystal cavities makes a positive EBL resist well-suited for
the their patterning, since it is less time-consuming to expose the holes rather than the
surrounding area. Therefore, I chose CSAR62 since it provides good etching resistance
together with high resolution.

In order to have high resolution in patterning, the EBL resist was spun between 200nm
and 400nm, depending on the selectivity with the hard mask. These thickness are not
enough to etch SiC for the desired amount of 300nm and therefore an hard mask is
needed.

The first hardmask I implemented consisted of PECVD SiOs since it is widely used for
Si photonics fabrication. As reported in Fig.C.1, the resulting SiC layer is affected from
the inhomogeneous SiOs-film deposited with the PECVD tool. The thickness of the
hardmask was 250nm and the selectivity with the etch was close to 1:1.

Since SiO2 can be grown directly atop of SiC, I oxidized the SiC layer in order to

oL 3/4/2015
X 70,000 2.00kV SEI SEM WD 8mm

Figure C.2: SiC photonic crystal made using 200nm of thermal SiOs and the
PB etch. a) Top view b) 60 degree view.

achieve a hardmask thickness of 200nm. The homogeneity of the film was improved
(Fig.C.2) with the respect to PECVD film (Fig.C.1). However, as can be seen from the
60 degree view of the sample (Fig.C.2.b), there are two main problem with the SiOq
hardmask: 1) a shrinking problem of the hardmask that increases the hole size; 2) the
presence of preferential etch sites that causes the formation of tips in SiC. The latter
can be attributed to the charging of the SiOq layer.

Due to the difficulties with SiOg, I tried aluminium (Al) since it was already used for the
fabrication of SiC photonics and it offer high resistance with SFg-based etch. Further-
more, Al can be used to achieve high resolution in patterning as reported in Fig.C.3.(a),
where 100nm-thick Al layer deposited via electron beam deposition is etched using an
ICP RIE and a HBr-Cly chemistry. However, the PB etch of SiC, using the pattern
of Fig.C.3.(a), results in holes with low verticality. This is due to the shrinking of the
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Al hardmask during the SiC etch (Fig.C.3.b), consisting of a low etch resistance of the
patterned Al edge. This is further shown in Fig.C.4.(a), where there is not contrast in
slopes between Al and SiC even though the high etch selectivity. By carrying a short
SiC etch (20s), it is possible to notice a change of slope in the SiC sidewall (Fig.C.4.b)
resulting from two etch phases: 1) in the initial part of the etch, the Al edge is not
consumed and the SiC sidewall is vertical; 2) once the edge of the Al are completely
etched, the SiC sidewall verticality decreases.

One approach to avoid the shrinking problem is to increase the hardmask thickness in

— 100nm JEOL 3/20/2015
X 60,000 2.00kV SEI _ SEM WD 8m

(b)

X 110,000

Figure C.3: a)l00nm-thick Al hardmask etched using CSAR62. b) after PB
etch of SiC.

100nm JEOL 3/20/2015

—
X 100,000  2.00kv SEI  SEM

(a) (b)

Figure C.4: a) 45 degree view of the SiC photonic crystal with on top the Al
hardmask. b) Cross-section of a SiC feature showing the Al and the SiC. The
changes of slopes indicates the Al shrinking.

order to maintain high verticality of the SiC sidewall throughout the etch. In Fig.C.5,
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SiC was etched using the PB recipe with 300nm-thick Al hardmask. FEven though
SiC sidewall are vertical (Fig.C.5.b), sputtering of the Al layer produced micromask-
ing (Fig.C.5.a) and residues (Fig.C.5.a) on the SiC sidewall. Both effects considerably
worsen the sidewall quality and making the use of a thicker hardmask not valuable.

Another approach to avoid the hardmask shrinking is to reduce the physical sputtering

Figure C.5: PB etch of SiC using 300nm-thick Al hardmask. a) top view after
Al removal, showing micromasking on the SiC sidewall; b) 45 degree view of a
SiC marker with on top Al hardmask, showing a vertical SiC sidewall and the
presence of Al residues.

of the PB SIC etch. This can be achieved either reducing the forward plasma power
(Fig.C.6.a) or by increasing the pressure of gas precursors inside the plasma chamber
(Fig.C.6.b) in order to reduce the line-of-sight of ions and consequently their impact en-
ergy. Both paths have the effect of increasing the selectivity between Al and SiC, since
it is favoured the chemical aspect of the etch. This resulted in a decrease of sidewall
verticality and an increase of roughness.

The amount of physical etch plays a central role in the SiC sidewall angle. For low

Figure C.6: 30 degree view of SiC photonic crystal fabricated using 100nm-thick
Al hardmask (still on top). a)50 W of forward power of the etch (instead of 280
W); b) 5 mTorr of pressure (instead of 0.7 mTorr).
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RF power (Fig.C.6.a) the etch does not provide enough power to achieve vertical side-
wall meanwhile for high RF power the hardmask edges are destroyed causing a loss in
anisotropy. A trade-off can be achieved between the two conditions as shown in Fig.C.7,
where a RF power of 100W was used.

In the holes of the photonic crystal reported in Fig.C.7 there is an effect of micromask-

— 100nm JEOL 7/31/2015
X 130,000  2.00kV SEI  SEM WD omm  10:36:30

Figure C.7: Top view of SiC photonic crystal fabricated using 100nm-thick Al
hardmask (removed in the picture) and 100 W as forward power.

ing that increases the sidewall roughness. This is consequence of the soft nature of Al
that is sputtered and rideposited on the SiC sidewall. Hardmask more resistant to the
SiC physical etch can be used to overcome this problem. In Fig.C.8 is reported the SiC
photonic crystal fabricated using AlsOs as hardmask. Even though the low RF power
of 70W (Fig.C.8.a), the hardmask suffered from shrinking meanwhile SiC was etched
inhomogeneously. The latter problem is more evident in Fig.C.8.(b), where the pressure
was raised to 5 mTorr.

The reduction of forward power could be implemented even for SiO9 with the aim to

Figure C.8: Side view of SiC photonic crystal fabricated using 50nm-thick AloO3
hardmask, grown by atomic layer deposition. a) 70 W as forward power; b) 5
mTorr chamber pressure.
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achieve the same benefits as for the Al case (Fig.C.7). In FigC.9 is reported the side
view of SiC photonic crystal fabricated using 340nm-thick SiOo hardmask, grown by
thermal oxidization. Even though the RF was dropped to 100W, the shrinking problem
still persists, making the use of this hardmask useful only for small thickness of SiC.

The presence of the remaining residues and micromasking (Fig.C.7) were additionally

— 100nm JEOL 9/3/2015
X 120,000 2.00kV SEI SEM WD 8mm  4:00:36

Figure C.9: Side view of SiC photonic crystal fabricated using 340nm-thick SiO»
hardmask, grown by thermal oxidization

attributed to the oxidization of the Al and to the inhomogeneous etch in air due to the
presence of Cly on the resist sidewall after the Al etch. In order to prevent oxidization,
5nm of Titanium (Ti) were deposited right after the Al deposition by electron beam
evaporation. The residues Cly molecules were nullified using a short C4Fg RIE plasma
right after the Al etch. The reduction of RF power together with the removal of the
Ar chemistry, contributed to the elimination of the residues that were present at the
end of the process. In Fig.C.10.(a) is reported a 3C SiC cavity with a shifted posi-
tion of the holes adjacent to the cavity in order to increment the quality factor. This
sample was fabricated using a tailored etch timing in order to prevent the sputtering
of the hardmask edges, that could cause Al redeposition.. Even though some designs
required considerable shrunk holes that could eventually cause a worsening of the etch,

the process seems not to be affected by this as showed in Fig.C.10.(b).
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— lpm  JEOL 5/20/2016 — 100nm JEOL 5/20/2016
X 15,000 2.00kV SEI SEM WD 8mm X 80,000 2.00kV SEI SEM WD 8mm

Figure C.10: a)SEM picture of the realized photonic crystal cavity. b) Particular
of the fabricated holes showing a near vertical etch.
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