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Abstract

With the development of semiconductor physics and technology, the third-
generation semiconductor, silicon carbide (SiC), has been developed for several decades,
and a mature industry and market have been built up. For optoelectronic applications,
SiC is an attractive material, because of its wide energy band gap. Due to the indirect
band gap and high cost of fabrication, the real applications are not as good as III-V
materials such as GaN. However, from the aspect of sustainability, the reservoir of
group III elements such as Ga is quite limited, which cannot satisfy the increasing
demand for products such as LEDs and displays. In this situation, SiC is in abundance
and must play a significant role in the future.

This thesis focuses on the electrochemical etching strategy of SiC materials,
exploring the effects of surface reconstruction and modification on their properties. In
Chapter 4, a comprehensive study of electrochemical etching is provided by
characterizing the surface with SEM, including the reaction mechanism, key parameters,
and usage of different etchants with the relationships in between. Apart from that, a
highly reflective porous structure was achieved by adjusting the etching parameters with
dilute HF. The reflectivity was successfully explained by multilayer interference effects
and shows the potential to be applied as optical reflectors and sensors. Besides, surface
chemistry and size results were studied with XPS, Raman and XRD to provide a better
understanding of the effects of etching.

In Chapter 5, a simple strategy for selective etching of patterns was proposed
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assisted with surface scratching. The applied forces during scratching were explored
with the ability to adjust the width of the pattern as observed by SEM and AFM. The
formation mechanism is explained by the redistribution of electric field due to the
amorphization, which is experimentally checked by TEM and theoretically verified by

simulation modeling.
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Chapter 1

Introduction

1.1. Semiconductor Materials and Optoelectronics

Semiconductors are a group of materials with unique properties of electric
conductivity between conductors (e.g., metals) and insulators, which have changed the
world since they were first discovered in the 17th century.[1] Semiconductor materials
widely exist on earth and can be classified as elemental semiconductors such as silicon
(Si) and germanium (Ge) and compound semiconductors (e.g., II-VI and II-V
compounds)[ 1 ]. With the development of two more centuries, the properties of
semiconductors have been comprehensively explored, and a huge modern industrial
sector has been built based on semiconductor materials and devices, from electrical
components (e.g., transistors) to commercialized electronic products (e.g., computers
and smartphones) as summarized in Figure 1.1. Until now, semiconductors are
continuously undergoing research and development, from the synthesis of new
materials (e.g., organic materials and quantum dots)[2][3] to the discovery and
exploitation of properties and techniques (e.g., quantum computing and
spintronics)[4][5].

Optoelectronics is one of the most typical applications of semiconductors, relying

on the photoelectric effect discovered by Heinrich Hertz in 1887, which refers to the

13



M.A.Sc Thesis — Zimo Ji; McMaster University — Materials Science and Engineering

interaction of light with materials and the conversion between light and electric signals.
Optoelectronic devices, including light-emitting diodes (LEDs), photodetectors, and
photovoltaics, not only delight the world but also play an indispensable role in various

fields of human society, such as energy production, digital displays, and health care.

b £ 2005 =

- M Band Gap 4th 7
A\ Breakthrough Field ®
) -9 []
o 6r Intelligent Age (3
5 = = by
@ S \ > -]
§ Si, G 3 < 1990 g
[ @ 1, Ge S, | 1990- £
[ ’ g | %4‘ ~ 3rd generation —H6 5
i‘ o fn‘ g Information Age R — %1
L 3 = 1980- 2
% & @ 21950~ [Ghdgeneration d3 E
y 1st generation <
%/ (¢, o :
"%/ solarcell \ o

A 0

v Ge Si InP  GaAs SiC GaN Ga,0, Diamon(?
Figure 1. 1 (a) Classification and applications of semiconductor materials and (b)

Progress of semiconductors with their band gap.[6]

1.2. Silicon Carbide Materials and Properties
Silicon Carbide (SiC) is a type of [V-IV compound material, which exhibits wide
band gaps and is regarded as a third-generation semiconductor. The strong Si-C covalent
bonds provide excellent mechanical and thermal properties. As one of the best-known
examples of a material exhibiting polytypism, SiC has plenty of polytypes based on
changes of stacking sequences, which can be normally classified into cubic, hexagonal,
and rhombohedral. In industry, three typical crystallographies are discussed and utilized,

including 3C (cubic site), 4H, and 6H (hexagonal sites) as shown in Figure 1.2.
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For the materials properties, as mentioned strong Si-C bonds provide excellent
mechanical properties of SiC materials, including bulk modulus, shear modulus,
hardness and toughness[8], which make SiC an outstanding ceramic as a structural
material. As a semiconductor, electric properties are more critical in terms of various
applications. A summary of some key properties is presented in Table 1. One of the
most essential differences among polytypes is the energy bandgap, which directly
determines their usage. 3C-SiC has a narrow band gap, while 6H/4H-SiC provides a
wider band gap and can be commercially applied in power electronics. Especially for
optoelectronics, wide band gap materials are attracting more attention and interest due
to their ability to generate or respond to deep blue or ultraviolet light[9]. Meanwhile,
considering the carrier mobility, the high value and high uniformity of 4H-SiC make it

more reliable.
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Table 1. 1 Summary of electric properties of SiC between 3C, 6H and 4H[10][11]:

Properties 3C 6H 4H
Hexagonality 0 0.33 0.5
Lattice constant at | a direction 4.349 3.081 3.076
300K (A) ¢ direction 15.079 10.05
Band gap at 300K (eV) 2.35 3.08 3.28
Breakdown electric field 0.8 1 3
(MV/cm)
Saturate electric drift velocity 2.7% 107 2 %107 2 x 107
(cm/s)
Thermal conductivity (W/cmK) 4.9 4.9 4.9
Hole mobility at Na=10'¢ ¢cm ™3 10 90 115
(cm?/Vs)
Electron mobility at Np=10'¢ cm™ 750 | c—axis: 60 Il c—axis: 800
(cm?/Vs) 1 c—axis: 400 | L c—axis: 800

1.3. Silicon Carbide Fabrication Techniques

There has been a sophisticated technique and mature industry for fabricating SiC

single crystal based on seeded sublimation growth (as shown in Figure 1.3 below)

developed by Lely in 1955 and improved by Tairov and Tsvetkov in 1978, which

involves a process where SiC source material sublimes and recrystallizes on a seed
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crystal under high temperatures. During the growing process, temperature control is

very important directly affecting the polytypes of as-grown crystals.

a) b) 2=
£
grown boule 2
(o) \ seed (6} :'i:;
rfcoil @ f (o) » g
o | =
® LI ® § :ZD,
(@) 3
(L p|e ¢
(0} O o
o 2
graphite @ 0] e 5¢
crucible g | 5 g S
° © S &o
o —
(0] o g 3
(0] / b 0] § o
@ | siC source \ (0]
thermal B
aEIObS insulator 1000 1300 1600 2000 24502600 2750 3600

Temperature (°C)

Figure 1. 3 (a) [llustration diagram of setups for seeded sublimation growth of SiC
and (b) influence of temperature on the polytypes[12].

The inducing of defects is another challenge for industrial manufacturing of SiC
considering the quality of as-grown SiC single crystals. Defects can be normally
classified as bulk defects (3D), plane defects (2D), line defects (1D) and point defects
(OD)[13]. The most widely existing defects are stacking faults (typical bulk defects)
coming from the variation of polytypes[14]. To eliminate the formation of detrimental
defects, many strategies have been proposed and developed continuously such as
repeated a-face method[15]. Until now, SiC single crystals have been achieved for the
8-inch wafer industry and, the global market is expected to the grow continuously in

the following decades.

1.4. Silicon Carbide-based Devices

17
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Thanks to the high level of breakdown electric field and thermostability, SiC has
been widely applied to power electronics so far commercially and has been developed
with many structures of power electronic devices such as the Schottky barrier diode
(SBD), the metal-oxide-semiconductor field-effect transistor (MOSFET), the bipolar
junction transistor (BJT) and the insulated-gate bipolar transistor (IGBT) as illustrated
by Figure 1.4. Even though there are some other competitive candidate materials such
as silicon (Si) and gallium nitride (GaN), SiC shows remarkable reliability in high
power applications compared with Si, and has relatively low prices with ideal long-term

sustainability than GaN on account of natural resources.

DIMOSFET trench MOSFET
SBD PiN diode Gate  sio, Gate SO,
. ohmic contact Source \ /
Schottky contact ~ Passivation passivation ///%
7 7 =
BREEaNEEs ] /p*—type anode’ nJ
— =g s e-00%y
termination termination
n-type drift layer n-type voltage-blocking layer n-drift layer n-drift layer
n*-type substrate n*-type substrate n'-substrate n*-substrate
| I I
ohmic contact ohmic contact Drain Drain
(a) (b) () (d)
JFET BJT (npn) -
pasaivation thyristor IGBT (n-channel)
Source i Gate  gjo,
Emitter ] Base Anode Emitter >

passivation

n: voltage-blocking layer

passivation

D=l

n-blocking layer

n-drift layer p-blocking layer
n*-substrate n*-substrate n-region p*-region
I I N I
Drain Collector Cathode Collector
(e) () @ (h)

Figure 1. 4 Summary of well-developed structures for SiC power electronics.[16]

Beyond power applications, the properties of SiC also make it possible to be

applied in a variety of applications. According to their mechanical strength and
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chemical inertness, SiC has been considered in micro-electro-mechanical systems
(MEMS)[17].

As for optoelectronics, the wide bandgap brings the ability for bandgap
engineering to achieve specific applications. On the other hand, the indirect band gap
makes it more suitable for photodetectors and photovoltaics considering the carrier
mobility and lifetime.[ 18] For instance, the wide band gap of 4H-SiC shows its
significance for ultraviolet (UV) photodetectors. In addition, certain point defects have
recently been studied as color centers for single-photon emitters, playing an essential
role in photonics and quantum sources[19]. When thinking about the interdisciplinary
nature of SiC with bio-medical fields, SiC is one of the best candidates due to its
excellent biocompatibility and bio-safety concerns compared to other well-known
biomedical platforms such as gold and silver particles. Until now, SiC has attracted lots

of interest in applications such as biosensors and bio-imaging.[20]

1.5. Challenges of Silicon Carbide

Even though SiC is famous for its remarkable properties and has achieved
significant success in industry and technology, there are still some challenges that affect
the future development of SiC materials and devices.

From the aspect of mechanical properties, it has two sides. On the one hand, the
perfect mechanical strength makes it reliable as structural materials and brings potential,

e.g., in MEMS. On the other hand, however, high thermal and chemical stability also
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makes it very difficult to machine or fabricate into certain counterparts or precise
micro/nanostructures to reach the requirements of certain devices and applications. For
example, in the semiconductor manufacturing process, wet etching is one of the most
commonly used approaches due to its high speed and low costs, which is favorable for
large-scale production[21]. It refers to using some chemical such as acids and bases to
react with the aimed materials directly. Nevertheless, SiC cannot be chemically etched
as easily as other normal semiconductors such as Si and GaN because of its chemical
stability even under extreme conditions (e.g., high temperatures or hazardous
hydrofluoric acid (HF) environments)[22]. In this scenario, SiC materials have to be
fabricated by dry etching, for which materials are exposed to bombardment of ions (e.g.,
plasma of gas). Although it has some advantages such as perfect control of etching
precision, the cost is still relatively high, so it is still not the first preference compared
to simple wet etching. To overcome this challenge, several strategies were proposed,
including electrochemical etching and metal-assisted chemical etching.

Based on electronic properties, the indirect band gap limits the applications in
LEDs, suffering from the low efficiency, compared to another mature commercialized
material, GaN, due to the requirement of phonons in excitation and recombination
processes[23]. With research and development in recent years, SiC has been shown to
have fluorescent properties relying on surface defects or quantum confinement[24].
The photoluminescence (PL) quantum yield (QY) has been successfully improved up

to 60% for SiC quantum dots (QDs)[25]. This progress brings attention back to SiC and
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provides the possibility for industrial applications in the future.

1.6. Research Objectives

The objective of this thesis is to modify the structures of porous SiC by
electrochemical etching approach and achieve special microstructures for photonic
applications such as optical reflectors, which includes the study of the electrochemical
etching mechanism, the influence of etching parameters, and their effect on surface
morphology and properties. Meanwhile, the selective etching effect is also proposed by
inducing defects to broaden the potential applications of electrochemical etching

techniques.
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Chapter 2

Theoretical Background

2.1. Semiconductors Physics
2.1.1. Band Theory

Band theory is a theoretical model in solid-state physics describing the behavior of
electrons in solids related to other particles (e.g., atoms), and it is the basis of
semiconductor physics. In crystals with periodic systems, electrons are arranged as
energy bands due to the interactions of particles (e.g., electron-electron, electron-atoms).
To simplify the wavefunction in Schrodinger equation, Bloch functions and Konig-
Penney model make contributions to define the wavefunction of electrons and potentials
in a periodic solid system. Based on the interpretation of near-free electrons and the
tightly binding approximation, the formation of energy bands can be defined by the
splitting of atomic energy levels in solids with periodic potential as shown in Figure
2.1(a). From the bonding theory, when two electrons from two different atoms form a
chemical bond, it can further split into allowed and forbidden bands separately as shown
in Figure 2.1(b), according to the formation of bonding and anti-bonding energy states
from the linear combination of electrons’ wavefunctions. Overall, based on the value of
the energy band gap, all the materials can be classified into conductors, insulators and

semiconductors.
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I
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Figure 2. 1 Illustration diagram of splitting of energy states (a) with tightly binding
model and (b) bonding model[1]; (c) Formation of energy bands by overlapping of
bonding and anti-bonding energy states[26].

2.1.2. Direct & Indirect Band Gap

During the interpretation of energy band structures, the statements of electrons and
atoms for their positions and relationships are discussed in reciprocal spaces (k-space),
which emerged from Fourier transformation of crystal lattices and is directly used for
the derivation of electronic properties. According to the k space of band structures,
semiconductors can be divided into direct and indirect band gaps, depending on whether
the minimum of conduction band and the maximum of valence band have the same

momentum or not (as shown in Figure 2.2).
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Figure 2. 2 Illustration of band structures for direct and indirect semiconductors.[27]

2.1.3. Excitation & Recombination

When the materials are excited by external energy (e.g., photon, thermal energy,
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etc.), electrons will be activated from the ground energy state to a higher energy state,
which is defined as the excitation process in semiconductors where electrons are able
to be excited from valence band into conduction band. At the same time, holes are also
generated in valence band. Once the electrons are activated to excited states, which are
not stable, they will relax back to the stable ground states. In semiconductors, excited
electrons changing from conduction band back to the valence band is defined as the
recombination process. Depending on the different behavior of electrons, the
recombination process can also be divided into band-edge recombination, defect
recombination, and Auger recombination as shown in Figure 2.3. In general, band-edge
recombination is called radiative recombination because the energy loss is dominated
by emission of a photon, while all the other recombination processes are often regarded
as non-radiative recombination which have the negative effect of lowering the quantum

efficiency. But these processes still play an essential role in certain kinds of applications.
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Figure 2. 3 (a) [llustration of excitation and recombination processes[1] and (b)
Different types of recombination processes in semiconductors[28].
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2.1.4. Photon & Phonon

Both photon and phonon belong to the class of boson particles, which follow the
explanation and statistics in quantum mechanics, and exhibit wave-particle duality[29].
Correspondingly, photon refers to a particle of light bearing energy, while phonon is
represented as a quantum of vibrational energy in solids.

In semiconductors, both particles are incorporated in excitation and recombination
processes as shown in Figure 2.4. In general, photons can react with semiconductor
materials, in which materials will first absorb the photon to excite electrons and holes
(excitation process), then the electrons will relax to valence band again (recombination
process) with emission of a photon. This light-material interaction is defined as an
example of the photoelectric effect, which is the basis of optoelectronic materials. When
discussing the direct band gap, it just follows the process mentioned above. For the
indirect band gap, however, it requires changing the momentum of electrons and has to
incorporate phonons in both excitation and recombination processes. This phonon-
assisted two-particle behavior suffers from a low probability in quantum physics,

leading to a low quantum efficiency for LED applications[30].
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Figure 2. 4 Role of photons and phonons in direct and indirect band gap

semiconductors.[31]

2.1.5. Doping Engineering

Doping is one of the key technologies in semiconductor band gap engineering,
which refers to adding additional elements from adjacent groups. In definition, pure
semiconductors are named as intrinsic semiconductors while doped semiconductors are
named as extrinsic semiconductors. Specifically, dopants can be classified as donors
and acceptors, depending on their role to provide extra electrons or holes based on the
number of valence electrons. Donors will create a donor energy level lower than the
minimum of conduction band (called n-type), while acceptors will form an acceptor
energy level above the maximum of valence band (called p-type), it will affect the
electric properties, for example changing photon energy due to the doping energy levels
(as shown in Figure 2.5). For doping techniques, doping elements can be added during
the sublimation growth or deposition processes, which are direct and useful for large

scale production[32]. Otherwise, it could also be achieved after crystal growth by
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implantation, which allows better control including the selective doping areas, change
of doping types and concentration[33]. This is unique for the fabrication of a variety of

devices with P-N junctions.
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Figure 2. 5 Band diagram illustration of n-type and p-type semiconductors by
doping.[34]

2.1.6. P-N Junctions and Devices Operation

P-N junctions are the basis of semiconductor devices, which combine both n-type
and p-type semiconductors and have critical electric properties at the interface (shown
in Figure 2.6). First, the carriers (electrons and holes) will diffuse to another part due
to the gradient of carrier concentrations. At the same time, once the carriers diffuse, a
built-in electric field will form at the interface of junctions. This electric field will force
the carriers to move as well (called drift), in the opposite direction of diffusion. There
is a balance between diffusion and drifting, and it will eventually reach an equilibrium
where the drifting force equals the diffusion force. In this equilibrium state, no free
carriers are moving between the junction, where the region is defined as the depletion

region.
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Figure 2. 6 Model of P-N junction and carriers’ behavior.!

For the operation of P-N junctions and devices, an external voltage will be applied,
which will break the equilibrium and make the net charge non-zero. When the P side is
connected to the positive terminal (called forward bias), the external electric field has
the opposite effect on the built-in electric field, leading to carrier transport in the
direction of diffusion and giving a thinner depletion region. Inversely, if the P side
connects to the negative terminal (called reverse bias), it will enhance the built-in
electric field and enlarge the depletion region[35]. Both forward and reverse modes play

significant roles in different devices.

2.1.7. Quantum Confinement Effect
With the requirement for sizes of devices and the development of fabrication

techniques, materials can be fabricated with smaller sizes (e.g., in nanometer scale) or
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in lower dimensions (e.g., 2-dimensional materials or 0-dimensional quantum dots).
During the reduction of material sizes, it is found that the electric properties change
dramatically. In terms of physical scale for quantum mechanics, the special electron
behaviors can be explained by the quantization of energy, where the energy level tends
to be discrete compared to classical continuous ones (illustrated in Figure 2.7). This

effect of crystal sizes or dimensions is defined as quantum confinement effects.
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Figure 2. 7 (a) Effect of quantum confinement on energy level and density of states;

(b) Effect of crystal size on the band gap and corresponding light emissions.[36]

2.1.8. Defects & Color Centers

Defects exist widely in almost all materials, inevitably due to many reasons,
including the originally existing defects in raw materials, defects formed during crystal
growth, defects generated by post-treatment, and defects produced in the operation of

devices[37]. For example, as mentioned in the section on SiC fabrication above, there
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are multiple types of defects likely to form during the sublimation growth.

Generally, for electronics, defects are regarded as detrimental issues that negatively
affect the stability and performance of devices. However, defects also bring some
unique properties. Based on the theoretical calculation and experimental observations,
their energy levels are located within the energy band gap of semiconductors (as shown
in Figure 2.8 for SiC), and play an interesting role during excitation and recombination
processes such as fluorescence emitted from defects. For instance, O-related defects in
ZnO have been shown with the ability to emit greenish light and have been
commercially applied in industry such as the vacuum fluorescent display of microwave
ovens and other appliances[38]. For SiC, defects also receive much attention due to
their potential not only in optoelectronics to generate fluorescence, but also their ability

as single photon emitters from defect color centers, which is very useful in quantum

computing[39].
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Figure 2. 8 Summary of (a) deep-level defect centers [40] and (b) point defect centers
[41] in the band diagram of SiC.

3

2.2.  Wet Etching Techniques
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2.2.1 Chemical Etching

The conventional wet etching, or “chemical etching”, is to directly etch the
semiconductors with liquid chemicals such as acids or bases. According to the chemical
activity of different semiconductors, and recipes also change with different chemicals,
mechanisms and final effects. For example, for group IV semiconductors (e.g., Si and
Ge), the etching process comprises first oxidation and then further reaction to transform
the solid-state semiconductors into other dissolvable species. The etchants should
include an oxidizing agent (e.g., HNO3 or H>O) and reactive agent (e.g., F~ or OH),
where the commonly used etchant for the Si industry is HNOj3 plus HF[42]. For III-V
semiconductors, not limited to the previous mechanism, some chemicals can directly
react with them to form some soluble species. For example, hydrochloric acid (HCI)
can react with indium phosphate (InP) to form InCl in solution and PH3 gas[43].
Depending on the requirements of etching effects, for example isotropy or anisotropy,
appropriate etching solutions should be selected with precise control of etching rate and
resolution. Even though the precision of wet chemical etching is not as ideal as dry
etching, the simple setups and the low cost for both money and time make it dominant
in large-scale production.

However, this conventional approach suffers from the problem of low etching rate
even when operating at an elevated temperature. Also, it is almost impossible to treat
some chemical materials (e.g., SiC). In this scenario, some new etching strategies have

been emerging in recent years.
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2.2.2  Photo-assisted Chemical Etching

In the basic chemical etching, the oxidation process is only driven by the chemical
potential of the oxidizing agent. Only if the redox potential is higher than the potential
of semiconductors, the valence electrons of semiconductors will be depleted in further
oxidation reactions. This this case, the etching rate is highly dependent on the energy
level of semiconductors and the redox potential agents, which is limited due to the
selection of oxidizers. From chemistry aspects, it has been reported that electrons and
holes have unique properties as well for reduction and oxidation[44]. Based on that, if
semiconductors are excited by photons with energy higher than their band gaps, there
will be photo-generated electrons and holes in the conduction band and valence band
correspondingly, where the holes could assist the oxidation reaction to improve the

etching rate (as shown in Figure 2.9).
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Figure 2. 9 Illustration of the mechanism for photo-assisted etching??.

2.2.3 Metal-assisted Chemical Etching
Metal nanoparticles play an important role as catalysts, resulting from their high

surface areas and electrical properties.[45] In wet etching processes, metal particles can
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also work as catalysts to improve the etching effects. By using similar content of etchant
solutions, including oxidizer and reactive ions, the deposited metal on the surface of
semiconductors could work as electrodes, where cathodic reductions will happen to
reduce the oxidizer by losing electrons. During this process, since the electrons of metal
are obtained by oxidizers, there will be plenty of holes on the surface of metal, able to
transport into the semiconductor substrates. As discussed in the previous section holes
have oxidation properties; thus, there will be further oxidation reactions of
semiconductors (regarded as ‘anodic reactions’)[46]. The oxidized semiconductor will
then react with certain ions (e.g., HF) persistently with an enhanced etching effect (as
shown by the example in Figure 2.10(a)). Similarly to the requirement of chemical
potential for oxidizing agents in conventional chemical etching, the potential of metals
compared with the energy level of semiconductors also determines their catalytic
abilities in metal-assisted etching (as shown by an example of Si in Figure 2.10(b)), the
appropriate metal catalysts should be selected for various semiconductors[47].

On the other hand, combining the photo-assisted etching, it will have a different
effect on metal-assisted etching, where the holes can be transported to the surrounding
regions and give an inverse effect as shown in Figure 2.10(c) (named as inverse metal-
assisted etching)[48]. The challenge of this approach comes from the selection of metals
with appropriate chemical potential. For SiC, it has limited options, and Pt is always
required for the etching process which is costly. Meanwhile, it brings some difficulties

in fabrications such as the deposition of arranged metal particles and their removal

33



M.A.Sc Thesis — Zimo Ji; McMaster University — Materials Science and Engineering

afterward.

Vvs. SHE

0 e b) s F-1.63 Ti'/Ti

Oxidant by-products

etchant

h* Electron Affinity 1 974 crvicr
.05 +.Conduction Band)

h -0.25 Ni*/Ni
h* diffusion 0 Silicon
o
0s 0.337 Cu*'/Cu

0.77 Fe'/Fe*
Tonization Potential ¥ 0.8 Ag*/Ag

a) b

h
h.'l.;"h’h’ 1.0 (Valence Band)
1.2 Pt*'/Pt
Si substrate 15 1.5 Au*/Au
+ 177 H2OYH:0
c) dark H,0, uv Iight

Figure 2. 10 (a) Mechanism of metal-assisted chemical etching; (b) Summary of
appropriate metal catalysts for Si; and (c) Illustration of inverse effect of etching.[49]

2.2.4 Electrochemical Etching

Electrochemical etching refers to applying voltages on semiconductors, and
conducting and accumulating electrons and holes for the enhancement of etching rate.
This method no longer needs high temperature or special metal catalysts but only
requires the materials or devices to be conductive and able to connect in circuits as
demonstrated in Figure 2.11(a). The role of applied voltage is to build an electric field
and accumulate sufficient holes for oxidation reactions, especially for p-type
semiconductors with enough holes. However, for n-type semiconductors, donors only
provide extra electrons instead of holes. In this case, photo-assisted etching is also

combined to generate sufficient holes continuously during etching[50]. Considering the
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difference between conventional chemical etching and electrochemical etching, the
surface morphologies achieved are slightly different as exhibited in Figure 2.11(b)-(c).
Since the built electric field is the dominant factor in electrochemical etching, and the
distribution of the electric field can be affected by the structures of various dielectric
materials, electrochemical etching tends to form porous structures based on the

preferential accumulation of holes[51].
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Figure 2. 11 (a) Illustration of electrochemical etching system[52]; Comparison of
carrier transportation and etching effect for (b) chemical and (c) electrochemical
etching[53].
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Chapter 3

Materials & Characterization Methods

3.1. Materials Preparation
3.1.1. Raw Materials

To conduct the research project on SiC materials, a single crystal n-type (10'® cm™
nitrogen-doped) 4H-SiC wafer (4-inch) with a thickness of 350 pm was purchased from
MSE Supplies LLC and diced into 1 cm % 1 cm dies. Specifically, both the Si-face [0001]
and C-face [0001] of the wafer were subjected to chemical mechanical polishing,
achieving a surface roughness of Ra 0.5 nm. Additionally, the wafer was fabricated with

a 4-degree miscut toward the [1120] direction by the manufacturer.

3.1.2. RCA cleaning

The SiC dies were cleaned by the standard RCA process[54] every time before
experiments. Initially, the die underwent ultrasonic cleaning in acetone, methanol, and
propanol, each for a duration of 5 minutes. This was followed by a multi-step chemical
cleaning protocol. The first step involved immersion in a 1:1 volumetric mixture of
concentrated sulfuric acid (98%) and hydrogen peroxide (30%) for 15 minutes.
Subsequently, the die was treated in a 1:1 solution of ammonia (98%) and hydrogen

peroxide (30%) at 80 °C for 15 minutes. The final chemical cleaning stage consisted of
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immersion in a mixture of hydrochloric acid (37%), hydrogen peroxide (30%), and
deionized water in a 1.5:1.5:5 volume ratio at 80 °C for 15 minutes, aimed at removing
residual organic compounds and ionic impurities. Each chemical treatment step was
followed by rinsing with 10% HF and deionized water. The wafers were then dried

under a nitrogen gas stream.

3.1.3. Sputtering of Ni Electrode

To connect the SiC die to the circuit for further electrochemical etching, a thin film
of nickel (Ni) was deposited on the C face of SiC by magnetron sputtering. Once the
SiC die was cleaned, it was loaded into the sputtering chamber. Then the Ni electrode
was sputtered using an Angstrom Science ONY X-02IC Standard Magnetron sputtering
gun fitted with a Ni sputtering target (purchased from ChangSha XinKang Advanced
Materials) with a 50.8 mm diameter and 0.5 mm thickness. During the sputtering
process, the basic pressure was first pumped lower than 5 x 107 Torr to remove potential
contaminations. Then the deposition was held at 100 W sputtering power and 10 mTorr

sputtering pressure for 90 s in the argon environment at room temperature.

3.2. Electrochemical Etching Cell
To set up the electrochemical etching, an etching cell was constructed manually.
The specifications of the designed etching cell are shown in Figure 3.1. The main body

was made by a Teflon rod which is chemically stable in HF solution. Inside the rod, a
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hollow structure was drilled as the container of etchant. At the bottom of the rod, a small
hole was made which is the contact area of solutions and SiC dies, where the size was
determined to be a bit smaller than the size of SiC dies. To seal the setup and prevent
leakage, a groove was also made outside the contacting hole, and an O-ring was put
there to seal between the Teflon and the die. Last, additional holes were drilled for
screws to fasten the counterparts between the top rod and the substrate disk. During the
etching operation, the target surface (Si face) was put upward and exposed to the etchant,
while the backside did not contact the corrosive solution to protect the Ni electrode and
guarantee the connection of the electric circuits. Meanwhile, a platinum (Pt) bar was
applied as a cathode by connecting to the negative terminal, while the SiC was
connected to the positive terminal as an anode. Since the purchased SiC is n-type, an
additional 365 nm UV lamp was applied on top to generate holes during the etching
process.
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Figure 3. 1 (a) Structure of electrochemical etching cell [55] and (b) a photograph.

38



M.A.Sc Thesis — Zimo Ji; McMaster University — Materials Science and Engineering

3.3. Characterization Techniques
3.3.1. Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) coupled with Energy Dispersive
Spectroscopy (EDS) was employed to examine the surface morphology and verify the
elemental composition of the materials. SEM analyzes materials by detecting secondary
electrons generated through the interaction between the incident electron beam and the
sample surface. These interactions produce various signals, including secondary
electrons, backscattered electrons, and characteristic X-rays (as summarized in Figure
3.2). Surface morphological features are primarily revealed through secondary electron
imaging, where variations in surface angle lead to contrast differences in the resulting
image. EDS, commonly integrated with SEM, is utilized for compositional analysis. In
this technique, the detector captures the characteristic X-rays emitted as a result of the
electron beam interacting with the sample atoms. The elemental composition is then
determined based on Moseley’s law, which correlates the frequency of emitted X-rays

with the atomic number of the elements present.
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Figure 3. 2 Summary of interactions between the electron beam and materials.[56]

In this research, all the SEM facilities are provided by Canadian Centre for
Electron Microscopy (CCEM) including an FEI Magellan 400 high-resolution SEM and

a Thermo Scientific Quattro environmental SEM.

3.3.2. Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) is extensively employed in scientific
research owing to its ultrahigh resolution, which enables detailed analysis at the atomic
scale. This technique requires the preparation of ultra-thin specimens to allow electron
beam transmission through the sample. When coupled with Energy Dispersive
Spectroscopy (EDS), TEM provides a comprehensive characterization of materials,
including detailed information on crystal structures, lattice parameters, dislocation
features, and high-resolution spatial imaging of the crystalline architecture and

chemical compositions.
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In this research, the sample preparation and characterization of TEM was also

assisted by CCEM using a Thermo Scientific Talos 200X.

3.3.3. X-ray Diffraction (XRD)

X-ray diffraction (XRD) is a widely utilized and well-established technique for the
characterization of materials and the identification of crystal structures. When X-rays
interact with a material, diffraction occurs based on Bragg’s Law (shown in Figure 3.3),
enabling the analysis of both crystalline and, to some extent, amorphous phases. Due to
its versatility and reliability, XRD is among the most frequently employed methods in
materials research. Beyond general phase identification, XRD is also extensively
applied in texture analysis, structural determination, estimation of microcrystalline size,
and the evaluation of both macro and micro-level residual stresses. Its broad range of

applications makes it an essential tool in the study of material microstructures.
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Figure 3. 3 Principle of XRD measurement based on Bragg’s Law.[57]

In this research, XRD characterization was operated in McMaster Analytical X-

Ray Diffraction Facility (MAX) on a Burke D8 Venture machine.
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3.3.4. Raman Spectroscopy

Raman spectroscopy is used to identify the vibration of materials based on the
inelastic scattering of crystals. In the scattering theory, when light interacts with
materials, it is defined as elastic scattering (or Raley scattering) if the energy of incident
light does not change, which often occurs for small particles. However, a large number
of materials exhibit another phenomenon, in which the energy of light changes after
interacting with materials due to the inelastic scattering of crystals or molecules. In
principle, electrons will be excited into a higher energy state, however, they may not
follow the same pathway when coming back. In most cases, the energy will get lost due
to the relaxation process by vibration, which is named Stokes scattering and the lost
energy is called Stokes shift. While in some cases, the energy might increase which is
called an anti-Stokes shift[58]. The shifted energy is used to analyze the vibration mode
of materials and further identify the materials. Up till now, some developments have
been made, such as surface-enhanced resonance Raman spectroscopy, to effectively

increase the sensitivity of measurements (as summarized in Figure 3.4)[59].
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Figure 3. 4 Principle of light scattering and summary of different Raman
techniques.[60]

In this research, the Raman spectroscopy is assisted by Prof. Alex Adronov’s
research group at Brockhouse Institute for Materials Research (BIMR) on an InVia

confocal Raman microscope.

3.3.5. Confocal Microscopy

Compared to the conventional optical microscope, the confocal microscope can
focus on a very tiny volume/thickness of the sample and selectively collect the
fluorescent signal from aimed regions using a dichroic mirror and a pinhole, which
could block the out-of-focus light. Not only can it improve the resolution in the Z-axis
for capturing 3D images, but also the combined excitation and detection system could
help to observe the surfaces and structures of fluorescent materials.

In this research, the confocal microscopy is assisted by McMaster Center of
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Advanced Microscopy (CALM) on a Zeiss LSM 980 Inverted Spectral Confocal

Microscope.

3.3.6. Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is a type of probing technique with ultra-high
resolution of surface topography, which is very helpful for the characterization of
surface structures such as electronic devices[61]. For the working principle, the surface
morphology is touched by a cantilever, and the information is detected and collected
with a laser system where the reflected light records the height of the cantilever.

In this research, the AFM is used to measure the surface morphology of etched

samples, which is also assisted by CALM on a Bruker Dimension iCon AFM.

3.3.7. X-Ray Photoelectron Spectroscopy (XPS)

X-Ray Photoelectron Spectroscopy (XPS) is used to characterize the surface
chemistry, where the captured signal is from ultra-surface regions of materials thinner
than a few nanometers and it could provide quantitative analysis such as for chemical
positions and chemical states (e.g., chemical bonds). By this principle, the binding
energy of core electrons to keep in their orbitals is the key characteristic, which 1is
measured by photoionization of core electrons by irradiation with X-ray photons (as
illustrated in Figure 3.5). The core electrons will eject from the materials’ surface when

they are ionized by a certain energy of X-ray photons.
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Figure 3. 5 Principle of XPS characterization.[62]

In this research, the XPS facility is provided and supported by McMaster

Biointerfaces Institute (BI) based on a PHI Quantera II XPS spectrometer.

3.3.8. Photoluminescence & Cathodoluminescence

Photoluminescence (PL) and cathodoluminescence (CL) refer to the light emission
properties by absorbing energy from photons (PL) or cathode rays (CL). For the light
emission process, the electrons will first absorb the energy and be excited into
conduction band, then during the recombination, it will emit a photon with energy
correlated to the energy band gap of semiconductors. These two techniques are very
useful to observe the fluorescent properties of materials. Meanwhile, they can both
combine with microscopes (e,g, PL in an optical microscope system, CL in an SEM
system) to observe materials in high resolution with more details of microstructures.

In this research, the PL measurement setup is provided by the research group of
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Prof. Peter Mascher in McMaster Centre for Emerging Device Technologies (CEDT)
with a 375 nm HeNe laser source from OBIS and UV—Vis spectrometer from Ocean
Optics. The CL facility is provided by CCEM with a detector from Delmic inserted

within Thermo Scientific Quattro ESEM.

3.3.9. Absorbance & Reflectance

When light interacts with materials, it has several optical phenomena (as concluded
in Figure 3.6) including: 1) reflection at the surface, 2) transmission through the
material, and 3) scattering or absorption inside the material. To describe the optical
properties of materials based on these phenomena, some terms are defined such as
absorbance and reflectance. Absorbance demonstrates the amount of light absorbed by
materials, by calculating the logarithm of the ratio of incident to transmitted light

intensity through the material[63] :

Iy

A = logyo( ) 3.1

Itrans
Absorbance is one of the effective strategies to measure the energy band gap of
materials indirectly via drawing a Tauc plot from the absorbance spectrum. The

reflectance refers to the amount of light reappearing at the surface after diffuse

reflection, which can be calculated by the ratio of reflected to incident light intensity:

Ire
pr ==L (3.2)

Io
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Figure 3. 6 Interactions of light and materials.[64]

In this research, the absorbance is measured by a Tecan Infinite M1000 PRO plate
reader provided by McMaster Biointerface Institute (BI), while the reflectance
measurement is assisted by Prof. Alex Adronov’s research group on a Cary 5000 UV-

Vis-NIR spectrophotometer.
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Chapter 4

Porous Structures Achieved by Electrochemical Etching

4.1 Introduction

Porous semiconductors have been widely studied due to their critical
microstructures and special effects on optical properties[65]. On the one hand, the
porous materials have an ultrahigh surface area, which is favorable for surface
engineering such as the highly sensitive sensors[66], or creates more active space to
make composite devices by loading with other materials such as quantum dots-
embedded porous GaN for micro-LEDs[67]. On the other hand, the porous structure
itself brings interesting effects on the optical properties coming from both quantum
confinement effects and surface defects color centers as discussed in Chapter 1. This
remarkable phenomenon has been widely observed and studied in porous Si and Ge
with strong photoluminescence[68][69]. Recently, SiC has also been reported with an
enhanced PL based on electrochemically etched porous structures[70][71].

Porous SiC is commonly achieved through electrochemical etching due to its
excellent chemical stability as discussed in Chapter 1. By controlling the etching
conditions, various surface structures have been achieved with their unique properties.
For example, Lu et al. had combined the porous SiC with another donor-acceptor co-

doped SiC substrate to achieve white light emission[72], Wang et al had applied
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electrochemically etching SiC nanowires to fabricate the ultra-sensitive UV
detectors[73], and Rashid et al. reported the availability of electrochemical etching to
prepare the fluorescent SiC quantum dots[74].

In general, the surface engineering of SiC is still under research and development,
and in this chapter, a comprehensive study of electrochemical etching was conducted to
further understand the effects of each parameter, and the new critical structure is
achieved with ultrahigh optical reflectivity, which contributes to broadening the

potential applications of SiC materials.

4.2  Experimental Details
4.2.1 Electrochemical etching

In this part of research, different parameters were applied and studied with their
effect on the electrochemical etching of SiC. In specific, different etching solutions were
utilized including HF and KOH aqueous solutions with various concentrations.
Meanwhile, different values of current density were controlled during etching.
Afterward, a certain parameter is used, based on the deep understanding of each

parameter, to fabricate a highly reflective surface.

4.2.2 Characterizations of achieved structures
The surface morphology of etched samples was directly observed by SEM, and the

elemental compositions were verified by EDS. The etching rate is observed by both
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cross-sectional view of SEM and the AlphaStep profilometer. The surface chemistry
was analyzed by XPS to obtain a deeper understanding of surface chemical reactions
during etching. The optical properties of prepared samples were further measured by

PL, CL and reflectance separately.

4.3 Results and Discussion
4.3.1 Electrochemical etching with KOH solution
According to the mechanism of electrochemical etching, SiC will be firstly
oxidized on the surface with the assistance of holes:
SiC + h* + H,0 - Si0, + CO, + H* (4.1)
The formed SiO: is a special oxide, which is resisted by most acids unlike other
normal oxides. The etching of SiO; has been well developed in industry by HF aqueous
solutions since Si-O bonds can be broken by HF due to the strong electron affinity of
F[75]. Therefore, by electrochemical etching with HF solution, the following reaction
will the decomposition of SiO; into dissolvable SiFe:
Si0, + HF - SiF;*~ + H,0 + H* 4.2)
According to the literature review, molten alkanes such as KOH have been widely
used to etch or polish the SiC surfaces based on the reaction with both Si-C bonds and
oxidized Si-O bonds[76]. Similarly, KOH might also be available in electrochemical
etching due to its ability to react with Si0, and the supposed reaction should be:

Si0, + OH™ - Si03%~ + H,0 4.3)

50



M.A.Sc Thesis — Zimo Ji; McMaster University — Materials Science and Engineering

At the preliminary stage of the experiment, KOH was chosen as the beginning on
account of the safety issue considering the risks of HF. By adjusting the etching cell and
circuit connections, the electrochemical etching is successfully achieved using our self-
manufactured setup (as shown in Figure 4.1). For the etching parameter of this sample,
10 wt% KOH aqueous solution was used as the etchant, and the current density was
controlled as 20 mA/cm? for a duration of 2 h. On the top surface, the circular black
region is the etched part, where the black color is given by the change of surface
morphology affecting the scattering/reflection of light. The multiple dark squares on the
back side are the sputtered Ni contact electrodes, which also survived after etching,

proving that the sealing of etching cell is also acceptable.

Etching region

10 mm

Figure 4. 1 Photograph of SiC die after electrochemical etching with KOH.

The surface morphology given by SEM also proves the formation of porous
structures as shown in Figure 4.2. Combined with morphology and supposed etching

reactions, the surface structure can be explained reasonably. The surface should be
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firstly oxidized and further reacted by KOH at the same time. Since the oxides may not
form uniformly, the initial oxide clusters will be immediately reacted to form some
pores shown in Figure 4.2(c), while some parts of the surface have not been fully
oxidized or have been oxidized by not reacted yet, leading to some incompletely etched

regions shown in Figure 4.2 (b).

e v,

' i v-.wlo pm‘*}
X i o W X o ¢

Figure 4. 2 (a) Surface morphology of sample etched with 10 wt% KOH solution with
zoom-in images in high magnification for (b) incomplete etched region and (c) deep
pores.

Due to the non-uniform surface of the previous sample, the etching parameter
should be adjusted to improve the etching effects. Therefore, another sample was
prepared by etching with 30 wt% KOH solution while other parameters were kept the
same. Compared with the sample etched by 10 wt% KOH, this sample has a more
uniform porous surface as shown in Figure 4.3. By observing zoom-in images, this
sample has more tiny and homogeneous pores compared to the irregular surface of the

previous sample. Meanwhile, the pore sizes of this sample are much smaller than the
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previous one, which is all smaller than 1 micron (around 300-500 nm), this is more
feasible for further development and application such as quantum confinement effects.
The difference could be explained by the rate of two-step reactions. With the low
concentration of KOH, the reaction of oxides is much slower and leaves a large area of
incomplete etched region. While higher concentrations of KOH can react to the oxides

more efficiently. Once the oxides are formed, they will be immediately etched by KOH,

giving smaller pores.

1",,_ , ‘\h\'g“"‘v' X
Figure 4. 3 Comparison of surface morphologies for (a) sample etched by 10 wt%
KOH with (b) zoom-in image; and (c) sample etched by 30 wt% KOH with (d) zoom-
in image.

In the etching process, one of the important things is the etching rate. To explore

the etching rate, the sample was cleaved for cross-sectional SEM as shown in Figure
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4.4. There are some inevitable cracks formed during cleavage. The high-mag image
demonstrates the depth of the porous layer of about 500 nm (the dark rectangular is the

damage due to the electron beam). Therefore, the etching rate of porous layer can be

calculated at around 4.16 nm/min, which is extremely slow.

| b) ‘ Porous layer

magnification and (b) high magnification.

Now the KOH has been shown with the ability for electrochemical etching of
porous SiC with relatively small pores. However, the low etching rate is one of the
biggest limitations. According to the literature review, the porous SiC should be
observed with an enhanced PL given by surface defects or quantum confinements.
However, the KOH etched samples do not show the observable PL spectrum, which
could be because the formed porous layer is too thin. The KOH is available to achieve
some surface modifications but is not an effective way to produce bulk properties such
as fluorescence. In this scenario, the HF-based etching solution is still necessary to study

further.
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4.3.2 Effect of concentration and current density with HF solution

Because of the limitations of KOH discussed in the previous section, a
comprehensive study of etching with HF will be discussed in this section. Similarly, the
effect of concentration was studied for HF as well. At the same time, based on the
mechanism, the holes in semiconductors play a key role in the oxidation process, while
the photo-generated holes should accumulate at the surface along the electric field
provided by the applied voltage. The values of applied voltage (or current density
equivalently) were also explored with their effects on etching.

To conduct the experiments, three different samples were prepared with different
etching parameters as listed in Table 4.1. Specifically, a comparison of samples A and
B can indicate the effects of current density, while a comparison of samples B and C
can indicate the influence of HF concentration. The etching solution is mixed with the
mentioned HF aqueous solution with ethanol in a volume ratio of 2:1 to improve the
wettability of solutions, where ethanol is commonly used in the etching process as the
surfactant[77]. The etching time was kept at 1 hour, and a 365 nm mercury lamp was

applied as the UV light source.

Table 4. 1 Selected etching parameters for various samples:

HF concentration Current density Etching Time
(mA/cm?)
Sample A 10% 80 lh
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Sample B 10% 20 lh

Sample C 48% 20 lh

SEM observations of three samples are shown in Figure 4.5. The main differences
are the size of pores and the thickness of remaining SiC structures, where both the pore
size and structure thickness increase from sample A to sample C. Compared with
samples A and B, a higher current density tends to form more tiny pores and thin
structures when using the same concentration of HF. Compared with samples B and C,
a lower concentration of HF also achieves smaller pore size and thickness relatively.
Back to the etching mechanism, the higher current density gives more accumulation of
holes to speed up the first oxidation process, while the lower HF concentration reduces
the reaction rate with as-formed Si0O; in the second step. As a consequence, the surface
morphology is highly dependent on the balance between two steps of chemical reactions

— the first oxidation reaction and the second HF reaction.
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According to the investigation of the etching process, the formation of surface

structures can be approximately explained by a simplified model shown in Figure 4.6.
At the beginning, the holes will uniformly distribute near the surface to initiate surface
oxidation. Once some oxide clusters form, they will be decomposed by HF in the
meantime to form some preliminary pits. In the next stage, the holes are still moving to
the surface driven by the applied voltage, but are more likely to accumulate at the
bottom of the pits due to the enhanced field distribution. Under this behavior, surface
oxidation tends to continue inside of holes to make the etched pits larger and deeper
rather than form new pits on the top surface. During a period of time, the holes grow

deeper and deeper, which brings more difficulties in transporting holes to the top surface,
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and the diffusion of HF inside the hole also becomes harder. Eventually, the typical
porous structures are achieved with various sizes of holes and thicknesses of remaining
SiC materials. Combined with the etching parameters, higher current density could help
to push more holes to the top surface, which eventually provides dense holes with
smaller size and thickness. On the other hand, increasing the concentration of HF can
improve the reaction rate with oxides, which tend to enlarge the holes and play an

opposite role with the current density to some extent.

Figure 4. 6 Formation mechanism of porous structures based on the distribution of
holes and F ions.

Similarly, the etching rate of various parameters was measured and summarized in
Table 4.2 as a reference for future work. Even though the low value of both current
density and HF concentration gives the weakest etching effects, there is not a clear trend

due to the complexity of the dynamics of two chemical reactions and real structures.

Table 4. 2 Measurement of etching rate with different etching parameters:

HF Concentration Current density Etching rate
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(mA/cm?)
Sample 1 5% 20 1.3 pm/min
Sample 2 10% 20 0.47 pm/min
Sample 3 2% 20 0.53 um/min
Sample 4 5% 2 66 nm/min
Sample 5 48% 20 1.1 pm/min

4.3.3 Formation of highly reflective structures

During the verification of various etching parameters, it was found that there is a
lack of information about using dilute HF solutions based on the literature review. The
commercial products of HF aqueous solution are 48%, and most of the reported usage
is greater than 10%. However, according to the discussion above, the surface
morphology is highly dependent on the balance of two key parameters — current density
and HF concentration. To explore the unknown conditions, some samples were prepared

under the dilute HF solution, and some interesting results were found.

a) -

Figure 4. 7 Photographs showing the surface appearance of samples etched by
different solutions: (a) by 10% KOH, (b) by 10% HF, and (c) by 5% HF with the same
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current density of 20 mA/cm?.

As shown in Figure 4.7, there are different colors for samples prepared in different
conditions. Normally, porous surfaces or powder-like surfaces will exhibit a dark
appearance such as black, grayish, or brown due to the increase of surface roughness
and enhanced surface scattering from the irregular surfaces[78][79]. However, etching
with dilute HF showed a bright white appearance, which is rare in SiC materials. In
order to fully understand this phenomenon, more characterizations were done including
SEM-EDS observation, XPS for surface chemistry, XRD and Raman for materials
identification.

First of all, to eliminate the possibility of any contaminations or impurities during
the preparation, SEM-EDS was applied to check the chemical composition of the white
sample. As the results are shown in Figure 4.8, the white surface is almost made by Si
and C with a bit of O, which demonstrates that the sample is still pure SiC with some

inevitable surface oxidation.
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Figure 4. 8 SEM-EDS analysis: (a) morphology mapped region, (b)-(d) mapping

analysis for Si, C, O element, and (e) spectrum,Error! Bookmark not defined.

By excluding the irrelevant factors, the change should be only given by the
reconstruction of the surface after etching. Since there is not any dye molecule and SiC
does not have white fluorescent under room light, its whitish surface should be a
structural color, which is caused by the reflection of visible light[80]. In principle,

materials can reflect light in a certain range of wavelengths due to their microstructures,
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which can be observed by eyes and defined as structural color. In our case, the white
color is a bit special since white light is a mixing of all visible light (such as red, green
and blue in commercial LEDs), which means that the achieved surfaces are able to
reflect almost all the visible light, working as an excellent light reflector. To verify the
suspect, the reflectance spectrum was measured to directly find out the relationship
between reflectivity and wavelength (as shown in Figure 4.9). According to the results,
the white sample has an ultrahigh reflectivity and is even higher than 90% in most of
the visible light range. Compared with that, the pristine SiC only has very low
reflectivity (that is reasonable since the wafer is semi-transparent). With this

consequence, it can be concluded that the white color comes from the reflection of

visible light.
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Figure 4. 9 Reflectance spectra of the white porous sample compared to a pristine
wafer.”
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To build a connection between as-measured high reflectivity with the surface
structures, high-resolution SEM was used to observe both surface and cross-sections (as
shown in Figure 4.10). From the top view of surface morphology, it can be observed
that the etched surface is not like any normal porous structures as shown and reported
before but has lots of distinctive flower-like structures. Based on the image in high
magnification, it is clear that the ‘flowers’ are made by plenty of free-standing needle-
shape structures, and the size of these nano-needles is mostly smaller than 100 nm. In
this scale, these free-standing nano-needles have quantum confinement effects,
similarly to nanowires, exhibiting the potential for many applications such as field
emissions[81][82]. Even though it has a distinctive surface structure, it still cannot
explain the high reflectivity. To further understand the structures, cross-section SEM
was done by cleaving the sample to form a clear edge. The cross-section view shows
that the sample has a special layered structure with plenty of branches stacking with
each other. Considering the alternative SiC layers and air gaps, the reflectivity can be
thus understood by the constructive interference of multiple reflections from the
materials with different refractive indices, which is defined as the multilayer

interference effect[83].
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Figure 4. 10 SEM images of the white porous sample with (a) - (b) top views, and (c)

_ (d) cross-sectional views Error! Bookmark not defined.

To understand the multilayer interference effects in our sample, a theoretical study
was conducted by constructing a model. According to the literature review, one of the
most popular models relying on multilayer interference effects is the distributed Bragg
reflector (DBR), consisting of two alternating layers with different refractive
indexes[84]. According to the theory of wave interference, constructive interference of
reflected light occurs when the phase difference arising from variations in optical path
length between adjacent layers corresponds to half the wavelength of the incident light.
This condition results in a significant enhancement of reflectivity. In this model, the

phase difference is determined by the product of the refractive index and the physical
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thickness of the interlayer, representing the effective optical thickness of the material.
Based on the observed structure from cross-section SEM, a simplified model was made
as presented in Figure 4.11(a), in which a pair of SiC and air layers are alternating.

Correspondingly, the reflectivity can be calculated by:

“_H)ZN LI

)’ (44)
Here, nu and ni denote the refractive indices of the two alternating dielectric layers,
while nq and ns represent the refractive indices of the external medium (air) and the
substrate, respectively. The parameter N indicates the number of repeated bilayer units.
In this configuration, the thicknesses of the SiC and air layers were set to 50 nm and

125 nm, respectively, based on experimental observations. The refractive indices were

assigned as 2.64 for SiC and 1.00 for air.
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Figure 4. 11 (a) Constructed model in simulation and (b) Comparison of simulated
and experimental results of reflectance.’

The simulation outcomes are presented in Figure 4.11(b). The experimentally
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measured reflectance (represented by the dashed line) closely follows the overall shape
and trend of the simulated spectrum corresponding to five pairs (indicated by the red
line). This resemblance can be attributed to the limited penetration of light into the
deeper layers of the structure. The observed deviation between the experimental data
and the simulated results for five pairs is justifiable, given the non-ideal nature of the
actual structure. In practice, the fabricated material exhibits greater structural
complexity, including variations in layer thickness, slightly inclined surfaces, numerous
free-standing nanoneedles, and unavoidable surface terminations and oxidation. These
factors collectively influence the optical response, particularly the reflection and
refraction behavior. Although the distributed Bragg reflector (DBR) model cannot fully
capture the exact reflectance characteristics of the real sample, the close correlation
between simulation and experiment strongly supports the interpretation that the high
reflectivity originates from the formation of a reasonably ordered layered nanostructure
through electrochemical etching.

To date, highly reflective SiC structures of this nature have not been previously
documented; instead, prior studies have primarily reported the anti-reflective
characteristics of SiC[85]. Owing to the exceptional thermal stability of SiC, the
demonstrated multilayer configuration holds promise for applications in high-
temperature environments, including aerospace systems|[86]. On the other hand,
compared with typical DBRs, this structure is much easier to fabricate with one-step

electrochemical etching. Otherwise, a number of thin films should be grown or
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deposited layer by layer, which increases the cost and consumes plenty of time.
Furthermore, the porous structures generated through etching present an opportunity for
chemical detection and sensing. When exposed to various chemical species that can be
adsorbed within the multilayer architecture, these materials may exhibit distinct spectral
or color changes, some of which could be visible to the naked eye, offering a promising
approach for visual or spectroscopic sensing applications. To achieve better control of
reflected wavelengths, further research is needed to tune the thickness of SiC and air
layers.

Apart from structures, some other characterizations were also done to give a
comprehensive analysis of this sample including surface chemistry, size effects, and
fluorescent properties.

The surface bonding configurations were investigated through X-ray photoelectron
spectroscopy (XPS) to gain insights into the surface termination groups and to better
understand the underlying mechanisms of the electrochemical etching process. Figure
4.12 presents the XPS characterization results for porous 4H-SiC. Specifically, Figure
4.12(a) displays the survey spectra obtained from three randomly selected regions,
while the corresponding atomic concentrations along with standard deviations are
summarized in Figure 4.12(b). High-resolution core-level spectra for key elements—
Si, C, O, and F—are shown in Figures 4.12(¢c) - (f), providing detailed chemical state

information.
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Figure 4. 12 XPS analysis of the white porous sample: (a) survey profile; (b) atomic
percentage; core level spectra of (¢) Si 2p, (d) C Is, (e) O Is,and (f) F Is

elementS.Ermr! Bookmark not defined.

Based on the bonding conditions of each element, both the oxidation reaction and
HF reaction can be verified by the existence of Si-O bonds and Si-F bonds. In the

meantime, the detection of Si-O-C and F-Si0,/SiC shows the incompletely oxidized
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SiC and incompletely reacted SiO» separately, representing the intermediate states of
these two reactions. (The details about the identification and analysis of peaks in each
core level spectrum can be checked in this published paperfrror! Beokmark not defined. y (0
ombining the results of chemical bonds and the general chemical reactions of
electrochemical etching, a more comprehensive mechanism (shown in Figure 4.13) was
achieved to provide a more direct understanding. In general, the oxidation process
breaks the Si-C bonds, and an O atom will be inserted to form Si-O-C bonds and
transform into the typical crystal structure of SiO» gradually. The HF reaction will then
substitute the Si-O bonds into Si-F bonds gradually. All the intermediate states can
generate plenty of O-related and C-related defects, which may also affect the optical
properties and will be discussed later.

(a) Surface oxidation (SiC + H,0 + h' 2SiO,+ CO,+H')

[
(COy)
Partially Fully
oxidized . oxidized
—_—  — ’

(b) Reaction with HF (SiO, + HF = H* + SiF - + H,0)

(-F Termination) &%L (SiF¢»)
-

Partially , Fully ¢
reacted > reacted
—_— —_—
‘ - silicon @ - carbon @ - oxygen @ - fluorene

Figure 4. 13 Atomic model of electrochemical etching mechanism including (a)

surface oxidation and (b) reaction with HF Error! Bookmark not defined.
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Size effects were also studied for this sample because quantum confinement effects
play an important role in semiconductors. The comparison of Raman peaks is shown in
Figure 4.14(a), and there is a significant shift of the LO peak. This could be explained
by the decrease in sizes (nano-needles observed by SEM), which affects both vibrational
magnitudes and frequency of chemical bonds and directly determines the energy loss of
elastic scattering based on the theory of Raman spectroscopy. The reduction of peak
intensity is also reasonable due to the weaker incident light after strong reflections.
Similarly, XRD spectrum can also help to study the size effect by using Scherrer
equation[87] according to the broadening of peaks. As shown in Figure 4.14(b), the
white sample has an identical phase to the pristine wafer but also has broader peaks
indicating the reduction of crystal size. Even though the quantitative calculation with
Scherrer equation is very difficult for this sample because it requires the materials to
have regular shapes (e.g., sphere) but our sample is much more complex with irregular
needle-like structures, it is still consistent with Raman results showing their value in the

study of size effects.
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Figure 4. 14 (a) Raman spectrum and (b) XRD spectrum of the white sample

compared with a pristine SiC wafer,Error! Bookmark not defined.

Furthermore, fluorescent properties are also measured to understand the effect of
etching. As mentioned above in the reaction mechanism, the intermediate states of
etching reactions produce many defects related to carbon, silicon, and oxygen, which
are all regarded as surface defects and influence fluorescence. Based on both CL and
PL measurements shown in Figure 4.15, the spectra change a lot compared to the
pristine sample. Other than the band gap emission of 4H-SiC about 390 nm, the bought
bare SiC wafers normally have another broad peak around 530 nm, which is commonly
connected to C-related defects that might be generated during the manufacturing
process[88]. However, after electrochemical etching, both the band-edge and C-related
peaks are not observable, instead, an extremely broad peak appears, which could be
explained by the formation of multiple types of defects such as O-related (~480 nm),
C-related (~530 nm), and Si-related (~630 nm) peaks as deconvoluted[89]. The slight

decrease in intensity could be also explained by the reflective surface similar to Raman
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intensity, meanwhile, the low efficiency of defects related to non-radiative

recombination may also be one of the reasons.
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Figure 4. 15 Fluorescence properties of white porous sample: (a) CL and (b) PL
spectra compared with the pristine SiC; (c) deconvolution of PL spectrum

corresponding with certain types of defects,Frror! Bookmark not defined.

4.4 Conclusion

In summary, electrochemical etching has been comprehensively studied on SiC
semiconductor materials. The possibility of using new types of etchant (KOH) was
explored with different parameters, while the key limitation is the low etching rate. Back
to the most commonly used HF-based etching solution, all the key etching parameters
have been explored with their effects on formed porous structures, and a formation
mechanism combining oxidation and HF reaction rate has been proposed for future
reference. Eventually, a special layered structure has been achieved with very high
reflectivity (> 90%) for visible light by using a dilute HF solution, which shows a
remarkable potential for the application of light reflectors. Besides, characterizations
including surface chemistry, size effects, and fluorescence were also done to make a

better understanding of the change of chemical bonds, formation of defects, and their
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effects on optical properties.
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Chapter 5

Effect of Defects on Electrochemical Etching

5.1 Introduction

During the etching process, it has been reported that a variety of defects can affect
the etching such as dislocations and micropipes[90][91]. For conventional chemical
etching, the existence of defects makes materials more sensitive to chemicals, thus a
selectivity effect can be observed to inspect the presence of defects[92]. Recently,
defects have also been created intentionally as a strategy to achieve selective etching
for specific structures and devices. For instance, Jin et al. reported an approach to
fabricating the Si nanotips by inducing defects by indentation and following with
chemical etching[93]. Saito et al. achieved the selective formation of SiO, surface
patterns assisted by chemical etching and micro-indentation[ 94 ]. Extending the
indentation (points) to scratching (line), shows bigger potential to fabricate more
complex patterns or structures. For example, Seo et al. also observed the selective
etching effect on InP combined with surface scratching[95].

For the fabrication of SiC materials and devices, because of the difficulties coming
from the ultra-high chemical stability of SiC as discussed above, it is very hard to use
normal chemical etching methods as mentioned examples before. Wen et al.

successfully achieved selective nanofabrication depending on the selective chemical
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etching effects of defects induced by ion implantation[96]. According to their research,
the mechanism is the amorphization and disordering effects given by ion-implantation
makes SiC available to be etched chemically. However, it requires operating at an
elevated temperature, and the etching rate is still very low. In the meantime, the ion
implantation was operated by a focused-ion beam (FIB) system, which is well-known
for characterizations combined with SEM but not suitable for large-scale production in
industry. In this scenario, it still remains challenges for selective etching of SiC
materials.

Therefore, in this chapter, we have conducted some research to explore the
possibility of achieving selective etching based on electrochemical approaches. By
inducing defects with surface scratching, it shows the protective effect on
electrochemical etching and retains some micro-patterns after etching. The surface
structures were comprehensively investigated based on multiple characterizations.
Meanwhile, combining experimental evidence and simulation modeling, a mechanism
1s proposed to explain the selective etching behavior and study the influence factors on

selectivity in the electrochemical etching process.

5.2 Experimental Details
The cleaned 4H-SiC dies were firstly scratched by using an Anton Paar Revetest
Scratch Test machine with a diamond tip with a radius of 200 um, where the scratching

speed was kept at 4 mm/min and the value of applied force was adjusted. After surface
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scratching, the samples were cleaned up again by deionized water and N> gas to remove
the debris, and then went for electrochemical etching. The experiment process can be
summarized in Figure 5.1. For the characterization methods, the surface morphology
was directly observed through SEM and confocal microscopy, the surface topography
was obtained by AFM, and the evidence of amorphization was proved by TEM. The

simulation modeling was on COMSOL Multiphysics.

scratching etching

Figure 5. 1 Illustration of the experimental process.[97]

5.3 Results and Discussion
5.3.1 Characterizations of selectively etched surfaces

The surface morphologies of a scratched sample after etching are shown in Figure
5.2. Based on the SEM images, an interesting phenomenon can be observed the
scratched line remains after electrochemical etching with a relatively smooth surface,
while the surrounding region was just etched into a porous layer. This result shows that
surface scratching can provide a protective effect during electrochemical etching, which
is different from research about surface defects in conventional chemical etching with

an enhanced etching effect.
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?f L -
Figure 5. 2 SEM images of the scratched sample after electrochemical etching: (a)
overall image; zoom-in images at (b) scratched pattern and (c) unscratched

SU’I.fa'ce.Error! Bookmark not defined.

To obtain more details about the effect of surface scratching, the surface
morphology after scratching but before etching was observed by applying a gradient of
force from 1 to 30 N as shown in Figure 5.3. According to the image, a higher force
tends to generate a wider scratch with larger and deeper defects. Because of the
mechanical strength of SiC, lower forces make it hard to scratch the sample effectively.
On the other hand, higher forces are more likely to generate many defects since SiC is
brittle and will get deformed and fractured during the scratching process. Therefore, it

is important to check the effects of forces on the final surface structures.

Figure 5. 3 Optical image of SiC surface scratched by a gradient force 1-30 N Error! B
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ookmark not defined.

Based on the previous observation, two typical values of forces were selected (8N
and 24N) for further experiment and analysis. Figure 5.4 exhibits confocal optical
images showing the surface morphology after electrochemical etching. At the center of
the images, the dark straight line is the formed pattern after etching. The surrounding
greenish part is the etched porous region. The color represents the emission under 405
nm excitation, due to the generation of surface defects in porous structure based on the
discussion in the previous chapters. The scratched patterns are much darker, which
could be explained by the smaller number of defects since they have been protected
during etching; or it is given by the height difference between scratched and un-

scratched regions making them not in the same focusing plane.

Figure 5. 4 Confocal optical images of sample scratched by (a) 8N and (b) 24N after

electrochemical etching excited with 405 nm laser, Frror! Bookmark not defined.
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With the primary observation by microscopes, AFM was used to gain more
information about surface morphologies. Figure 5.5 includes the surface topography
for the sample scratched by 8N. Comparing the surfaces before and after etching, the
scratch-caused groove is transformed into a flat and smooth pattern. The width of the
formed pattern is larger than the original groove but similar to the width of radio cracks,
indicating the relationship between the scratched surface and the final pattern. From the

depth profiles, the final pattern has a distinctive height difference compared to the

nearby porous layer.
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Figure 5. 5 AFM analysis for sample scratched with 8N including 2D images, 3D

images, and depth profiles: (a)-(c) before etching, (d)-(e) after etching Frror! Bookmark notd
efined.

For sample scratched by 24N, it shows similar results as presented in Figure 5.6.
With higher applied force, it creates deeper cracks and a larger groove before etching,
consistent with our analysis by optical microscopy. After electrochemical etching, it still

forms a pattern but has relatively poor surface flatness and smoothness. This surface
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condition might be caused by more serious damage with higher applied force.
Meanwhile, the higher value of force gives a wider pattern. Therefore, it should be
optimized in fabrication to balance the width and surface perfections. In addition, the
height of the achieved pattern for both samples is very similar, about 2.86 = 0.21 um
(by 8N) and 2.93 + 0.15 um (by 24N), which suggests that height is independent of the
value of forces. With the measured height difference between the porous region and the
unetched region around 3.2 + 0.02 pm, the etching rate can be calculated
correspondingly, about 27 nm/min for the unscratched porous region and 2.5 nm/min

for the scratched region.

3.69 pm b) 0 1E

— Before etching

4.66 um )

4.00 53
3.50

2.00
1.50
1.00

3.00 Q »
2.50

N\
“’z\zv
%

e 3
——Tem o

40

Figure 5. 6 AFM analysis for sample scratched with 24N including 2D images, 3D

images, and depth profiles: (a)-(c) before etching, (d)-(e) after etching, Frror! Bookmarknotd
efined.

Now we have a better understanding of the surface morphology of samples after
selective electrochemical etching, and the value of applied force is verified with

relationships on the width of the formed pattern. However, there remains a question
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about the mechanism. Based on the observation, there are some clues that the pattern
aligns better with cracks or deformations instead of deep grooves. Further experiments

should be conducted and will be discussed in the next section.

5.3.2 Study of selective etching mechanisms

To explore the mechanism of this selective etching phenomenon, it is important to
refer to the basic reaction mechanisms of electrochemical etching. According to Chapter
4, there are two separate reactions including surface oxidation and HF reactions. From
the previous section, we know that scratch plays a protective role on the surface during
etching, therefore, it must have some influence on these two reactions. For chemical
reactions, normally the surface defects will make the materials easier to be reacted or
etched according to the literature review in the first part of this chapter. In this scenario,
the accumulation of holes might be the key factor.

Based on the literature review, it has been confirmed that indentation or scratch
can generate amorphization of SiC[98][99], and it is known that electric conductivity is
always poorer than single crystals. Combined with the discussion in Chapter 4, the
electric field affects the accumulation of holes on the surface and plays an essential role
in the final surface structures. Therefore, speculation can be obtained that surface
scratching could form amorphized regions of SiC and change the distribution of electric
fields to prevent the holes from accumulating at the surface.

To verify the speculation, TEM was done to directly check the amorphization
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effects as shown in Figure 5.7. Based on the diffraction pattern, the sample is semi-
crystalline with some dots referring to single crystals and rings referring to amorphous

phases, which directly proves the sample has been amorphized during surface

scratching.
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Figure 5. 7 TEM analysis of sample focused on the region underneath the surface

with (a) overall image, (b) zoom-in image, and (c) diffraction pattern Error! Bookmark notd
efined.

Apart from that, TEM-EDS analysis was also obtained at the same time to provide
more information as shown in Figure 5.8. In particular, there is a lack of O and F signals
on the top region near the surface, indicating that SiC does not appear to be oxidized
and reacted by HF. This also helps to demonstrate that the surface of samples has been

protected from oxidation reactions and is consistent with our speculation before.
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100 nm 100 nm 100 nm

Figure 5. 8 TEM-EDS analysis including (a) overall image, (b) mixed elemental
mapping image, and (c)-(f) elemental mapping results for Si, C, O and F

S eparately.Error! Bookmark not defined.

Combining experimental observations, simulation modeling was also done to
verify the idea of electric distribution visually. For the model shown in Figure 5.9(a), a
cuboid material was made, and on the top surface a semi-cylinder was set as an
amorphized region, where the parameters were all followed by standard 4H-SiC and the
only difference is their electric conductivity. Based on the simulation result shown in
Figure 5.9(b), there is a huge difference in current density between amorphized and
surrounding regions. The value of electric conductivity is based on the literature review,
where the amorphous SiC is in a range of 10" S/cm to 10® S/cm depending on the
fabrication process [ 100 ][ 101 ]. In specific, the electric fields turn around the
amorphized region, leading to an extremely low value of current density in the
amorphous part. This result certifies the proposed mechanism that the change of electric

field blocks the accumulation of holes and stops the surface oxidation reactions. Here
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the difference in current density determines the etching selectivity.
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Figure 5. 9 (a) Constructed model; (b) simulated results exhibiting the electric field

distribution and current density.Error! Bookmark not defined.

Due to the convenience of simulation, more studies were conducted to explore the
effects of different factors on the etching selectivity. The first consideration is electric
conductivity. Even though there remain questions about a precise relationship between
surface scratching and the value of electric conductivity requiring further research, it
can still be estimated that the degree of amorphization effect on single crystals could
affect conductivity. To explore the influence of conductivity, a series of values of
electric conductivity for the amorphous part were input. The etching selectivity is
reflected by the ratio of current density, compared to the ratio of conductivity as
demonstrated in Figure 5.10(a). The result shows that the ratio of current density
increases with the ratio of conductivity linearly, indicating that the etching selectivity is

highly dependent on the value of conductivity. The other factor is about the size of the
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amorphized region, since it has been shown that different forces could achieve a
different scale of scratches. Similarly, by changing the size in the model and comparing
the ratio of current density as exhibited in Figure 5.10(b), it can be found that the
etching selectivity does not affect too much by the size. In general, these simulations
reveal that the change in electric conductivity plays the most important role in selective

electrochemical etching.
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Figure 5. 10 Simulation study of the relationship (a) between the ratio of electric
conductivity and current density; (b) between the size of the amorphized region and

current density.Error! Bookmark not defined.

5.4 Conclusion

In this chapter, the effect of surface scratching on the electrochemical etching of
SiC has been comprehensively studied and understood. The surface structures after
etching have been observed and discussed, showing the possibility of using surface
scratching to fabricate some patterns via electrochemical etching, where the influence
of applied forces is analyzed. Furtherly, the selective etching mechanism has been

successfully proposed and verified by both experiments and simulations, and concluded
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as Figure 5.11. Such a selectivity effect on electrochemical etching is based on the
electric field distribution and accumulation of holes, and the change of electric
conductivity by amorphization is the key factor. More importantly, this finding broadens
the possibilities and strategies for microfabrication combining the induced defects and

electrochemical etching, and provides some suggestions for further research.

SiC +4H,0 + 8h* & Si0, + CO, + 8H" Si0, + HF & 2H* + 8iF 2 + H,0

Scratch / \ Si0, / \ Porous layer
h+

Figure 5. 11 Conclusion of mechanism of scratching-assisted electrochemical
etching.Error! Bookmark not defined.
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Chapter 6

Conclusions and Outlook

In this thesis, a comprehensive study of electrochemical etching strategy on SiC
materials fabrication has been presented. A homemade electrochemical etching cell was
manufactured based on the mechanisms and size of samples. The etching reaction
mechanism was clarified with two separate steps: 1) surface oxidation and ii) reaction
with HF. The effects of different etching parameters such as etchant concentration and
current density were explored for both KOH and HF aqueous solutions. KOH etchant
in electrochemical solutions is a new attempt as a much safer alternation of HF, which
successfully shows the availability of making porous SiC via electrochemical etching
at room temperature. The KOH etching suffers from the problem of a low etching rate,
which limits the application and requires further development in the future. For
commonly used HF etchant, the influence of concentration and current density was
verified corresponding to the chemical reactions, where current density mainly affects
the first oxidation reaction by influencing the accumulation of holes, and the HF
concentration affects the reaction rate of the second reaction. The formation of porous
structures was explained by the localized electric field and accumulation of holes.

For the new findings and achievements, the highly reflective layered porous

structures were achieved by electrochemical etching with a dilute HF solution and a

87



M.A.Sc Thesis — Zimo Ji; McMaster University — Materials Science and Engineering

relatively high current density. The prepared sample was characterized by SEM and
EDS to check the chemical composition and observe the surface morphology. Surface
chemistry was analyzed by XPS to provide a better understanding of surface reaction
and reconstruction. Size effects were also discussed by measuring Raman and XRD.
The alternative thin layers of SiC and air structures have the multilayer interference
effect, which provides a constructive enhancement of reflected light and causes high
reflectivity. A simulation study was conducted to verify the idea and show a consistent
result. Such a reflective structure not only extends the application of porous SiC as
optical reflectors in high-temperature environments but also provides more possibilities
for surface modification by electrochemical etching for optoelectronic applications.
Furthermore, the selective etching effects were achieved assisted by surface
scratching, where the effects of defects on electrochemical etching were meticulously
discussed. By characterizing the samples by optical microscopy, SEM, AFM and TEM,
it has been shown that the surface scratch provides a protective effect and remains as
micropatterns after etching, and the applied force during scratching can adjust the width
of patterns. The formation mechanism was explained by the redistribution of electric
fields caused by the change of electric conductivity of amorphized materials given by
scratching. Combined with the simulation analysis, the lack of electric fields prevents
the accumulation of holes on the surface and then blocks the surface oxidation reaction.
This result provides a new simple strategy to fabricate SiC microstructures and devices,

showing the potential to reduce the high cost of SiC dry etching.
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As the requirements for sustainability and long-term development, earth abundant
SiC must attract more attention and play more important roles in the future as one of
the potential alternative materials in optoelectronics. In the future, precise control of
etching parameters can be done to achieve more complex structures such as nanorods
or nanowires. Additionally, amorphization of SiC can be achieved by other methods
such as focused ion beams (FIB) or lasers, which could provide more accurate patterns

or structures, and get closer to real applications.
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