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The list of abbreviations used in the dissertation, excluding chemical compounds and
analytical methods:
CB – Conduction band
CBM – Conduction band minimum
CS – Combustion synthesis
CVD – Chemical vapor deposition
ESR – Electron spin resonance
FRET – Förster resonance energy transfer
HEBM – High energy ball milling
HTCVD – High temperature chemical vapor deposition
NP – Nanoparticle
NPEGEC – No-photon exciton genereration chemistry
QD – Quantumdot
RBSC – Reaction bonded silicon carbide
SF – Stacking faults
SHE – Standard hydrogen electrode
SHS – Self-propagating high-temperature synthesis
VB – Valence band
VBM – Valence band maximum
VCS – Volume combustion synthesis
PC – Protein corona
PL – Photoluminescence
PLE – Photoluminescence excitation
UV – Ultraviolet
ZPL – Zero phonon line
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1. Introduction

One of the most actual challenges in the field of biochemistry/pharmacology is to be
able to identify the processes in a biological system including the human body. To do so we
need to be able to observe these processes.
There are several known methods for bioimaging. These methods differ in complexity,
sensitivity and required time as well. Generally they provide supplementary information to
each other, thus are usually used together.1
The fluorescence based imaging technique has many advantages like good resolution
great sensitivity and simplicity. On the other hand it is quite hard to achieve proper biomarker.
Biomarkers need to meet multiple criteria. They should be non-toxic and bioinert, appropiate
for clearence (for that their diameter should be below 5.5 nm) and photostable.2,3
The currently used biomarkers can be divided into two main groups. The first group
includes the fluorescent dyes. Dyes can be obtained with various properties in a really large
scale. However in biological systems they quickly lose their luminescent properties and have
short operative lifetime. They are fairly sensitive to the changes of the biochemical
environment such as pH, temperature or concentration.4
The other group contains the semiconductor quantum dots. The size of the
quantumdots is below the Bohr-radius which causes quantum confinement and results size
dependent properties e.g. size dependent lumisescence. Quantum dots have several
advantages over dye probes.5,6 First, quantum confinement makes it possible to tune their
properties. They have higher quantum yield and are stable for long time during the aquisition.
On the other hand they are barely dispersable in aqueous systems. In addition many of them
(e.g. CdSe nanocrystals) are highly toxic. To increase the solubility and the chemical stability
usually additional modifications are applied to their surface which leads to larger particles.7
At the Wigner Research Centre for Physics of the Hungarian Academy of Science as
part of the Solid State Physics Department our research group has been working on a new in
vivo biomarker which could fulfill all the related desires. I joined this research in 2013.
The research group chose silicon carbide (SiC) for this purpose. Bulk SiC is a wide
bandgap semiconductor which has excellent chemical and mechanical stability therefore it is
4

good candidate for bioimaging. In nano form its surface is oxidated and rich in hydroxyl and
carboxyl groups so the nanoparticles have much better solubility. The only significant
disadvantage of SiC is its luminescence because bulk SiC is emitting around 500-600 nm and
that requries ultraviolet (UV) light for excitation. This is inappropiate for biological systems
because photons with this energy could damage cells. For in vivo applications the optimal
excitation and emittance should be between 700 and 1300 nm as the natural cell absorbtion in
this range is low.8,9
There are more possible ways to modify the materials luminescence properties like
doping the bulk SiC or irradiating it with various fluents. The aim of my work was to improve
the fluorescence properties of SiC in order make it adequate for bioimaging. Thematically
speaking throughout the years of research our projects widened horizontally but also
deepened in some specified topics. As my scope ranges from projects for obtaining
redshifting in the emission spectrum of bulk SiC to the surface modification for SiC
nanoparticles towards biological applications, I opted to take the following approach during
the editing of this dissertation: In the next chapter I will introduce the general background of
my studies, followed by the results of my work at which I will also offer brief, focused
outlook on the literature to assist in deeper understanding of the thesis in order to avoid
discussing too many topics with no immediate followup in a single chapter.
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2. Literature review
Silicon carbide in its natural form has been known to mankind only for the last 130
years. It barely occurs on our planet and was only discovered by Henri Moissan in 1893 in a
meteorite. Honoring his name the mineral which contains SiC has been named moissanite.
Until the 1950s no other source apart from meteorites had been encountered. Later moissanite
was found as inclusions in kimberlite from a diamond mine in Yakutia in 1959, and in the
Green River Formation in Wyoming in 1958.10,11 Due to its chemical and mechanical stability
and outstandingly good resistance to harsh environment silicon carbide is a common form of
stardust around carbon-rich stars thus originates from outside the solar system.
Silicon carbide shows polytypism which is a special case of polymorphism.
Polymorphism is similar to allotropy and means that a solid material shows multiple crystal
forms with identical molecular formula. More than 200 SiC polymorphs have been found by
1993 and additional 50 by 2008.12 The stardust-SiC contains mostly cubic SiC (β-SiC).
Despite its short history silicon carbide always drew the attention of the scientific
community. In its early days it had been used as radio component or a replacement for
diamond because of their similar properties. Nowadays it is used in wide field of applications
like ceramics, optoelectronics, microelectronics biomedical engineering, solar cells etc.
Being such a desired material for industry as well as for material science and other
research fields and given the scarce occurance the whole total of SiC is synthetised by various
methods.
Silicon carbide has been mass produced since the end of the 19th century but faces
new and new challenges as the technology improves. To meet those challenges it is axiomatic
that we need to understand and upgrade the preparation processes and methods.

2.1.

Preparation of bulk SiC

In 1893 Acheson published his patent "Production of artificial Crystalline
carbonaceous materials"13 which described a way to synthesize SiC amongst other materials
as well. This method was initial and lacked the control of many important parameters yet it
became the fundament of SiC synthesis. Crystalline SiC obtained by the Acheson-process
occured in different polytypes and varied in purity. The manufactured product had a large
6

grain size and was invariably contaminated with oxygen. Nitrogen and aluminium are
common impurities, and they affect the electrical conductivity of SiC. Because of that the asobtained SiC ceramic often known by the name carborundum is adequate for use as abrasive
and cutting tools. The conventional carbothermal reduction method for the synthesis of SiC
powders is an excessively energy demanding process and leads to a rather poor quality
material. With the recognition that SiC is a potential material in more advanced technologies
such as light emitting diode, new methods were published focusing more on the purity.
In 1955 Lely published the patent of his own: ”Sublimation process for manufacturing
silicon carbide crystals”14. This method was based on the Acheson process and offered a way
of synthesizing SiC from SiO2 and C at 2500 °C in Ar atmosphere leading to a limited crystalsize. The quality of these crystals can be very high however the yield of the process is low.
Additionally, the size of the crystals is irregular, the shape of the crystals is usually hexagonal
and there exists no control over the polytype of the material.
Lely’s method was later modified by other researchers in order to gain better control
over the crsytal size the temperature and the polytypism. A large step in the technological
evolution was the introduction of seeds (often obtained by the original Lely-method) which
enhanced the purity and the average quality of the crystals. Generally speaking, Lely’s and
Acheson’s methods are still being used and improved to date.15,16,17
In 1995, a new technique called High Temperature Chemical Vapor Deposition
(HTCVD), was presented for the growth of SiC boules. This technique uses gases instead of a
powder as source material. The gases used are mainly silane, ethylene, and a helium carrier.
One of the prime advantages of the HTCVD approach is the resulting crystal properties. Due
to the high purity of the gases, the material comes out intrinsically semi-insulating. Very low
micropipe densities have been recorded using this technique, which is clearly much faster in
improving material quality than seeded sublimation growth.16
The top-technology regarding the purity of SiC is currently the epitaxial growth by
Chemical Vapor Deposition (CVD). CVD of SiC normally uses silane and a hydrocarbon as
the precursor gases and a hydrogen carrier gas. The gases pass over a heated graphite
susceptor that is coated by SiC or tantalum carbide. As the gases are heated, the silane and
hydrocarbon will decompose and the species will diffuse through the boundary layer to grow
on the reactor walls or on the substrate.

7

2.1.1. Combustion Synthesis of SiC

The sintering of SiC powders for bulk fabrication of high density ceramics is very
difficult due to the covalent bondings which inhibit vacancy diffusion and with it the sintering
itself. Additives and the use of high temperatures may be employed to aid the sintering
process. Pressureless solid state sintering is possible at temperatures of 1900–2100 °C with
small amounts (<1 vol%) of boron and carbon dopants. However, SiC ceramics of near
theoretical densities requires high pressure and temperatures, and the use of boron carbide (1–
5 vol%) and alumina (3–5 vol%) dopant materials.18
Combustion synthesis (CS) is an effective technique to produce a wide variety of
advanced materials that include powders and net shape products of ceramics, intermetallics,
composites and functionally graded materials. There are two modes by which combustion
synthesis can occur: self-propagating high-temperature synthesis (SHS) and volume
combustion synthesis (VCS).19 In both cases, there are no strict restrictions on the form of the
reactants as they may be in the form of loose powder mixture or be pressed into a pellet. The
samples are then heated by an external source either locally (SHS) or uniformly (VCS) to
initiate an exothermic reaction.
The characteristic feature of the SHS mode is that locally initiated, the self-sustained
reaction rapidly propagates in the form of a reaction wave through the heterogeneous mixture
of reactants. The SHS mode can be considered as a well- organized wave-like propagation of
the exothermic chemical reaction through a heterogeneous medium, which leads to synthesis
of desired materials. During VCS mode, the entire sample is heated uniformly in a controlled
manner until the reaction occurs simultaneously throughout the volume. This mode of
synthesis is more appropriate for weakly exothermic reactions (such as the preparation of SiC
from silicon and carbon) that require preheating prior to ignition.19
The CS method has several advantages over traditional powder metallurgical
technologies. These advantages include short synthesis time (eventually meaning minutes);
energy saving, since the internal system chemical energy is primarily used for material
production; simple technological equipment; ability to produce high purity products, since the
extremely high-temperature conditions, which take place in the combustion wave, burn off
most of the impurities. This approach also offers the possibilities for nanomaterials
production. The number and variety of products produced by CS has increased rapidly during
8

recent years and currently exceeds several thousands of different compounds. Specifically,
these materials include carbides, borides and silicides.
In the case of SiC synthesis from elements the reaction can be written as follows:
Si + C  SiC + 73 kJ/mol

(1)

The reaction (1) has a moderate enthalpy of product formation and makes it rather
challenging to accomplish a self-sustained SHS process in this system. Several approaches
have been developed to enhance the reactivity of Si-C system. As I have used most of them I
will briefly introduce them all.
They can be sub-divided in five major groups, as
- Preheating of the reactive media;
- Additional electrical field;
- Chemical activation
- Mechanical activation
- SHS synthesis in Si-C-air/nitrogen systems.
The employment of one or another approach depends on the desired product
properties, e.g. purity, particle size distribution and morphology, yield and cost
considerations.
Preheating of the reactive media
An obvious way to increase reaction temperature is a preliminary preheating of the
reactive mixture to some initial temperature. It was shown that initial temperature of 900K
and synthesis conducted in argon flow leads to the stable combustion wave propagation in
stoichiometric Si + C mixture with formation of β-SiC powder with grain size of ~ 3 µm.20
It was also reported that uniform preheating of the stoichiometric Si+C mixture in the
flow of argon gas, leads to the self-ignition (VCS mode) of the heterogeneous media at
temperature ~1300°C with formation of β-SiC powders, which has a morphology similar to
that of initial carbon source.19
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It is worth noting that while the preheated reactants do lead to β-SiC powders, the
underlying mechanism of the reaction can be explained by multiple theories. Popper proposed
in 1961 the preparation of the so-called reaction bonded silicon carbide (RBSC)21, which is
also often referred to as reactive melt infiltration22 or liquid infiltration23. The reaction
mechanism is proposed as follows: first the silicon melts and starts dissolving small amount
of carbon. This mechanism is self-propagated as the dissolution is exothermic. Thermal
gradient will drive the diffusion of carbon in the liquid phase. Finally, the solution becomes
supersaturated and precipitation of cubic SiC occurs24. While this should mark the melting
point of the silicon as critical temperature, there are many factors that can further lower the
initiative temperature, such as metallic impurities25 so the reaction may occur well below
1400 °C.
It was further demonstrated that suggested VCS approach allows effective synthesis of
pure SiC powders, containing 99.6% of β-phase, <0.05wt% of free Si; 0.1 wt% of free carbon;
and 0.3 wt% oxygen. It was also outlined that self- purification effect is a characteristic
feature of CS-based methods. Related to this it was shown that 50% of metallic impurities
presented in the initial precursors were eliminated in the high temperature conditions of CS
wave. Also it was shown that addition of Al to the initial mixture leads to the formation of
~10wt% of α-SiC phase. It is important that CS with preheating approach allows one-step
production of the SiC ceramics.
CS with additional electrical field
The other way to use preheating to provide conditions for CS self-sustained regime is
to pass an electric current through the initial reactive medium. This approach was for the first
time suggested in 1986.26 It was shown that the process involves three stages. The first stage
is just inert preheating of the media for the excitation of the SHS reaction. Heat, generated by
the resistivity of the reactant, preheats the sample and raises the temperature. If the applied
electric power is cut off on this stage, SiC product is not detected. It is the second stage when
the SHS reaction self-initiated, typically in the middle part of the sample, where the heat
losses are minimal. As SiC is produced, the electric resistivity increases rapidly and the
current drops suddenly. During the third stage the spontaneous reaction propagates toward
both ends of the sample producing stoichiometric β-SiC phase. The duration of the reaction is
on the order of 0.1 s. It was shown that decreasing particle size of the initial precursor one
may synthesize sub- micron SiC powders by using this method. 19
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It was also confirmed that CS method leads to the self-cleaning of the powders during
combustion process. For example, it was shown that oxygen content in the final products (0.20.3wt%) was much less than that (0.5-0.7 wt%) in the corresponding initial mixtures.
Chemical activation of CS process
Another universal approach to enhance reactivity of the low exothermic Si-C system
is, so called chemically activated SHS, which was for the first time suggested in 1991. It was
proposed to use polytetrafluoroethylene (PTFE) as an additive for the Si+C powder mixture.
The following set of equations represents the main chemical reactions take place in the
combustion front:
Low temperature reaction
2Si(s) + (-CF2-CF2-)n  2SiF2 (g↑)+ C(s) + Q1

(2)

Intermediate reaction
2SiF2(g) + C(s)  SiF4(g↑) + SiC(s) + Q2

(3)

High-temperature reaction
Si(s) + C(s)  SiC (s) + Q3

(4)

where Q1, Q2 and Q3 stand for the reaction enthalpy. It was proved that in Si + C +
PTFE system combustion wave consists of two main zones. The first one involves mainly
reaction between silicon and PTFE which on one hand leads to the preheating of the Si+C
reaction media and on the other hand to the formation of gaseous silicon containing species
(SiF2, SiF4). The second, carbidization stage proceeds owing to reactions. The third reaction
may occur in self-sustain manner partially owing to preheating of the media by heat of the
first reaction and additional heat released in the second reaction.
With the certain amount of PTFE additive the cube-shape particles with size on the
order of 10 µm can be produced, while for the other composition the formation of long ~1
mm thin fibers were observed. Next, the set of additives including KNO3, NaNO3,NH4NO3
and BaNO3 was investigated. It was demonstrated that among these promoters (KNO3 – Si) is
the best one leading to effective synthesis of relatively small (~1 µm) SiC particles with the
amount of free carbon less than 0.5 ew.% as a major impurity. Also it was shown that the
reaction process consists of two main stages:
11

Stage I – oxidation
KNO3 + Si(s)  SiO2 + K2O(SiO2) + Si3N4 + Q1

(5)

KNO3 + C(s)  K2O + CO2 +N2 + Q2

(6)

Stage II – carbidization
Si + C  SiC (s) + Q3

(7)

With importance of the additional reactions
SiO2 + Si  2SiO (g↑)

(8)

SiO (g) + 2C  SiC (s) + CO (g)

(9)

As in the case of PTFE additive the reactions (5) and (6) provide enough additional
heat to support the main reaction (7), which in this case may self-propagate in the inert
atmosphere. It was also shown that because the involvement of gas phase reactions the argon
gas pressure is a critical parameter to control the process.
Later more complex [Mg + (-CF2-CF2-)n] additive was used to synthesize SiC powder
in SHS mode27. The following reaction scheme takes place in the combustion front:
2Mg + (-CF2-CF2-)n  2MgF2 + 2C + Q(-1518kJ/mol)

(10)

Si + C  SiC +Q (-73 kJ/mol)

(11)

The pure β-SiC powder was obtained after leaching the as-synthesized product in 10%
vol% (HNO3 + HF) solution for 4 h. 19, 20, 26
Chemical activation method was also widely used in combination with other
approaches to enhance reactivity of Si-C system, i.e. reaction in the atmosphere of the reactive
gases (e.g. nitrogen and air).

Mechanical activation of the initial mixture
High energy ball milling (HEBM) is the processing of powder mixture in high-speed
planetary ball mills and other devices, where the particles of the mixture are subjected to
12

significant mechanical impacts with a force sufficient to break the brittle and plastically
deform the ductile components. Brittle particles are milled to finer grains, whereas ductile
particles (usually, metals) are subjected to multiple deformations, all together forming layered
composites particles with the layer thickness decreasing as the milling time is increased. Thus
such mechanical treatment not only decreases the particle size of reactants, but also increases
their contact surface area, which is typically free from oxide films. Moreover, the defects of
the crystalline structure are accumulated in the media during HEBM. All these factors
enhance the chemical activity of the combustible mixture and thus, are called mechanical
activation.
The mechanical activation may include partial or complete dissolution of one reactant
in the other (mechanical doping or mechanical fusion); otherwise, the components of the
mixture can be involved into a chemical reaction with formation of a new compound during
HEBM (mechanical synthesis). Mechanical activation decreases the self-ignition temperature
of various combustible systems, expands the flammability limits, favors a more complete
reaction, and typically increases the combustion wave front velocity.19
Recently a process has been developed, which involves the following steps: adding a
small amount (1-3 wt%) of NH4Cl and PVC into the Si-C powder mixture; mechanically
activating of the mixtures through HEBM (2-12 h); mixture preheating to temperature
(950-1200°C) and keeping it at this temperature until the reaction self-initiates.28
It was demonstrated, that mechanical activation allows one to initiate reaction at
relatively low temperature 1050 °C and reach full conversion by using small amounts of
additives. Fine β-SiC powders with specific surface area 4.4 m2/g, and the particle size < 5 μm
was synthesized using this method.19
SHS in Si C-nitrogen/air system
SHS reaction between silicon and nitrogen as well as carbon burning in air are much
more exothermic as compared to Si+C reaction. First, it was suggested to use air as an
atmosphere to carry CS of silicon carbide. It was shown that optimization of synthesis
conditions, which include the usage of initial Si-C mixture with slight excess of carbon, air
pressure above critical (~3PMa) and change of the air content in the reactor, allows the
production of silicon carbide powder with 5-7 wt% of silicon nitride and relatively high
specific surface area up to 10 m2/g. Later conducting experiments in pure nitrogen it was
13

shown that combustion wave consists of two stages. First is the reaction of nitrogen with
silicon to produce some amount of silicon nitride which leads to preheating of the rest of the
media, followed by carbidization reaction with maximum temperature around 2100 K.
This approach was further widely used for synthesis of silicon carbide – based
powders. It was found that reduction and decomposition of the silicon nitride in the
combustion front may occur, which may lead to the synthesis of silicon carbide powder with
minimum (<1wt%) amount of silicon nitride. The following reactions may occur under
certain conditions:
Si3N4 + 3C  3SiC + 2N2

(12)

Si3N4  Si + N2

(13)

leading to the complete elimination of the undesired silicon nitride phase in the synthesized
product.19

2.2.

Properties of bulk SiC

An element or compound is polytypic if it occurs in several structural modifications,
each of which can be regarded as built up by stacking layers of (nearly) identical structure and
composition, and if the modifications differ only in their stacking sequence (see Figure 1.)
The only cubic form of SiC is called beta silicon-carbide (β-SiC) which has a stacking
sequence of ABCABCABC...

Another way of viewing these polytypes is the Ramsdell notation which is a pair of a
number and a letter. The number represents the number of the double layers in the stacking
sequence and the letter represents the crystal structure where (C), (H) and (R) are the three
basic cubic, hexagonal and rhombohedral crystallographic categories.

A listing of the most common polytypes includes 3C, 2H, 4H, 6H, 8H, 9R, 10H, 14H,
15R,19R, 20H, 21H, and 24R, but all hexagonal and rhombohedral (H and R) are commonly
referred as α-SiC with 4H and 6H being the most common polytypes of α-SiC.29
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Figure 1.: The SiC polytypes 3C, 4H and 6H

Most of the polytypes, except 2H, are metastable. However, 3C does transform to 6H
at temperatures above 2000°C and other polytypes can transform at temperatures as low as
400°C.
The distinct polytypes differ in both band gap energies and electronic properties. So
the band gap varies with the polytype from 2.3 eV for 3C-SiC to over 3.0 eV for 6H-SiC to
3.2 eV for 4H-SiC. Due to its smaller band gap, 3C-SiC has many advantages compared to the
other polytypes, that permits inversion at lower electric field strength.12
In Table 1 and Table 2, a comparison of fundamental properties of the main
encountered SiC polytypes with the conventional Si semiconductor is depicted
Name

3C-SiC

Thermal conductivity (W cm-1K-1) at 300K doped at ~1017cm-3

4H-SiC 6H-SiC Si

3.2

3.7

4.9

1.5

Intrinsic carrier concentration at 300K (cm-3)

1.5x10-1

5x10-9

Saturation velocity parallel to c-axis (cm s-1)

-

2.0x107 2.0x107 1.0x107

Electron mobility (cm2V-1s-1)
2

-1 -1

Hole mobility (cm V s )
Schottky structures

1.6x10-6 1.0x1010

800

1000

400

1400

40

115

101

471

9.66

11.7

9.72

Table 1.:Comparison of the basic properties of the most important SiC polytypes and Si
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Properties

Si

Band gap (eV) (T<5K)

Saturated electron drift velocity (107 cm s-1)
Breakdown field (MV cm-1)
Thermal conductivity (W cm-1 K-1)
Dielectric constant
Physical stability

GaAs

3C-SiC

4H-SiC

6H-SiC

1.12

1.43

2.4

3.02

3.26

1.0

2.0

2.5

2.0

2.0

0.25

0.3

2.12

2.5

2.2

1.5

0.5

3.2

4.9

3.7

11.8

12.8

9.7

9.7

9.7

Good

Fair

Excellent Excellent Excellent

Table 2.: Comparison of the basic properties of the most important SiC polytypes beside Si
and GaAs
2.2.1. Chemical etcing of semiconductors

Electrochemical etching with appropriate coating can grant a really sophisticated
control over the surface roughness and can be used to create complex shapes in doped
semiconductors.30 The etching of a semiconductor manifests in form of pore formation on the
surface of the material. Based on their mechanics there are several types of wet
electrochemical etching, such as chemical, electroless, photochemical, anodic or cathodic
etching.31 Wet electroless chemical etching is also referred as stain etching. Stain etching is
outstandingly flexible method due to the fact that it does not require external photoexcitation
or metal assistance, and can be applied to any form of the starting material.
For the silicon pore-formation it was demonstrated that hydrofluoric acid is able to
etch the material, however, oxidizing agents can greatly enhance the speed of the etching
process. 32
The existing literature describes stain etching as an oxidizing process, where the
presence of nitrogen-oxide is required for the process, however there are multiple theories
about the precise compound the initiates the reaction.33,34,35
It is worth comparing the preexisting data on similar semiconductors such as GaN or
Si, as the crystallic structure of SiC usually predicts similar behaviour. The proposed chemical
reactions for the wet chemical etching of Si are as follows:
Formation of NO2 from nitric acid:

4 HNO3  4 NO2 + 2 H2O + O2

(14)

16

Oxidation of silicon by NO2 :
2 NO2 + Si  SiO2 + 2 NO

(15)

Etching of SiO2 :
SiO2 + 6 HF  H2SiF6 + 2 H2O

(16)

with the formula of the overall reaction:
4 HNO3 + 2 Si + 12 HF  4 NO + 6 H2O + O2 + 2 H2 SiF6

(17)

The etching reaction of GaN is as follows:
2GaN + 6h+ 2Ga3+ +N2

(18)

Similar to the pattern shown in (14)-(18) the proposed mechanism of the stain etching
of SiC can be decribed with the following equations. holes provided by the etching process
are involved in oxidation and the resulting reaction products, SiOx and COx, are removed by
electrolyte and gas phase nucleation,
SiC + 4H2O + 8h+  SiO2 + CO2 + 8H+

(19)

SiC + 2H2O + 4h+  SiO + CO + 4H+

(20)

and dissolution is identical with equation (16) as finishing step.
It was reported however, that certain polytypes of SiC exhibit different behavior
against the same etchant material under similar cicumstances, opening up the possibilities for
polytype-selective etching.35,36 Additionally, it was found that stain etching can be used for
defect revealing37, because the etching rate depends on crystallic structure38 and thus,
dislocations, stacking faults and micropipes can interfere with the etcing rate and ultimately
determine the surface morphology39.

2.2.2. Defects and impurities in SiC

SiC is a favorite candidate for microelectronic devices. The electrical and optical
properties of SiC heavily depend on the type of extrinsic and intrinsic defects. These defects
have been intensively investigated in the past decades in SiC. The literature is quite
voluminous about the properties of intrinsic point defects, vacancies, substitutions, interstitial
defects, stacking faults and micropipes, however, the last one is only relevant in very high
17

quality samples.16 High quality SiC films can be produced from hexagonal polytypes, thus the
literature of defects in hexagonal SiC outnumbers the similar publications of cubic SiC. Most
of the defects are electrically and optically active,40 and they significantly change these
properties of pure SiC. For instance, pure 4H SiC has 3.3 eV band gap and this material is
basically transparent. However, appropriate concentration of nitrogen and boron impurities
can produce significant fluorescence in the visible, for instance. These type of defects are also
called color centers. The photolumiescence signals of optically active defects are
characteristic, and can be a source of their identification.41

Identifying point defects proved to be difficult in the past years and decades. We
have– experimentally – known various signals and peaks for several analytical methods often
without knowledge about the exact origin of the signal. This resulted having lots of point
defects named such as D1 center, Z1/Z2, EH6/EH7, or UD1-4. Another example for different
nomenclature are the alphabet lines in 4H-SiC42,43, or ABC lines in 6H-SiC44,45. On the other
hand years later theoretical studies have shown most if not all the possibly existing point
defects, intrinsic and substitutional defects as well as impurities related defects naming them
more informative about their nature like silicon vacancy or silicon vacancy carbon antisite.
However, associating the experimental results with the theoretical models was never obvious
– the D1 center was suggested to be paired with divacancy for decades46 and in 2013 it was
proposed to origin from silicon vacancy.47
For creating defects one can use various types of irradiation or doping. In fact defects
in SiC are often produced by high-energy particle bombardment. If the energy of these
particles is high enough, the atoms in the lattice can actually be pushed out of their places.
The primary defects created in this way are generally vacancies and interstitials, but in a
binary compound like SiC also the antisites can be formed.48,49 The amorphisation of 6H-SiC
by electron irradiation has already been investigated back in the 1990s. It was observed that
one needed basically the same dose of irradiation on several temperatures below 220 K to
reach total amorphisation. Above 220 K the required dose increases rapidly with the
temperature and at room temperature no amorphisation was observed at all (Tcritical=290 K).
At a specific temperature the required dose to achieve amorphisation decreased with the
increasing energy of the fluent. It was also observed that the recrystallization temperature of
SiC is 1150 K.50
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Inui also published his experiments related to 3C-SiC and he found basically identical
properties of this polytype with slightly higher values (Tcritical=340 K Trecrystallisation= 1300 K).51
In another experiment hexagonal (4H) SiC was exposed to aluminium-ion
bombardment using various doses and temperatures. It was confirmed that the quality of the
crystal and its degradation depended heavily on the dose. Temperature was varied from 150K
to 400K and dose was varied from 1x1013 to 4x1015 cm-2. Some of the samples contained only
isolated defects or smaller dislocations but some of them were completely amorphised. The
scientists also found that higher the temperature the more stable the crystal and the lower the
concentration of defects is. It was also observed that to achieve the same amount of defects at
higher temperatures they needed much greater dose of the fluent. The accumulation of the
defects can be explained by their low mobility in SiC.52 This statement is in correlation with
Inui’s experiments.50
Using neutron irradiation on high quality 4H-SiC samples it is possible to create
silicon vacancies (VSi). In these experiments53 researchers used doses on a very wide scale
(from 109 to 1018 cm-2) and according to their results the generated point defects in a unity of
volume have a linear correlation with the dose. The authors also mention that due to the
presence of 30Si β-decay may lead to n-type doped samples. The highest defect concentration
achieved was 7x1015 cm-3 which is in the magnitude of ppm. They also observed that focusing
the samples with laser enhanced the PL intensity. The authors offered as possible explanation
for this that either the laser changed the charge state of the vacancies or the heat generated by
the laser annealed other defects near the VSi, thus hindered any other non-radiative
recombination.53
To investigate the conducting properties of 4H-SiC Castaldini et al. used both electron
and proton irradiation (8.2 and 6.5 MeV) and found that these irradiations create very
similarly deep levels in the bandgap. By annealing the samples most of these defects could be
eliminated at 470 K. In some cases those deep levels were associated with certain point
defects these associations will be explained in the next subsections. Just like in the case of
aluminium bombardment, the signal intensity of the deep levels correlated linearly with the
dose of the fluent.54
It was also reported the aside from various bombardment the proper preparation
method or surface treatment can in situ generate point defects. Applying oxidative steps with
H2SO4(70%):H2O2(30%) (4:1) and H2O:H2O2(30%):HCl (37%) (5:1:1) followed by a native
oxide removal with an HF solution (4.9%) and again annealed in dry oxygen created
eliminated and newly generated single point emitters most likely related to the surface.55
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The polytypism (introduced in chapter 2.2.) is not only important for the sole reason of
understanding the single unit cell but also because it can multiply certain defects. Because of
the polytypism the same defect can take several places in the crystal. The immediate vicinity
of an intrinsic defect on either site is the same, but the second-nearest neighbors to the sites
are different, which creates slightly different energy states in each cases. The number of zerophonon lines of such defects generally agrees with that of the inequivalent lattice sites in the
SiC polytype. This phenomenon was reported for example related to silicon vacancy or
nitrogen substitution,16,56 or in case of the D1 center. The most commonly observed intrinsic
defects resulting from irradiation of the material as well as in as-grown material, are
divacancies (VSiVC), silicon vacancies, carbon antisite (CSi) and carbon vacancies (VC). These
defects can have different PLs and other spin properties according to the polytype and the
doping. 57
Considering the aim of my work I shall show the most important properties of the
prominent color centers in SiC. As the applied analytical methods mostly focus on the optical
and magnetic properties this summary will also keep to the PL and electron spin resonance
(ESR) related data.

ESR centers are generally characterized by a g-tensor as well as a number of other
parameters reflecting the symmetry and chemical composition of the defect. In the simplest
case, the g-tensor is derived from the g-value (g) measured at each orientation of the sample
with respect to the incident magnetic field:
B0 = hv/gµb,

(21)

where B0 is the value of applied magnetic field at resonance, h is Planck's constant, v
is the microwave frequency of the alternating magnetic field, and µb is the Bohr magneton.
The g-value is basically the free electron value shifted by an amount that depends on the local
environment of the defect. Because of that, point defects do have an individual and unique gtensor. However, the g-value alone is not sufficient to describe an ESR center. The effect of
the crystal field, nuclear magnetic field, and nearby paramagnetic defects may change the
absorption energy. For instance, high electron spin (S) defect (S>1/2) may experience the socalled zero-field-splitting which means that the spin sublevels of the system splits due to the
crystal field without any external constant magnetic field. In this case, multiple ESR
transitions are visible in the spectrum separated by the zero-field-splitting. Similarly to the
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g-tensor, the zero-field-splitting shows angular dependence in the crystal that can be described
by a tensor. In addition, the interaction between the electron spin and nuclear spins present in
the crystal, called hyperfine interaction, may cause further resonances in the spectrum. The
strength of the interaction depends strongly on the overlap of the electron spin density and the
nuclear spins, thus often the nearest neighbour nuclear spins contribute to the spectrum. In
particular, SiC contains 13C and 29Si I=1/2 nuclear spin isotopes in natural abundance of 1.1%
and 4.5% among the stable carbon and silicon isotopes on Earth. Only these isotopes from
carbon and silicon atoms contribute to the ESR spectrum, and the analysis on the absorption
intensity of the hyperfine satellite peaks may reveal the number of C and Si atoms near the
core structure of the defect. Thus, ESR spectroscopy is a powerful experimental technique to
identify defects in SiC. The hyperfine interaction can be described by a tensor for each
nuclear spin with having three eigenvalues called hyperfine constants. In general, the angular
dependence of the hyperfine tensors do not agree with that of the g-tensor. However, in
powder samples, the angular dependence is often averaged out and only the main components
of the tensors are observable. We finally note that the absorption peaks can be readily
resolved by taking the derivative of the ESR absorption spectrum where the resonance peak
appears as an inflexion point in the derivative function. As a consequence, the ESR spectrum
is dominantly depicted in the form of derivative function which we will follow in the thesis.
Silicon vacancy in SiC
The isolated silicon vacancy (VSi) is one of the basic intrinsic defects in SiC (Figure
2). Due to the existence of inequivalent Si lattice sites there are in 4H SiC two V Si, one

hexagonal (h) and one quasicubic (k); while in 6H SiC there are three VSi, one hexagonal (h)
and two quasi-cubic (k1 and k2), each of them having several different charge states in the
band gap. 56,58

Figure 2.: The silicon vacancy. The dangling bonds are not shown.
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Figure 3.: VSi ZPL-s in α-SiC
It was reported that VSi in hexagonal SiC has emission in the near-infrared, allowing
excitation at a longer wavelength making it ideal for bioimaging applications.59

The VSi zero phonon lines (ZPLs) are referred to as V1 (862.2 nm) and V2 (917.0 nm)
in 4H-SiC and as V1 (865,3 nm) V2 (887,0 nm) and V3 (907,8 nm) in 6H-SiC (See Figure
59,48

3).

At room temperature, a broad vibronic sideband dominates the spectrum in the NIR.
(See Figure 4).53 Additionally spin-spin splitting was observed by ODMR in some cases of
VSi. 56

Figure 4.:Room temperature PL spectrum of VSi in neutron irradiated 4H-SiC
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In the silicon vacancy the carbon dangling bonds are short and do not overlap with
each other to form reconstructed bonds. With strong exchange interactions, electrons prefer
parallel spins resulting in high-spin ground states for all the charge states of VSi (neutral,
negative and double negative) in 4H-SiC. VSi has been observed by ESR in 4H and 6H-SiC,
and the high-spin state has been identified by ESR and electron nuclear double resonance
(ENDOR) [31] and ab initio calculations in its negative charge state (S=3/2). The ESR spectra
are shown in Figure 5.

Figure 5.: X-band ESR spectra of the S = 3/2 family centres—V1, V3 (P3) and V2 (P5)—
colour centres detected at 6H-SiC (a) and 4H-SiC (b) at different temperatures with the
magnetic field parallel to the c-axis. Spectra detected under continuous optical illumination
(solid lines) and without optical illumination (dashed lines).60
Carbon vacancy in SiC
Carbon vacancy is another basic and well known defect of SiC (Figure 6).

Figure 6.: The carbon vacancy. The dangling bonds are not shown.
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Like silicon vacancy this vacancy has several possible charge states from 2+ to 2-. In
case of certain charges the defect has also S=1/2 spin. Contrary to the silicon vacancy, in case
of the carbon vacancy the neighbouring atoms’ dangling bonds do overlap and therefore the
vacancy exhibits large Jahn-Teller distortion. Even though it has no optical emission it is an
efficient trap for charge carriers thus modifies heavily the conductive properties of the bulk
material. It is present in almost every kind of samples so its properties have been investigated
for long time and great efforts were put in eliminating this defect. Low energy (250 keV)
electron irradiation creates almost selectively only carbon vacancy and just like in case of V Si
in polytypes with inequivalent lattices there are more types of VC. The VC was associated with
the point defects Z1/Z2 and EH6 which show negative U-properties.61 Thermal elimination of
the defects in 4H-SiC has been studied. In the case of an n-type 4H-SiC sample (doped by N
in the magnitude of 1015 cm-3) the Z1/Z2 and EH6/EH7 concentrations were reduced from the
initial 1012–1013 cm-3 to below the detection limit of 1x1011 cm-3 after thermal oxidation at
1150–1300 °C.62 In case of 6H-SiC thermal annealing of the sample at only 500 °C greatly
reduced the amount of carbon vacancies. The ESR spectrum of the VC is shown in Figure 7.

Figure 7.: ESR spectrum of VC measured with the magnetic field parallel to the c-axis. The
central line is truncated so that the satellite lines, A and B, may be more clearly seen.63

Divacancy in SiC
The divacancy in SiC is a point defect consisting of a missing Si atom adjacent to a
missing C atom (Figure 8), which can be generated by high energy particle bombardment or
by simple diffusion of the two single vacancies. Due to the polytypism the divacancy can
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occupy numerous different locations in certain polytypes and thus, a different number of
inequivalent divacancies exist in each polytype.

Figure 8.: Divacancy in SiC
While there is only a single divacancy in 3C due to the high symmetry of the crystal,
there are four different divacancies in 4H and six in 6H SiC. The divacancy – more precisely
its neutral charge state – has been previously associated with the well known P6/P7 defect in
hexagonal polytypes. The P6/P7 defect has ZPL-s at 0.9887, 1.0119, 1.0300, 1.0487, 1.0746
eV in 6H-SiC, and at 0.9975, 1.0136, 1.0507, 1.0539 eV in 4H-SiC. These ZPLs show weak
signals in a PL spectrum, thus the association with the P6/P7 has been only proved in 6HSiC57.
For the 3C polytype the ODMR signal labeled as L3 and the ESR signal labeled as
Ky5 (shown in Figure 9) has recently been linked to the divacancy, with a characteristic zero
field splitting of 1.3 GHz.64

Figure 9.: ESR spectrum of the Ky5 center in 3C-SiC. The resonance line positions are
adjusted to v=9.438 GHz.
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Antisites and complex defects
Antisites occur when atoms of one element occupy sublattice sites of the other element in
the compound. In this case it is occupation of a Si (C) position by a C (Si) atom. Theoretical
studies in 3C-SiC have shown that the antisites have low formation energies. The researchers
reported that the levels of the CSi antisite are in the conduction band and the defect has no
levels in the band gap and it is believed to be optically inactive.65,66 On the other hand, SiC (in
Figure 10) was shown to introduce new deep level in the band gap, in hexagonal SiC (see
more about silicon antisite at the D1 center).67

Figure 10.: The silicon antisite

A slightly more complicated territory is when we consider the possible migration on the
atomic levels. In SiC, a compound of two types of atoms the basic defects like VSi can diffuse
in the crystal and one of the neighbouring atoms can move into the vacant lattice site, creating
a new type of complex defects. These are the antisite-vacancy pairs (Figure 11).

Figure 11.: The antisite-vacancy pair
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The carbon antisite-vacancy complex CSiVC is the counterpart of the metastable silicon
vacancy. It results from a displacement of one of the vacancy’s carbon neighbors into the
vacant lattice site. CSiVC is more stable than VSi in p-type and intrinsic SiC. In n-type material
VSi is stable and the CSiVC complex becomes a metastable defect.68 Castelletto et al. proposed
to associate the E-line (zero-phonon line at 648 nm) with the carbon vacancy-antisite defect in
3C-SiC nanoparticles, see Figure 12.69

Figure 12.: PL spectrum of the CSVCi in 3C-SiC NP-s
The ESR studies suggest that the SI5 center is to be associated with the carbon vacancyantisite complex, shown in Figure 13.

Figure 13.: ESR spectrum of the SI5 defect
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Other defects
It was previously discussed that electron irradiation can cause total amorphisation in SiC
crystals. While it generates large amount of carbon vacancies using 2 MeV electrons at a dose
of 1017cm-2 on a 4H-SiC sample resulted in observing numerous signals in the visible (See
Figure 14).42

Figure 14.: The zero-phonon part of the PL spectrum of the electron irradiated 4H sample at
2 K and 20 K.
Up to 40 zero-phonon lines can be resolved in the spectrum. All the zero-phonon lines
appear within the span of approximately 100 meV (2.8–2.9 eV). The lines come in groups of
two to four lines. The relationship between the different lines were observed by
Photoluminescence excitation spectroscopy (See Table 3)
The whole set seems to come from about 12 centers. The lines are detected immediately
after room-temperature irradiation and disappear and/or transform among themselves or into a
new band labeled D1 around 1000–1300°C.43
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Position
Label
nm

eV

a1

441.6

2.8069

a2

440.0

2.8169

b1

437.0

2.8364

b2

435.6

2.8453

c1

435.1

2.8486

c2

434.5

2.8529

c3

434.2

2.8549

c4

434.0

2.8560

d1

434.7

2.8514

d2

433.6

2.8589

d3

433.4

2.8598

d4

433.1

2.8622

e1

432.7

2.8647

e2

431.5

2.8726

e3

430.9

2.8768

f1

431.0

2.8756

f2

430.0

2.8825

f3

429.6

2.8850

f4

429.3

2.8872

g1

430.2

2.8812

g2

429.2

2.8879

h1

429.8

2.8837

h2

428.6

2.8918

i1

428.3

2.8937

i2

427.2

2.9012

j1

427.7

2.8976

j2

427.1

2.9024

k1

427.6

2.8986

k2

426.8

2.9039

k3

426.5

2.9065

k4

426.3

2.9073

l1

427.4

2.8998

l2

426.2

2.9080

l3

426.1

2.9086

Table 3.: The ZPL-s of the alphabet lines in 4H-SiC
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The D1 center
The physical meaning of the D1 center was one of the most conflicted topic of this
research field. It is independent from the bombardment type and very high PL intensity
belongs to it.47 Its fingerprint is an efficient luminescence at a photon energy 0.35–0.45 eV
below the excitonic gap independent of the polytype.70 Like in case of other defects the D1
center has different ZPL-s regarding the SiC polytype. In 3C-SiC the ZPL emerges at 1.972
eV (see Figure 15), in the 4H-SiC D1 center has 2 zero-phonon lines at 2.901 and 2.876 eV
and in 6H-SiC the 3 ZPL-s are at 2.625, 2.600 and 2.570 eV71, see Figure 16.

Figure 15.: D1 center in 3C-SiC47
The D1 center shows extreme thermal stability, and requries 1700 °C annealing to
annihilate. Below this critical temperature the increasement of the PL intensity was observed.
Due to this property it is considered to be a common and simple point defect. There have been
mutliple suggestions for identificating its origin like divacancy62 or vacancy-nitrogen pair47.
The calculated electronic structures and vibrational properties of the proposed defects strongly
imply that D1 center originates from silicon antisite. 71
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Figure 16.: D1 center in 6H-SiC
The Pb center
Originally the Pb center is not a typical defect of the silicon carbide as it has been
reported before in silicon and in silicon/silicon-dioxide systems. The Pb center is defined as
silicon dangling bond centers dominating interface traps at the Si/SiO2 boundary.72 Still, the
center is worth consideration when it comes to SiC particles that have been manufactured in
an oxidative environment although the chemical environment when it comes to the
neighbouring atoms is somewhat different. Technically speaking, the definition can apply to
vacancies at the SiC/SiO2 boundaries, but it should be extended to carbon atoms, too. Indeed,
dangling carbon bond center at the oxidized interface of 4H-SiC has been reported in 2020,
and has been labeled with the slighlty distinctive PbC name (see Figure 17).73

Figure 17.: Electrically detected magnetic resonance (EDMR) spectra of the PbC
center
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3.

Results and discussion

When I joined the research group in the Wigner Research Centre for Physics we set
out the goal that we will be able to prepare SiC nanoparticles in a controlled manner that will
exhibit red or infrared emission preferably due to some point defects.
At that point the Group already possessed significant amount of knowledge about the
preparation process which I could use as initial parameters to analyse and further improve the
properties of the SiC nanoparticles.
These initial anchor-points were the followings:
-

The Group was already able to fabricate SiC nanoparticles with a wide

range of size of particles using Combustion Synthesis and top-down methods.
-

Those nanoparticles exhibited luminescence in the visible.

-

The optical properties of the nanoparticles showed dependence on the

additional reagents used during the preparation phase i.e. aluminium.

3.1. Improved theory of the wet chemical etching of SiC

Based on the aforementioned facts, the first task for me was to further improve the
synthesis route for SiC nanoparticles. We quickly figured out that certain reagents do have an
impact on the properties of the product but for the proper utilization it was obvious that we
needed better understanding of the fabrication process and especially the wet chemical
etching we applied.
I examined and upgraded the top-down fabrication method of silicon carbide
nanoparticles by constructing an electrochemical theory regarding the mechanism of stain
etching of semiconductors. I succesfully applied the theory to several semiconductors.
By taking advantage of the stain etching being selective to the polytypes I managed to
prepare nanoparticles for which size depends on the stacking faults concentration thus
enabling more sophisticated size control in the range of 1 nm to 6 nm.
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Based on the theory I used dithionate compound to modify the etching reagents used
for cubic silicon carbide to be able to attack hexagonal polytypes too. As a result I prepared
hexagonal silicon carbide nanoparticles.
Throughout the subsections of Chapter 3.1. I will demonstrate PL measurements to
confirm a chemiluminescent reaction occuring, XRD measuerements for quantification the
amount of SFs present in the bulk material, TEM measurements to perform size
measurements and calculate size distribution, SEM measurements to inspect surface
morphology and porosity and XPS measurements to determine composition of NPs.
3.1.1. The NPEGEC method
Si (99%, 325 mesh, Sigma) and C (Norit A supra, surface area (BET), 1700 m2/g) with
1:1 ratio and 15 wt% PTFE (Sigma-Aldrich powder (free-flowing), 1 μm) was mixed in a
high energy ball mill for 8 minutes then placed into a graphite crucible. Samples were
annealed up to about 1250 °C in argon atmosphere using an induction furnace creating SiC.
The heating procedure took 8 minutes then the furnace was switched off. The cooling process
took about 20 minutes. The samples were then annealed at 650 °C in air for 10 hours to
remove unreacted carbon, then HF:HNO3:H2O 1:1:10 (HF: Analar Normapur, 48%; H2O2:
VWR Normapur, 30%) was used to remove unreacted Si and SiO2.
The above-described synthesis of SiC in an induction chamber is a rapid VCS where
the material is far from the equilibrium condition, therefore, introduction of defects with
desired photoemission properties with high concentration is possible. To obtain nanoparticles
from this starting material I opted to apply electrochemical methods.
I applied stain etching made under the following condition: HNO3:HF with a volume
ratio of 1:3 was placed along with bulk SiC in PTFE digestion chamber at 150 °C for 2 hours
to etch the bulk material. During the reaction porous SiC was formed. After removing the
acids and washing the samples, the SiC NP-s were obtained by sonication of the porous SiC
macro-crystals in water for 2 hours to remove the porous layer and suspend the NP-s.
Given the phenomenon that certain elements such as aluminium used as promoter
favor the formation of hexagonal SiC over cubic SiC74,75, I applied various amount of
aluminium (up to 10 wt%; Alfa Aesar, <325 mesh, 99.8%) in order to create hexagonal
inclusions inside the cubic bulk material. The hexagonal inclusions are stacking faults (SF) in
cubic SiC that form hexagonal polymorphic or polytypic crystal inclusions resulting in locally
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different physical and chemical properties while maintaining the inherent chemical bonding of
the cubic morphology. These hexagonal polytypes have the valence band maximum (VBM) at
the same energy within 0.05 eV but their conduction band minimum (CBM) energy lies about
0.6-0.9 eV higher than that of the cubic SiC depending on the density of the hexagonal
inclusions.
To understand the underlying reasons of the polytype selectivity of the etching method
we needed to come up with a new theory that describes the occuring processes more
precisely.
Stain etching is usually described as an oxidation process. By forming a contact
between the semiconductor surface and an electrolyte it is assumed that a hole is injected into
the valence band (VB), close to the interface, by a strong oxidant in the electrolyte76. The
presence of a hole in the VB reduces the strength of bonds in its vicinity and makes the
substrate atoms exposed to attack by nucleophiles that should be present in the solution too,
and then it starts dissolution and pore formation of the semiconductor. The initiation of the
electrochemical process requires hole injection into VB in this model. This model struggles to
properly explain the polytype selectivity of the applied etching method as the VB of the
different polytypes are rather similar and the main factor of the difference of the bandgap
energies comes from the conduction band (CB) position.
This leads to the conclusion that the etching, and more precisely the initiative step of
the etching should be linked to the CB level rather than the VB level.
I proposed and demonstrated that electron injection to the CB, a reduction step, is
rather a predominant factor in the initiation of stain etching that facilitates chemical reactions
in the solution that creates a strong oxidizing agent that finally leads to hole injection into VB.
As a consequence, the interaction of the semiconductor surface with the solution leads to
exciton generation without illumination or external bias by this multistep electrochemical
process.
The Group decided to name and abbreviate this multistep theory as no-photon exciton
generation chemistry (NPEGEC).
By this theory, electron injection is the initiative and most vital step of the process,
therefore, the etching process only starts when the conduction band minimum energy lies
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below the redox potential of a redox couple in the electrolyte. The process is graphically
summarized in Figure 18.

Dissolution

Figure 18.: The schematic process of the NPEGEC and the role of the conduction band
energy throughout the etching
The VBM of SiC polytypes resides at +1.5 V vs standard hydrogen electrode (SHE)
which is considerably higher (more positive) than the redox potential of nitric acid
+0.88 ± 0.05 V vs SHE for the possible redox couples or of the well known active species,
NO+. NO+ has a redox potential of +1.45 ± 0.05 V vs SHE, thus the pore formation of cubic
SiC polytype should not occur at all by considering only hole injection as a driving force
behind the pore formation.
On the other hand, considering the CBM values of the polytypes the NPEGEC can
explain these phenomenon considering the presence of the nitrosyl-ion77,78 (NO-) as one of the
active agents in stain etching of cubic SiC. NO- is a very reactive species and the redox
potential of NO-/NO is around −0.9 V vs SHE that is above the CBM energy of cubic SiC but
below the CBM energy of hexagonal polytype. Thus, NO- is oxidized to neutral NO radical at
the cubic SiC surface while it injects an electron into the CB. The resultant NO radicals can
inject holes to the VB (the NO/N2O redox couple has a redox potential of +1.6 ± 0.05 V vs
SHE) that oxidizes cubic SiC. Finally, the nucleophile HF is able to dissolve this material. In
the most common hexagonal polytypes, 6H and 4H, the CBM energies lie 0.4 eV–1.5 eV
above the redox potential of NO-/NO, demonstrated in Figure 19.
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Figure 19.: Band diagram of semiconductors with different polytypes. The horizontal line
represents of the redox potential of NO/NO- versus standard hyrdogen electrode
As a consequence, the formation of NO radicals is hindered so the oxidation process
does not occur.
One can make an attempt to summarize the processes in form of chemical equations,
however there are several considerations to make at this point. First of all, Si and C atoms
form a covalent lattice and injecting electrons to a covalent lattice cannot really be properly
displayed in the stochiometric forms. Second, once the material has been made susceptible for
hole injection the reaction may undergo in many different ways, especially considering the
many oxidizing species present in a HF-HNO3 solution. With that in mind, the reducing and
oxidizing steps may be summarized with the overall equations of
SiC + NO-  [SiC]- + NO

(22)

2 [SiC]- + 18 NO +2H+  2SiO2 + 2CO2 + 9N2O + H2O (23)
To further support the NPEGEC theory I decided to test and possibly prove the
presence of the nitrosyl-ion in the system. As the NO- radical reacts rapidly at elevated
temperatures I decided to go for an indirect method of proving the role it plays during the
reaction.
My intention was to create a competitive reaction for the NO- radical that could
effectively suppress the electron transfer to the SiC. It is known that NO- agressively reacts
with copper(II)-ions, so I decided to add CuF2 (Sigma-Aldrich, 98%) to the mixture to see if it
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hinders the etching of the bulk material. 0.04 mol CuF2 was added to 2 g SiC, 30 ml
HF:HNO3 3:1 solution. The result was checked by measuring the luminescence of the sample.
The chemiluminescence during stain etching of 3C-SiC was measured by using the Ocean
Optics QE65000 spectrometer with 30 s integration time. An optical fiber was placed next to
the PFA tube containing SiC powder, HF, and HNO3. The PFA tube together with the optical
fiber was covered by aluminium foil and was buried under salt bath, which was used to heat
up the reactor to about 100°C. Peaks were detected after 1 hour of heating. For control
experiment 0.04 mol CuF2 was added to 2 g etched sample before removing the acid and
accumulated overnight. The emission of SiC NP-s at 450 nm was measured without adding
CuF2 in the reaction or with adding CuF2 after the reaction. However, no PL signal was
detected if CuF2 was added before the reaction, which is an indirect proof for the presence of
nitrosyl-anion.
Additionally, we wanted to investigate the presence of excitons in the etching process.
If electrons and holes are simultaneously injected by chemical processes then these generate
excitons that may recombine either non-radiatively by phonons or Auger-processes, or
radiatively by emitting photons, where the latter can be detected by photodetectors. I observed
luminescence during stain etching in dark without applying any external bias. This
observation further supports the claim that the reaction does not require illumination. The
emission exhibits a maximum at around 610 nm with a shoulder at 535 nm, shown in
Figure 20.

Figure 20.: The chemiluminescence of the bulk SiC during the etching
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The emission with a maximum at around 610 nm was already reported in previous
studies on porous 3C-SiC using different excitation methods associated with the surface
defects of SiC created by etching79. As our etching continuously creates porous SiC, a similar
spectrum may be expected when the band-edge-to-defect-level optical transition is associated
with this luminescence spectrum. The other luminescence component can be associated with
the band gap energy.
The NPEGEC seemed to be well supported by our experimental results, so the Group
moved on to utilize it for the potential benefits regarding the fabrication of the SiC NP-s.
3.1.2. Improved size control of the nanoparticles

Using various analytical methods for monitoring the properties of the nanoparticles
(namely transmission electron microscopy (TEM) and atomic force microscopy (AFM), for
size distribution, PL for optical properties and weight measurements for rough estimate of the
NP concentration) we observed that the final NP properties showed a sensitive dependance on
the bulk synthesis parameters.
PL measurements were carried out on these samples using a HORIBA Jobin-Yvon
Nanolog FL3-2iHR fluorometer equipped with a 450W Xenon lamp, iHR-3210 grating
system, and a R928P photomultiplier tube for the measurement in the ultraviolet and visible
range. The luminescence scaled with the concentration of the NP-s. The total amount of
obtained NP-s was a function of the porosity of the etched material which turned out to be a
function of the crystal quality. The last part was in good correlation with our expectations –
the cubic 3C-SiC has one of the lowest bandgap energies among all the polytypes 80,81,82, and
the method is known to be selective for 3C polytype. These lead to the conclusion that low
quality crystals are harder to etch than high quality products and thus, intentionally introduced
defects might open up new opportunities for polytype-driven controll of the etching process,
resulting indirectly in sizecontrol of the NP-s.
We introduced XRD measurements (HUBER G670 Guinier camera, Cu Kα radiation)
for monitoring the crystal quality. We used the Rietveld-fitting to determine the crystal
quality as well as the SF-s of the sample. I used PTFE to energetically support the quasi-inert
reaction of the SiC formation. We also applied boron, nitrogen (in form of NH4Cl) and
aluminium to create hexagonal inclusions inside the cubic bulk SiC. XRD confirmed that the
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amounts of SF indeed scaled with the aluminium content of the sample. The scaling was
monotoneus albeit not linear and upon reaching a critical amount of aluminium (roughly 10
wt%) new crystallic phases of aluminium-carbide, aluminium-silicide and aluminium-oxide
were formed.
I optimized the synthesis process by using 5 molar % aluminium and 15 wt% of PTFE
in order to achieve maximum concentration of stacking faults. Increasing the SF concentration
also means that the statistical distance between 2 SF has been reduced.
To quantify the role played by the SF in the NP formation I created a way to roughly
estimate the SF concentraion based on the Rietveld fitting.
The SFs cause broad diffraction features in the vicinity of the (111) reflection in the
XRD spectrum. Quantitative analysis of these features requires sophisticated modeling of the
layer sequences with fitted probabilities and correlations of the SF occurrences. Instead of a
potentially model-biased analysis I approximate the amount of stacking faults with the total
diffracted intensity attributed to them that is normalized with the diffracted intensity of the
3C-SiC crystalline phase. For this purpose I calculate the fraction

fSF= ISF/ICR = 𝞢(Iobs-Icalc)/𝞢(Icalc-Ibkg),

(24)

where Iobs is the measured X-ray powder pattern, Icalc is its single-phase 3C-SiC full profile fit
and Ibkg is the instrumental background intensity. Both summations run over the points of the
diffractogram in the 30–40 degrees angle range, where the scattering due to SFs is significant.
fSF however, only approximates the real SF content (fSF is the diffracted intensity fraction
attributed to inhomogeneities in the crystal.
The distance between two Si layers or two C layers in a SiC matrix is about 0.25 nm.
If SFs appear quasi homogeneously with an average distance of 5 nm then this distance
corresponds to 20 layers. So I concluded that as average, there is a SF every 20 layers in the
cubic SiC. As the SFs are considered to be more than one layer (3 layers if we assume a 4H
inclusion)62, the relative ratio of the SFs can be estimated roughly around 15%.
Hexagonal inclusions in cubic SiC act as blocking layers for CB electrons that play a
key role in controlling the size of the pore during stain etching. When a semiconductor is
immersed in an electrolyte system, band bending takes place to equilibrate the Fermi level.
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Band bending at the nanoscale is size dependent and as the particle size decreases band
bending decreases as well that slows down the electrochemical reaction. Below the size of the
exciton Bohr radius band bending blocks the etching. This also means that a certain minimum
crystalline size is needed for migration of electrons and holes, in order to develop a depletion
layer caused by the band bending effect.
A pore wall in the porous layer can be described as interconnected particles. As long
as those particles are connected evenly to each other, electron and hole migration is possible
and band bending is realized. When the particles are separated or the migration of carriers is
hindered then band bending depends only on the size of the separate particles. In this
situation, the final particle size during the etching is determined by the exciton Bohr radius.
As the migration of the electrons is blocked by the hexagonal inclusions in cubic SiC, the
resultant diameter of the SiC NP-s should be around twice the exciton Bohr radius which is
about 5 nm next to SF. Having the average distance between two SFs reduced, the population
of SiC NP-s with size close to the exciton Bohr radius increases resulting in a sharper size
distribution.

Figure 21.: TEM pictures and optical properties of the first batch of SiC containing small
particles and the second sample, containing larger particles.

TEM measurements (HRTEM - JEOL JEM3010) were performed on samples
prepared without and with aluminium to determine the size distribution of the NP-s. The first
sample contains 1–4 nm particles with emission at around 450 nm. The second sample with
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roughly 15% SF contains a significant amount of 4–6 nm particles and shows a redshift in the
luminescence shown in Figure 21.
However, SFs in our 3C-SiC microcrystal are not evenly distributed and do not always
form 4H-SiC inclusions that leads to variation of distances between SFs. As a result the SFheavy sample still contains a significant number of particles with diameter less than twice the
exciton Bohr radius. Nevertheless, this finding clearly demonstrates that the size of the
fabricated SiC NP-s can be controlled by varying SF concentration, i.e., polytype inclusions in
the SiC microcrystal.
3.1.3. Extended application of the NPEGEC for creating 6H-SiC NP-s

By creating the NPEGEC method the Group gained additional control over the etching
of the 3C polytype. The NPEGEC however, is not limited by nature to that single polytype.
As the Group’s focus expanded and slightly shifted towards other SiC polytypes the challenge
presented itself to replicate our advanced and fairly sophisticated NP samples using another
polytype as starting material.
As by the NPEGEC I looked for redox couples that could potentially inject an electron
to the CB of the 6H-SiC.
The dithionate (S2O62−) ion decomposes above 70 °C and various ions and radicals can
form including SO32− with a reduction potential of −1.36 ± 0.24 V at the SO32−/S2O42− redox
couple which is suffiecient to perform the initative step of the etching by reducing the 6HSiC.
In a teflon digestion chamber, 2.5 g of 6H-SiC (Aldrich, 200-450 mesh particle size),
2.5 g of Na2S2O6·2H2O (Reanal) and 30 ml of hydrofluoric acid were blended. The mixture
was heated up to 150 °C and was kept at this temperature for 2 h. The remaining excess of
hydrofluoric acid was removed by repeatedly elutriating, decanting the liquid phase, then
diluting with distilled water. Knowing that sulphuric compounds are likely to undergo various
disproportional reactions we assumed that eventually elemental sulphur would be formed.
Anticipating this event, I applied an additional cleaning step where I excessively rinsed the
porous SiC with distilled water and toluene (VWR, Hipersolv Chromanorm).
Appearance and morphology of the untreated, etched or sonicated bulk samples were
investigated by scanning electron microscopy (SEM; TESCAN, TESCAN MIRA3). It can be
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clearly seen from the image that the grains of the untreated sample have intact, whole edges
with smooth flats and only few conchoidal fracture can be observed (Figure 22 (a))

Figure 22.: SEM images of (a) untreated 6H-SiC sample, (b) etched, (c) etched and
sonicated, (d) double-etched sample

Figure 23.: Cross-section images of (a) untreated 6H–SiC, (b) etched 6H–SiC, (c) untreated
3C–SiC, (d) etched 3C–SiC.
In the case of the dithionate-hydrofluoric acid treated sample (Figure 22 (b)), an
increased surface porosity and the erosion of the edges can be observed. It can be suggested
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that the damage of the edges starts along the crystal dislocations. Repeated etching causes
more damaged and porous flats (Figure 22 (c) and (d)).
Dual beam focused ion beam-scanning electron microscope (FIB-SEM; (Thermo
Fisher FEI Quanta D3), and energy-dispersive spectroscopy (EDX; AMETEK Edax Ametek
Element detector controlled with APEX software package) systems were used to cut through
the sample and make the cross section visible for further investigation of the porosity. The
cross-section image of the untreated sample shows an undamaged plane and no internal
porosity can be observed in Figure 23 (a). On the other hand, in the case of the etched
sample, increased porosity has been verified (Figure 23 (b)). This result confirms the
efficiency of the acid treatment and provides further support for the NPEGEC. Previously our
research group managed to stain etch cubic SiC and used that porous material to fabricate
nanoparticles using reactants that were selective for 3C–SiC. In order to compare the 3C and
the 6H polytypes, two samples were etched by their dedicated reactants and were investigated
by SEM/FIB. From the SEM images, it can be concluded that the untreated 3C-SiC surfaces
have higher porosity than untreated 6H–SiC, and small pores (100–400 nm) can be observed
(Figure 23 (c)-(d)) in the cross section. Even though the pore size and grain size are different
for the two polytypes, the cross-section images of the etched 3C–SiC are similar to the etched
6H-SiC sample cross section. Based on this similarity, the Group expected the etched 6H–SiC
sample to be appropriate for fabricating 6H nanoparticles.
I also created a rough estimation for the increased surface area and pore depth for the
etched bulk material to further quantify the etching process. First, I determined an estimated
size of the etched bulk particles based on the SEM pictures using statistical methods.
Measuring the particles resulted in the diameter of 140 ±80 μm. Taking 140 μm as average,
for further simplification I assumed that the particles are sphere-shaped as spheres have the
lowest possible surface to volume ratio. On a related note, using cubes for modelling would
lead to similar results and cubes are in better correlation with the SEM pictures while still
having one of the lowest possible surface to volume ratio. Nevertheless the calculations
demonstrated here were performed on the sphere model.
d= 140 μm = 0.014 cm

(25)

A= 6.16 x 10-4 cm2

(26)

V= 1.44 x 10-6 cm3

(27)

m= 4.60 x 10-6 g

(28)
43

A/V = 4.28 x 102 cm2/cm3

(29)

A/m = 1.34 x 102 cm2/g

(30)

In Equations (25)-(30) d stands for diameter, A for area, V for volume, and m is for mass.
Assuming that
- particles are sphere-shaped and
- performing etching followed by sonicating will remove a „porous shell” from this particle
and will result in a sphere-shaped (or cube shaped) particle once again
we can give a lower bound estimation for the pore depth and for the surface as well, as in this
model the first step (etching) increases the porosity and the second step (sonicating) decreases
it.
For characterizing the etching rate I performed new measurements monitoring the
weight of the samples using a high precision micro balance during the process. Using 2 hours
and 4 hours of etching time the weightloss was 6% and 7%, respectively. These values are
definitely results of the etching as the weight loss occuring during the sample transfer was
also measured and it was below 5 mg (0.5%) in each cases. Sonicating these samples resulted
in an additional 3% and 4% weightloss which is still a statistically significant weightloss.
The weightloss during the combined process, corrected by the weightloss coming from
other sources can be estimated at 9%. Using the sphere model this means that the sphere has
lost 3.1% of its diameter.
This model would suggest that the porosity depth is approximately 5μm.
After losing the porous shell to the sonicating and obtaining nanoparticles the surface
to volume ratios can be calculated once again with the reduced diameter resulting
A/V = 4.44 x 102 cm2/cm3

(31)

A/m = 1.39 x 102 cm2/g

(32)

which equals to 3.7% enhancement in the surface after the sonication which is a rough lower
bound estimate for the surface after etching and before the sonication. While these numbers
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are result of a rough estimation, they are still on a par with the FIB-SEM pictures as they also
portray similar pore depth.
The product of the etching step was added to approximately 100 ml water and was
sonicated for 2 h. During the process, SiC NP-s were obtained by mechanically destroying the
porous layer. The NP-s were separated from the bulk material by centrifuging at 4500 rpm for
30 min (Thermo Fisher Scientific, Heraeus Megafuge 8). The supernatant was once again
decanted and pressed through a Pall Acrodisc 32 mm syringe filter with 0.1 µm Supor
membrane to eliminate any remaining bulk material.
To identify the composition of the nanoparticles, we applied XPS. Peak fitting was
carried outusing CasaXPS software, see Figure 24. The x-ray photoelectron spectroscopy
(XPS) measurements were carried out using a twin anode X-ray source (XR4, Thermo Fisher
Scientific) and a hemispherical energy analyzer with a 9 channel multi channeltron detector
(Phoibos 150 MCD, SPECS). The base pressure of the analysis chamber was around 2 × 10−9
mbar.

Samples

were

analyzed

using a

Mg

Kα

(1253.6

eV)

anode,

without

monochromatization. Approximately 2 ml of the retentate was dried on a small niobium
wafer. First, we identified the adventitious carbon in the spectrum and shifted the spectrum so
the peak position matched the literature data. Then I attempted to identify the silicon bonding
as well as the carbon bonding.

Figure 24.: XPS spectrum and peakfit of (a) the Si 2p peak and (b) the C 1s peak in the sample
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The silicon (Si 2p) peak could be fit by a single gaussian at 100.6 eV, which is in
perfect correlation with the Si–C bonding energy and is a strongly conclusive observation
about the composition of the nanoparticle.
I also analyzed the carbon peak which turned out to be much more complicated and
also less conclusive then the silicon peak.
Presumably the electric contact between the wafer and the semiconductor
nanoparticles was inadequate. This caused a different charge for the SiC containing dried
layer. This was further supported e.g., by the presence of N 1s peaks with a difference of 1.4
eV. Assuming that these twin peaks emerge from the charged sample and the insulating island
of the nanoparticles simultaneously, an additional shift was applied for the peaks associated
with SiC.
In the case of the carbon spectrum, it was not obvious which fit components should be
shifted by the base value and which ones should be shifted by the additional shift caused by
the different charge state of the sample. I did a total permutation and managed to associate the
fit components to specified bonds, summarized in Table 4.
Binding
energy

Chemical bond or group

284.5 eV

Adventitious carbon

289.8 eV

C=O group, C=S group

288.1 eV

C=O group

292.8 eV

C-F group

285.7 eV

C-C, C-H bond

282.8 eV

Si-C bond (shifted by 5.3 eV in
total)

291.1 eV

CO32- ion

Table 4.: Fit components and their associated bonds of the carbon spectrum

This interpretation is not strongly conclusive because the reported carbon XPS peaks
associated with C-Si bonding scatter between 281.3–283.4 eV.83,84
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3.2. Size and surface dependant properties of SiC NP-s

The most examined semiconductor nanocrystals are well known for being affected by
the quantum confinement. While the quantum confinement offers a rather simple explanation
for size-dependant optical properties, the Group has demonstrated in 2015 that in the case of
case of molecular-sized SiC NP-s surface related luminescence is dominant.85 The
contribution of the surface related luminescence becomes more and more dominant as the
surface to volume ratio increases, or to put it differently, the size of the NP decreases. This
phenomenon is rather complex. At „large” size, the bulk luminescence is dominant and is a
function of the bandgap energy and the quantum confinement. At „small” size, the surface
related luminescence has bigger contribution which is a function of the surface termination.
Between those two regions there is a range of size where the transition takes place.
Theoretically speaking, this offers the possibility to classify a particle’s size by region based
on its optical properties, assuming we have adequate control over the surface as well as over
the size and the composition of the bulk material. Having a controlled way for modifying the
surface of the nanoparticles could also prove vital for future biological applications.
Throughout the subsections of Chapter 3.2. I will demonstrate results of SEM
measuerements for detection of SiC NPs, AFM measurements to perform size measurements
and calculate size distribution, PL and UV-Vis measurements to investigate the optical
properties, PLE mapping to track the peak maximum positions and investigate the quantum
confinement by doing so, and IR measurements to characterize the surface of NPs and track
processes that might occur during reactions.

3.2.1. Size dependant properties of SiC

Upon obtaining the 6H-SiC NP-s, SEM measurements were carried out for the
detection of the 6H-SiC NP-s and for the determination of their size. Results indicated the
presence of significant amounts of contaminations. SEM-EDX measurements confirmed that
despite my efforts the solution contained sulphuric compounds as byproducts. At this point I
decided to use centrifugation with using Pall Macrosep centrifuge filter with 1 kDa cutoff size
in order to get rid of the contamination. I obtained two samples. The permeate was enriched in
the contaminations whereas the retentate was free of dithionate and fluoric compounds.
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We decided to analyze both samples with SEM as well as AFM. It was expected to
have a cleaner permeate with possibly smaller particles and somewhat more contaminated
retentate with potentially larger particles. In the permeate, I could observe two fractions: a
smaller one at ca. 3 nm and a larger one at 12–15 nm. In good agreement with the
expectations, the retentate had larger particles: the small fraction was at ca. 5 nm and the
larger fraction was at 25–30 nm.

Figure 25.: (a) AFM picture and (b) size distribution of the permeate and (c) AFM
picture and (d) size distribution of the retentate.

Due to the measuerement method where we dried droplets of the sample it is safe to
assume that during the evaporation the particles partially aggregated, creating the larger
fraction, seemingly containing few, ca. 5-10 unique particles. These results are shown in
Figure 25.
Additionally I measured the luminescence of the NP-s in liquid phase where
aggregation does not occur (see Figure 26.). A strong peak with a maximum between 2.7 eV
and 3.1 eV was observed. The broad peak extends above 3.0 eV, which is the band gap energy
of the 6H polytype. This means that the sample shows above bandgap luminescence which
was reported before about the 6H-SiC NP-s86. The position of the peak showed excitation
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wavelength dependence. The spectra of the retentate are quite similar to those of the
unseparated sample. On the other hand, the luminescence of the permeate peaks is at 3.0 eV.
The measured spectra showed that the emission wavelength with the maximum
intensity depended on the excitation wavelength. I observed this phenomenon both in the
retentate and in the permeate. It is safe to assume that luminescence arises from unique
particles and the difference between the luminescence peaks is due to quantum confinement.

Figure 26.: PL spectra of (a) the unseparated sample (b) the permeate (c) the retentate
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Likewise, membrane separation was performed on various 3C-SiC NP-s. Similarly to
6H-SiC, we obtained two factions, the smaller one below 4 nm and the larger fraction with a
size distribution of 4-6 nm. These experiments confirmed that the actual cutoff of the
membrane is at 4 nm, respectively. I also measured the photoluminescence of the samples.
Upon analyzing the PL spectra, I observed two characteristically different PL signals for the
„smaller” and the „larger” samples and the additive combination of those two when
measuring an unseparated sample. The emission peak of the larger particles showed redshift
compares to the PL signal of the small particles. The attenuated total reflection infrared
spectroscopy (Bruker Tensor 27) that we applied to identify the functional groups showed no
significant difference between the samples. I concluded that the PL difference and the size
distribution difference between the small particles and large particles are strongly linked,
while no other consistent differences can be observed in the analytical results, therefore the
red shift in the emission of the larger particles is caused by the increased size of the batch.
The absorption spectra of the small particles, the unseparated sample and the larger
particles show broad shoulders very similar to the first transition bands of QDs with broad
size distribution. It is also shown that this shoulder is red-shifted for the unseparated sample
compared to smaller particles. These spectra show that the small batch sample contains one
main absorption band while the unseparated sample contains an additional peak at longer
wavelengths. The large batch, on the other hand, contains only the green band. This aspect of
the absorption profile is similar to the measured size distribution and emission spectra
confirming that shoulder positions in the absorption spectra are also size dependent (Figure
27).

To further investigate the optical properties we recorded the excitation-emission
matrices (EEM) of the samples, and we used the positions and the intensities of the PLE peak
maxima at different excitation energies, together with the absorption spectra to study the
effect of the size. The position of PL peak maxima reflects the excitation dependent shift that
is usually related to the quantum confinement, while PLE here is the position of the highest
peak intensity as a function of excitation energy.
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Small batch
Unseparated

Figure 27.: UV-ViS spectra of the small batch and unseparated sample with as prepared,
carboxyl-terminated surface
As per the quantum confinement, the smaller the particle is, the wider the bandgap
becomes and the higher excitation energy it requires to start emitting. Taking advantage of
this I could partially excite the sample: by using low energy excitation I only measured the
largest particles and with higher energies I could measure more and more samples, as the
threshold of the size of the potentially excited particle decreased.
Taking the absorbance spectra as reference point it was expected to see a monotonous
blue shift in the emission with the excitation energy as the absorbtion shoulders showed red
shift with the size increasement. However, we only observed this monotonous blue shift for
the energy range up to 3.7 eV, respectively. Above this energy, only a modest shift was
observed in the emission spectra, see Figure 28.
This phenomenon could occur due to two reasons: either the quantum confinement is
being overruled by another effect, or we have reached 100% excitation in the particle
population. The second case seemed extremely unlikely, and was further contradicted by the
emission peak which was not constant. Nevertheless, it highlighted the importance to
establish a link between the excitation energy and the excitable particle size threshold.
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Small batch

Figure 28.: The position of the emission maxima versus the excitation energy
The connection between the band gap energy and the particle size can be described
with the effective mass approximation,
E(R)= Eg + a/R2

(33)

where E(R) is the size dependent band gap, Eg is the band gap of the bulk material, „a” is a
constant, and R is the particle radius.
In order to solve the equation and calculate the constants we needed to find some cases
when the particle size is trivial. Based on the PLE spectra it could be concluded that the
lowest excitation energy that still excites the sample belongs to the largest particles in the
sample, and this value could be retrieved from the size-distribution.
Given the observation that the size distribution and the PL spectra of the smaller
particles and the larger particles practically created those of the unseparated sample using
linear combination, it seemed possible to link the PLE maxima to the mean of the particle
population to the corresponding excitation energy. Similarly the other extremum, the local
minimum in the unseparated size distribution was linked to the PLE minimum, gaining
another anchor point for the equation.
For a more robust fitting I used the previous experiments and results of the Group and
added additional points to the plot. I observed that the PLE maximum shifts with the mean
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size between 2.8 and 5 nm, and there is no shift below 2.8 nm. Then I applied the effective
mass approximation to the particles when there is a size dependent relation, allowing Eg to be
a parameter in equation, yielding 2.03 eV for the bulk band gap, and 4.2 for the „a”
parameter. The calculated band gap is reasonably close to the 2.2-2.4 eV region which is most
commonly accepted as band gap energy87,88 and the deviation can be easily described by the
uncertainty of the size measurement of the particles.
I observed that the solved equation only fits the datapoints at the larger sizes, while the
points at the smaller than 3.5 nm show an increasing deviation from the trendline, shown in
Figure 29. This experience ultimately served the conclusion that the quantum confinement is
not sufficient alone to describe the particles behavior and is indeed overruled by another
effect that shows increasing contribution to the optical properties. For Si NP-s it has been
concluded that as the size of the particle decreases, contributions of the surface states increase
flattening the enlargement of the band gap energy upon reduction of the crystal size, and
surface states dominate the excitation and relaxation processes below a cirital size. Based on
the similaraities between Si NP-s and SiC NP-s the Group decided to turn our attention to the
surface contribution to the optical properties.

Own data point
Group's data point
E(R) = 2.03 + 4.2/R2
2
E(R) = 3.87- (2.03 + 4.2/R2)*e-(2*2.85/R)

Excitation energy (eV)
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Figure 29.: Size vs excitation energy based on the PLEs and size distributions

The deviation from the trendline can be described by modification of equation (33)
with linear combination of a constant and the radius dependent function,
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E(R)= C - (Eg + a/R2)*e^-(2Rd/R)2

(34)

where the parameter C is the size independent excitation energy, and Rd is the particle size,
above which surface states determine the emission spectra. Equation (34) gives 3.87 eV for
the C value, which is the measured PLE maximum for separated small particles and the
corresponding particle size is 2.85 nm. Below the particle sizes of 2.85 nm, the quantum
confinement effect vanishes and transforms into the size-independent molecular behavior and
the size dependent semiconductor NP behavior between 2.8 and 3.75 nm. Eqs. (33) and (34)
meet at the particle size of 3.75 nm, and for larger particles, the effective mass approximation
is valid.
While this theory could be utilized to describe the processes with excellent fitting, I
looked for additional support regarding the surface contribution. Assuming the optical
properties were dependent from the surface, using chemical reactions to change the surface
without interfering with the particle size should cause some change in the absorbtion and
emission spectra.

3.2.2. The surface of the SiC NP-s

During the stain etching we apply agressive oxidizing agents so by default the acids
such as HNO3 would eventually create a heavily oxidized surface on the nanoparticle, covered
by carboxyl groups. The IR spectra showed peaks at 1740 and 1260 cm-1 that could be linked
to the carboxyl vibrations as well. The initial experiments upon heating the nanoparticles
showed a slow desorption of water while forming anhydride groups89 further supporing this
point. Additionally, the as-prepared SiC NP-s showed strong peaks around the 800 cm-1
region (Si-C bonding), as well as at the 1350-1460 cm-1 region (C-H, C=O bonding).
The Group previously performed several experiments on the reduction of the SiC NP-s
surface, and tested several reducting agents. The colleagues have concluded that NaBH 4
provides the highest yield for reducing the carboxyl groups and creating a hydroxyl
terminated surface. Based on their recipe, 10 ml aqueous solution of as-prepared SiC NP-s (14 nm) was used. 0.04 g NaHCO3 and 0.05 g NaBH4 was added to the solution and stirred at
room temperature for one hour. In the next step additional 0.05 g NaBH4 was added and the
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solution was heated up to 80 °C and kept at that temperature for 2 hours. During the reaction
the carboxyl groups were reduced and hydroxyl terminated particles were formed.
The IR spectra showed significant shifts in the spectrum. The carboxyl-related peaks
were substantially reduced and the dominant peak became the 1360 cm-1 signal which can be
assigned to the hydroxyl groups. The persisting peak around 1150 cm-1 suggests that the
C-O-C and Si-O-Si bonds were not reduced during the reaction in contrast to other, more
agressive reducing agents such as nascent hydorgen.
PL spectrum of the reduced sample was recorded. If the emission of SiC NP-s is size
dependent and there is no surface contribution, peak maxima of the carboxyl terminated and
hydroxyl terminated samples should be at the same position, and they should shift with the
excitation energy. However, I observed a mixed behaviour of the PL peak as a function of the
excitation energy. In good correlation with the previously explained theory, at a given range
the PL maxima of the carboxyl terminated and the hydorxyl terminated samples were at the
same position, shifting with the excitation. Above 2.95 eV excitation, the peak positions of the
carboxyl and hydroxyl terminated samples are not identical anymore, see Figure 30. The
differences between peak positions for carboxyl terminated and hydroxyl terminated samples
are increasing between 2.95 eV and 3.3-3.5 eV excitation energies which implies an
increasing contribution of surface states in the emission spectra. Ultimately, as the surface
contribution becomes dominant over the quantum confinement, the peak positions become
static – however they do differ for the samples as the energy level of the surface is also
different.
Similarly to the above-explained phenomenon changing the surface termination also
causes changes in the absorption spectra revealing surface contribution to the absorption
processes. UV-VIS measuerements were carried out on Ocean Optics QE6500 spectrometer
and Ocean Optics DH-2000-BAL light source. After the reduction, absorbance is reduced, and
the first maximum at 340 nm is shifted to 320 nm for both samples while the second peak of
hydroxyl terminated sample at 440 nm does not shift.
For the final piece of comparison we conducted PL measurement of the
aforementioned 6H-SiC NP-s. Based on the previous results we expected to observe quantum
confinement on the retentate and semi static peak positions on the permeate as it contained a
large amount of small (smaller than 4 nm) paritcles. However, our measured spectra showed
that the emission wavelength with the maximum intensity depended on the excitation
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wavelength for both the retentate and the permeate, indicating that the surface of the 6H-SiC
nanoparticles differs from the surface of the 3C-SiC nanoparticles, thus the transition phase
between bulk luminescence and surface dominated luminescence may occur at another size.
In order to examine this phenomenon, we performed IR measurements on our samples.
While it is complicated to identify the functional groups of the 6H-SiC NP-s, it is obvious that
the spectra significantly differ from those of the 3C-SiC NP-s. In order to observe the spectral
change over time, droplets of the colloid sample were evaporated on a silicon wafer and the
remaining material was measured in nitrogen atmosphere. Then the sample holder was heated
to 180 °C.

Carboxyl terminated
Hydroxil terminated

Figure 30: Peak positions of the as prepared and the reduced SiC NP samples

Comparing the room temperature spectra of 6H-SiC NP-s and 3C-SiC NP-s it can be
concluded that the hydroxyl band centered at 3250 cm-1 is much broader in the cubic sample.
This is related to the presence of the acidic carboxyl group which generally causes wider
bands. The presence of the carbonyl band at 1720 cm-1 further supports this observation (see
Figure 31).
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Figure 31.: IR spectra of the 3C-SiC NP-s and the 6H-SiC NP-s. Spectra are baselinecorrected and shifted
However, in case of the hexagonal sample there is no visible band in the 1700-1750
cm-1 region, and accordingly, the hydroxyl band has significantly smaller half width. This
suggests that the surface is less acidic. I also observed that the hydroxyl band has little or no
component at 3600-3750 cm-1, which leads to the conclusion that silanol groups are not
present in the sample. This is in good correlation with the XPS spectrum where no Si-O bonds
were detected. Contrary to 3C-SiC NP-s, for 6H-SiC NP-s the hydroxyl group band at
3250 cm−1 became stronger over time. The band associated with the C=C group at 1610 cm-1
and the C–H bonds at 2800–3200 cm−1 decreased over time in strong correlation with the
emerging hydroxyl band. Having several isosbestic points in the spectra practically rules out
the possibility of decomposition of the sample. The spectra are shown in Figure 32. These
results further support our assumption of the fundamentally different surface termination of
cubic and hexagonal SiC NP-s and provides an additional argument for the transition phase
between bulk and surface dominated luminescence in 3C-SiC NP-s versus only bulk
luminescence in 6H-SiC NP-s.
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Figure 32.: The spectral change in the IR region of the 6H-SiC NPs over time at
180°C and (b)-(e) magnified parts of the (a) spectrum.

3.3. Improving the nanoparticles for biological applications
As it was first mentioned in Chapter 1, one of my goals was to eventually create a SiCbased NP-s for biological application. Naturally, for an engineered in vivo or in vitro
biomarker it is imperative to know well the bulk phase as well as the surface but ultimately
the experiments must come down to an environment that is similar to biological systems. The
oxidized surface of the as prepared NP-s contains organic functional groups such as carboxyl
and hydroxyl, stabilising the nanoparticles in polar solvents, including biologically relevant
media, without the need for surfactants or capping layers.
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The Group decided to examine the widely researched field of in vivo interactions
between NP-s and proteins. Nanoparticles show affiliation towards absorbing certain proteins
on their surface, which often manifests in protein corona (PC) formation. As the cell detects
corona coated NP-s, the protein corona can dictate biological response to NP-s. More
importantly, an interaction like this could potentially change the optical properties of the NPs.90 It is worth noting that the typical NP-s applied to in vivo systems are usually larger than
30 nm 91, and our NP-s are significantly smaller than those.
Throughout the subsection of Chapter 3.3. I will present PL and UV-Vis
measurements to confirm the interaction between SiC NPs and the bovine serum albumin
molecule. Additionally I performed fluorescence lifetime measurements to determine the type
of quenching, which ultimately determined the exact location at which the energy tramsfer
between the particles occurs.

3.3.1. The examination of interaction between SiC NP-s and a model protein

The interaction of NP-s with proteins is the basis of NP research for biological
application. Regarding this topic the size of the NP-s is the most important property as even
the large proteins are usually smaller than 100 nm. Smaller NP-s may be comparable in size
with the proteins or even much smaller than them, and this generally defines the way these
two objects interact with each other. If the sizes of the nanoparticle and the protein are
comparable then they will interact like two proteins or like two nanoparticles. For very small
nanoparticles and large proteins, we can predict a specific interaction where a nanoparticle
can interact with a specific surface epitope or binding pocket of a protein.
As initial step of examining the SiC NP – Protein interactions we decided to use
Bovine Serum Albumine (BSA; Sigma-Aldrich, lyophilized powder, BioReagent) for testing.
Serum albumins are the most abundant proteins in the blood, and their major physiological
role is to carry various ligands to their respective target organs. BSA is also the most studied
protein, which has a single polypeptide chain with a molecular weight of 66 kDa and consists
of 583 amino acid residues. BSA contains 76% sequence homology with human serum
albumin (HSA)92. The optimal pH value chosen for investigating the interaction between SiC
and BSA was around 7 where the BSA molecule has the normal conformation and the –OH
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groups on the surface of SiC are in the deprotonated form. To buffer the pH and simulate the
salt concentration of a typical biological system pure phosphate buffered saline (PBS; VWR,
Powdered, Ultra Pure Grade) solution was prepared by dissolving PBS powder, pH = 7.4 in 1
liter high purity ion-exchanged, deionized water with a resistivity of 18.2 MΩ. In the
experiments we used this as a solvent for both the BSA lyophilized powder and the SiC NP-s.
The Group has provided another essential observation for these experiments.
Repeatedly etching the same bulk SiC material yielded larger and larger nanoparticles with
each cycle of etching. We repeatedly etched and sonicated 10 grams of SiC powder four
times. SiC NP-s from the fourth etch were filtered through a 0.02 mm syringe filter. This
solution was further separated by using a 30 kDa Pall Macrosep centrifuge filter, but here, the
retentate was used. Taking advantage of this method we managed to create two fractions of
SiC NP-s: a smaller sample with the standard 1-4 nm of size, and a much larger fraction
ranging from 4 to 15 nm in diameter. For size distribution we used AFM with statistical
methods using at least 300 particles, and for the crystallinity determination we used TEM.
The mean size of the smaller SiC NP-s is 1.4 nm, the median is 1.5 nm and the mode is 1.5
nm. The larger SiC NP-s have a mean size of 9.1 nm, the median is 8.6 nm, and the mode is
7.8 nm. The concentration of SiC in the produced water dispersed samples was determined by
high-resolution continuum source graphite furnace atomic absorption spectroscopy (HR-CSGFAAS) using a ContrAA-700 tandem spectrometer (Analytik Jena) equipped with a
transversally heated graphite tube atomizer (THGA). The Si content of the small SiC NP-s’
stock solution was found to be 0.85 mg/ml. Assuming that all the Si atoms in the sample are
in the form of SiC and from the average diameter of the SiC NP-s, the SiC concentration is
9.7x10-5 mol/l. The Si content of the larger SiC NP-s’ stock solution was 1.05 mg/ml. The SiC
concentration is 4.6x10-6 mol/l.
To examine the interaction between the BSA and the SiC NP-s I measured the
absorbtion and the PL spectra of the solutions on their own as well as of the mixture of the
two including flourescence lifetime measurements as well. As the absorbtion spectra of the
SiC NP-s and the BSA overlap, the interaction itself could be confirmed by additively
cumulating the spectra of the components and comparing it with the measured spectra of the
mixture. More importantly, the change in the BSA spectra could potentially suggest the exact
location of the interaction. The absorbance spectrum of BSA shows two characteristic bands,
at around 220 nm and 280 nm, due to the a-helix structure of the protein and the aromatic
amino acid residues, respectively. Usually, an alteration in the 220 nm absorbance peak is
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associated with the perturbation of the secondary structure of the protein, while the changes
observed in the 280 nm band indicate that the proximity of the aromatic amino acid residues
is altered.
The absorbtion spectra did not reveal any systematic deviation of the measured spectra
from the additive cumulation of the components indicating that changes in the environment
near the tryptophan residue were not clearly observed.
The characteristic luminescence band of BSA in the samples containing different
amounts of SiC and 15 µM BSA was recorded at around 340 nm. The characteristic peak due
to Trp residue emission at 340 nm can be clearly seen. The wavelength of the peak maximum
remains fundamentally constant, but the fluorescence intensity decreases with increasing SiC
NP content of the samples, which indicates fluorescence quenching by the NP-s, shown in
Figure 33.
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Figure 33.: Luminescence of BSA with different concenctration of SiC at 340 nm excitation

The lack of spectral shift in the presence of SiC-NP-s indicates negligible changes in
the protein secondary structure. Simultaneously, the time-correlated measuerements of
fluorescence lifetime showed monotonous decreasement with the increased SiC NP
concentration in harmony with the previously observed quenching, hinting at a dynamic
nature of the quenching.
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To further examine the nature of the quenching I created the Stern-Volmer
representation of the measured spectra. The Stern-Volmer plot is one of the most commonly
used graph for displaying fluorescence quenching.93 Both the intensity and the lifetime
changes were studied. The Stern–Volmer plot of the luminescence quenching constructed
from the luminescence intensity shows complex or mixed interactions; if the interaction is
either poorly dynamic or static, the Stern–Volmer plot of the intensity gives linear coherence
between the quencher concentration and the intensity. However, even if a mixed interaction is
the case for quenching, the Stern–Volmer representation of the change in the lifetime still
gives linear coherence between the decay times and the quencher concentrations. For small
SiC NP-s, there is a positive deviation from the linearity for the lifetime, too, displayed in
Figure 34.
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Figure 34.:Stern-Volmer plot of the quenching process and the positive deviation from the
linear trend

In order to further characterize this deviation, I repeated the measurements at other
temperature values between 20 °C and 55 °C, shown in Figure 35. The spectra exhibited
similar shape with the increased temperature, however, there is a decrease in the gradient
which is usually explained as a consequence of complex formation and static quenching.
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Figure 35.: Temperature dependent Stern-Volmer plot
The previous results required a deeper understanding of the process in order to make
them compatible with each other as there were results pointing towards dynamic quenching
and other were hinting static quenching. Neither the UV-VIS absorbance spectra nor the
luminescence measurements imply strong complex formation, also no measurements showed
drastic change in the structure of the protein, indicating that the interaction occurs without the
denaturation of the BSA. However, the fluorescence quenching process cannot be described
by simple collision quenching. The curve of I0/I shows higher values than τ0/τ on the SternVolmer plot which is often explained by both static and dynamic quenching occurring during
this process. Similarly, the upward-curving nature of the Stern-Volmer trend reveals the
presence of a complex fluorescence-quenching mechanism.
My Colleagues in the Group examined and ruled out the possibility of a diffusionmediated collisional quenching. Briefly, the bimolecular quenching constant estimated based
on the Stern-Volmer equation largely exceeds the limit of the diffusion-controlled bimolecular
rate constant value. Similarly, the ground-state complex formation was proved to be unlikely
based on the modified Stern-Volmer equation.94
As next option I investigated a possible energy transfer between the BSA and the
nanoparticles. As there is a large spectral overlap between BSA emission and SiC NP-s
absorption, shown in Figure 36 the possibility of Förster resonance energy transfer (FRET)
quenching seemed to be an ideal candidate to describe the observed phenomenon.95
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Figure 36.: The absorbtion coefficient of SiC and the emission of the BSA

FRET occurs when the donor fluorophore absorbs a photon, and the excitation energy is
transferred to an acceptor molecule close to the donor. FRET efficiency highly depends on the
distance between the donor and acceptor molecules. In most cases, this distance is fixed. In
this system the donor–acceptor distance is constantly changing in time and can only be
described by an average distance which depends on the concentration of the NP-s. From
Förster’s theory, the Förster radius (R0) can be calculated. The applied parameter values were
κ2 = 2/3, n = 1.34 and ΦD = 0.15 based on literature data.96,97,98 These parameters resulted
R0= 2.83 nm which was comparable to the NP-s size and also generally speaking acceptable
result for a FRET distance.
To further test the FRET hypothesis, I had to make some assumptions.
I assumed that – in the presence of acceptors – the ratio of the donors in the donor–
acceptor pairs is x(cA) = cDA/cD0, where cDA and cD0 are the concentration of the donor–
acceptor pairs and the initial concentration of the donors without any acceptors, respectively,
and cA is the acceptor concentration.
I also assumed that the donors not participating in the FRET are exhibiting their
oiriginal luminescent properties. The efficiency of energy transfer in a single donor–acceptor
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pair is denoted by E. In this case, the decrease of the fluorescence lifetime of the entire sample
can be described by the following equation:
τ0/τ = 1 – E*x(cA)

(35)

Using equation (25), and the equation of the association–dissociation constant
(KDA = cD * cA/cDA in this case) the variation in the lifetime as a function of the quencher
concentration can be described by the following equation:

2

1−
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𝜏0
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2∗𝐶𝐷0

(36)

where cD0 = 15 µM, which is constant during the measurement. This model, with cA0 as an
independent variable, results in an excellent fit. Fitting with this model provided E = 82% for
the value of FRET efficiency. Using the previously estimated Förster radius, from this
efficiency, an average donor–acceptor distance can be calculated. The derived average donor–
acceptor distance is 2.2 nm and KDA = 0.3 µM. It can be seen that the relation between the
total FRET efficiency and SiC concentration is linear in the studied system in the investigated
range of acceptor concentration.

If FRET actually occurs it could induce an enhanced emission of the SiC NP-s, so I
decided to test the luminescence intensity of the NP-s in presence of BSA to further support
the FRET hypothesis displayed on. Figure 37.
At low concentration range (up to 3.75 µM) there was no detectable enhancement in
the PL signal of the SiC NP-s. A further increase in the BSA concentration obscures the SiC
peak and deconvolution is needed to extract the emission intensity of the nanoparticles. At
higher concentrations, a small increase can be deduced from the deconvolutions, however,
this does not provide a strong support for the FRET as the limited amount of data points and
the deconvolution do not enable strong conclusions. Conceding FRET, we still have to
assume that other processes affect the interaction of the BSA-SiC NP-s.
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Figure 37.: The FRET efficiency of the BSA-SiC system

The IR spectrum of the SiC NP-s show hydroxyl moieties on the surface with high
concentration. Hydroxyl groups can lead to complex formation where hydrogen bonds are the
main interaction force. Therefore, I tested the possibility of hydrogen bond-mediated complex
formation by using sucrose (Sigma-Aldrich, >99,5%) as a competitive quencher that can
protect BSA. Results showed that the addition of sucrose further increased the quenching,
suggesting that SiC NP-s are not interacting with the protein via hydrogen bonds.

Another mechanism often used to describe the positive deviation from the linear SternVolmer plot is the quenching sphere of action model. According to this model instantaneous
or static quenching occurs if the quencher molecule is very near to, or in contact with the
fluorescent molecule at the exact moment it happens to be excited. This was explained by the
fact that only a certain fraction W of the excited state is actually quenched by the collisional
mechanism. Some molecules in the excited state, the fraction of which is (1-W), are
deactivated almost instantaneously after being formed, because a quencher molecule happens
to be randomly positioned in the proximity at the time the molecules are excited and interacts
very strongly with them. Additionally, this model considers events happening below the
distinguishable timescale – which is limited by the resolution of the analytical instruments –
to be instantaneous.
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Considering the points above, the modified Stern-Volmer equation is as follows:
𝐼0
𝐼

=

1+ 𝐾𝑆𝑉 [𝑄]
𝑊

(37)

where is given by
W = exp-V[Q]

(38)

where V is the static quenching constant. If the sphere of action mechanism is present, the
dependence of τ0/τ should not be a straight line because
V = (NA/1000)(4πR2 (Dτ)1/2),

(39)

and raising the temperature should enhance the value of KSV and reduce the value of V.
However, neither of the expected changes did occur, ruling out the sphere of action model.

Suspended spherical particles may exhibit diffusion-limited association which can be
described by law of mass action where the diffusion coefficient is identified with that
predicted from the Stokes–Einstein approximation. This expression, however, is valid only for
single particles far from interfaces. In close proximity, the diffusion coefficient is smaller than
that calculated from the Stokes–Einstein equation. Additionally, due to the unique properties
of the proteins, steric hindrance may occur at different sizes of the macromolecule which can
further influence the diffusion coefficient of another particle. This effect may vary with the
particle’s size. For example, molecules are much smaller, so a molecular quencher can diffuse
even inside the smallest pocket or pore of the protein and this close proximity to the binding
sites facilitates complex formation.

However, the SiC NPs are somewhat larger than this region of size, so the diffusion
might be influenced by the numerous binding sites, cavities and pockets of the protein.
Additionally, the flexibility and the steric conformation of the protein also contributes to the
reactivity. The fluctuation in the protein structure allows diffusion of small molecules or
clusters even inside the closed binding sites. Such a mechanism is able to temporarily trap the
molecules and clusters. This mechanism can be described as physical complex formation
where the binding force is steric hindrance. BSA contains two Trp around its binding site.
Trp134 is outside of the pocket, surrounded by the polar environment; Trp212 is inside the
hydrophobic pocket. Even if Trp212 is accessible for SiC NP-s, the hydrophobic pocket
temporarily traps the particles causing static-like quenching.
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Increasing temperature increases the flexibility of the protein and reduces the
interaction forces resulting in faster diffusion and a shorter detention time in the vicinity of
Trp212. To track these processes we introduced the time-correlated single photon counting
(TCSPC) method. It was applied to obtain the fluorescence decay curves in the time-resolved
measurements. Lifetimes were derived from the fluorescence decay curves by using the least
squares fitting deconvolution technique with a twoexponential decay model. The time
resolution for the fluorescence lifetime measurements was 55 ps. Using more exponential is
justified because of certain transient effects during the quenching. Usually, collisional
quenching requires more than one exponential to fit. These effects are caused by the rapid
quenching of closely spaced donor–acceptor pairs, followed by a slower quenching rate due
to quencher diffusion. As a result, the presence of transient effects can manifest itself in
additional nanosecond decay time components.
The results show decreasing trends in the lifetime components, hinting that SiC is
indeed interacting with either Triptophans. The first exponential shows increasing amplitude
with the SiC concentration, the second one, however shows decreasing amplitude with the
carbide concentration.
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Table 5.: Decay times and amplitudes for a three exponential fit
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The decrease in the amplitude means the fluorophor emits lesser amount of photons
due to static quenching, the overall contribution to the luminescence is decreased. The
decreased lifetime suggests more intensive dynamic quenching as well. The third exponential
which is a result of the transient effects shows very little dependance on the circumstances.
These data are shown in Table 5.
It can be concluded that SiC NP-s and BSA interact in an inhibited diffusion manner
and such a mechanism results in a complex quenching reaction, which shows second-order
dynamic and static quenching without causing permanent changes to the protein structure.
Because of the steric hindrance that was mentioned as a possible factor for the Trp212SiC interaction I decided to repeat the experiments with the larger SiC particles (4-15 nm with
the mean size of 9 nm). As mentioned before the protein-NP interactions are rather sensitive
to the size of the NP-s so I expected this to cause measurable changes in the fluorescence
quenching. Indeed, the larger particles showed somewhat different behaviour as the
quenching could be described with a linear Stern-Volmer plot without any deviation from the
linear. The slopes of the intensity and the lifetime are almost the same suggesting pure
dynamic quenching processes. This observation is in good correlation with the expectations,
suggesting that for the smaller particles Trp212 is indeed the reaction partner in the quenching
process and the best explanation for the quenching method is FRET. A schematic graph for
the visualization is shown in Figure 38, created by Bálint Somogyi.

Figure 38.: The location of the BSA at which the energy transfer occurs. The graph has been
created by Bálint Somogyi.
The lack of evidence for BSA denaturation in the presence of SiC, and the absence of
a strong complex or protein corona formation implies in vivo biocompatibility for SiC below
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10 nm as well. There is hope that a functionalized nanoparticle will keep its designed
properties, including point defects induced optical properties in complex biological media.

3.4. Tuning the magneto-optical properties by introducing color centers
As it was introduced in Chapter 2.2.2., bulk SiC may contain various types of point
defects that do modify the properties of the material, e.g. they may be magneto-optically
active or may act as a carrier trap. Researchers during the last decades have published
numerous articles about point defects99,100,101, especially on the NV center102,103 in diamond
and nanodiamond which have favorable magneto-optical properties for sensing biomolecules
but the excitation wavelength is in the green region that should be avoided for in vivo
measurements. Defects similar to diamond NV center exist in SiC too, e.g., Si-vacancy and
divacancy, but with excitation and emission wavelength in the near-infared which can be
employed to prepare an ideal biomarker with multimodal functionalities.

Although, our ultrasmall SiC NP-s are luminescent but the wavelength of emission is
not ideal for in vivo studies. In the previous section I demonstrated that small SiC
nanoparticles may label proteins and might be an ideal biomarker. The emission wavelength
of SiC nanoparticles can be tuned by introducing atomic-like fluorescent point defects. These
fluorescent point defects could have favorable emission wavelength. Furthermore, the defects
could be paramagnetic in their ground state that provides additional modality for the SiC
nanoparticles.
Throughout the subsection of Chapter 3.4. I will discuss results of ESR measurements
which were performed on neutron-irradiated and annealed samples to detect point defects that
are magnetically active. Additionally I performed computing methods to fit the measured data
to identify the point defects in the sample. I performed PL measurements to detect optically
active point defects.
3.4.1. Generating point defects in a controlled manner in SiC
Creating SiC crystal without point defects is a rather challenging process and most of
the well known solutions generally speaking do not rely on the Acheson synthesis, instead use
modern technology such as the chemical vapor deposition to achieve the goal. However, it is
possible to take advantage of the presence of certain point defects and thus, a lower quality
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crystal as starting material does not mean any kind of disadvantage, enabling the use of other
robust methods such as combustion synthesis.

The introduction of the point defects may occur in situ during the reaction but also can
happen after the synthesis has been completed. As the vast majority of point defects can be
classified as an atomic-level dislocation one usually uses some sort of radiation with high
energy in order to remove or relocate an atom inside the crystal. The most typical particles to
bombard the atoms in the lattice are either ions or electrons or neutrons. While these
bombardments are not exactly selective to the point defects, those defects have differentiated
thermal stability and thus can be selectively removed by thermal annealing of the sample.

During the experiment I used combustion synthesis to create SiC with high amount of
stacking faults using aluminium precursor as per introduced in Chapter 3.1.1. and used
neutron irradiation (1018 cm-2) to introduce point defects to the bulk sample. The sample was
consecutively annealed to 800 °C and in each step it was measured by ESR to monitor the
changes occuring to the point defects. Each step of annealing lasted for 30 min. ESR
measurements were performed on a Bruker Elexsys E500 X-band (∼ 0.3 T, 9.4−9.8GHz)
spectrometer. The sample was under low pressure helium atmosphere to prevent oxidization
at elevated temperature. The comparison between a non-irradiated and an irradiated sample’s
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ESR properties are shown in Figure 39, and the annealing effects are shown in Figure 40.
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Figure 39.: ESR spectra of Al-SiC and n0 irradiated Al-SiC. The spectra have been
normalized and multiplied for the better comparison.
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Figure 40.: Step by step ESR spectra of thermally annealed sample of Al-SiC. The spectra
have been offset-corrected and normalized by weight.

Based on the portrayed graphs it can be concluded that the neutron irradiation
generated new, ESR active point defects that were slowly eliminated upon annealing without
actually returning to the original state of the material (Figure 41).
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Figure 41.: Comparative ESR spectra of the as prepared Al-SiC and the neutron irradiated
and annealed sample.
In order to identify the present point defects in the ESR spectrum I decided to fit the
spectra using the Easyspin module of the Matlab program. This required the coding several of
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the most common point defects based on literature data of theoretical computations. The
coded point defects were:
-

VSi 104,105,106

-

VC105,107,108

-

VSiVC104,109

-

SiC105

-

CSiVC 105,110,111,112

-

Pb 113,114,115,116

The literature data used for the simulation is presented in Table 6. It must be noted that
the fitting contained several simplifications in order to keep the computing time in a
reasonable range. Also, while the observed asymmetries and line broadenings do suggest
phenomenons like g factor anisotropies, quantifying those factors was beyond the scope of
this thesis which was merely to identify the point defects. This is the reason why fittings with
somewhat lower level of excellence were still deemed to be acceptable.
Name

Spin

g factor

VSi

3/2

2.0029
2.0026

VC

1/2

2.0026
2.003

VSiVC

1

2.003

SiC

1/2

2.003

CSiVC

1/2

2.003

Pb0

1/2

PbC

1/2

Hyperfine constants (MHz)
80 33 33

76 32 30

7.8

(C1)

(C2-4)

(Si)

180 120 120
(Si)
12 13 13

10 9 9

(Si1)

(Si2-3)

-76 22 20

971

-40 13 11

11 6 -13

(SiC)

(Si1)

(Si2)

(Si3-4)

185 147 147

28 4 3

47 16 15

26 17 13

(Si1)

(Si2)

(Si3-4)

(SiC)

2.0020

423 227 227

2.0080

(Si)

2.0029

224 112 112

2.0032

(Si)

Table 6.: The numerical data used for the simulation fitting for the listed point defects
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It can be observed in Figure 40. that the ESR signal intensity slightly increased in the
after the first few steps (peaks at 600°C) before turning into a monotonous decrease. This
suggests the presence of carbon vacancy as it is known to be a trap carrier, reducing overall
signals during magnetic and optical measurements and being eliminated at around 500 °C. 117
It was also shown that this temperature limit only applies to some types of carbon vacancies,
and in irradiated samples certain type of carbon vacancy related defects may resist annealing
up to higher temperatures.118 Besides the fact that VSi is one of the most common and one of
the most primitive point defects in SiC, the optical emission of the sample showed a
luminescence similar to the well characterized signal of the VSi in hexagonal SiC, shown in
Figure 42. This indicated that our sample might contain VSi as well. However, it is also well
known that VSi elevated temperatures transforms into another point defect by migrating one of
the neighbouring carbon atoms into the vacant spot of the silicon, forming CSiVC.

Intensity

neutron irradiated sample
excited at 785 nm

800

820

840

860

880

900

920

940

Emission wavelength (nm)

Figure 42.: PL spectrum of neutron irradiated bulk 3C-SiC
Based on these observations and assumptions I started to fit my ESR data using the
functions of VSi, VC, and CSiVC. Later, upon reiterating the fitting I kept adding more and
more components to the fitting function. While this exponentially expanded the length of the
iteration cycle, did not provide any improvement to the level of excellence of the fitting.
Often, the weight of the recently added function iterated to 0 or caused artefacts on the
simulated spectra that was immediately rejected as result based on the graphical shape. To
avoid confirmation bias I also ran fresh iterations without the original 3 defect-functions and
obtained less excellent fitting each time.
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Figure 43.: EasySpin fitting of the 500 °C annealed spectrum.
The fitting of the 500 °C annealed sample is shown in Figure 43. The simulation
identified the double peaks as two independent signal source, namely VSi and VC. The
simulation does not fit perfectly the measured data for various reasons. First of, the coding
contained several simplifications that neglected for example the heterogeneity of the sample.
Second, it is possible that the sample could have contained point defects that were not coded
at all. Thirdly, the theoretical data upon which the coded functions were based usually
contained calculated parameters for low temperatures, while the measuerements happened at
room temperature.

While it can be concluded that the sample initial sample contained the most basic
defects it was also imperative to determine the final state of the sample after consecutive
annealing. On Figure 44. the fitting of the 800°C annealed sample is portrayed.

75

Figure 44.: EasySpin fitting of the 800 °C annealed spectrum.

The results indicate that this spectrum contains a mixture of three different point
defects. In a reduced concentration the initial defects are still present and a new type of defect
which was identified as CSiVC was formed during the annealing. This result can be explained
by the well-known transition of VSi into CSiVC. In all of my fittings only these three type of
defects were found. I created a comparative table of the relative concentration of these point
defects that demonstrates the transformation of VSi into CSiVC versus the annealing
temperature. For the numerical data see Table 7.
.
The fitting suggests that throughout the steps of annealing the relative amount of Vc
starts to decrease and therefore the relative amount of VSi starts to increase. This trend
continues to be present until 700 °C when a drastic shift is observed in the spectrum as well as
in the fitting. It must be noted that the slight enhancement of the VC at 700 °C could be
misleading and is considered to be bad data point due to the mediocre level of excellence of
the fitting. Despite that single point, the monotonous decreasement of the Vc seems to be
obvious and in harmony with the expectations. At 700 °C a new presence, the CSiVC is
confirmed and it is indicated that it is formed at the expense of the VSi in the sample.
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Temperature

VSi

VC

CSiVC

500 °C

64.0%

36.0%

-

600°C

77.0%

23.0%

-

650°C

81.0%

19.0%

-

700°C

22.3%

20.4%

57.3%

750°C

15.7%

17.3%

67.0%

800°C

14.2%

17.2%

68.5%

Table 7.: Relative concentration of point defects in the annealed sample.

The two highest temperature annealings provided very similar spectra with very
similar fitting results as well. Given the simplifications and the other factors that limit the
quality of the fitting the 750°C and the 800°C spectra can be seen as near-identical. With a
low level of uncertainty it can be concluded that the neutron irradiation induced mostly the
two basic types of point defects in our 3C-SiC sample. The applied annealing then first caused
an enhancement in the total intensity, most likely due to the elimination of interstital point
defects, then started to decrease the total intensity as the point defects were eliminated in the
process. This elimination process hints that the VC has lower thermal stability than that of the
VSi, and thus showed a low selectivity for the VC. Finally, at elevated temperatures around
and above 700 °C the transition between VSi and CSiVC was initiated. This experiment gives
us an improved way to create 3C-SiC samples with selectively enriched point defects using
irradiation and annealing. These measurments did not confirm the presence of divacancy in
3C-SiC but it demonstrated the presence of VSi which is a good candidate for sensing.
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4. Thesis

The main conclusions of my work are summarized in the following thesis points. The
related results were published in 4 different articles referred as T1, T2, T3 and T4.
1) I examined and upgraded the top-down fabrication method of silicon carbide
nanoparticles (T1)
a) I constructed an electrochemical theory regarding the mechanism of stain
etching of semiconductors, stating that electron injection to the conduction
band, a reduction step, is the most vital step in the initiation of stain etching.
Therefore, the etching process only starts when the conduction band minimum
energy lies below the redox potential of a redox couple in the electrolyte, and
hole injection into the valence band only occurs at a later stages. I succesfully
applied the theory to several semiconductors. (T1)
b) By using aluminium and poly-tetrafluoroethylen as additional reagents I
prepared such bulk cubic silicon carbide that contained respectively 15% of
hexagonal inclusion also known as stacking faults in a controlled manner. By
taking advantages of the stain etching being selective to the polytypes I
managed to prepare nanoparticles for which size depends on the stacking faults
concentration thus enabling more sophisticated size control in the range of 1
nm to 6 nm. (T1)
c) Based on the theory I modified the etching reagents used for cubic silicon
carbide to be able to attack hexagonal polytypes too. I chose to use dithionate
compound as its redox potential suited better the conduction band minimum
energy of the 6H-SiC. As a result I prepared hexagonal silicon carbide
nanoparticles with the size of under 50 nanometers in both the permeate and
the retentate with the mode around 3 nm and 5 nm, respectively. The particles
luminesce in the visible and show quantum confinement. (T2)

2) I succesfully separated 1 nm to 6 nm nanoparticles into two fractions containing
mostly particles of 1 nm to 3 nm and 4 nm to 6 nm. I prepared samples with different
size distribution and surface and demonstrated that silicon carbide nanoparticles have
size dependent optical properties. I constructed a mathematical theory and showed that
for ultrasmall nanoparticles the surface states dominate over quantum confinement
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regarding the contribution to the optical properties. I also identified that the transition
point between the two regions of the phenomena is estimated to be at around 2.85 nm.
(T3)

3) I participated on the surface modification of silicon carbide nanoparticles improving
their uses in biological applications. Using IR, PL and UV-Vis as optical analytical
measurements I identified fluorescence quenching between bovine serum albumin and
silicon carbide nanoparticles as a complex phenomenon that can be described as a
mixture of static and dinamic quenching. I located the site of the energy transfer at the
tryptophan group of the BSA. (T3,T4)

4) I succesfully created point defects in controlled manner that advance the material for
possible quantum technological application. I demonstrated that irradiation is a viable
option for introducing point defects to the material, significantly changing its ESR
spectrum. I used computing methods to characterize those point defects and identified
them to be silicon vacancy and carbon vacancy. I applied thermal annealing to
manipulate the concentration of them, resulting in a slightly selective elimination of
the carbon vacancy then at 700 °C triggering the silicon vacancies trasformation into
an antisite-vacancy complex defect.

4.1. Publications supporting the thesis points
T1: David Beke, Gyula Károlyházy, Zsolt Czigány, Gábor Bortel, Katalin Kamarás & Adam
Gali, Harnessing no-photon exciton generation chemistry to engineer semiconductor
nanostructures, Scientific Reports 7 10599 (2017).
T2: Gyula Károlyházy, Dávid Beke, Dóra Zalka, Sándor Lenk, Olga Krafcsik, Katalin
Kamarás and Ádám Gali, Novel Method for Electroless Etching of 6H-SiC, Nanomaterials 10
538 (2020).
T3: David Beke, Anna Fučiková, Tibor Z. Jánosi, Gyula Károlyházy, Bálint Somogyi, Sándor
Lenk, Olga Krafcsik, Zsolt Czigány, János Erostyák, Katalin Kamarás, Jan Valenta, and
Adam Gali, Direct Observation of Transition from Solid-State to Molecular-Like Optical
Properties in Ultrasmall Silicon Carbide Nanoparticles, The Journal of Chemical Physics C
122 26713-26721 (2018).
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T4: Gabriella Dravecz, Tibor Z. Jánosi, Dávid Beke, Dániel Á. Major, Gyula Károlyházy,
János Erostyák, Katalin Kamarás and Ádám Gali, Identification of the binding site between
bovine serum albumin and ultrasmall SiC fluorescent biomarkers, Physical Chemistry
Chemical Physics 20 13419-13429 (2018).

4.2. Further publications

Zsolt Szekrényes, Bálint Somogyi, Dávid Beke, Gyula Károlyházy, István Balogh, Katalin
Kamarás, and Adam Gali, Chemical Transformation of Carboxyl Groups on the Surface of
Silicon Carbide Quantum Dots, The Journal of Physical Chemistry C 118 19995-20001
(2014).
Dávid Beke, Jan Valenta, Gyula Károlyházy, Sándor Lenk, Zsolt Czigány, Bence Gábor
Márkus, Katalin Kamarás, Ferenc Simon, and Adam Gali, Room-Temperature Defect Qubits
in Ultrasmall Nanocrystals The Journal of Physical Chemistry Letters 11 1675-1681 (2020)

4.3. Conference presentations

„Ponthibák szabályozott előállítása szilícium-karbidban” Poster presentation at the ELFT
conference (2016)
„Fém-adalékolt SiC kristályok előállítása és vizsgálata” Oral presentation at the ELFT
summer school (2014)
„Preparation of Doped Silicon Carbide Quantum Dots” Poster presentation at SIWAN6
conference (2014)
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5. Outlook

In conclusion, I widely studied the surface related optical properties of the SiC as well
as the defects in the bulk phase and their impacts on the physical and chemical properties. I
demonstrated that the wet chemical etching is selective to the polytpe and sensitive to the
surface of the bulk material. I used this knowledge to gain improved control over the size
distribution of the obtained nanoparticles in the range of 1 to 6 nm as well as created new
method for fabricating 6H-SiC NP-s. I studied the surface of the nanoparticles as well as the
bulk material and successfully modified them in order to achieve immobilization for a
potential solid-phase protein synthesis. I also examined the generation and annealing of
certain point defects in order to possibly tune the physicochemical properties of the material.
At current time SiC NP <100 nm particles are available on the market containing
primarily beta phase SiC (Sigma).
The surface modification by coupling agents has been remained and remains to be
intensively studied for various purposes by other groups throughout my research
years.119,120,121
The past decade of the quantum dots in clinical research has been dominated by
materials that pose high threat of in vivo toxicity and methods of mitigating the risks of
application. 122
Similarly to the cubic SiC, the two closely-related material, hexagonal SiC and
diamond are also being examined excessively for potential quantum technology applications
based on their defects and paramagnetic centers.123,124
While SiC is at some sort of tempo disadvantage compared to diamond for the reason
of being discovered later, its outstanding properties and the demonstrated similarities with the
nanodiamond-based materials show great promise for reaching or even exceeding the
significance of its predecessor in the research and development field.
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