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ñAll things are difficult before they are easyò 

        Thomas Fuller  
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SUMMARY 

Silicon carbide nanoparticles in the range of 1-10 nm are in the center of interest be-

cause of the possible applicability in quantum optics, bioimaging, medical diagnostics, 

and therapy thanks to the bioinert nature of such luminescent nanoparticles.  Semicon-

ductor nanoparticles below 10 nm show size dependent physical and chemical proper-

ties but this phenomenon has not been demonstrated accurately in a silicon carbide col-

loid system yet, because of the lack of synthesis method that allows monodisperse sili-

con carbide nanoparticle preparation with simple surface termination.  In my work, I 

improved the existing stain etching synthesis method to prepare SiC NPs in the size 

range of 1-3 nm in large quantity and developed a simple surface modification method 

to simplify the surface chemistry of such particles.  The narrower size distribution to-

gether with the engineered surface allowed me to unravel the physics behind the photo-

emission of SiC nanoparticles.  By using optical characterization in steady-state and 

time resolved manner together with infrared spectroscopy I described the solvent, size 

and pH dependent emission of such particles with proving that the luminescence is orig-

inated from the delocalized surface states when SiC is smaller than 4 nm. 

Despite the biocompatibility of SiC, nanoparticles usually emit in the blue upon UV ex-

citation and both characteristic should be changed in order to realize an in vivo fluores-

cence probe based on SiC NPs.  The complexity of SiC sometimes can be turned into 

the positive way.  Point defect in SiC, like a missing C or Si atom can generate color 

centers that can be paramagnetic.  We speculate that these defects have size independent 

emission, and the realization of such color centers in molecular size SiC NPs can open 

the door for a new era of nanoscale sensing and imaging.  I just took the very first steps 

presented in my dissertation, to achieve this goal. 
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1 INTRODUCTION 

Bioimaging and Nanostructures.  Two words and two worlds describe my research dur-

ing my Ph.D.  The investigation with my supervisor, Adam Gali, began at 2011 and we 

started to work on a new type of fluorophores, based on silicon carbide (SiC) nanoparti-

cles for fluorescent bioimaging from the very bottom.  The motivation was to develop a 

fluorescent probe that is not just bright but has very good biocompatibility; therefore, it 

can be used for in vivo bioimaging, medical diagnostic, and even for therapy beyond the 

limitation of current alternatives. 

Bioimaging is a term that covers the broad area of acquiring, processing, and visualiz-

ing structural and functional images of living objects.  Image modalities used in bioim-

aging is a broad field including: X-ray, computer tomography (CT), magnetic resonance 

imaging (MRI), positron emission tomography (PET), magnetoencephalography 

(MEG), and so on
1
.  We are focusing in this dissertation on medical imaging, and fluo-

rescence imaging that used to create images of the human body, anatomical areas, tis-

sues and cells, down to the molecular level; for clinical purposes, seeking to reveal, di-

agnose, or examine diseases; medical science, including the study of normal anatomy 

and physiology
2
. 

Fluorescence imaging has become one of the most important key tools for molecular 

biology and in vivo studies, by following cellular processes, quantifying ion or metabo-

lite levels, and measuring interactions of molecules live where they happen; aimed at 

delineating cancerous tissues, and anatomic structures for accurate diagnosis and surgi-

cal treatment
2ï4

.  For in vivo imaging a fluorophore, or a fluorescent label or dye, i.e. a 

material is needed that is able to emit light; and has to fulfill numerous criteria, for ex-
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ample, low toxicity, and good clearance but accurate retention time.  Specialized in 

vitro imaging needs special fluorophores.  For example blinking fluorophores with long 

dark state is needed for localization based superresolution microscopy
5
, but these probes 

are not ideal for conventional fluorescence microscopy.  Therefore, clinical research 

and new visualization techniques have an immediate quest for new types of fluoro-

phores for special purposes and the development of the conventional organic dyes.  In 

order to satisfy these demands, colloid semiconductor nanoparticles, i.e., quantum dots, 

and metal coordinated compounds are studied by many research groups, with the prom-

ise to overcome the existing limitations.  

Indeed, one of the most promising labels for in vitro and in vivo imaging is a quantum 

dot.  Quantum dots are solid state materials at the nanoscale
6
.  Nanostructures are taking 

the lead in many research areas because of the high diversity of the properties that can 

be engineered via size, shape, surface, and composition
7
.  Here I have to define the size 

range of particles I am working with.  Nanoscience, colloid science covers a relatively 

broad range from 1-100 nm or even to 1000 nm.  Nanomaterials used in the medical 

research are often in the range of 50-200 nm.  In my dissertation, I will speak mostly 

about particles under 5 nm.  This is the dimension where silicon carbide has interesting 

optical properties, and we believe, this is the range of size where nanoparticles interac-

tion with living matter could be useful for even clinical application.  By this claim, I 

also define that we are working at the very bottom of the colloidal range, where borders 

between molecules and colloids are blurred; and where the numbers of elements or 

molecules in the nanoparticles become countable, that adds a new variable to an inher-

ently complex system, where the surface could be of prime importance.  Even though, 

many research groups study materials that have at least one dimension below the mi-

croscale, they call ñnanoò, but in colloid science, the actual size is of high importance.  

When material is prepared few nanometers small, the surface atoms play a major role in 

determining the catalytic, electronic, and even optical properties of nanomaterials
8
.  As 

the radius of a particle decreases, the ratio of its surface area to volume rapidly increas-

es where larger number of atoms resides on the surface.  This is the upper limit, where 

we start to speak about nano.  At the lower limit, where bulky materials become mole-

cules or even atoms by reducing the size, beyond the surface, the number of building 

blocks (atoms, ions, or molecules) becomes relevant too.  This is the reason why we be-

lieve that silicon carbide (SiC), a material with indirect band gap with negligible photon 

emission efficiency in the visible wavelengths can be still applied as a fluorophore for 
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biology.  In fact, SiC at the nanoscale is luminescent and it simultaneously preserves its 

biocompatibility.  Furthermore, the strength of the Si-C bond does not change with size 

giving significant stability to the nanoparticle form of SiC.  In addition, the most recent 

research on color centers in diamond and silicon carbide implies that multimodal probes 

might be prepared from diamond, or SiC nanoparticles hosting paramagnetic color cen-

ters that can be simultaneously employed in different techniques and applications
9
.  The 

color centers are often simple native point defects in the host material.  For example, a 

missing Si atom in the SiC matrix introduces such electron states, that it will emit infra-

red light and it has a high spin ground state
10

.  These paramagnetic color centers can 

exhibit spin-selective fluorescence that can be employed to prepare ultrasensitive mag-

neto-optical sensors at the nanoscale
9,11

.  These special color centers may act as building 

blocks of quantum information technology too. 

Our mission is to develop methods to prepare molecular size SiC nanoparti-

cles with engineered surface, crystal structure, and defect type with adjusted 

concentration. 

A few nanometer quantum emitters with impressive stability and biocompatibility could 

change our world in many fields from biological research through medical therapy to 

information technology. 

In my dissertation, I present results toward realization of this ultimate goal.  First, I 

would like to introduce our motivation further with a chapter about the history, current 

states, and unsolved issues in bioimaging and fluorophores, then I present the properties 

of silicon carbide; and I show what the state-of-the-art in the field was when I started to 

work on these issues in 2011.  In the following chapters, I present my own research be-

ginning with a chapter about research objectives and approach following with an over-

view of applied methods, and results..  I divided my work into three main parts: i) syn-

thesis of small SiC nanoparticles, ii) optical properties of SiC nanoparticles and iii) syn-

thesis of SiC ceramic as a precursor for nanoparticle synthesis.  At the end of my disser-

tation, I give a short outlook and overview of the ongoing research we are doing.  

1.1 Motivation 

Introduction to bioimaging ï importance of the probes 

In 1882 Paul Ehrlich used uranin, the sodium salt of fluorescein to track aqueous humor 

secretion in the rabbit eye (or other words he followed how the transparent fluid that fill 
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the anterior and the posterior chambers in the eye leaves from the ciliary epithelium 

cells which generate such fluid) taking the very first in vivo use of fluorescence
12

.  

Shortly later, at 1887 Karl Noach published a book listing more than 600 fluorescent 

compounds
13

.  The first fluorescent microscope was built by Otto Heimstaedt, and 

Heinrich Lehmann at 1911 and 1913 separately; and at 1914 Stanislav Von Prowazek 

used this instrument to study dye binding to living cells
14

.  Then the field developed 

rapidly.  Why fluorescent imaging becomes the ruling procedure in life sciences? 

ñBelieving in seeingò 

Most of the book and review that try to summarize the field start with this sentence.  I 

think the most important feature of luminescent techniques is the high sensitivity of 

photon detection.  The sensitivity of the human eye to light is below 0.003 cd/m
2
 in the 

case of scotopic vision
15

) that makes fluorescence a very salutary method in surgery.  

With instrumental measurement, we have the ability to detect even a single photon.  On-

ly few techniques are available that have comparable sensitivity. 

Fluorescence imaging is often connected to microscopy.  Indeed, microscopes are great 

tools in imaging used to observe and describe cell, tissue, or a whole organism enabling 

scientists to better grasp the often-misunderstood relationship between microscopic and 

macroscopic behavior.  The inherent specificity and sensitivity of luminescence; the 

high temporal, spatial, and in some cases, three-dimensional resolution; and the en-

hancement of contrast resulting from the detection of an absolute rather than relative 

signal (unlabeled features do not emit) rose luminescence techniques as standard tech-

niques in biology
16

.  Additionally, the variation of well-described spectroscopic tech-

niques provides different types of information, and the commercial availability of fluo-

rescent probes increases the range of possible applications, such as the development of 

biosensors for basic and clinical research.  Recent advancements in optics, light sources, 

digital imaging systems, data acquisition methods and image enhancement, analysis, 

and display methods have further broadened the applications in which fluorescence mi-

croscopy can be applied successfully
1
.  Another development has been the establish-

ment of multiphoton microscopy as a three-dimensional imaging method that allows 

researchers to study biomedical specimens from single cells to whole animals with 

submicron resolution
17

.  An example for the wide use of fluorescence imaging is 

demonstrated in Figure 1-1 
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Despite many of the above techniques can be used as so-called non-labeled imaging 

where the emission from an organism or a biomolecule is detected instead of a foreign 

chemical injected into the system, in many cases fluorescent probes are essential tools 

for imaging.  

 

Figure 1-1.  a.) tumor highlighting with fluorescent dyes.  b.) Superresolution Micros-
copy (SPDMphymod) resolution.  Enlarged inserts above and below: Positions of single 
fluorescent molecules in Gaussian intensity shape of 5 nm standard deviation.  Typical 
distance measurements in the 15 nm range are highlighted.  c.) Photo of a pig's hind leg 
viewed after injection with near-infrared contrast agents and imaging with near-infrared 
light to highlight lymph flow.  d.) bovine pulmonary artery endothelial cells are shown 
as a three-color composite image owing the distribution of tubuli (green), F-actin (red), 
and nuclei (blue).  ©: a.) purdue.edu, b.) Wikipedia ï super resolution microscopy, c.) 

John Frangioni ï Beth Israel Deaconess Medical Center, d.) photometrics.com 
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Fluorophores are great tools because they can be modified in different ways, or be con-

jugated to various molecules to give them a certain function; or allow them to bind to 

specific organelles, or proteins.  Through chemical modifications, a single fluorophore 

can be produced in a number of variant forms, each with a different specificity (Figure 

1-2).  For specific targeting, a fluorophore with active site and a special molecule, for 

example an antibody is needed.  These two combined and the composed molecule ex-

hibits high selectivity to the fluorophore.  Even though it sounds simple, the dreadful 

properties of the first generation fluorophores frightened researchers to use labeling fre-

quently; and the discovery of green fluorescent protein was needed for developing the 

new era of fluorophores that lighted up the world. 

Fluorescence Proteins 

Indeed, after the discovery of dyes and fluorescence microscopy the next boost in the 

field was the discovery of green fluorescence protein (GFP) in Aequorea victoria jelly-

fish by Milton Cormier and Osamu Shimomura at 1964; and the encoding of the GFP 

sequence by Douglas Prasher that led later the demonstration that GFP can be produced 

in organisms other than Aequorea victoria by Roger Y. Tsien, Osamu Shimomura, and 

Martin Chalfie
18

.  This was the first reported successful gene transfer.  This work was 

honoured by Nobel Prize in chemistry in 2008.  The key feature of fluorescent proteins 

is their ability to self-generate the intrinsic chromophore from three amino acids at posi-

tions 65ï67 (numbering is given according to Aequorea victoria GFP), and this does not 

 

Figure 1-2.  An example of different application possibilities is using fluorophore in bi-
ology.  Labelled cell structure components such as actin (A) and tubulin (B) and salt 

forms for whole-cell staining (C). The picture was taken from thermofisher.com. 
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involve cofactors or enzymatic components.  Since the discovery of GFP, many GFP-

like proteins have been cloned and engineered for live-cell imaging applications provid-

ing the rainbow of fluorescence proteins; including fluorescent probes utilizing Förster 

resonance energy transfer (FRET) mechanism
19

.  Fluorescent proteins and their engi-

neered variants can be used for routine monitoring of gene activation, as well as the se-

lective labelling and analysis of single proteins, cellular organelles, and even whole 

cells.  Creation of a genetic in-frame fusion of a fluorescent protein to a protein of inter-

est enables localization of that protein to specific tissues, cells, or subcellular compart-

 

Figure 1-3.  The application of GFP in fluorescence imaging.  Gene sequence of GFP is 
merged with gene sequence of a protein or organelles of interest therefore, in the modi-
fied cells the targeted part will luminesce.  ©: structure of a random protein and GFP 

are from Wikipedia, fluorescence image is from Sigma Aldrich: A549 GFP-EGFR: Cat. 
No. CLL1141: A549 lung carcinoma knock-in cell line expressing the EGFR gene (Ep-
idermal Growth Factor Receptor, also known as ErbB1) endogenously tagged with GFP 

at the C-terminus.  
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ments.  It means that the fluorophore is generated inside cell band to the protein or other 

molecule to interest (Figure 1-3) 

Even though fluorescent proteins revolutionized the field of biology, they have several 

disadvantages.  They may lose its fluorescence during tissue fixation or subsequent pro-

cessing; and GFP expression can vary considerably even among similar cell types in a 

single animal.  There are conflicting results on whether GFP is toxic to cells.  Aggrega-

tion of fluorescent proteins can lead to cellular toxicity.  In addition, fluorescent pro-

teins for an extended time may generate free radicals that are toxic to cells.  The at-

tachment of a fluorescent protein to a protein of interest often has effects on the func-

tion, structure, and localization of a protein
19

.  

Organic Dyes 

Beside fluorescence proteins, the high variation of fluorescence organic molecules have 

been developed and being developed even nowadays.  Fluorescent dyes have several 

benefits over fluorescent proteins.  It is easier to synthesize by using conventional or-

ganic chemistry instead of gene manipulation.  Organic dyes are usually much smaller 

than proteins, and it makes possible, for instance, to measure Ca concentration next to 

the pore of an ion channel
20

.  Fluorescent dyes can be synthetized with variety of func-

tional groups allowing special targeting.  

The optical properties of organic dyes depend on the electronic transitions involved; and 

can be tuned by elaborate design strategies
20

.  The emission of organic dyes typically 

originates either from an optical transition delocalized over the whole chromophore 

(resonant dyes) or from intramolecular charge transfer transitions
20

.  Resonant dyes 

usually have narrow absorption and emission bands that often mirror each other, with a 

small Stokes-shift (Figure 1-4).  Dyes with intramolecular charge transfer such as cou-

marin, have well separated, broader, and structureless absorption and emission bands in 

polar solvents; and a large solvent sensitive Stokes shift (Figure 1-5).  Their molar ab-

sorption coefficients, and their fluorescence quantum yield, are generally smaller than 

those of dyes with a resonant emission
21

. 

Essentially, fluorescent probes are available as conjugated antibodies, which are la-

belled (or ótaggedô) with fluorophores.  The two most commonly employed fluoro-

phores are FITC (fluorescein isothiocyanate) and TRITC (tetramethyl rhodamine 

isothiocyanate).  
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Figure 1-4.  Typical absorption and emission spectra of a resonant dye (schematic rep-
resentation).  This type of dye is usually characterized by small Stokes-shift. 

One of the most important problems with fluorescent dyes is photobleaching.  Photo-

bleaching is the photochemical alteration of a fluorophore, which turns it dark
22

.  This is 

caused by reactions between the fluorophore and surrounding.  Practically it means that 

dyes loss their most favorable property because of the excitation
22,23

. 

Many dyes also suffer from poor thermal stability in aqueous media.  Most of the reac-

tive oxygen species generated in a living object also can attack numerous dyes. 

 

Figure 1-5.  Absorption and emission spectra of coumarin.  Coumarin is an intramolecu-
lar charge transfer dye with large Stoke-shift and solvent sensitivity. 



Fabrication and characterization of silicon carbide nanoclusters 

10  David Beke - November 2016 

Even though, many organic dyes, such as the Alexa
TM

 dyes have been designed that 

display enhanced photostability in comparison to first-generation fluorophores such as 

fluorescein (see Figure 1-6), limited dye photostability can still hamper microscopic ap-

plications requiring high excitation light intensities in the UV-visible light region or re-

quiring long-term imaging
24

. 

Colloidal size semiconductor particles, quantum dots can overcome this 

limitation. 

Quantum Dots 

Quantum dots (QD) are often defined as semiconductor nanoparticles made from 100-

1000 atoms of group II and VI elements (e.g. CdSe and CdTe) or group III and V ele-

ments (e.g. InP and InAs)
6
.  These crystalline particles are in the range of 2 to 10 na-

nometers in diameter; and were discovered in the 1980ôs by Louis Brus, who was work-

ing at the AT&T Bell Laboratories
25

.  He discovered that the properties of such particles 

related to their physical characteristics: as the size of a particle decreases, the energy of 

emitted light increases.  It looks like that the particle has quantized properties under a 

certain size, where the diameter is in the same magnitude as the Broglie wavelength of 

the electron wave function and below the exciton Bohr radius.  Indeed, physical size 

smaller than the exciton Bohr radius results in a 3-dimensional quantum confinement of 

charge carriers within the QD and limits the number of possible energy states that an 

electron can exhibit, thus giving nanoparticles novel properties not achievable in bulk 

materials
6
.  The new functionality of quantum dots belongs to the tunable physical 

properties simply by the variation of size and shape counter to the properties of bulk 

crystalline solids, which are ordinarily not referred to their size.  Below 10 nm, in the 

 

Figure 1-6.  Photobleaching of organic dyes. Comparison of the photobleaching rates of 
the Alexa Fluor 488 and Alexa Fluor 546 dyes (these are the new class of dyes) and flu-
orescein and Cy3 fluorophores (first generation fluorophers).  © by Molecular Probes.  
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case of CdS, for example, the band gap can be tuned between 2.5 eV and 4 eV by de-

creasing the size of spherical shaped CdS nanocrystals
26

.  Figure 1-7 demonstrates such 

effect. 

Quantum confinement affects other properties too.  Taking CdS again, the melting tem-

perature varies from 1600 °C down to 400 °C
27

.  The pressure required to induce trans-

formation from a four-coordinate phase to a six-coordinate phase increases from 2 to 9 

GPa, even as the number of nucleation events for the transition becomes one
28

.  This 

enormous range of fundamental properties is all realized in a material of a single chemi-

cal composition.  The variation is achieved by reducing only the size of the crystal. 

I mention here that not only colloid semiconductors are called quantum dots.  Generally 

speaking, there are two families of quantum dots: colloidal quantum dots we are dis-

cussing here, and epitaxial quantum dots that are defined by electrostatic gates on sub-

strates.  It is also possible to make a quantum dot by trapping a single molecule or na-

noparticle between two electrodes
29

.  We only focus on colloid QDs made from nano-

crystals in the context. 

 

Figure 1-7.  Quantum Confinement: Smaller the size of a QD shorter the emitted wave-
length is.  © image is from Sigma Aldrich 



Fabrication and characterization of silicon carbide nanoclusters 

12  David Beke - November 2016 

Despite the recognized possibility in QDs, these types of materials have never been as 

famous as carbon related counterparts like nanotubes and graphene.  Certainly, the lack 

of stability and the difficult synthesis processes did not favor any research.  A major 

milestone was achieved by Bawendi and coworkers: they were able to synthesize highly 

uniform colloidal CdSe QDs by developing a high-temperature organometallic proce-

dure in 1993
30

 (equation 1-2).   

  

 

(1) 

 

 

(2)  

 

 

In the year of 1997, Dabbousi and co-workers reported the synthesis of core/shell struc-

ture that solved the photostability problem and resulted in a 50% of quantum yield
31

.  

This landmark achievement initiated a new era in QD research.  The first water soluble 

QDs that could be applied for labeling were reported one year later
32

. 

In comparison with organic dyes, the absorption of QDs gradually increases toward 

shorter wavelengths and they have narrow emission band allowing free selection of the 

excitation wavelength and multicolor probing
24

.  QDs have longer fluorescence life-

times
33

 allowing temporal discrimination and lifetime imaging
2
.  Furthermore, the rela-

tively small size of QDs comparable to that of large biomolecules (e.g. antibodies) 

makes possible to engineer biologically functional materials. 

The advantage and the drawback of QDs in bioimaging application is the huge variety 

of such systems.  The inorganic nanoparticle core provides a rigid foundation for the 

development of QD probes
6
.  Manipulation of the core chemical composition, size, and 

structure controls the photo-physical properties of the probe
34

.  However, bare nanopar-

ticles usually cannot interact with biological systems and do not possess any biological 

functionality.  Careful design of coating materials that can protect the QD core from the 

environment is needed for biocompatible probes with controllable physicochemical 

properties.  Further decoration of QDs with biomolecules is also necessary to dress 
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them with biofunctionality, in order to probe interaction with biological systems.  

Therefore, preparation of QD-based probes and nanodevices represents a multi-step 

process.  Each step is guided by individual design principles, in order to control optical, 

physical, and chemical properties of the final probe
6
. 

The original organometallic synthesis route for QD core produces QDs with low quan-

tum yield.  Even the TOPO-coated (TOPO ï trioctylphosphine oxide) QDs are unstable 

with respect to photooxidation, resulting in degradation of nanocrystals and toxicity due 

to leakage of free Cd or other toxic ions
35ï37

.  Both issues arise from the relatively large 

number of atoms exposed on the surface of nanoparticles.  Surface atoms lack neighbor 

atoms with which to form chemical bonds and thus possess unoccupied electron orbitals 

(dangling bonds or surface trap sites).  These orbitals can trap charge carriers and pre-

vent or delay electron-hole recombination reducing quantum yield
38,39

.  In order to pre-

vent these undesirable characteristics, surface should be protected with inorganic cap-

ping layers
40

.  The most used technique is applying inorganic shells (e.g. CdS and ZnS) 

that passivate the highly photoactive core.  Careful choice of core and shell materials as 

well as optimization of the shell thickness are necessary to minimize the lattice strain 

between the core and shell and maximize the QD photo-physical properties.  Figure 1-8 

represents the most used core/shell structures.  

Although thin shells (1ï2 monolayers) often produce the highest fluorescence yields, 

thicker shells (4ï6 monolayers) provide more core protection from photooxidation and 

degradation.  Thicker shell can also significantly reduce QD blinking (intermittence in 

the luminescence)
41

.  

In any relevant application environment-particle interaction, hydrophilicity and surface 

chemistry should be well controlled.  Organic phase synthesis produces hydrophobic 

 

Figure 1-8 Different core/shell structures. The band gap of the shell can be higher or 
lower than the band gap of the core.  CB: conduction band, VB valence band, the plots 

represent the corresponding wave functions 
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QDs soluble only in nonpolar organic solvents.  However, in order to be useful for bio-

logical applications QDs must be made water-soluble.  This is the most challenging part 

of the synthesis.  Several different approaches have been developed to produce water-

soluble QDs satisfying these criteria.  One approach involves replacing hydrophobic 

surface groups with hydrophilic ones by means of ligand exchange.  This is usually ac-

complished by substituting of the native TOPO coating with bifunctional ligands, which 

consist of surface-anchoring groups (e.g. thiol), and hydrophilic terminating groups 

(e.g. carboxyl, hydroxyl or amine).  Mercaptoacetic (MAA)
32

 or zwitterionic molecules, 

such as cysteine
42

 is often used to produce carboxyl terminated hydrophilic surface.  

Amine and carboxylic acid groups provide binding sites for cross-linking to proteins, 

peptides, and nucleic acids.  These procedure offer simple method for realizing nano-

particles with small hydrodynamic diameter, but often compromises the fluorescence 

efficiency, photochemical stability, and shelf life of the probes, as ligands tend to detach 

from the QD surface leaving behind surface trap sites and causing nanoparticle aggrega-

tion
43

.  

Another ligand-exchange approach involves formation of polymerized silanol shells on 

the QD surface making (1ï5 nm thick) silica/siloxane shell and rendering particles sol-

uble in intermediate polar solvents (e.g. methanol or dimethyl sulfoxide)
44

.  Further re-

action with bifunctional methoxy compounds renders QDs soluble in aqueous buffers.  

Polymerized siloxane coated nanoparticles are highly stable against aggregation.  How-

ever, residual sylanol groups on the QD surface can lead to precipitation and gel for-

mation at neutral pH
6
. 

An alternative approach to water-solubilization is to retain the native TOPO coating and 

encapsulate it with amphiphilic molecules such as polymers and phospholipids.  The 

hydrophobic portion of the amphiphilic molecule intercalates within surface ligands 

while the hydrophilic portion (e.g. charged groups, PEG, etc.) faces outwards, interact-

ing with the aqueous solvent and rendering the particle water-soluble
45

.  This method 

produces exceptionally stable water-soluble QDs with preserved optical properties, but 

steric stabilization results in a dramatic increase of the nanoparticle hydrodynamic size 

(up to 30 nm)
45,46

.  Size increase might be detrimental for quantitative biomarker detec-

tion in a crowded biological environment and hamper intracellular penetration of the 

QD probes. 

An overview of the different encapsulation techniques is shown in Figure 1-9.  



Introduction  

David Beke - November 2016   15 

Indeed, preparation of QD-based probes and nanodevices represents a multi-step pro-

cess.  Every step has a huge effect on the physical end chemical properties that is very 

challenging and provides beauty for chemists in this field.  In general, the size of QDs 

should be small after coating, the surface should be biocompatible, reactive groups 

should be available for conjugation of biomolecules and targeting ligands, and QDs 

should show negligible non-specific interactions with the biological environment.  Un-

fortunately, such method that satisfies all the design criteria imposed by increasing de-

mands of biomedical research is still missing.  Even though, my overview is based on 

the results obtained before 2011, this statement is still valid as I write my dissertation.  

Not surprisingly, several other systems are intensively studied to overcome the limita-

tion of QDs with the hope that all the good properties can be ñtransferredò from the ex-

isting QDs.  Some examples can be found in a review paper from 2011
47

.  The most in-

 

Figure 1-9.  Overview of strategies to prepare water-dispersible QDs.  TOPO and HDS 
are usually the primary capping layer used to stabilize QDs in nonpolar solvents.  In or-
der to accomplish QDs in aqueous solution, ligand exchanged or additional layers are 

needed. 
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teresting examples are dye doped silica nanoparticles, upconverting nanomaterials, 

nanodiamonds, silicon nanoparticles, carbon based nanomaterials and silicon carbide. 

1.2 Properties and recent applications of silicon carbide 

The applications of quantum dots in biology rose rapidly but limitations in these appli-

cations were also discovered that accelerated the research for seeking other possibilities.  

Silicon carbide (SiC) is a remarkable material that can be employed in a variety of in-

dustries.  I will show that nanosized SiC is a potential candidate to overcome the limita-

tions of traditional quantum dots.  

Properties of Silicon Carbide 

Silicon carbide can be used as an abrasive material for machining industry (also called 

carborundum); and as a wide band gap semiconductor for high power, high temperature 

electronic devices
48,49

.  SiC is the third known hardest material beside diamond and bo-

ron nitride.  This property led to applications in machining and grinding tools as a high 

performance ceramic
49

.  Thanks to the semiconductor type electronic band structure and 

doping capabilities of SiC, SiC can be used in high power electronic devices as well
50

. 

SiC is built up from covalent bonding of Si and C atoms in biatomic layers.  These form 

tetrahedrally oriented structure of SiïC, with a very short bond length (202 pm) and, 

hence, a very high bond strength (381 kJ/mol) which give extremely high chemical and 

mechanical stability to SiC
51

.  SiC can be formed in amorphous, polycrystalline, and 

monocrystalline solid forms
51

.  An important characteristic of SiC is that the bilayers of 

Si and C can be stacked one upon the other in different crystal orientations that called 

polytypism
52

.  The ability of compound and element to occur in more than one crystal 

structure is called polymorphism.  Polytypism is a one-dimensional variant of this phe-

nomenon.  SiC can form zinc blende structure that is called cubic SiC with face cen-

tered cubic (fcc) lattice.  Along the (111) lattice direction one can find SiïC bilayers 

where the stacking sequences follow a fcc type closed pack structure and the periodicity 

can be described by three cubic (k) bilayers along that direction.  Thus, cubic (C) SiC is 

called 3C-SiC in Ramsdell notation.  It is also possible to form hexagonal closed pack 

(hcp) structure from the tetrahedrons that lead to hexagonal (h) stacking sequence.  The 

well-known crystal structure is the wurtzite lattice, which is a hexagonal (H) lattice, and 

two h bilayers provide the periodicity of that lattice, called 2H.  Different combination 

of stacking sequences of cubic and hexagonal bilayers can form different crystal struc-
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tures
53

.  To date, more than 250 polytypes is known for SiC.  The most common poly-

types 4H and 6H with hkhk and hk1k2hk1k2 stacking sequences along the c-axis, respec-

tively (Figure 1-10). 

The bandgaps of 3C, 6H and 4H polytypes are 2.4 eV, 3.0 eV, and 3.3 eV, 

respectively
54

. This is a large variance despite the fact that the chemical Si-C bonds are 

the same in all of these polytypes.  While this is an interesting phenomenon on its own 

merit, the various forms of SiC actually can be used in numerous applications.  The 

dominant crystal of choice is 4H-SiC for power electronic devices because it exhibits 

the largest bandgap (3.2 eV), while 6H-SiC is ideally suited for solid-state lighting 

(LEDs), as its lattice constant is close to that of GaN family of alloys used in advanced 

LEDs that have enabled DVD and blue ray technology
55

.  

Synthesis of SiC powder 

Numerous methods have been developed for SiC synthesis
56

.  The method for SiC pro-

duction depends on the desired material structure (powder, ceramic, single crystal etc.).  

The most widely used conventional approach for powder synthesis is known as the 

Acheson process.  Here, SiO2 reduction by carbon at about 2500 °C leads to the for-

mation of SiC under the general reaction (3) 

  

ὛὭὕ σὅᴼὛὭὅςὅὕ (3)  

 

Figure 1-10.  Common polytypes of SiC represented by using ball and stick model.  yel-
low balls: C, blue balls: Si.  Bilayers are labelled with h (hexagonal), and kn (cubic). 

The lines guide the eyes on the layer orientation.  3C-SiC has a zinc blende type struc-
ture. 
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Both, the SiO2 and the C source can be varied.  For example, they can be premixed in a 

sol-gel process. 

Another large-scale production method is the reaction between Si and C (4).  This reac-

tion has a moderate enthalpy changes (-73 kJ/mol)
57

.  

  

ὛὭὅᴼὛὭὅ (4)  

The reaction is often characterized as combustion synthesis (CS), or self-propagating 

high temperature synthesis (SHS), but this is the general reaction in the case of reactive 

infiltration too, when porous carbon body is immersed into the molten Si
58

. 

In a conventional SHS scheme, a reactive mixture of solid powders is ignited at one side 

of the green body (a form of bonded powder of the desired composition before it has 

been sintered or fired), and a high-temperature combustion wave front propagates 

through the system, that converts the precursors to the desired product.  This is also 

called combustion wave propagation.  Combustion synthesis can be also ignited by uni-

form heating of the whole body (volume combustion synthesis).  This mode of synthesis 

is more appropriate for weakly exothermic reactions that require preheating prior to ig-

nition
59

, like the reaction of Si and C.  Combustion synthesis is known for short (sec-

onds) reaction time; energy efficiency, as the chemical energy of the internal system is 

primarily used for the production of the material; simple technological equipment; an 

ability to produce high purity products with a high production rate. 

We used volume combustion synthesis to produce SiC powders by heating 

the Si and C mixtures up in an induction furnace. 

It was demonstrated that a uniform preheating of the stoichiometric Si + C mixture in a 

flow of argon gas leads to the self-ignition of the heterogeneous media at temperature 

about 1300 °C with formation of 3C-SiC powders, which has a morphology similar to 

that of initial carbon
60

; and the use of chemical additives as an activation agent to Si + C 

mixture, e.g., polytetrafluoroethylene (PTFE), allows gas-phase reaction routes that 

leads to SiC powder with high porosity
61

.  PTFE decompose at 300 °C while highly re-

active radicals are formed.  These radicals react with Si in an exothermic reaction (5). 

  

ὛὭ ὅὊ ᴼὛὭὊ ὅ (5)  
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It is also reported that PTFE content can increase vacancy concentration in SiC
62

. 

Biological Application of SiC 

In biological applications, the degree of success of a material depends on its biocompat-

ibility , and on its capacity of directly interfacing cells and tissues.  The biocompatibility 

and hemocompatibility
63

 of SiC with living tissue and safely contacting blood has been 

largely reported by the biomedical research community
63,64

.  SiC has been used in virtu-

ally every part of the human body from a durable coating for bone prosthetics
65

 and in 

dental applications
66

, to coatings for brain machine interface (BMI) devices
67

, myocar-

dial heart probes
68

, and nonfouling coatings for coronary heart stents
69

. In all of these 

instances, SiC materials were in amorphous, crystalline, or thin-film (monocrystalline 

or polycrystalline) form.  

1.3 Luminescent silicon carbide nanostructures 

Even though SiC has enthralling biocompatibility, it has negligible luminescence be-

cause of the indirect nature of its electronic band structures that gives poor optical char-

acteristic to bulk SiC
51

.  This may change at the nanoscale.  Indeed the effect of size 

restriction on indirect gap semiconductors may be two-fold.  First, the shift of the band 

edge toward higher energy as crystal size decreases is expected
70

.  Second, the shape of 

the bands and the selection rules governing the transitions between bands might also be 

affected
71

 because the confinement of the wavefunctions in small crystals causes a 

breakdown in selection rules, and the ordinarily forbidden band edge transition of the 

indirect gap material becomes "less forbidden"
70

.  And it has been also hypothesized 

that mixing of surface state wave functions into those of the bulk will cause the behav-

ior of an indirect gap material some direct band gap-like characteristic
72

 (this was 

demonstrated on Si nanocrystals in 2013
73

).  It means that even indirect semiconductors 

could emit light with appropriate efficiency when their size is substantially reduced.   

History of Synthesis 

Intense visible luminescence from SiC structures without any relevant luminescence 

impurities was reported by Matsumoto end co-workers in a conference paper presented 

by the Materials Research Society in 1993
74

.  In this work, the group created porous SiC 

by anodic etching that had been a known process to form porous Si
75

.  The porous SiC 

layer made from 6H-SiC emitted light at around 500 nm, below the energy bandgap of 
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6H-SiC (around 433 nm), and the luminescence was five hundred times stronger than 

that of the free electron to acceptor recombination in the bulk crystal.  (The bulk emis-

sion maximum was at around 600 nm, which should be originated to donor and/or ac-

ceptor impurities, for example, Al ï N donor-acceptor pares ï DAP).  The origin of the 

luminescence is still in the center of intense research.  Many authors attributed the re-

ported luminescence to the quantum confinement effect
76

, however, the emission from 

porous SiC is usually above the band gap, and polytype independent that led to the con-

clusion that the emission must be originated from the surface states
77,78

 instead of quan-

tum confinement.  Indeed, even though the group of Prof. Choyke measured the particle 

sizes in the porous layer and they found many ñparticlesò with size below 3 nm and 

emission peaks below the band gap of 6H-SiC, they concluded that even the UV emis-

sion could be due to the surface states
79

.  

The properties of porous SiC are important not just because of their room temperature 

luminescence in these nanostructures, but these nanostructures can be converted to col-

loid particles.  Recently, this has become the main method to produce colloid SiC nano-

particles below 10 nm.  Alternatively, SiC nanoparticles below 10 nm can be synthe-

sized by CVD method also
80ï82

, but in most cases, these products suffer from impurities, 

broad distribution of crystal structure, and composition variations with weak or negligi-

ble luminescence at room temperature
83

.  Silicon carbide nanoparticles are also pro-

duced in solid matrixes like Si
84

 or SiO2.  Nowadays, this technology is very useful for 

physical characterization but not relevant for colloid SiC production.  Even though, I 

would like to mention this alternative here because currently, the conventional technol-

ogy for Si nanoparticle production is the synthesis in SiO2 matrix from HSQ (hydrogen 

silsesquioxane) derivatives and I believe that this might be an alternative synthesis route 

for SiC too.  

SiC nanoparticles made from porous SiC was reported in a Physical Review Letters pa-

per in 2005
85

.  It is a bit surprising that more than ten years research was needed to 

achieve colloid SiC nanoparticles from SiC while the method was known from Si re-

search, where Si particles had been synthetized just a year after the discovery of the red 

luminescence of porous Si.  By inspecting the research articles, one can realize the chal-

lenge.  In the case of Si, after a single-step electrochemical etching a highly porous lay-

er is formed and this layer can be broken down that finally form colloidal nanoparticles.  

In the case of porous SiC research, one can find a quite huge variation in the properties 

of the porous layer formed by the same method.  Most of the time, the thickness of the 
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resultant pore skeleton, the thickness of SiC walls, are more than 20 nm.  Wu and his 

colleagues invented a multiple etching process that led to the production of SiC nano-

particles below 10 nm at the end of the synthesis
85

.  This article is a milestone in colloid 

SiC research.  Not just because an efficient synthesis route was reported in it, but nu-

merous statements have been claimed in this Letter that were accepted through years 

without any reproduction.  One of the main claims in this paper was that the observed 

blue-green luminescence of SiC nanoparticles was caused by quantum confinement of 

SiC nanoparticles, which will be revised in this dissertation. 

Even though, electrochemical etching and subsequent ultrasonication can produce SiC 

nanoparticles below 10 nm, this method is very inefficient and expensive because of the 

need of high quality epitaxial SiC layer and electrochemical chamber made of polytetra-

fluoroethylene (PTFE).  For comparison Figure 1-11 represents the photoemission of 

porous 3C-SiC
85

 and NPs made from 3C-SiC
84

. 

The next step in the evolution of SiC nanoparticle synthesis was the electroless wet 

etching route reported by the same Chinese team who previously developed the electro-

chemical etching process
87

.  Again, a porous layer is formed by wet chemical etching 

but the process is stain etching.  Stain etching is an electrochemical reaction takes place 

in a redox electrolyte without applying bias.  In the case of stain etching one can use 

cheap SiC powders instead of SiC wafers and the porous layer is formed by immersion 

of such powders into hot HF:HNO3 mixture.  This process is also a copy from Si re-

search where Si nanoparticles made from Si wafers contacted with HF:HNO3 solution 

in a short period of time
88

.  The main difference between the two materials is that SiC is 

much more stable against mineral acids than Si is; therefore, hot solution is required to 

promote the process.  Indeed, SiC is known for its chemical resistivity and SiC can even 

 

Figure 1-11.  Luminescence spectra of porous 3C-SiC (a.), and 3C-SiC NPs (b.).  Fig-
ures are reconstructed based on refs. 85 and 84, respectively.  
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stand against hot HF:HNO3 solution.  If we are seeking an etchant for SiC then only 

molten salt mixtures are usually suggested in the literature, in order to etch SiC 
89

.  The 

only well functioning aqueous etchant for SiC is boiling phosphorous acid that can at-

tack SiC but during the etching, a protective oxide layer (SiO2) is formed and the etch-

ing rate is very low.  SiC etching in HF:HNO3 mixture, however, have been reported 

from the 60ôs
90

.  The main problems with these reports that most of the time, the quality 

of samples are questionable.  In 2006, Campaz et al. reported that hot HF:HNO3 solu-

tion can selectively etch 3C-SiC leaving patterned 6H-SiC structures from a whiskers 

built up from 3C-SiC/6H-SiC bilayers
91

.  This result is very interesting because clearly 

demonstrates that hot HF:HNO3 mixture is polytype selective, which is quite surprising 

because of the same chemical structure of different polytypes.  Campaz et al. employed 

HF:HNO3 solution and ultrasonication but they studied only the residual whiskers.  Ac-

tually in this year, the luminescence of stain etched SiC was also observed
92

, however, 

the authors did not characterize their samples from structural point of view. 

We also use stain-etching method to form SiC nanoparticles. 

The mechanism of porous etching 

In the  process of SiC NPs synthesis, pore formation is the key chemistry that is worth-

while to discuss a little further.  I have to mention here that despite anodic porous etch-

ing onto Si and Ge was already shown by Uhlir at Bell Labs in 1956
93

, the exact mech-

anism behind porous etching is still under discussion between researchers.  

Wet etching of semiconductors is a material dissolution that can proceed by chemical, 

electroless, photochemical, anodic or cathodic etching.  The main differences between 

chemical and electrochemical etching is that chemical etching is not potential depend-

ent, while electroless, photochemical, anodic and cathodic dissolutions are potential de-

pendent; and are therefore referred to electrochemical processes.  Pore formation is re-

ported only in the case of electrochemical etching.  In these cases, free charge carriers 

are required.  Electrons are involved in cathodic decomposition while holes are supplied 

by an oxidizing agent in the case of electroless dissolution.  Carriers are generated by 

absorption of photons in the photochemical processes while an external circuit is used 

during anodic etching. 

In the case of anodic dissolution, one should place the material into a beaker, in order to 

transform it into its porous form, add a counter electrode, and connect both electrodes to 

a current source in order to anodize strongly the semiconductor surface (Figure 1-12). 
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The semiconductor ï electrolyte junction that is established when the semiconductor is 

immersed in the solution plays an important role since the charge distribution at the in-

terface controls the etching phenomena.  According to the Gerischerôs model
94

, which 

applies the Schottkyôs theory
95

 combined with the Marcus theory
96

, close to the surface 

a depletion region or space charge layer is formed that is either in accumulation or de-

pletion of majority carriers.  When depletion conditions are established, an energetic 

barrier is formed, called the Schottky-barrier.  The Schottky-barrier and the semicon-

ductor ï electrolyte interface behaves like a diode.  Depending on the type of doping 

and the applied potential (Figure 1-12), the junction is either conducting or rectifying: 

anodic etching occurs, onto p-type materials in the dark (forward bias - conduction) 

while illumination is necessary for an n-type semiconductor (reverse bias - rectifica-

tion). 

Pore formation begins with pore initiation.  Unfortunately, the origin of nucleation is 

often unknown.  Many studies treat pore initiation as a random phenomenon
97,98

 where 

 

Figure 1-12.  Electrochemical and stain etching.  Electrochemical etching requires bias, 
while at stain etching, a readox reaction occurs between semiconductor and electrolyte  
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localized dissolution occurs at surface inhomogeneities inducing an enhancement of the 

current flow at the interface.  In regions of locally high current density, preferential at-

tack occurs and pores can nucleate at surface defects, like intrinsic point defects and 

impurities, or hydrogen related defects.  The nucleation can also take place at rough-

ened surfaces. 

While there are only a few models that try to describe pore nucleation, there are many 

competitive models for the description of pore growth.  These concepts are mainly 

about porous Si, however, most of the descriptions are attempted to apply to other sys-

tems.  Indeed, pore propagation was tried to describe either with a óóchemicalôô ap-

proaches or ñphysicalò approaches.  In chemical models, an autocatalytic effect or com-

petitive reactions play the key role.  Unagami
99

 proposed that localized dissolution of p-

type silicon was due to the divalent (direct Si dissolution) and the tetravalent reactions 

(formation and dissolution of SiO2) of silicon with HF, without the disproportionation 

reaction.  The dissolution of the walls is hindered by a layer of silicic acid.  Kooij
100

 

suggested a model assuming that the chemical oxidation of an Si(II) intermediate to an 

Si(IV) product is catalyzed by a mobile Si(I) dissolution intermediate.  Based on chemi-

cal kinetics, Soares et al. proposed that SiF could also play a catalytic role in the local-

ized dissolution process
101

.  During the etching, surface is covered by passive Si-H and 

activated Si-F bonds.  Parkhutik et al. suggested the concept of the virtual passive 

layer
102

: two competitive processes take place simultaneously during the pore growth: 

the formation of a passive oxide layer at the bottom of each pore and the electrochemi-

cal dissolution of the oxide.  The parameter determining the morphology of the porous 

films is the rate of electric-field enhanced dissolution of the electrode material at pore 

tips.  Depending on its value, pores with different morphologies may be formed. 

The main problem of chemical models is that they cannot describe precisely the pore 

formation mechanism, and developing new pore structures with these models cannot be 

accounted.  On the other hand, in situ characterizations usually cannot confirm such 

models.  Oxide formation, for example, is detected in systems that do not contain HF. 

The physical theories consider the semiconducting properties of the electrode to explain 

the pore formation.  It is therefore easy to extrapolate such models to other semiconduc-

tors.  However, these models do not explain the surface chemistry during the dissolu-

tion.  In physical models, dissolution of silicon involves the transfer of several charges, 

and the first rate-limiting step is to supply holes to the surface
103

.  All these models con-
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sider the space charge layer configuration or the electric field at the interface.  In the 

model of Beale et al., due to the low resistivity of the electrolyte relative to the fully 

depleted porous Si, the current flows preferentially to the electrolyte
104

.  The material 

dissolution is therefore confined in the pore apex.  The mechanism by which current 

flows across the Schottky-barrier is dependent on the doping level (Figure 1-13).   

 

Searson et al. also proposed a mechanism based on the modifications of the space 

charge region or layer (SCL) in the porous region
98

.  By solving the three-dimensional 

Poissonôs equation for a semispherical pore tip, the SCL is found to be thinner at the 

pore apex; therefore, the electric field is enhanced.  Hole supply and charge transfer 

through the interface are therefore favored at the surface located in the pore tip while 

the pore sides are passivated.  The pore wall thickness is controlled by wall-SCL.  The 

ratio between the applied and the electropolishing currents drives the pore diameter and 

the porosity.  Understanding of these mechanisms has enabled the growth of well-

defined and well-controlled macropore structures.  

The pore formation mechanism in the SiC etching is believed to be similar to that of Si.  

This issue is not well studied as most of the articles pay attention to the optical proper-

ties or the different pore morphologies.  Indeed, porous etching of SiC result many dif-

ferent pore morphologies that depend on the applied voltage, surface (surface recon-

 

Figure 1-13 The role of space charge layer. SCR represents the space charge layer, 
Si(N) and Si(P) are n doped and p doped Si, respectively. Idiff represents diffusion cur-

rent while Icond is for conduction current. hɜ is for photon illumination.  If SCR occupies 
the whole pore wall then etching is possible only at the pore apex. 
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structions, C face or Si face, etc.) and the quality of the sample.  It is important to men-

tion in this context that single crystalline SiC wafers are not perfect.  The main problem 

with SiC wafers is the different density of micron scale dislocations like voids and 

pipes.  These imperfections can vary the final pore morphology as well
105

.  Konstanti-

nov tried the describe pore formation in SiC porous etching process using existing phe-

nomenon and in this work.  They suggest Fermi-level pinning to describe wall thickness 

variations
106

.  While Fermi-level pinning, which is a situation, where the band bending 

in a semiconductor contacting a metal or electrolyte is essentially independent of the 

metal/electrolyte, can explain the wall thickness variations in thick pore wall systems, 

one should note that porous SiC with several nanometer thick walls is also produced 

where quantum confinement could play an important role.  The pore formation is de-

scribed by the following reaction
107

, 

  

ὛὭὅψὕὌ  ‎Ὤ  O ὛὭὕ ὅὕ τὌὕ ψ ‎Ὡ  (6)  

Where ‎ɴ ᴓȟ‎ ψ and h
+
 represents hole.  Even though, the knowledge about pore 

formation during SiC etching is scarce, it is still more studied than the pore formation in 

stain etching.  Electroless etching is still an electrochemical reaction, or a redox reaction 

without an external bias.  Because bonding states correspond to the valence band of the 

semiconductors, it is necessary to supply holes to the semiconductor surface in order to 

achieve electrochemical etching.  In the case of stain etching, holes are created by re-

ducing an oxidizing agent via the valence band of the semiconductor.  The oxidant ex-

tracts electrons from the solid, or in the other words, it injects holes into the valence 

band.  The electron acceptor levels of the redox couple must have an energy distribution 

that overlaps with the valence band of the semiconductor (see Fgure 1-12).  The disso-

lution process takes place because hole injection leads to bond breaking that follows 

new bond formation between the semiconductor surface and the electrolyte.  In the case 

of silicon, porous stain etching in HF/HNO3 has been extensively studied
108ï110

.  The 

overall chemical reaction is very simple.  However, in reality, Si dissolution and pore 

formation are very difficult and multi-step processes, where nitrogen goes through all of 

the possible oxidation states, and the actual reaction mechanism depends on the compo-

sition and temperature of the acid mixture.  

Stain etching mechanism of silicon carbide is even less known.  Campaz proposed the 

following reactions
91

: 
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ὛὭὅςὌὔὕ ὌὕᴼςὌὔὕ τὕὌ ὛὭὅ  (8) 

ὛὭὅ τὕὌ  O ὛὭὕ ὅὕ ςὌ  (9) 

ὛὭὕ φὌὊO ὌὛὭὊ ςὌὕ (10) 

The overall chemical reaction is 

  

ὛὭὅςὌὔὕ φὌὊO Ὄ ὛὭὊ ςὌὔὕ ὅὕ ςὌ  (11) 

The SiC
4+

 means that four holes must be injected to the valence band to promote disso-

lution of SiC.  In this reaction, neither the temperature dependency (the reaction takes 

place only over 80 °C) nor the very polytype dependency is explained.  The redox po-

tential of HNO3 (0.8 V vs SHE ï standard hydrogen electrode) should not be appropri-

ate for SiC etching because the valence band maximum of SiC in an electrolyte at acidic 

conditions is about 1.5 V vs SHE for all polytypes
48

.  That means that the conventional 

stain etching model where hole injection into the valence band is the key step cannot 

explain the reported polytype selectivity.  Actually, my recent work is to study the etch-

ing mechanism and polytype selectivity of such chemical process but this work is not 

the part of this dissertation.  However, I will discuss this reaction based on my observa-

tions. 

Size distribution  of colloidal SiC nanoparticles 

The size distribution of the SiC particles was varied in the studies reported before the 

year 2011, but in general, broad size distribution was found in most of the cases.  Parti-

cle diameter was varied between 1-6 nm and the main particle size was between 3 na-

nometers and 5 nanometers.  In 2011, Fan et al. reported closed packed SiC nanoparti-

cles with average diameter of 2.3 nm
111

.  Figure 1-14 shows the reported size distribu-

tion in 2005
85

 and 2011
112

 for colloid solutions.  

However, we also characterized samples taken from other groups in the beginning of 

the research, and we found a large portion of larger particles that was not mentioned in 

these reports.  Indeed, top-down method usually results in broad size distribution and 

further separation is needed for proper sample preparation.  In a book about silicon car-

bide biotechnology, Prof. Saddow mentioned that particles produced and/or character-

ized in his laboratory contained many unbroken porous structures
113

 . 
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Optical properties 

SiC nanoparticles have broad emission spectra in the range of 350-550 nm that was at-

tributed to their broad size distribution and the quantum confinement effect.  However, 

SiC nanoparticles in aqueous solution have peak maxima at about 450-470 nm that do 

not vary with SiC polytypes
114

.  The solution usually can be excited up to 500 nm and 

the highest emission intensity can be obtained when excitation between 320-370 nm is 

applied.  3C-SiC nanoparticles prepared by electrochemical etching exhibit smooth 

spectral lines without substructures, with a typical wavelength width at half maximum 

of about 120 nm
85

.  As the excitation wavelength increases from 250 to 500 nm, the 

 

Figure 1-14.  Variation in size distribution before 2011: size distributions of SiC NPs in 
2005

85
 (left) and 20111

12
 (right) 

 

Figure 1-15 Photoemission spectra of SiC nanoparticles at different excitations (a) exci-
tation dependent emission is clearly visible

85
, (b) excitation dependent emission is bare-

ly visible
115

. 
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emission wavelength continuously shifted from 450 to 540 nm (Figure 1-15a).   

This was attributed to the quantum confinement effect
85

.  The suspension contains 3C-

SiC particles of different sizes and smaller particles have larger band gaps as expected 

from quantum confinement.  As the excitation wavelength increases, carriers in smaller 

particles cannot be excited because the excitation energy becomes smaller than that of 

their band gaps leading to a continuous redshift in the photoluminescence.  Indeed, the 

emission wavelength at 540 nm is close to the band gap of bulk 3C-SiC that is around 

560 nm (2.3 eV).  This excitation dependent spectral shift was reported most of the arti-

cles published before 2011 regardless of the SiC polytypes.  Despite the fact that this 

spectral shift was associated with the quantum confinement effect, this effect was not 

directly proven by correlation measurements of fragmented SiC nanoparticles vs. photo-

luminescence signals.  The fact that even 6H-SiC nanoparticles show spectral shift in 

the same energy region
114

 while the band gap of such polytype much larger (3 eV which 

is about 410 nm in wavelength) than that of 3C-SiC weakens the quantum confinement 

theory and demonstrates that other factors than size determine the optical properties of 

SiC nanoparticles.  Indeed, the same group that had reported the experimental evidence 

of quantum confinement reported later such spectra where the spectral shift was not ob-

served for SiC nanoparticles with the same size distribution but prepared by a different 

synthesis method (see Figure 1-15b)
115

. 

Surface chemistry 

Silicon carbide is a covalent material therefore the surface should reconstruct after the 

etching.  The study of bulk SiC in HF solution reveals that the surface is covered with 

 

Figure 1-16.  Surface reconstruction of SiC NPs.  Left: surface groups represented by 
labels. Right: SiC crystal structure with surface groups represented by ball and stick 

model. green balls: Si, blue balls: C, red balls: O, white balls: H; this figure was made 
by Bálint Somogyi 
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hydroxyl and sylanol groups (C-OH and Si-OH) instead of hydrogen
116

.  Infrared spec-

troscopic and X-ray photoelectron spectroscopic studies revealed that the surface of SiC 

nanoparticles is very rich in different moieties
117,118

.  FTIR studies revealed the pres-

ence of carboxyl groups and oxygen bridges (C-O-C, Si-O-Si, C-O-Si) which is not 

surprising because of the strong oxidant used in stain etching but authors did not report 

any differences on the surface groups as a function of synthesis routes (Figure 1-16).  

Environment sensitivity. 

Environment sensitivity is a very important issue because it defines the applicability of 

the system (for example, pH or polarity dependent emission can be employed for pH 

nanosensors), and can help reveal the origin of luminescence as well.  The emission of 

SiC nanoparticles show moderate to strong environment sensitivity.  Solvent effect was 

studied by Fan et al. and they did not find solvent effect for 3C-SiC particles with an 

average size of 4 nm.  They concluded that the emission is originated from band to band 

recombination
119

.  Zakharko et al. also studied the solvent effect on 3C-SiC colloids and 

they reported hypsochromic shift in the emission
119

.  They explained such a shift with 

band tail screening effect: a highly polar liquid surrounding the nanoparticles induces a 

global increase in the effective dielectric constant of the nanoparticle environment.  The 

increased effective dielectric constant of the medium (solvent+nanoparticles) leads to 

ionization energy decrease in the donor- and acceptor like energy states inside the band 

gap.  This result is interesting from different point of views.  First, the difference in the 

environment sensitivity led to a different conclusion on the optical properties than that 

by Fan group.  While negligible solvent effect can lead to the conclusion that SiC nano-

particles exhibit band edge luminescence, solvatochromism and band tail screening ef-

fect can be described only with surface states.  Indeed, Zakharko studied the surface 

termination of the synthetized particles by (FTIR), and temperature programmed de-

sorption mass spectroscopy (TPD-MS); and fingerprint of carboxyl, Si-OH, Si-CH3, and 

even Si-F groups was reported.  Because Fan and co-workers did not explicitly  study 

the surface groups of their SiC nanoparticles, their SiC nanoparticles might or might not 

have different surface termination than those of Zakharko and co-workers.  Assuming 

similar surface terminations (which may be expected because of the same synthesis 

methods and earlier reports by the group), the only reported differences between these 

two batches of samples are their size distribution.  Zakharko and co-workers reported 

broader size distribution up to 10 nm vs. 6 nm of Fan and co-workers, which is a bit 
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surprising because the properties of larger particles should be closer to that of bulk 

counterpart, therefore less solvent effect should have been detected.  This example rep-

resents well the diversity of reports about SiC nanoparticles in the early stages.  Beside 

no-shift and hypsochromic shift, bathochromic shift also can be found in the 

literature
112,115

.  In Figure 1-17 I plotted the different solvent effect based on the three 

different reported shifts.  At the top, I represent the results of no solvent effect.  SiC 

NPs were dispersed in water (W) ethanol (E), and toluene (T).  The luminescence of 

SiC NPs is shown in water, ethanol, and dichloromethane.  The red shift with decreas-

ing the dielectric constant of the solvent was explained by band tail screening effect.  At 

the bottom, an opposite shift can be seen and that was explained by different surface 

termination: authors claimed that Si-H bonds form on the surface in ethanol while these 

bonds are oxidized in water, and Si-OH bonds form
112

.  

Beside solvent sensitivity, pH dependency is also studied
115

.  At acidic condition, a 

ñgreen bandò appears as a shoulder at around 510 nm that disappears at very low pH 

value (pH 1) and at alkaline conditions.  The ñblue bandò at 450 nm starts to shift to 

longer wavelengths when pH value is increased.  It seems that there are at least two dif-

ferent pH sensitive relaxation routes.  This may occur because of the numerous disso-

ciative groups on the surface of SiC nanoparticles (carboxyl, C-OH, Si-OH etc.) and 

dissociation can vary the optical properties.  Wu and co-workers attributed the solvent 

and pH dependence to the reaction of Si surface (on SiC) and water molecule, however, 

the suggested Si-H bond in their model is not too stable in aqueous conditions and 

should be slowly oxidized even in ethanol (because of the hygroscopic nature of etha-

nol), and this explanation goes against the results they reported a few years later
117

 

where they reconstructed the Si surface with Si-O-Si bonds in ethanol.  

The UV-VIS absorption spectra of SiC nanoparticles usually show featureless monoto-

nous increasing from the absorption edge (around 500 nm) toward shorter wavelengths 

that correspond to the absorption characteristic of indirect semiconductors.  However, 

Fan and co-workers tried to explain the small shoulders in the absorption spectra by 

studying SiC nanoparticles in different solvents
120

.  They assumed that the size distribu-

tion of SiC nanoparticles in heptane, dichloromethane, and water differs that is mani-

fested in the absorption spectra.  They concluded that the nanocrystals with a mean size 

of 4 nm retain the indirect-gap nature whereas the particles about 1 nm in size display 

discrete and sharp absorption features.  Despite they highlight the existence of polar sur-

face groups such as carboxyl groups that make SiC nanoparticle stable in polar solvent 
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Figure 1-17.  Demonstration of different solvent effect reported in literatures.  See more 
details in th tex.. 
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they did not mention in the explanation of the absorption characteristic that surface 

moieties with double bonds (mainly C=O) also have absorption in the UV regime be-

cause of the allowed ˊĄˊ* and the forbidden nĄ ˊ* transitions.  Indeed, they reported 

later that surface termination varies in different solvents
116

.  Furthermore, scattering ef-

fect is always an issue in the case of colloid solutions and even though, the particles 

were small and the solution is transparent in the visible range, scattering always affect 

the absorption spectra of nanoparticles.  On the other hand, theoretical calculations from 

Galiôs group predicted that the luminescence is surface related
121

 that was a driving 

force in the design of our experiments.  

1.4 Research objectives 

From previous chapters, one can conclude that SiC has unique properties making SiC 

NPs a promising candidate for biological and optical application.  However, the proper-

ties of SiC NPs under 10 nm were largely unknown in-depth; and there many inconsist-

encies can be found in the literatures that should be addressed.  For in-vivo application, 

the blue-green emission should be shifted to red, that might be achieved by introducing 

appropriate point defects.  Before that, the nature of the optical properties should be 

clarified and a synthesis method with large-scale potential is necessary.  Based on these 

needs I setup the following scientific goals and the direction of research: 

1. The synthesis of SiC NPs should be improved to produce smaller nanoparticles 

with higher yield. 

2. The physics behind the luminescence should be revealed by answering the fol-

lowing questions 

o Are there any size dependent optical properties below 10 nm? 

o How surface moieties affect the optical properties of SiC NPs? 

3. Going beyond the present limitation and prepare SiC particles with red emitters 
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2 MATERIALS AND METHODS 

For the synthesis and characterization, I employed several different methods and 

equipment.  The theoretical background for synthesis methods can be found in the pre-

ceding chapter, while the parameters and conditions of the methods or equipment ap-

plied in the experiments will be presented in the Results chapter.  Here, I give a short 

overview about the background of the employed techniques and equipment.  I also in-

troduce abbreviations of these methods that are commonly used in the literature. 

For the characterization of SiC ceramic powders and SiC nanomaterials, I used numer-

ous methods.  I give a brief overview about those, however, more details can be found 

in the referred books and articles.  I usually give the references in the beginning of the 

description. 

2.1 SiC powder synthesis 

SiC synthesis was carried out in an induction furnace.  The induction furnace is basical-

ly a coil of copper wire
122,123

.  A powerful alternating current flows through the wire 

and the coil creates a rapidly reversing magnetic field that penetrates to the conducting 

material placed inside the coil.  The high voltage electrical source from the coil induces 

a low voltage, high current in a conductor material.  The magnetic field induces circular 

electric currents inside the conductor and heats it by Joule heating or magnetic hystere-

sis.  An advantage of induction heating is that the heat is generated within the furnace's 

charge itself rather than heat transfer.  In the beginning of my research, we worked with 

green body made of Si powder and graphite powder.  Thanks to the conductivity of 

graphite, the sample could be heated up directly (volume combustion synthesis).  Later, 
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I made some development on the synthesis of SiC powder where I used activated char-

coal (see results and discussion).  Charcoal is a resistive material; therefore, a rede-

signed furnace was needed.  With my help, István Balogh designed a new furnace for 

the experiments and I designed a new sample holder.  In the new setup, precursors were 

loaded into a conductive graphite crucible.  The generator heats directly the graphite 

crucible and the heat is transferred to the sample by radiation and conduction.  Samples 

inside the crucible are heated up to 1000 °C at 4 mins and at 5 mins 1300 °C is reached.  

We measured the temperature evolution by annealing of alloys with known melting 

points.  After the reaction, the system cools down naturally.  It takes 20 mins to cool 

down to 400 °C.  At this point, the crucible was removed.  The crucible and sample 

temperatures were measured with pyrometer after the crucible was removed.  

Photograph of the operating furnace is shown in Figure 2-1.  Figure 2-2 is the schematic 

representation of the furnace.  Figure 2-3 shows the three parts of the crucible.  The in-

duction generator operates at 400 kHz and the current is varied between 0.8 A and 

1.5 A.   The graphite crucible is 40 mm wide and 70 mm high, the wall thickness is 5 

 

Figure 2-1 Photograph of the operating induction furnace 
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mm, the extender is also 70 mm high (Figure 2-3).  

For SiC synthesis we used Si wafer, Si powder (99%, 325 Mesh, Sigma) graphite pow-

 

Figure 2-2 main parts of the induction furnace 

 

Figure 2-3.  From  the buttom: crucible, extender, and the lid. 
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der (analytical grade, Reanal), and activated charcoal (Norit CA1, Sigma).  In some 

cases, we also added PTFE to the mixture that propagates the reaction between Si and 

C.  Because of the low decomposition temperature of PTFE (about 300 °C), a high 

amount of gas generated during the annealing.  We designed the crucible in a way to 

keep most of the gases and powders inside the crucible.  We used an extender to in-

crease the volume of the crucible and it was closed with a lid.  Lid contains a pinhole to 

avoid high pressure. 

2.2 Stain etching of SiC  

I applied stain etching method described in Chapter 1 for the synthesis of SiC NPs.  For 

development of the described procedure, I run the experiments in different conditions.  

These experiments will be demonstrated in the Results chapter.  Stain etching was per-

formed in a 200 ml PFA (perfluoroalkoxy alkane polymer) round flask by using hydro-

fluoric acid and nitric acid when open system was employed.  The flask was connected 

to a 1500 mm long PTFE tube.  300 mm parts of the tube were cooled by water. 

For hydrothermal route, I used acid digestion bombs with 23 ml capacity for synthesis 

development experiments and another vessel with 250 ml capacity for bulk synthesis 

(Figure 2-4).  The applied materials were hydrofluoric acid (HF) of 45%, analytical 

grade from VWR and nitric acid (HNO3) of 65%, analytical grade from VWR, Sigma, 

or Reanal. 

 

Figure 2-4.  Berghof DAB 3 acid digestion bomb: 250 ml PTFE insert, 250°C max op-
erating temperature, 200 bar max pressure.  © berghof.com 
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2.3 Infrared absorption measurements  

Infrared absorption spectroscopy (I refer it as FTIR) was used to study the surface prop-

erties of SiC NPs.  Because SiC contains Si and C atoms and surface reconstruction 

should give different type of Si and C bonds on the surface.  These bonds should yield 

signals in the infrared.  The simplest reconstruction gives hydrogen terminated particles 

with C-H and Si-H bonds.  The applied synthesis method, however, results in oxygen 

terminated surface with different types of carbon-oxygen and silicon-oxygen bonds (see 

Chapter 1 and Figure 2-5).  These surface groups or functional groups are infra-active, 

and because of the small size of the nanoparticles, surface atoms are overrepresented 

making infrared spectroscopy a sensitive tool to study the surface properties.  For in-

stance, a SiC NP with 2.18 nm of diameter consists of 633 Si and C atoms as total and 

321 atoms from them are at the surface, i.e., the surface to volume ratio is close to 1:1.  

I applied group frequency analysis on the recorded infrared spectra in order to follow 

changes on the surface during surface modification reactions.  Theoretical background 

of infrared absorption measurements can be found in many well written books and arti-

cles
124-127

.  Briefly, infrared spectroscopy is an absorption method in the wavelength 

 

Figure 2-5.  Infrared absorption spectrum of SiC NPs measured on ZnSe ATR crys-
tal.  As can be seen I use absorbance spectra instead of transmittance in all FTIR 

plots.   
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region of 1 to 100 µm.  The energy of infrared light is often not sufficient to induce 

transitions between electronic states.  Instead, infrared radiation excites vibrational and 

rotational motions of atoms in molecules.  In the studied nanoparticles, the surface 

groups did not rotate, thus I concentrate on the vibrations in the context.  The interac-

tion of the radiation with molecules can be described in terms of a resonance condition 

where the specific oscillating radiation frequency matches the natural frequency of a 

particular normal mode of vibration.  The intensity of the absorption at this resonance 

condition for an individual molecule is proportional to the change in the dipole moment 

caused by the vibration.  Therefore the vibrational bands are characterized by their fre-

quency, intensity (polar character or polarizability), and band shape (environment of 

bonds).  The frequencies of these molecular vibrations depend on the masses of the at-

oms, their geometric arrangement, and the strength of their chemical bonds.  The spec-

tra provide information on molecular structure, dynamics, and environment.  Two dif-

ferent approaches may be applied for the interpretation of FTIR spectra: 

¶ Group theory analysis for the vibration modes of a given molecule that can re-

veal the allowed or weakly allowed FTIR transitions. 

¶ Database analysis based on empirical characteristic frequencies of chemical 

functional groups that were already identified in previous studies.  

Certain functional groups show characteristic vibrations in which only the atoms in that 

particular group are displaced.  Since these vibrations are mechanically independent 

from the rest of the molecule, these group vibrations will have a characteristic frequen-

cy, which remains relatively unchanged regardless of how this group is built in.  Group 

frequency analysis is used to reveal the presence and absence of various functional 

groups on the surface of SiC NPs.  Further study at presented stage of research would 

be difficult because 

¶ While the presence or absence of surface functional groups can be predicted 

from the infrared spectra, we actually measure the multitude of particles with 

slightly different surface terminations and size distributions of nanoparticles.  

These broaden the peaks and make it difficult to exactly identify the surface 

groups or monitor the environment sensitivity (solvent, effect of neighbor 

groups, particle size, etc.). 

¶ Most of the recorded peaks lie in the region of 700-1800 cm
-1

.  Most of the 

characteristic organic vibrations appear here that makes it difficult to unambigu-
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ously identify the functional groups (for example, distinguish Si-O-Si, Si-O-C or 

C-O-C groups) 

¶ SiC NPs consists of crystalline SiC core that is a small piece of solid.  The col-

lective motion of atoms in perfect solid results in phonons (vibration waves) that 

might be detected for SiC NPs by FTIR method.  A detailed description on the 

infrared absorption of solids can be found in ref
127

.  For the cubic SiC crystal the 

transversal optical phonon mode is at around 800 cm
-1

 that can be detected by 

FTIR.  Our SiC NPs may contain defects and their size is comparable with the 

wavelength of the IR active phonons.  As a consequence, the reduced size and 

imperfections in SiC NPs relax the selection rules of the perfect solid that can 

result in forbidden modes and overtones in the FTIR spectrum.  Indeed, the in-

tensity of the IR transition associated with the typical transversal optical phonon 

mode of crystalline SiC is suppressed while the IR intensity of overtone modes 

could enhance beside the peaks associated with surface groups in the FTIR spec-

trum.  In this context, FTIR was used to monitor the surface modification upon 

different treatment of SiC NPs. 

Infrared measurements were carried out on drop-drying SiC nanoparticles (NPs) solu-

tions at the surface of a ZnSe multiple internal reflection crystal and measured in atten-

uated total internal reflection (ATR) mode
128-131

.  An ATR accessory operates by meas-

uring the changes that occur in an internally reflected IR beam when the beam come 

contact with the sample.  An infrared beam is directed onto a crystal with a high refrac-

tive index at a certain angle, where total reflection happens.  This internal reflectance 

creates an evanescent wave that extends beyond the surface of the crystal into the sam-

ple (figure 2-6).  In the regions of the spectrum where sample has absorbance, the eva-

nescent wave will be attenuated.  The detector records the attenuated beam as an inter-

ferogram, which can then be used to generate an infrared spectrum.  This technique 

generally described as a surface sensitive infrared measurement because evanescence 

wave penetrates only hundreds of nm or a few micrometers to bulk material.  However, 

we used that to measure nanoparticles with 1-4 nm of diameter.  That means, in our sit-

uation evanescence wave penetrates through a bunch of nanoparticles and ATR spectra 

shall be equal to conventional infrared absorption spectra (figure 2-6).  Indeed, Zsolt 

Szekrényes and I developed this technique by measuring SiC NPs in KBr pellet, drop 

drying on Si wafer, and ATR crystal and we saw no differences between the final spec-
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tra recorded in these various conditions.  SiC NPs in aqueous solution can be hardly 

measured in KBr pellet, thus I rather carried out ATR measurements on our samples. 

Measurement 

I used Bruker Tensor 37 with 4 cm
ī1

 resolution and DTGS (deuterated triglycine sul-

fate) detector.  Spectra were recorded in the 700ī4000 cm
ī1

 range due to the multiple 

internal reflections; the multiphonon modes of ZnSe crystal absorb IR light below 700 

cm
ī1

.  The baseline was corrected by an adjusted polynomial function. 

2.4 UV-VIS and Photoluminescence Measurements 

Luminescence is the spontaneous emission of optical photons from an excited electronic 

state to the ground state
132

.  Photoluminescence process starts with absorption of pho-

tons and continues with subsequent emission of light.  Absorption processes separates 

an electron and a hole that build up a state with short lifetime that relaxes back to the 

ground state
133

.  This can proceed in either radiatively or non-radiatively.  Radiative de-

cay is called luminescence.  

The probability of a molecule changing its state by absorption or emission of a photon 

depends on the nature of the wavefunctions of the initial and final states.  The probabil-

ity of a transition occurring is described by the optical dipole transition strength.  As a 

first approximation, the optical dipole transition strength is governed by selection rules 

at a given symmetry of the molecule or solid that determines whether a transition is al-

lowed or forbidden.  In the classical theory of light absorption, matter consists of an ar-

ray of charges that can be set into motion by the oscillating electromagnetic field of the 

light.  The electric dipole oscillators set in motion by the light field have specific natural 

characteristics.  When the frequency of the radiation is near the oscillator frequency, 

absorption occurs, and the intensity of the radiation decreases on passing through the 

 

Figure 2-6.  Schematic representation of an ATR crystal (orange) and the total reflec-
tion of the infrared light (red).  In the case of total reflection, a small part of the light 
goes through the crystal (evanescence wave ï black at the top) and can penetrate to 

the sample (green).  In the energy region, where the sample can absorb infrared light, 
the light is attenuated. 
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substance.  The intensity of the interaction is known as the oscillator strength, and it can 

be thought of as characterizing the number of electrons per molecule that oscillate with 

the characteristic frequency.  

The quantum mechanical description is based on time-dependent perturbation theo-

ry
127,134

.  Transition from one state to another occurs when the radiation field connects 

the two states.  In quantum mechanics, the connection is described by the transition di-

pole moment, µGE (12) 

  

‘  ‘ Ὠ(21) ‮ 

where ɊG and ɊE refers to the wavefunction of the ground and excited state, respective-

ly, and m is the quantum mechanical operator of the electrical dipole moment.  If the 

transition dipole moment is nonzero then absorption occurs.  

For relatively large fluorophores containing more than 30 atoms, such as the organic 

dye molecules or quantum dots
135

 many normal vibrations of differing frequencies are 

coupled to the electronic transition.  This results in a quasicontinuum of states superim-

posed on every electronic level.  Vibrational levels and wavefunctions are those of 

quantum harmonic oscillators.  At room temperature the molecule generally starts from 

the ɜ=0 vibrational level of the ground electronic state as the vibrational energy will 

normally be 1000ï3000 cm
-1

 , many times the thermal energy kT (k is the Boltzmann-

factor, T is the temperature), which is about 200 cm
-1

 at room temperature.  Upon ab-

sorption of a photon of the necessary energy, the molecule makes a vertical transition to 

the excited electronic state.  The occurrence of vertical transitions on the potential ener-

gy curve is explained by the FranckïCondon principle within the BornïOppenheimer 

approximation that describes electronic motions as if the nuclei were fixed in place 

viewed from the perspective of the nuclear coordinates.  The quantum mechanical for-

mulation of this principle is that the intensity of a vibrational transition is proportional 

to the square of the overlap integral between the vibrational wavefunctions of the two 

states that are involved in the transitions.  This overlap integral will define the shape of 

absorption and the width of the absorption peak.  If the optical excitation leads to a 

large change in the position of the atoms (large electron-vibration coupling), then the 

resulted absorption peak associated with a single electronic transition can be very broad 

even at cryogenic temperatures. 
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Dependent on their fluorescence quantum yield the electron can decay to the electronic 

ground state via photon emission from the electronic excited state.  The FranckïCondon 

principles are applied equally to absorption and to fluorescence.  Kashaôs rule states that 

emission will occur from the lowest lying electronic excited state.  The applicability of 

the FranckïCondon principle in both absorption and emission, along with Kashaôs rule, 

leads to the mirror symmetry of the absorption and the fluorescence spectrum of typical 

organic dye molecules, as the energy gaps between electronic excited states are suffi-

ciently large to selectively excite only the lowest electronic excited state.  Owing to the 

loss of vibrational excitation energy during the excitation/emission cycle, fluorescence 

emission induced by one-photon absorption always occurs at lower energy, that is, spec-

trally red-shifted (Stokes shift).  This phenomenon is not valid for semiconductors with 

optical transitions between continuous bands.  Optical absorption and emission charac-

teristics of semiconductor materials are affected by the state of electrons and holes 

whose distribution is governed by Fermi-Dirac statistics.  Therefore, the absorption and 

emission characteristics of semiconductors differ in an essential way from that of mo-

lecular (Boltzmann) systems
136

.  In general, the absorption coefficient of semiconduc-

tors depends on photon energy.  Higher the photon energy, higher the absorption coeffi-

cient is, however, excitons with higher energy than the band gap quickly relax to the 

band edges (in the case of pure semiconductors).  The manifestation of such phenomena 

is that organic dyes usually can be excited only in a short region of wavelength, while 

 

Figure 2-7.  Schematic representation of absorption and emission spectra of lumi-
nescence dye, and semiconductor quantum dot. 
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the absorption intensity of semiconductors continuously increases after a certain energy 

threshold.  Similar feature can be detected for semiconductor quantum dots (see QD ab-

sorption in Figure 2-7) where the crystalline core produces quasi-continuous bands sim-

ilar to solids. 

In my studies, steady state emission spectra were recorded on SiC NPs solution using 

Xe lamp as a continuous light source by varying the excitation wavelength between 

300 nm and 500 nm.  Even though, the absorption of SiC NPs also increases with the 

energy of the absorbed light, our light source has very low intensity with wavelength 

below 300 nm, therefore, excitation with wavelength below 300 nm is not shown in my 

dissertation.  

Beside steady state emission spectroscopy, I used time resolved emission spectrosco-

py
132

, a method that is based on luminescence lifetime measurements, for describing the 

emission mechanism of SiC NPs.  Time-resolved data often provide information that is 

not available from the steady-state data. 

Luminescence emission can be described as a random process, and lifetime is an aver-

age value of the time spent in the excited state.  When a fluorophore is excited with an 

infinitely sharp pulse of light, an initial population (n0) of fluorophores excited.  The 

excited-state population decays with a rate ũ + knr according to 

  

Ὠὲὸ

Ὠὸ
ɜ Ὧ  (13) 

where n(t) is the number of excited molecules at time t following excitation, ũ is the 

emissive rate, and knr is the nonradiative decay rate.  Because emission is a random 

event, each excited fluorophore has the same probability of emitting in a given periods 

of time.  This results in an exponential decay of the excited state population, 

  

ὲὸ ὲὩ  (14) 

In a luminescence experiment we do not observe the number of excited molecules but 

only the fluorescence intensity, which is proportional to n(t).  Integration of eq. 13 with 

the intensity substituted for the number of molecules yields the expression for a single 

exponential decay: 
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Ὅὸ ὍὩ  (15) 

where I0 is the intensity at the initial time.  The lifetime Ű is the inverse of the total de-

cay rate and 

  

† ɜ Ὧ  (16) 

In general, the inverse of the lifetime is the sum of the rates, which depopulate the ex-

cited state.  The fluorescence lifetime can be determined from the slope of a plot of log 

I(t) vs. t, but more commonly by fitting the data to decay models. 

Two methods of measuring time-resolved fluorescence are in widespread use: the time-

domain and frequency-domain methods.  In time-domain method, the sample is excited 

with a short light pulse.  The time dependent intensity is measured following the excita-

tion pulse, and the decay time is calculated from the slope of a plot of log I(t) versus t, 

or from the time at which the intensity decreases to 1/e of the intensity at t = 0, the ini-

tial time.  I should mention here, that the intensity decays are often measured through a 

polarizer oriented at 54.7° from the vertical z-axis.  This condition is used to avoid the 

effects of rotational diffusion or anisotropy on the intensity decay.  In my study, we did 

not apply angle oriented polarizer, however, we did apply magic angle oriented polariz-

ers in simple lifetime measurements and we found that the polarizer has some effect to 

the measured lifetimes but the difference between the detected average lifetime with 

and without polarizer was about 3%.  The size of the SiC NPs is in the range of small 

proteins that is much larger than most of the organic fluorophores, therefore, diffusion 

and rotation does not affect the short emission lifetime. 

Another method to measure the decay time is the frequency domain method.  In this 

case, the sample is excited with intensity-modulated light.  The intensity of the light is 

varied at a high frequency, so its frequency is comparable to the reciprocal of decay 

time.  When a sample is excited in this manner the emission is forced to respond at the 

same modulation frequency.  The lifetime of the fluorophore causes the emission to be 

delayed in time relative to the excitation.  This delay is measured as a phase shift, which 

can be used to calculate the decay time. 
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We used time domain method connected with time correlated single photon counting 

(TD-TCSPC) and I describe only this method further. 

Time correlated single photon measurement 

Instruments for time correlated single photon measurements use high repetition rate 

mode-locked picosecond or femtosecond light sources, and high-speed microchannel 

plate photomultiplier tubes.  The principle of TCSPC is based on single photon count-

ing.  The system is adjusted to emit only one photon during excitation and measures the 

time between excitation and the observed incoming photon.  The conditions of the ex-

periments are adjusted so that less than one photon is detected per laser pulse (typically 

1 photon/100 excitation pulses).  The experiment starts with the excitation pulse that 

excites the samples and sends a signal to the electronics.  This signal is passed through a 

constant function discriminator, which accurately measures the arrival time of the pulse.  

This signal is passed to a time-to-amplitude converter, which generates a voltage ramp 

where the voltage increases linearly with time on the nanosecond timescale.  A second 

channel detects the pulse from the single photon.  The arrival time of the signal is accu-

rately determined using a constant function discriminator, which sends a signal to stop 

the voltage ramp.  The time-to-amplitude converter now contains a voltage proportional 

to the time delay (ȹt) between the excitation and emission signals.  The voltage is con-

verted to a digital value that is stored as a single event with the measured time delay.  A 

histogram of the decay is measured by repeating this process numerous times with a 

pulsed-light source. 

Timer resolved emission spectroscopy 

Time resolved emission spectra (TRES) are ideally the measured emission spectrum of 

the system at a given time following a pulsed excitation
132,137

 that are recorded in a se-

ries of instant times within a certain period.  This measurement technique is able to pro-

vide additional information about the nature of the emitters with respect to the steady-

state spectra.  SiC NPs in solution yield complicated PL spectra due to the following 

reasons: i) several processes compete in the excited state of the emitters (solvent relaxa-

tion, dissociation, conformational changes, etc.) and those are able to change the emis-

sion wavelength and/or decay time of SiC NPs; ii) multiple emitters in a solution could 

exhibit overlapping spectra.  Both can result in change in the shape of the spectra over 

the time. 
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One example of using TRES is to unravel the number of individual fluorophores in the 

studied system.  When TRES normalized to the same total area, spectral shift provides 

information about the system.  The number of isoemissive points (where spectra cross 

each other) defines the number of emission centers in the studied system: N = Pie + 1 

where N is the number of fluorophores and Pie is the number of isoemissive points; 

while a continuous shift reveals a relaxation process ï or multiple emission points in the 

system. 

Decay associated spectra 

From the time resolved data, one can construct the decay associated spectra (DAS) as 

well with the following equation
132,137

 

  

Ὅ‗ȟὸ ‌ ‗Ὡ  (17) 

Where ɚ is the emission wavelength and Ŭi is the decay associated spectra.  DAS usual-

ly corresponds to the emission spectra of the individual components.  This is only true 

for fluorophores with a single exponential decay.  For example, in the case of time-

dependent spectral relaxation, DAS can be positive or negative, and hence it does not 

correspond to the emission spectra of any particular component.  However, this is the 

simplest kinetic scheme where every component decays independently resulting in de-

cay associated spectra. 

I will show that SiC NPs have multiexponential decay.  Still, I applied DAS for global 

analysis of aqueous SiC NPs.  It would be neat to test a more complicated scheme like a 

combination of the parallel and sequential model, and involve branching, back-reactions 

or multiple compartment excitation.  In this case a so-called linear time-invariant com-

partmental model can be used, which allows much more flexibility in modeling data.  

However, the danger lies exactly in this flexibility.  One very important aspect of using 

compartmental models is that different compartmental schemes can result in the same 

model output, rendering the system structurally unidentifiable, thus such models should 

be applied with great caution.  Structural unidentifiability is caused by incomplete in-

formation on the system, which is exactly the case of colloid SiC NPs.  

The parameters of the employed equipment are as follows: 
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¶ UV-VIS spectrometer: Ocean Optics-QE65000 (wavelength range: from 200 to 

950 nm) 

¶ PL spectrometer: Horiba Jobin-Yvon Fluorolog-3 450 W Xe light source (exc.: 

240nm - 850 nm); PMT detector: from 190 nm to 860 nm  

¶ In both measurements, quarz quette with 1 cm path length was used.  

¶ For time resolved measurement we used NanoLed LED laser source with 

321 nm peak wavelegnth and 0.8 ns pulse width. 

2.5 Electron microscopy 

Electron microscopes work just like optical microscopes as a first approximation but 

they use a beam of accelerated electrons as a source of illumination
138,139

.  As the wave-

length of an electron can be as short as 0.002 nm (200 keV acceleration), the resolution 

is greatly enhanced compared to that of conventional optical microscopes.  Electron mi-

croscope techniques can yield information about the topography, morphology, composi-

tion and crystallographic information. 

The basic steps involved in all electron microscopes are the following: A stream of elec-

trons is formed in high vacuum by electron guns.  This stream is accelerated towards the 

 

Figure 2-8.  Interactions between electron beam and sample.  interactions noted on 
the top side of the diagram are utilized in scanning electron microscopy (SEM) oper-
ation while those on the bottom side are recorded and analyzed in transmission elec-

tron microscopy (TEM) operation. 
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specimen with a positive electrical potential while is confined and focused using aper-

tures and magnetic lenses into a thin, focused, monochromatic beam.  The sample is 

irradiated by the beam and interactions occur inside the irradiated sample affecting the 

electron beam.  These interactions and effects are detected and transformed into an im-

age.  When an electron beam interacts with the atoms in a sample, individual incident 

electrons undergo either elastic or inelastic scattering.  In the former, only the trajectory 

changes and the kinetic energy and velocity remain constant.  In the latter, some inci-

dent electrons will actually collide with the sample and displace electrons from their 

electron shell.  This specimen interaction makes electron microscopy a feasible analyz-

ing tool.  In figure 2-8 I noted the most common interactions between electrons and the 

material.  The (inelastic) interactions noted on the top side of the diagram are utilized in 

scanning electron microscopy (SEM) operation while those on the bottom side are rec-

orded and analyzed in transmission electron microscopy (TEM) operation. 

I used SEM for visualizing SiC particles after synthesis and I used TEM or atomic force 

microscopy (AFM) images for analyzing size distribution of the prepared SiC NPs.  For 

the analysis of small SiC nanoparticles, the most common methods for imaging in the 

TEM are bright-field, dark-field, and phase-contrast imaging.  At large magnifications, 

phase-contrast imaging is commonly referred to as high-resolution electron microscopy 

(HR-EM or HR-TEM)
18

(139). 

A drawback with decreasing the particle size of the crystal is that small nanoparticles 

tend to become less stable upon exposure to the electron beam.  Instabilities may arise 

from particle motion, structural fluctuations, atom sputtering, coalescence, and particle 

destruction or decomposition.  To test the stability of our samples, we recorded images 

of our samples by HR-TEM, and compared them as a function of physical, structural, 

and positional changes over time.  We found that the smallest SiC NPs tend to destruct 

over 200 kV acceleration voltage, however, the highest applied acceleration energy 

(200 keV) is suitable for measurements. 

For image analysis I used Gwyddion software.  The advantage of software assisted 

methods is that each particle is scrutinized and measured, the signal-to-noise require-

ment is less stringent, and the analysis is straightforward.  It is critical, however, that a 

consistent measurement method should be employed.  Significant drawbacks of manual 

measurements include user biases and limited sampling statistics because only a few 

hundred particles can be measured within reasonable time. 
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Beside statistics, discrepancy in the image size and the physical size of nanoparticles is 

another important factor.  The discrepancy between the image size and physical size of 

a single particle can be described as 

  

ὢ ὢ ‐ (18) 

where Xi is the measured size, X is the real physical, but unknown size and Ů is the asso-

ciated error.  The contributions to Ů include the pixel resolution, the determination of the 

particle-substrate boundary, the magnification calibration, and image distortions due to 

stage drift, improper focus conditions, delocalization due to spherical aberration, and 

various sources of astigmatism (objective lens, condenser lens, coma, etc.). 

The size distribution is typically expressed by a Gaussian or log-normal function, char-

acterized by the mean and the standard deviation.  For small particles, the value of the 

mean and standard deviation are very sensitive to the choice of imaging and analysis 

conditions, and the results obtained by this analysis can result in a larger intrinsic varia-

bility in the particle sizes than the physical intrinsic variability.  Two significant factors 

that contribute to uncertainty in both the mean and the standard deviation are the pixel 

resolution and the bias associated with the determination of the particle edge at coarse 

magnification.  Image resolution should be considered with caution.  I used images with 

2024×2024 resolutions with a covered area of 47×47 nm.  Therefore, the image pixel 

length is 0.023 nm.  However, the best point-to-point resolution can be achieved with 

the used instrument is 0.17 nm.  It means that at the measured diameter of a 5.00 nm 

particle the deviation is estimated to be about 5% while the 1.0 nm sized image of a na-

noparticle this deviation might reach 25%.  Since I prepare nanoparticles in this size 

range with the tendency of destruction of the smallest nanoparticles, reporting size dis-

tribution in common formats would be inaccurate.  Therefore, I usually refer size distri-

bution with the boundary of the measured population in the context.  For accurate repre-

sentation of the size distribution I applied standard protocols suggestions and I meas-

ured at least 300 particles for every sample (usually 500-600 particles).  The SiC NPs 

usually show closely spherical shape with small deviations.  I chose the longest diame-

ter as the physical diameter of the SiC NPs. 

Equipment: JEOL JEM-3010 HR-TEM with up to 300 kV acceleration. 
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2.6 Atomic force microscopy 

AFM provides a 3D profile of the surface on a nanoscale, by measuring forces between 

a sharp probe and surface at very short distance
141

.  The probe is placed at the end of a 

cantilever, which can bend.  The motion of the probe across the surface is controlled by 

the use of feedback loop and piezoelectronic scanners.  The deflection of the probe is 

typically measured by a beam bounce method.  A laser is bounced off the rear of the 

cantilever onto a position sensitive photodiode detector.  The measured cantilever de-

flections are used to generate a map of the surface topography. 

The radius of an AFM tip that approximated with a sphere, was R=20 nm in the meas-

urements, much larger than particles I wanted to detect causing inappropriate recorded 

shape of the nanoparticle.  Indeed, the tip size and its geometry lead to a broadening of 

the lateral dimensions of the nanoparticle imaged by AFM and their real diameter can 

be hardly measured accurately in the surface plane, but, in the case of spherical NPs, a 

reliable method for determining the size of NPs is to measure the height of the parti-

cles
142

.  A certain precautions must be taken in order to avoid the measurement error 

and minimize the uncertainties.  First of all, nanoparticles have to be correctly dispersed 

and immobilized on a flat substrate.  A minimal distance is required (mean NP size + tip 

size) between NPs to obtain a complete image on the individual NPs.  Two points are 

then needed to measure precisely the height of a nano-object.  The first data point corre-

sponds to local maximum on the nanoparticle, the second one is the mean height of the 

surface topography.  The height of the particle is calculated as the difference of both 

data.  Furthermore, a second problem arises concerning the substrate roughness.  In fact, 

a non-homogeneous roughness will introduce an error and the real height of the NP 

cannot be accurately determined.  As a result, the substrate roughness is a key parame-

ter.  

For size distribution characterization by AFM I used silicon wafer with a roughness of 

about 0.5 nm.  The samples were put to the surface by drop casting method: a drop of 

SiC NPs solution placed on the Si surface and then removed after a certain amount of 

time.  Both the concentration of the solution and the activation time are optimized for 

each sample, in order to maximize the signal to noise ratio.  Complete drying could lead 

to aggregation and causes artifacts while sorption from solution usually underestimates 

the particle sizes. 

Equipment: Neaspec NeaSNOM AFM  
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3 RESULTS AND DISCUSSION 

We began our research with a promising goal in the Wigner Research Centre for Phys-

ics that we will be able to prepare SiC nanoparticles with size below 5 nm by combining 

the theoretical knowledge in the group of Ádám Gali with further experimental devel-

opments that will exhibit red or infrared emission.  This would significantly improve the 

current state of bioimaging application.  When I joined to the Semiconductor 

Nanostructures Group, some of the conditions on the feasible preparation processes 

were set by the existing equipment and laboratorial facilities, and previous experiments: 

1. It was already demonstrated that it is possible to synthesize micron size SiC 

crystals from its elements using induction furnace.  We shall use this technique 

for the source of nanomaterials. 

2. Because we do not expect that small nanoparticles with desired size can be di-

rectly produced in an induction furnace, I had to find or develop a suitable top-

down method. 

3. The top-down method should be based on wet chemistry or oxidation.  

These conditions implicated stain etching for the choice of top-down method that was 

already employed by others to prepare SiC nanoparticles.  We thought that the combina-

tion of rapid SiC synthesis and a simple etching method is a promising route for realiza-

tion of a new type of fluorescent probes based on SiC because 

1. The synthesis of SiC in an induction chamber is a rapid combustion synthesis 

where the material is far from the equilibrium condition, therefore, introduction 
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of defects with desired photoemission properties with high concentration is pos-

sible. 

2.  The properties of SiC is readily variable that could improve the quality of nano-

crystals made from them.  

3. The available high purity source materials guarantee the proper characterization. 

3.1 Improvement in the synthesis of SiC nanoparticles 

Based on the afore-mentioned facts, the first task for me was to develop a synthesis 

route for SiC nanoparticles and we quickly found that the reported protocol
87

 gives poor 

quality therefore an improvement is needed.  The size distribution of the particles was 

very broad (1-15 nm).  To make samples that contain particles with size below 5 nm 

only, I further developed both the stain etching process and the synthesis of SiC pow-

der. 

Development on SiC NPs synthesis 

Briefly, stain etching made under the following condition: HNO3:HF with a volume ra-

tio of 1:3 at 100 °C for 1 h was used to etch SiC powder produced at our laboratory.  

After removing the acids and washing the samples, the SiC NPs were obtained by soni-

cation of the porous SiC macro-crystals in water for 40 minutes to remove the porous 

layer and suspend the NPs.  At first, the decanted liquid, that contains the colloidal SiC 

NPs, was obtained without any centrifugation or other separation technique
143

. 

In the original method the mixture of SiC powder, HF and HNO3 was heated up in an 

open system like in a round flask made from fluorinated polymer.  This method limits 

the maximum temperature that can be reached because of the boiling point of the mix-

ture (which is about 110°C) based on the boiling point of hydrofluoric acid (108°C) and 

nitric acid (122°C).  It is worthwhile to mention that despite careful construction of the 

reactor, the release of such toxic and corrosive vapors to the fume hood cannot be com-

pletely eliminated.  Therefore, I transferred this reaction to a closed acid digestion sys-

tem that can be heated up to 250 °C, and acids contact with the environment only at 

ambient temperature for a limited time
144

.  

To compare the efficiency of the open and closed reaction conditions I prepared sam-

ples with the same conditions except that one sample was produced at open condition 

and the other at closed condition.  2.0 g clean SiC powder and 10 ml HF:HNO3=3:1 

mixture was placed into a perfluoroalkoxy (PFA) flask (20 ml) with 5-mm aperture that 
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was connected to a reflux column and heated in a 120 °C oil bath (open), or in a 23 ml 

Teflon-lined acid digestion vessel and annealed at 120 °C for 2 h.  Then the acid was 

decanted after centrifugation and SiC was washed with distilled water five times and 

dried at 80 °C overnight.  The product is porous SiC with thin porous layer.  To produce 

SiC QDs, acid-treated samples were sonicated in 30 ml water for an hour and centri-

fuged at 4000 rpm for 1.5 h.  The top 20 ml of the supernatant was removed and used 

for further characterization.  The pellet was washed with water 10 times and dried at 

80 °C.  

To determine the superiority of the closed system I made several measurements on the 

SiC powder that still existed after treatments and on the colloid nanoparticle solution.  

The measurements were the follows: 

1. Weight loss during the etching ï determines the dissolution yield during the 

etching (anything that lost here was in the acidic solution and will not become 

nanoparticle) 

2. Weight loss during ultrasonication ï Theoretically determine the mass of the po-

rous layer. 

3. Total mass of SiC nanoparticles suspended in water ï This is the yield, that is 

equal to the total dry matter content of the removed 20 ml colloid.  

4. Size distribution ï shows if there are differences in the pore structures between 

the two methods. 

5. Photoluminescence intensity ï indirect determination of the yield. 

 

Table 3-1 Measured parameters of etched samples. Open vs. Closed reaction 

Measurement  Open system Closed system 

Weight loss during 

etching 
0.100 g  0.101 g 

Weight loss during 

sonication 
4.1 mg 3.8 mg 

Total mass of NPs 2 mg 3.5 mg 

Average size 5.8 nm 3.1 nm 

PL Intensity (a.u.) 5×104 1.5×105 
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As can be seen in Table 3-1, the properties of the final nanoparticles improved.  While I 

measured the same loss during the etching reaction, closed reaction produces more par-

ticles with smaller sizes (I used TEM images for size distribution analysis).  While the 

total mass of the particles in solution increased by 1.75 times, the PL intensity is in-

creased by 3 times.  This can be explained with the differences in size distribution.  Fig-

ure 3-1 shows the size distribution of such samples while Figure 3-2 shows photolumi-

nescence emission at 340 nm excitation. 

The wider temperature range available in the closed condition compared to that in open 

condition allowed us to optimize the reaction parameters in closed condition experi-

ments.  First, I studied the temperature dependence in the range of 80-200°C.  2 g of 

SiC powder was placed in a 23 ml PTFE acid digestion vessel and annealed for 2 hours 

in an oven.  Samples annealed at 150°C or higher suffer exactly the same mass loss, and 

the masses of the produced nanoparticles are also the same.  In order to study the effect 

of reaction time, I prepared samples that were digested for 24 hours.  In that case, the 

 

Figure 3-1 Size distribution of NPs made under open and closed conditions.  Size distri-
bution was measured by analyzing TEM images. 
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weight loss was only twice as I measured for 2h reaction time but the mass of the pro-

duced nanoparticles was the same.  All of these facts implied to me that neither the 

temperature nor the reaction time affect greatly the product yield.  The optimal tempera-

ture for annealing is 150°C and the reaction time is 2 hours.  

Some speculations about the stain etching reaction 

I already mentioned that the mechanism of Si dissolution and pore formation had been 

in the center of discussion between several qualified researchers for decades and SiC is 

even a more complex system.  In our research, we are focusing on the optical properties 

of SiC NPs and surface modification reactions. The detailed study of pore formation 

mechanism is beyond our research.  Nevertheless, I made observations during the ex-

periments that may explain why the closed condition process is superior over the open 

condition process. 

In a closed system, neither the acid vapors nor gas phase products can escape during the 

reaction while high pressure is formed inside the reactor.  In the reaction, two gas phase 

products form, according to the reported chemical reaction, namely, carbon dioxide and 

hydrogen (Eq. 11): 

 

Figure 3-2.  PL intensity differences of NPs made under open and closed conditions. 
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Both components have very low solubility in acids even at high temperature and ambi-

ent pressure.  Thus, they can induce bubble formation on the SiC surface.  These bub-

bles mask the SiC surface and most likely staunch the formed pores.  The higher pres-

sure increases the solubility of gases and the diffusion of the bubbles away from the sur-

face takes place more easily.  The generation of relatively small pores during etching is 

possible in this way, which may lead to a narrower size distribution.  Deeper under-

standing of wet etching of SiC with HF/HNO3 may come from the studies of isotropic 

etching of silicon using the same mixture.  The HF/HNO3 etching system is one of the 

most widely used isotropic etchants for silicon, but reduction of nitrogen during the re-

action shows very complex chemistry.  Actually, nitrogen was found all of its oxida-

tions states
145

.  Indeed stain etching can produces several different nitrous compounds, 

and some of them are gases and they can escape from the reaction mixture.  However, 

in the closed system these products stay in the mixture and can react further.  An exam-

ple is nitric oxide (NO) which has low solubility in water
146

 and it is a free radical, 

which can participate in oxidation and reduction reaction as well
147ï150

.  The evolution 

of dark brown gases that are always associated with the presence of NO2 is clearly visi-

ble both in the open and closed systems.  After the vessel is opened, a slow evolution of 

brown gas can be observed, and it takes several minutes to stop (closed condition).  Ad-

ditionally, when a scrubber was placed at the end of the condenser (open condition), 

instead of a constant bubbling, water was sucked inside the tube periodically as a sign 

of pressure drop.  Pressure drop in the system can be due to a rapid cooling or due to a 

reaction between two molecules in the gas phase reducing the pressure.  Because the 

reaction was immersed in a hot oil bath and such endotherm reaction is not likely to 

take place in the system, I speculate that nitric oxide is a main final product in the stain 

etching of SiC that reacts rapidly with oxygen to produce NO2.  Similar results were 

reported about stain etching of Si
151

 where the evolution of NO2 was hinted as a final 

product of several reactions where NO is formed: 

  

Ὄὔὕ ςὌ ᴼὌὔὕ Ὄὕ ςὬ  (18) 

σὌὔὕ ᴼὌὔὕ ςὔὕ Ὄὕ (19) 

ὔὕ Ὄ ᴼὩ ᴼὌὔὕ (20) 

ςὌὔὕO Ὄὔὕ ᴼὔὕ Ὄὕ (21) 
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Finally, 

  

ςὔὕ ὕ ᴼςὔὕ  (21) 

To test my hypothesis that one of the main gas products is NO, I opened an acid diges-

tion vessel after the reaction under nitrogen flow, NO2 was not detected. I conclude that 

a certain amount of NO is formed during the reaction which escapes slowly from the 

acid and reacts with oxygen in the air.  This result does not provide clear understanding 

of pore formation during stain etching of SiC, but demonstrates that Eq. 11 should be 

revised. 

Development on the synthesis of SiC source  

Whereas closed reactor process significantly improved the quality of our SiC nanoparti-

cles (NPs), it is a bit surprising that we were not able to make further improvement with 

temperature and time variations.  As I mentioned in the introduction, pore formation 

and pore propagation is a very complex mechanism.  When a certain wall thickness is 

reached, dissolution becomes very slow because of the quantum confinement that de-

termines the band bending.  With stain etching the thickness of the porous fraction usu-

ally goes through a maximum during in time because either further dissolution removes 

the top layer, like the case of Si, or the dissolution is stopped by the very limited diffu-

sivity of reactants in the pore. 

Because the thickness of the porous layer cannot be increased with longer reaction time, 

a possible way to produce more nanocrystals is the increase of the surface area of the 

source.  Therefore, I modified the original SiC synthesis, in order to achieve higher po-

rosity.  Based on the literature reports (see Chapter 1 for synthesis of SiC powder ), I 

made the following changes: 

1. I changed graphite powder to activated charcoal. 

2. I added PTFE to the reaction mixture. 

3. I shortened the annealing time. 

4. I redesigned the furnace geometry and designed a graphite crucible for the new 

reaction.  

SiC firstly was produced as follows: Silicon and graphite powders were mixed with a 

molar ratio of 1:1.2 in an alumina mortal and pressed into a pellet, then placed into an 

induction chamber and heated under argon to about 1300 °C where the reaction began.  
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In this case, heating is possible due to the conductivity of graphite.  When Si and C re-

acted to make SiC, pellet lost its conductivity, therefore annealing stopped.  The residu-

al graphite was removed by annealing the sample at 800 °C for 10 h under air, and the 

residual Si was eliminated by using HF:HNO3:H2O=1:1:10.  According to scanning 

electron microscope (SEM) measurements, micron size SiC grains formed with low po-

rosity (Figure 3-3).  It is easy to determine from the literature that the production of SiC 

particles can be improved.  SiC produced with combustion synthesis usually conserve 

the morphology of the graphite source.  Therefore, activated charcoal with high surface 

area was rather chosen as a carbon source.  I realized that the mixture of charcoal and Si 

powder cannot be pressed into a pellet, or even if I was able to make green body with 

desirable stability, the resistivity of such samples obstructed the direct annealing in an 

induction furnace.  István Balogh and myself redesigned the furnace for our new sam-

ples.  In the new system, the mixture is annealed in a graphite crucible.  I designed a 

crucible that consists of three parts: a conventional crucible with proper geometry ex-

cept that one can screw another tube onto the top of the crucible to increase the lengths 

but keeping the loading and unloading easy.  On the top of this system a lid with a small 

hole can be screwed.  These systems give us confident security during the experiments 

(see Figure 2-3).  Even though, the reaction between Si and C is barely exothermic, we 

wanted to avoid that any dust can go outside the crucible.  It is very important when 

PTFE is added which is reported to propagate the reaction but also decompose over 

300 °C.  

I ran experiments with the mixture of Si and charcoal (2.5g) and 0.2 g PTFE powder 

with different annealing time, by holding the current at 1.1 A.  I wanted to define only 

the reaction time needed to initiate the reaction.  Longer reaction time makes too large 

crystals while shorter reaction time produce low quality SiC crystal.  It is found that 8-

minutes reaction time is needed to initiate the reaction and after 16 minutes the total 

mixture transformed to SiC.  This result was obtained by measuring the weight before 

and after annealing in air, and before and after acidic treatment.  8 min reaction time 

gives 80 % yield with high surface area while 16 min gives crystals with low surface 

area.  The differences in porosity between SiC made from graphite source (Figure 3-3) 

and SiC made from charcoal (Figure 3-4, Figure 3-5) can be seen on the following SEM 

and transmission electron microscope (TEM) images. 



Fabrication and characterization of silicon carbide nanoclusters 

60  David Beke - November 2016 

                                                                                                                                    

 

Figure 3-3.  SEM images of SiC particles made from Si and graphite powder 

 

Figure 3-5.  TEM image of SiC made from Si and activated charcoal 

 

Figure 3-4 SEM image of SiC made from Si and activated charcoal 
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Comparing those samples made from graphite and made from charcoal and PTFE, 

higher porosity is evident .  We did not make records about samples that were produced 

by 16 min annealing time.  Those crystals can be seen with a naked eye.  I studied 

whether these highly porous SiC crystals could improve the synthesis of SiC NPs.  I 

prepared SiC nanoparticles in the closed system at 120 °C with 2 h reaction time.  The 

weight loss after etching was 0.8 g, about 50%; the mass of synthesized nanoparticles 

was 65 mg when the starting material was the SiC powder with high surface area.  This 

result represents about 20 times improvement over the samples achieved with SiC pow-

ders made from graphite source.  That means the final solutions had 3.25 mg/ml con-

centration.  In addition, we were able to reduce the size distribution of SiC NPs even 

further (compare Figure 3-1 with Figure 3-6).  

Claim of contribution  

In the experiments above, I 

¶ synthesized the SiC NPs both in closed and open reactor.  I optimized the 

synthesis process by running the described experiments; 

 

Figure 3-6.  Size distribution of SiC NPs made from SiC with high surface area. Size dis-
tribution was measured by analyzing TEM images. 
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¶ made the SiC powder source for the syntheis of SiC NPs and ran experiments 

for optimalization; 

¶ measured the size distribution by measuring the diamaters of the NPs on several 

TEM images recorded by Zsolt Czigány (H.A.S. EK MFA); 

¶ charaterized the XRD diffractogramms to identify if the product is 3C-SiC 

recorded by Lajos Károly Varga (H.A.S. Wigner RCP) and Gábor Bortel 

(H.A.S. Wigner RCP); XRD used to identify the purity and crystal strucutre of 

SiC powders such data was not showed here; 

¶ charaterized the Raman spectra recorded by Miklós Veres (H.A.S. Wigner 

RCP). Raman spectra were used also to identify the polytype of SiC powders 

and follow the cleaning process by tracking the elimination of Si and C peaks 

from the spectra. 

¶ Measured and characterized the optical properties of the samples (UV-VIS, PL, 

FTIR) 

István Balogh and I 

¶ operated the induction furnace; 

¶ designed the new furnace.  

3.2 Synthesis of different surface terminated SiC NPs 

We expected from theoretical calculations, made by our group, that surface termination 

influences the optical properties of SiC NPs.  To study such effect I synthesized SiC 

NPs with different surface terminations.As-prepared SiC NPs of diameter between 1-4 

nm are terminated with a variety of oxygen-containing species with high concentration 

of carboxyl groups
152

 I label here such samples as óas-preparedô.  For the preparation of 

-OH terminated SiC NPs as-prepared SiC NPs were reduced by NaBH4 in aqueous solu-

tion (óBH4
-
 reducedô).  Hydrogen terminated SiC NPs were fabricated by reducing as-

prepared samples dispersed in HCl by dissolving Zn powder (óZn/H
+
 reducedô).  The 

oxidized sample (óreoxidizedô) was created by 2-hour illumination of the hydrogenated 

SiC NP sample with 320 nm wavelength.  Oxidation of Zn/H
+
 reduced SiC NPs was a 

little bit unexpected because of the known stability of SiC
56

.  The conversion degree 

was studied by FTIR and steady-state PL spectroscopy.  FTIR spectra of samples with 

different surface termination are shown in Figure 3-7.  As can be seen, borohydride re-
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duces carboxyl groups under applied conditions: peak at ~1700 cm
-1

 correspond to the 

carboxylic group is disappeared.  Whereas this reducing agent is known for its selectivi-

ty to carbonyls, in aqueous media, BH4
-
 reacts with water to form hydrogen that can en-

hance the reduction capacity.  

Zn/H
+
 reduced and reoxidized SiC NPs with size distribution of 5-30 nm are shown in 

Figure 3-8.  This fraction of SiC NPs has the same surface properties as smaller (1-4 

nm) NPs
153

 but can be purified from the reactant.  The broad peak at 900-1200 cm
-1

 at-

tributed to the asymmetric stretching and bending modes of Si-O-Si, C-O-C, Si-O-C 

and Si-OH bands is eliminated by the Zn/H
+
 reduction and is shifted to lower wave-

numbers after reoxidation, confirming that the distribution and composition of these 

 

Figure 3-7.  FTIR spectra of SiC NPs with different surface terminations 
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groups at the SiC NP surface is different.  Vibrations of C-O-C and Si-O-C bonds usual-

ly appear at higher wavenumbers than those of Si-O-Si bonds
154

 while oxygen deficien-

cy in SiO2 also shifts this type of vibration bands to lower wavenumbers
155

.  Reduction 

and reoxidation cause changes in the region of 3000-4000 cm
-1

 too.  The as-prepared 

sample shows a strong and broad peak at around 3300 cm
-1

 because of the strongly hy-

drogen-bonded OH groups on the surface and hydrogen-bonded water molecules
131

.  

Complete reduction removes the strong H-bonds, leaving only non-bonded OH groups 

behind (IR bands above 3600 cm
-1

).  In the reoxidized sample, the OH vibrational 

modes shift to lower wavenumbers and the OH band becomes broader, due to strongly 

H-bonded OH groups partially formed on the developed oxide.  In conclusion, after the 

Zn/H
+ 

reduction most of the carbon and oxygen groups were eliminated from the sur-

face and reoxidation enriched the surface with Si ï O bonds.  

Claim of contribution 

In these experiments I made all of the described experiments and measurements. 

3.3 Titrimetric investigation of surface groups 

The emission of SiC NPs shows pH dependency which was associated with surface 

changes, especially with dissociation of carboxyl groups followed by changes of intra-

molecular hydrogen bonds
156

, or with the presence of Si-OH bonds on the surface
115

, 

but from the results of quantum mechanical calculations carried out by Bálint Somogyi, 

 

Figure 3-8 FTIR spectra of as prepared, Zn/H+ reduced and reoxidized SiC NPs 
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it was concluded that SiC NPs in aqueous solutions are not sensitive to the dissociation 

of carboxyl groups.  With the help of my student, Áron Dániel Major, we measured the 

relative quantity and contribution to the luminescence of these groups.  We performed 

potentiometric titration from pH 2 to pH 13 and monitored the PL signals.  The titration 

was carried out as follows: 20 ml aqueous of SiC NPs solution was titrated against 

NaOH solution.  pH was recorded with a pH electrode at every 0.1 ml addition of 

NaOH.  Titration was thrice repeated with different concentrations.  For measuring the 

whole range, pH was also adjusted to 2 with HCl and this solution was titrated with 

NaOH.  The pKa values were determined by derivation and line fitting methods.  We 

found three dissociation processes with pKa 4.2, 7.1, and 9.5.  The pKa 4.2 is attributed 

to the dissociation of carboxyl groups and pKa 9.5 is due to the dissociation of hydroxyl 

groups.  pKa 7.1  could be the dissociation of sylanol groups.  These three major disso-

ciative groups usually occur on the surface of SiC NPs. 

Gravimetric analysis, with known size distribution can give an adequate approximation 

of NPs concentration in solution.  Titration on the other hand gives the concentrations 

of surface groups with acid-base characteristic which can be used for further surface 

modifications.  Combining these two results, now we are able to calculate the approxi-

mate number of groups on an average size of SiC NPs.  We found that about 100 car-

boxyl groups reside on 2.5 nm as prepared nanoparticles. 

Claim of contribution  

In these experiments I made all of the described experiments and measurements, how-

ever, a student, Áron Dániel Major, also synthesized SiC NPs with different surface 

termination and ran titrimetric measurements and calculations under my supervision.  

The reported results based on his work too, that was aimed to reach higher accuracy. 

Dániel wrote two BSc works entitled ñSzil²cium-karbid nanoklaszterek pKa értékének 

meghat§roz§saò and ñSzilícium-karbid nanoklaszterek redukci·j§nak vizsg§lataò and a 

TDK work entitled ñSzil²cium-karbid nanoklaszterek felületének hatása az optikai 

tulajdons§gokraò. 

3.4 Size and surface dependent optical properties  

As an indirect-bandgap semiconductor, bulk SiC has weak luminescence, however, po-

rous SiC
78

, small nanocrystals
157

 and nanowires
158

 show bright photoluminescence. 

Even though the applicability of SiC NPs in biological environment
159,160

 and therapy
161
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was demonstrated, understanding the physics behind the luminescence is still in the cen-

tre of intense research.  In porous SiC bright luminescence was reported, similar to that 

in porous Si, but the origin of this luminescence is still unclear.  This holds for SiC NPs 

too.  I carried out several different optical measurements on SiC NPs with different siz-

es and different surface terminations to unravel the connection between surface moieties 

and optical properties. 

Study of Size Dependent Optical Properties 

The luminescence of porous SiC is often associated with the quantum confinement ef-

fect
76

, however, the relatively large crystallite size and the polytype independent lumi-

nescence implied that the luminescence was related to surface defects
77

.  Experimental 

results
152,156

 and theoretical calculations showed that the luminescence of SiC NPs is 

strongly influenced by the surface groups
162

.  Indeed SiC NPs solution containing 2-nm 

nanoparticles shows luminescence with emission at 450 nm (2.75 eV), nearly independ-

ent of excitation wavelength, while calculation showed that hydrogen terminated NPs 

with this size should emit in the deep UV
163,164

.  Wu and co-workers stated experi-

mental evidence of quantum confinement in SiC NPs
85

 based on the excitation depend-

ent luminescence properties of such NPs solution.  This dependence is a necessary but 

not sufficient condition to unambiguously prove the quantum confinement effect.  There 

are several reports about excitation dependent luminescence properties of carbon 

dots
165,166

 and graphene oxide solutions
167

 where this property is explained by different 

surface groups and the distribution of these groups
168

.  Guo et al. reported that SiC NPs 

prepared in ethanol solution possessed low excitation dependent emission in the case of 

fresh samples but aged samples showed strong excitation dependence
169

.  Their size 

measurements suggested that SiC NPs aggregated quickly in ethanol solution and they 

associated the changes in the luminescence properties with the change in size distribu-

tion of SiC NPs
169

.  These contradicting results shed doubt on the simple quantum con-

finement model and the varying conclusions might come from the different size distri-

bution of the colloid SiC particles.  I developed an effective size separation method 

which allows preparing a SiC NPs solution containing only 1-4 nm particles.  With the 

separation of small individual SiC NPs from larger or aggregated NPs the measurement 

on size dependent optical properties became possible.  

To study the size dependent optical properties of SiC NPs, I prepared nanoparticles with 

broad size distribution.  I have found that repeated etching damage the SiC crystals that 
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cause larger fractions in the final colloid solution.  The recorded PL spectra of as-

prepared SiC NPs are shown in Figure 3-9.  As can be seen the peak maximum at ~450 

nm shifts only 8 nm upon changing the excitation wavelength between 310-370 nm 

(marked with a vertical dashed line) but shows a severe reduction in the measured in-

tensity upon excitation with wavelengths longer than 320 nm.  We can observe another 

more intense red shift upon excitation with wavelengths of 370-450 nm (marked by the 

slant dashed line). This shift was previously associated with the quantum confinement 

effect
85

.  

A sample with broad size distribution was centrifuged through a 30 kDa Pall
TM

 mac-

rosep filter.  30 kDa filters contains pores with about 3 nm theoretical sizes. The re-

maining solution (sample II) was washed 10 times to remove most of the small parti-

cles.  As shown in Figure 3-10, that filtrate (sample I) exhibits a similar peak maximum 

as the as-prepared sample but the long-wavelength shoulder is missing and there is al-

most no sign of changing the emission with excitation wavelength. 

 

Figure 3-9.  Photoluminescence spectra of SiC NPs in water at different excitation 
wavelengths. 
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Figure 3-11 shows the size and atomic structure of sample II observed by high resolu-

tion transmission electron microscopy (HRTEM) and atomic force microscopy (AFM), 

whereas Figure 3-11(e) plots the corresponding PL spectra.  The PL spectra of sample II 

show excitation independent emission with peak maximum at 530 nm (2.39 eV).  The 

shape and intensity of the luminescence band are very different from those of sample I.  

Despite the wide size distribution, no shift occurs in the emission maximum upon 

changing the excitation wavelength.  The 530 nm (2.39 eV) PL signal is in good agree-

ment with the band gap of 3C-SiC (2.35 eV).  The Bohr radius of 3C-SiC is about 2.7 

nm and calculations implied that 4-nm 3C-SiC NPs have an almost bulk like absorption 

band
164

.  Based on these arguments I attribute the 530-nm peak to the band edge lumi-

nescence of larger particles.  While SiC has an indirect band gap, consequently weak 

luminescence at room temperature, exciton recombination can be enhanced by the re-

laxation of selection rules due to the relatively small size of the particles and dielectric 

confinement.  Several additional peaks appear in the PL spectra of sample II at about 

408 nm (3.02 eV), 460 nm (2.67 eV) and 492 nm (2.52 eV).  The first peak may corre-

late with the band edge luminescence of 6H polytype inclusions
170

 whilst the other two 

may originate from their stacking faults
171

.  6H inclusion in 3C-SiC may be considered 

as an ñorderedò sequence of stacking faults that can be described as 3-3 zig-zag lines 

consisting of 6 Si-C bilayers along the c-axis.  Stacking faults within the 6H inclusions 

 

Figure 3-10 (a) shows the PL spectra of sample I (filtrate), (b) shows the AFM image 
and size distribution of sample I. 
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embedded in 3C-SiC result in irregular stacking sequences.  A demonstration such ir-

regular stacking sequences in a larger SiC nanoparticle observed by HRTEM can be 

seen in Figure 3-11 (a-c).  Even though the SiC is cubic 3C powder confirmed by X-ray 

 

diffraction measurements before and after etching it, polytype inclusions are common 

defects in SiC and may appear at low concentrations in the 3C-SiC powder.  Since the 

applied etching method works mainly on the cubic 3C-SiC
91

, the hexagonal polytypes 

 

Figure 3-11.  (a) HRTEM image of a ~10nm SiC nanoparticle. (b) Fast Fourier trans-
form (FFT) of the area marked with square in panel (a).  (c) Fourier filtered HRTEM 

image of the area marked with a rectangle in the upper right corner of the square in pan-
el (a).  An irregular stacking sequence of 5-2-3-1-2-4 is indicated in the figure.  (d) 
shows AFM image and the size distribution of sample II. (e) PL spectra of sample II 

(filtrand)  


