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SUMMARY

Silicon carbide nanoparticles in the range d@fLnmare in the center of intereseb
cause of the possible applicability in quantum optics, bicimageglical diagnostics

and therapy thanks to the bioinert nature of such luminescent nanopar8elescm-

ductor nanoparticles below 10 nm show giBpendent physical and chemical pmpe

ties but this phenomenon has not been demonstrated accurately in a silicon caérbide co
loid system yet, because of the lack of synthesis method that allows monodisperse sil
con carbide nanoparticle preparatith simgde surface termination. In my work, |
improved the existing stain etching synthesis method to prepare SiC NPs in the size
range of 33 nm in large quantity and developed a simple surface modification method
to simplify the surface chemistry of such pdesc The narrower size distributioo-t
gether with the engineered surface allowael tounravelthe physis behind the pha-
emission of SiC nanoparticles. By usingiogk characterization in steadyate and

time resolved manner together with infrareeécposcopy | described the solvent, size
and pH dependent emission of such partialigs provingthat the luminescence is gfi

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

Despite the biocompatibility of SiC, nanoparticles diguamit in the blue upon UVye
citationandboth characteristic should be changed in order to realize awo fluores-
cence probe based on SiC NPs. The complexity of SiC sometimd= tamed into

the positive way. Point defect in SiC, like a missthgr Siatom can generate color
centerghat can be paramagnetitVe speculate that these defectgdsze independent
emission ard the realization of such color centers in molecular size SiC NPs can open
the door for a new era of nanoscale sensingraading. | justtook the very first steps

presented in my dissertatidio,achieve this goal
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Introduction

1INTRODUCTI ON

Bioimaging and MnostructuresTwo wordsand two worldslescribe my research du

ing my Ph.D. Theinvestigationwith my supervisor, Adam Gali, began at 2011 and we
startedto work on a new type of fluorophores, based on silicon carbide (SiC) nanopart
cles for fluorescent bioimaging from the very bottofthe motivation was to develop a
fluorescent probe thas not justbright but has very goolliocompatibility, therefore it

can be used fdn vivo bioimaging, medical diagnostiand even for therapy beyond the

limitation of current alternatives.

Bioimaging is a term that covers the broad area of acquiring, proceasihgisualz-

ing structural and functional images ofitig objects. Image modalities used in brot

aging is a broad field including:-Kay, computer tomography (CTjagneticresonance
imaging (MRI), positron emission tomography (PEThagnetoencephalography
(MEG), and so oh We are focusing in this dissetittn on medical imagingand flwo-
rescence imaging that used to create images of the human body, anatomicalsareas, ti
sues and cells, down to the molecular level; for clinical purposes, seeking to reveal, d
agnose, or examine disease®dical science, inatling the study of normal anatomy

and physiolog$

Fluorescence imagingasbecome one of the most important key $ofoir molecular
biology andin vivo studies by following cellular processes, quantifying ion or metab
lite levels and measumg interactons of molecules live where they happen; aimed at
delineating cancerous tissyesd anatomic structures for accurate diagnosis and surg
cal treatmerit*. For in vivo imaging dluorophore or a fluorescent label or dyée. a

materialis neededhat isable to emit lightandhas to fulfill numerous criteria, forxe
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Fabrication and characterization of silicon carbide nanoclusters

ample low toxicity, and good clearance but accurate retention tirB@ecializedin
vitro imaging needs special fluorophordsor example blinking fluorophores with long
dark statés neededor localization based superresolution microscopyt these probes
are notideal for conventional fluorescence microscopyherefore clinical research
and new visualization techniquésve an immediate quest faew types of fluao-
phores for specialyposes anthe development of the conventional organic dyés.
order to satisfyhese demands, colloid semiconductor nanoparticlesguantum dots
and metal coordinated compounds are stubiechany research groupsith the pran-

iseto overcome thexisting limitations

Indeed, oe of the most promising lalsdor in vitro andin vivo imagingis aquantum
dot. Quantum dots are solid state materiithe nanoscafe Nanostructures are taking
the lead in many research areas because of the higrsitly of the propertiethat can

be engineeretlia size, shape, surfacand compositioh Here | have to define the size
range of particles &amworking with. Nanoscience, colloid science covers a relatively
broad range from-100 nm or even to 1000m. Nanomaterials used in the medical
researchare often in the range of 5200 nm. In my dissertationl will speak mostly
about particles under 5 nnThis is the dimension where silicon carbide has interesting
optical propertiesand we believe, this the range of size where nanoparticles imtera
tion with living matter could be useful for even clinical applicatidy this claim, |

also definghatwe are working at the very bottom of the colloidal rgrvgeere borders
between molecules and colloidse blurreg and where the numbers of elements or
molecules in the nanoparticles becoooeintable thatadds a new variable to an inhe
ently complex systemwherethe surfacecould be of prime importanceEven tough,
many research groupstudy materialsthat hae at least one dimension below thé-m
croscalethey call inana, butin colloid sciencethe actuakize isof highimportarce
When materiais prepared few nanometers smélle surface atoms play a major role in
determining the catalytic, elgonic, and even optical properties of nanomatétiaks

the radius of a particle decreases, the ratio of its surface area to volume rapidbtincrea
eswherelargernumber of atomsesideson the surface This is the upper limit, where
we startto speak about nandAt the lower limit, where bulky materials become reel
cules or even atoms by reducing the size, beyond the surface, the number of building
blocks (atomsions, or molecules) becomes relevaot. This is the reason why wesh
lieve tha silicon carbide $iC), a material with indirect band gapth negligible photon
emission efficiencyn the visible wavelengthsan bestill applied as a fluorophorer
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Introduction

biology. In fact, SIC at the nanoscale is luminescand it simultaneously preses/is
biocompatibility. Furthermore the strength of the S bonddoes not change with size
giving significantstability tothe nanoparticldéorm of SiC In addition,the most recent
researclon color centers in diamonahdsilicon carbidampliesthatmultimodalprobes
might be prepared from diamonat SiC nanoparticles hosting paramagnetic color ce
tersthat canbe simultaneouslyemployedin different techniques and applicatidng he
color centers are often simple native point defects in therhatgrial. For example, a
missing Si atom in the SiC matrix introduces such electron states, that it will et infr
red light and it has a high spin ground stateTheseparamagneticolor centersan
exhibit spinselective fluorescence that can be emgtbto prepare ultrasensitive gia
netcoptical sensors at the nanoséafe These special color centers may act as building

blocks of quantum information technology too.

Our missionis to develop methods to prepar®lecular size SiC nanopart
cles withengineered surfagerystal structureanddefect typeavith adjusted

concentration.

A few nanometer quantum emitsavith impressive stability and biocompatibility could
change our world in many fiesddrom biological researchhtough medical therapy to

information technology.

In my dissertation, | present results toward realization of this ultimate desst, |
would like to introduce our motivatiofurther with a chapter abouhe history, current
statesand unsolved issues Imoimagingand fluorophees, then | presetihe properties
of silicon carbideand | show what the statd-the-art in the field wasvhenl startedto
work on these issues in 201In thefollowing chaptersl present my own researtie-
ginning with a chapter aboutsearchobjectives and approach followivgth an ove-
view of applied methodsand results. | divided my work intothreemain partsi) syn-
thesis of small SiC nanoparticla@g optical properties of SiC nanoparticles aimdsyn-
thesis of SiC ceramic as a presar for nanoparticle synthesigt the end of mydisse-

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

1Mot i vati on

Introduction to bioimaging T importance of the probes
In 1882 Paul Ehrlich used uranin, the sodium dafluorescein to track aqueous humor

secretion in the rabbit eye (or other words he followed how the transparent fluid that fill

David Beke- November 2016 3
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the anterior and theposterior chambers in the eyeaves from theiliary epithelium

cells which generate such fluid) takinget very firstin vivo use of fluorescenée
Shortly later, at 1887 Karl Noach published a book listing more than 600 fluorescent
compound¥. The first fluorescent microscope was built by Otto Heimstaauad
Heinrich Lehmann at 1911 and 1913 separatetyl at 1914 Stanislav Von Prowazek
used this instrument to study dye binding to living ¢&lisThen the field developed

rapidly. Why fluorescent imaging becoithe ruling procedure in life sciences?
fiBelieving in seeiny

Most of the book and reviethat try to summarize the fiektart with this sentencel

think the most important feature of luminescent techniques iititesensitivity of

photon detectin. The sensitivity of the human eye to light is below 0.003 &difnthe

case of scotopic visn'®) that makes fluorescencevary salutary method in surgery.

With instrumental measurement, we haveahiity to detect evea single photonOn-

ly few technique are availabléhat have comparable sensitivity.

Fluorescence imaging is often conregtto microscopy.Indeed microscopes are egit

tools in imaging used to observe and describe cell, tissue, or a whole organism enabling
scientists to better grasp tbien-misunderstoodelationship between microscopic and
macroscopic behavior.The interent specificity and sensitivity of luminescence; the
high temporal, spatial, and in some cases, tmeensional resolution; and the-e
hancement of contrast resulting from the detection of an absolute rather than relative
signal (unlabeled features dotremit) oseluminescence techniques standard tdt-

niques in biology*®. Additionally, the variation of weltlescribed spectroscopic kec
niques proviesdifferent types of information, and the commercial availability ob+lu
rescent probes increaste range of possible applications, such as the development of
biosensors for basic and clinical researBlecent advancements in optics, light sources,
digital imaging systems, data acquisition methods and image enhancement, analysis,
and display methods havurther broadened the applications in which fluorescence m
croscopy can be applied successfullyAnother development has been the esthblis
ment of multiphoton microscopy as a thdimensional imaging method that allows
researchexto study biomedical specimens from single cells to whole animals with
submicron resolutiol. An examplefor the wide use of fluorescence imaging is

demonstratech Figurel-1
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Surgeon’s new view

N

View of localized region in peritoneal cavity of an ovarian cancer patient as seen
with the naked eye (left) or with the aid of a tumor-targeted fluorescence dye (right).

b.)

Figurel-1. a) tumor highliditing with fluorescent dyes. BSuperreslution Micros-
copy (SPDMphymod) resolution. Enlarged inserts above and below: Positions ¢
fluorescent molecules in Gaussian intensity shape of 5 nm standard deviation.
distance measurements in the 15 nm range are highlighjgdhoto ofa pig's hind le
viewed after injection with neanfrared contrast agents and imaging with rieénared
light to highlight lymph flow. gd.bovine pulmonary artery endothelial cells are sht
as a threeolor composite image owing the distribution dbuli (green), Factin(red),

and nuclei (blue). ©: a.) purdue.edu, Wikipediai super resolution microscopy, ¢

John Frangioni Beth Isael Deaconess Medical Centel), ghotometrics.com

Despite many of the abewvtechniqus can be used as salled ron-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.
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Fluorophoresare great tools becaudeey can benodified indifferent ways or be con-
jugated to various molecules to give them a certain functiomallow them to bind to
specific organellesor proteins. Through chemical modifications, a single fluorophore
can be produced in a number of variorins, each with a different specificifFigure

1-2). For specific targetinga fluorophore with active siteand a special molecul&r
examplean antibody is needed. These two combined andctimposednoleculeex-

hibits high selectivity to the fluoropore. Even though it sounds simpline dreadful
properties of the first generation fluorophores frightened researchers to use lakeling fr
guently andthe discovery of green fluorescent proteias needed for developirthe

new era of fluorophores thaghted up the world.

Hydrazide,

sodium salt form
Molecule that

targets actin

Figure 2. An example of different application possibilities is using fluorophore-i

ology. Labellectell structure components such as actin (A) and tubulin (B) and
forms for wholecell staining (C)The picture was takefrom thermofisher.com.

FluorescenceProteins

Indeed, &er the discovery of yes and fluorescence microscojye next boost in the

field was the discovgrof green fluorescence protein (GFP)Aaquorea victorigelly-

fish by Milton Cormier and Osamu Shimomura at 19&dd the encoding of the GFP

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

in organisms other thafdequorea victoridby Roger Y. Tsien, Osau Shimomuraand

Martin Chalfe'®, This was the first reported successful gene transfais work was

honouredoy NobelPrizein chemistryin 2008. The key feature ofluorescent proteins

is their ability to seHgenerate the intrinsic chromophore from three amino acids iat pos

tions 65 67 (numbering is given accordingA@quorea victorigGFP), and this does not

6 David Beke- November 2016
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cDNA of the protein of interest

v

i #s cDNA of GFP

Figure 3. The application of GFP in fluorescence imaging. Gene sequence of

merged with gene sequence of a protein or organelles of interest therefoeemiodh

fied cells the targeted part will luminesce. ©: structure of a random protein anc

are from Wikipedia, fluorescence image is from Sigma Aldikd49 GFREGFR:Cat.

No. CLL1141: A549 lung carcinoma knoek cell line expressing the EGFR geng<{

idermal Growth Factor Receptor, also known as ErbB1) endogenously tagged w
at the Gterminus.

involve cofactors or enzymatic componentSince the discovery of GFP, many GFP
like proteins have been cloned and engineered forckemagingapplicationgprovid-

ing the rainbow of fluorescence proteimscluding fluorescent probes utilizirgprster
resonance energy transféfRET) mechanisrit. Fluorescent proteins and their éng
neered variants can be used for routine monitoring of gene amtivas well as thees
lective labeling and analysis of single proteins, cellular organelles, and even whole
cells. Creation of a genetic iframe fusion of a fluorescent protein to a protein ofrinte

est enables localization of that protein to specifisues, cellsor subcellular compér

David Beke- November 2016 7
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ments. It means that the fluorophore is generated inside cell band to the protein or other

molecule to interegFigurel1-3)

Even though fluorescent proteins revolutionized the field of biology, they have several
disadvantages. Theway lose its fluorescence during tissue fixation or subsequent pr
cessing and GFP &pression can vary consideraldyen among similar cell types in a
single animal There are conflicting results on whether GFP is toxic to céllgoreca-

tion of fluorescent proteins can lead to cellular toxicity addition, fluorescent pr
teinsfor an extended time may generate free radicals that are ttmxdells. The a-
tachment of a fluorescent protein to a protein of interest often has effeth® fur-

tion, structure, and localization of a protgin

Organic Dyes

Beside fluorescence proteins, the high variation of fluorescence organic molecules have
been developed and being developed even nowadélymrescent dyes have several
benefits over fluorescent protsinlt is easier to synthese by using conventionalro

ganic chemisy instead of gene manipulatiorOrganic dyesareusually much smaller

than proteinsand it makes possible, for instant@measue Ca concentration next to

the pore ofanion channéf. Fluorescent dyes can be synthetized with variety of-fun

tional groups allowing special targeting.

The optical properties of organic dyes depend on the electramisitions involvegdand

can betuned by elaborate design stratefflesThe emission of organic dyes typically
originates either from an optical transition delocalized over the whole chromophore
(resonant dyesdr from intramolecular charge transfer transitlSnsResonant dyes
usuallyhavenarrow absorption and emission bands that often mirror each wilieg

small Stokesshift (Figure1-4). Dyeswith intramolecular charge transfeuch ascou-

marin, havewell separatedoroaderand structureless absorption amdigsion band in

polar solventsand a large solvent sensitive Stokes dffiftjure 1-5). Their molar &-
sorption coefficients, and their fluorescence quantum yield, are generally smaller than

those of dyes with a resonant emiséton

Essentially fluorescent probes are available as conjugargibodies, whichare b-
bell ed (or 60t aggeThé wo masttcommiyl empmoyed flutvrad r e s .
phores are FITC (fluorescein isothiocyanate) and TRITC (tetrédmye rhodamine

isothiocyanate).

8 David Beke- November 2016
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One of the most important problemwith fluorescent dyes is photobleachinghob-

bleaching ighe photochemical alteration of a fluorophosich turrsit dark®. This is

a) - - ’—.\
of — Emission =
S ----- Absorption =
3 >
2 =
5 2]
2 g
< '5‘ E
HER E
N/ \ S
I o
g -,' \-"“ . lg
S| €===== .7 7
z K . -

i I~

300 400 500 600

\Wavelength (nm)

Figure 1-4. Typical absorption and emission spectra of a resonant dye (schema
resentation). This type of dye is usually characterized by small Stbkes

causedyy reactionsbetween the fluorophore and surroundirfyactically it means that

dyes loss thie mostfavorableproperty because of the excitaffof

T

Normalized Absorbance
Emission Intensity (a.u.)

400 500 600
Wavelength (nm)

Figure 5. Absorption and emission spectra of coumarin. Coumarin is an intraur
lar charge transfer dye with large Stedt@ft and solvent sensitivity.

Many dyes also suffer from poor thermal stability in aqueous meédast of the ree-

tive oxygen species genéed in a living object also can attack numerous dyes.
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Figure 16. Photobleaching of organic dy€omparison of the photobleaching rate
the Alexa Fluor 488 and Alexa Fluor 546 dytgese are the new class of dyes) fhoe
orescein and Cy3 fluordyres(first generation fluorophers)o by Molecular Probes

Even thoughmany organic dyessuch as the AleXd dyes have been designed that
display enhanced photostability in comparison to-fiesteration fluorphores such as
fluorescein(seeFigure 1-6), limited dye photostability can still hamper microscopie a
plications requiring high excitation light intensities in the -\Migible light region or e-

quiring longterm imaging”.

Colloidal size semiconductor particles, quantum dots can overcome this

limitation.

Quantum Dots

Quantum dotgQD) are often defined as semiconductor nanoparticles madelfeém
1000atoms of group Il and VI elements (e.g. CdSe and CdTe) or group Il ang-V el
ments (e.g. InP and InA%) These crystalline particles are in trenge of 2 to 10 ar
nometersindiamettand wer e di scovered ,whowbashwek- 198006s by
ing at the AT&T Bell Laboratoriéd. He discovered that the properties of such particles
related to their physical characteristics: as the size of elpadecreases, thenergyof

emitted light increaseslt 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 beldle excitonBohr radius. Indeed, jysical size
smaller than the exciton Bohr radius results indiBensional quantum confinement of
charge carriers within the QD and limits the number of possible energy states that an
electron carexhibit, thus giving nanopartickenovel properties not achievable in bulk
material§. The new functionalityof quantum dots belongs to the tunable physical
properties simply byhe variation of size and shape counter tophaperties ofbulk

crystdline solids, which arerdinarily not referredto their size. Below 10 nm, inthe

10 David Beke- November 2016
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case of Cdsfor example, the band gap can be tuned betweee\2d&nd 4 eVby de-
creasinghe size of spherical shaped CdS nanocry$taRigure1-7 demonstratesuch

effect.

CB
[5s

VB —
— man

Figure 27. QuantunConfinement: Smaller the size of a QD shorter the emitte@v
length is. © image is from Sigma Aldrich

Quantum confinemerdffectsother propertiesoo. Taking CdSagain themelting ten-
perature varies from 1600 down to 400 °€’. The pressure requilleto induce tras-
formation from a foucoordinate phase to a stoordinate phase increases from 2 to 9
GPa, even as the number of nucleation events for the transition becorfies s
enormous range of fundamental properties is all realized in aiahatea single chemn

cal composition. e variation is achieved by reduciogly the size of the crystal.

| mention hereghatnot only colloid semiconductoesecalled quantum dotsGenerally
speaking, there are two families of quantum dots: colloidantum dots we are s
cussing here, and epitaxial quantum dots that are defined diyostatic gates on bu
strates. It is also possible to make a quantum dot by trapping a single molecude or n
noparticle between two electrodésWe only focus on collidd QDs made from nan

crystals in the context.

David Beke- November 2016 11
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Despte the recognized possibility QDs, these typeof materials have never been as
famousas carbon related counterpdike nanotubes and graphen€ertainly, thelack

of stability and the difficult synthesis processes did fagbr any researchA major
milestone was achievdxry Bawendi and coworkerthey were able to synthesiaghly
uniform colloidal CdSe QD$%y developing a higlemperature organometallicque-
durein 1993° (equation 12).

g2 A cd_.cd_Jcd AT (1)
«o" Cd-.,,o>>4’ HO[ o%1"%H + 0700
n

cd_.cd_|lcd SeCd
HO{ o o} oH + Se=P _ - cd 285
] l\_\j secige @)

In the yearof 1997,Dabbousi and cavorkers reported the synthesis of core/shilic-
ture thatsolved the photostability problem and resuliteda 50% of quantum vyieft.
This landmark achievememitiateda new era in QD researcfhe first water soluble
QDs thatcould be appliedor labelingwerereported one year latér

In comparison with organic dyes, the absorption of QDs gradually increases toward
shorter wavelengths aridey havenarrowemission band allowing free selection of the
excitation wavelength and multicolor probffig QDs have longer fluorescenceelif
times” allowing temporal discrimination and lifetime imagidgrurthermorethe reé-

tively small sizeof QDs comparable to thadf large biomolecules (e.g. antibodies)

makes possible tengineer biologically functional materials.

The advantage and the drawback of QDs in bioimaging application is the huge variety
of such systemy The inorganic nanoparticle core provides a rigidnfdation for the
development of QD prob&sManipulation of the core chemical composition, size, and
structure controls the phefthysical properties of the proie However, bare nanopa

ticles usually cannot interact with biological systems and do os¢gss any biological
functionality. Careful design of coating materials that gaotectthe QD core from the
environment is needed for biocompatible probes with controllable physicochemical

properties. Further decoration oQDs with biomoleculess also necessary taress

12 David Beke- November 2016
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them with biofunctionality, in order to probe interaction with biological systems.
Therefore, preparation of QBased probes and nanodevices represents a-stepti
process.Each step is guided by individual design principlaorder to controbptical,
physical and chemical properties of the final prébe

The original organometallic synthesis route for QD core produces QDs with laow qua
tum yield. Even the TOP&oated(TOPOT trioctylphosphine oxideQDs are unstable

with respet to photooxidation, resulting in degradation of nanocrystals and toxicity due
to leakage of free Cd or other toxic iGNS’. Both issues arise from the relatively large
number of atoms exposed on the surface of nanopartiSlegace atoms lack neigbb
atomswith which to form chemical bonds and thus possess unoccupied electron orbitals
(dangling bonds or surface trap site3hese orbitals can trap charge carriers amrd pr
vent or delay electrehole recombination reducing quantum yi&f. In orde to pre-

vent these undesirable characteristics, surface should be protected with inorganic ca
ping layeré®. The most used techniquedpplyinginorganic shells (e.g. CdS and ZnS)
that passivate thhighly photoactive coreCareful choice of core and elhmaterials as

well as optimization of the shell thickness are necessary to minimize the lattice strain
between the core and shell and maximize the QD pbloysical propertiesFigure 1-8

representshe most used corshell structures.

Core Core/Shell alloy

FUWW 7

Figure 18 Different core/shell structures. The band gap of the shell can be higr
lower than the band gap of the core. CB: conduction band, VB valence band, tt
represent the corresponding wave functions

Although thin shells (@2 monolayers) often prodacthe highest fluorescence yields,
thicker shells (#6 monolayers) provide more core protection from photooxidation and
degradation. Thicker shell can also significantly reduce QD blinking (intermittence in
the luminescencé&)

In any relevant applicattoenvironmenparticle interaction, hydrophilicitand surface
chemistry should be well controlledOrganic phase synthesis produces hydrophobic

David Beke- November 2016 13



Fabrication and characterization of silicon carbide nanoclusters

QDs soluble only in nonpolar organic solvenk$owever, in order to be useful fordsi
logical applications QDmust be made watesoluble. This is the mosthallengingpart

of the synthesis.Several different approaches have been developed to produce water
soluble QDs satisfying these criteriddne approach involves replacing hydrophobic
surface groups with hydphilic ones by means of ligand exchan@eis is usually e-
complished by substitung of the native TOPO coating with bifunctiorejands, which
consist of surfacanchoring groups (e.g. thiolgnd hydrophic terminating groups

(e.g. carboxylhydroxyl or amind. Mercaptoacetic (MAAF or zwitterionic molecules,
such as cysteiffeis often used to produce carboxyl terminated hydrophilic surface.
Amine and carboxylic acid groups provide binding sites for eliokgg to proteins,
peptides, and nudle acids. These procedure offer simple method for realizingoran
paticles 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 suiace leaving behind surface trap sites and causing nanoparticle aggreg
tion*.

Another ligandexchange approach involves formation of polymerized silanol shells on
the QD surfacenaking(1i 5 nm thick) silica/siloxane shell and rendering patrticlds so
ublein intermediate polar solvents (e.g. methanol or dimethyl sulfoXid&urther e-

action with bifunctional methoxy compounds renders QDs soluble in aqueous buffers.
Polymerized siloxane coated nanoparticles are highly stable agginsgation How-

ever, residual dgnol groups on the QD surfacanlead to precipitation and gelrfo

mation at neutral pH

An alternative approach wwatersolubilization is to retain the native TOPO coating and
encapsulatet with amphiphlic molecules such as polymeasid phospholipids. The
hydrophobic portion of the amphiphilicmolecule intercalates within surface ligands
while the hydrophilic portion (e.g. charged groups, PEG, etc.) faces outwards,tinterac
ing with the aqueous solvent and rendering the particle sgatablé®. This method
produces exceptionally stable waseiuble QDs with preserved optical propertiest

steric stabilization resuli® a dramatic increase of the nanoparticle hydrodynamic size
(up to 30 nmP“*® Size increase might be detrimerfiar quantitative biomarker dete

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

An overview of the different encapsulation techniggeshownin Figure1-9.
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Figure 9. Overview of strategies to grare wateddispersible QDs TOPO and HD¢

are usually the primary capping layer used to stabilize QDs in nonpolar solvents

der to accomplish QDs in aqueous solution, ligand exchanged or additional lay:
needed.

Indeed, preparation of QDBasedprobes and nanodevices represents a fstdp po-
cess. Every step haa huge effecon the physical end chemical propertibsitis very
challengng and providesbeauty for chemistin this field. In general, the size of QDs
should be small after coatig, the surface should be biocompatible, reactive groups
should be available for conjugation of biomolecules and targeting ligands, asd QD
should shownegligible nonspecific interactions with the biological environmetin-
fortunately,such methodhat sasfies all the design criteria imposed by increasieg d
mands of biomedical resear@hstill missing. Evenhough my overview is based on

thereaullts obtainedbefore 2011, this statementsisll valid as | writemy dissertation

Not surprisingly, several other systems eatensivelystudied to overcome the limai
tion of QDswith the hope thaall thegoodpropertiesc an b e 1 tfronatimesxf er r e

istingQDs  Some examplesanbefound in a reviewpaperfrom 201f’. Themost -
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teresting examplesire dye doped silica nanoparticles, upconverting nanomaterials,

nanodiamonds, silicon nanopartiglearbon based nanomaterials and silicon carbide.

12Properties andsokcenti appl caabi oce¢
The applications of quantum dots biology rose rapidly but limitations in these appl

cations weralso discovered that accelerated the researcdekingother possibilities.

Silicon carbide(SIC) is a remarkablenaterial thatcan be employeth a variety of in-

dustries. | will show that nanosized SiC ispotential candidate to overcome the lanit

tions of traditional quantum dots.

Properties of Silicon Carbide

Silicon carbidecan be used as afrasivematerial for machining industry (also called
carborundunt)andas awide band gagemiconductor for high power, high temperature
electronic devicé§*® SiC is the third known hardestaterial beside diamond and-b
ron nitride. This property led to applications in machining and grinding tasla high
performance ceranfic Thanks 6 the semiconductor type electronic band strucini
doping capabilitiesf SiC, SiC can be used high powerelectronic devices as wéll

SiC is built upfrom covalent bonding of Si and C atoms in biatomic laydisese form
tetrahedrally orientedtructureof Sii C, with avery short bond lengtlf202 pm)and,
hence, a very high bond streng@881 kJ/mol)which give extremely high chemical and
mechanical stabilitgo SiC*. SiC can be formed in amorphous, polycrystalline, and
monocrystalline soliddrms®. An important characteristiof SiC is that the bilayers of

Si and C can be stacked one upon the other in different crystal orientations that called
polytypisnt®. The ability of compound and element to occur in more than one crystal
structure is alled polymorphism.Polytypism is a onglimensional variant of this gh
nomenon. SiC can formzinc blende structure that is called cubic Sih face ca-

tered cubic (fcc) lattice.Along the (111) lattice direction one céind Sii C bilayers
where the stcking sequences follow a fcc type closed pack structure and the periodicity
can be described by three culk} ilayers along that directionThus, cubic (C) SiC is
called 3GSiC in Ramsdell notation It is alsopossible to form hexagonal closed pack
(hcp) structure from the tetrahedrons that lead to hexagonstacking sequencelhe
well-known crystal structure is the wurtzltdtice, which is a hexagonal (H) lattiGnd

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

of stacking sequences of cubic and hexagonal bilayers can form different crystal stru
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tures>. To date, more than 25fblytypesis known for SiC. The most common pg
types 4H and 6H witlhkhkand hk;k:hkik, stacking sequences along thaxis, respe-
tively (Figurel-10).

Figure £10. Common polytypes of SiC represented by using ball and stick modie
low balls: C, blue balls: Si. Bilayers are labelled with h (hexagonal), afuikic).
The lines guide the eyes on the layermiagion. 3CSiC has a zinc blende type st
ture.

The bandgaps of 3C, 6H and 4H polytypes are &4 3.0 eV, and 3.3 eV,
respectively’. This is a large variance despite the fact that the chemigalb®nds are
the same in all of these polytype®/hile this isaninterestingphenomean on its own
merit, the various form of SiC actuallycan be used in numeroagplicatiors. The
dominantcrystal of choice is 4¥5iC for power electronic devisebecausét exhibits
the largest bandgap (3.2 eV), while €5IC is ideally suited for solidtate lighting
(LEDs), as its lattice constant is closethiat of GaN family of alloys used in advanced
LEDs that have enabled DVD and blue ray technalogy

Synthesis of SiC powder

Numerousmethods have been developed for SiC syntffeshe method for SiC pr
duction depends on the desired material strugpwerder, ceramic, single crystal etc.).
The most widely used conventional approach for powder synthesis is known as the
Acheson procgs Here SiO, redudion by carbon at about 2500 °C leads to the fo

mation of SiC under the general reaction (3)

YR 060 "YQCH @3)
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Both, the SiQ and the C source can be varidébr exampletheycan be premixed in a

solgel process.

Another largescale production method is the reaction between Si a@d. CThis rea-
tion hasa moderate enthalpy change®3 kJ/moly’.

"Y'QO6 ©O "Y'QO (4)

The reaction is often characterized as combustion synthesis (CS),-progelfjating
high temperature synthesis (SHS), but this is the general reactiveidase of reactive

infiltration too, when porous carbon body is immersed into the molf&n Si

In a conventional SHS scheme, a reactive mixture of solid powdigrstisd at oneside

of the green bodya form of bonded powder of the desired composition before it has
been sintered or firedJand a hightemperature combustion wave front propagates
through thesystem that convertghe precursors to the desired produdthis is also
called combustion wave propagatioBombustion synthesis cdme alsoignited byuni-

form heatingof the whole body\olume combustion synthesisyhis mode of synthesis

is more appropriate for weakly exothermic reactions that require preheating pmpr to i
nition>®, like the reaction of Si and C. Combustion synthesis is knowsHumt (se-
onds) reaction timegnergy efficiency, as éhchemical energy of the inteal systems
primarily used for the mduction of the materiakimple technological equipmenéin

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 imanduction furnace.

It was demonstrateithat a unfiorm preheating of the stoichiometric Si + C mixture in a
flow of argon gas leads the selfignition of the hetevgeneous mediat temperature
about 1300 °Gwith formation of 3CSIC powders, which hasraorphology similar to
that of initial carboff; and theuseof chemical additives as an activation agent to Si + C
mixture, e.g., polytetrafluoroethylene (PTFE), allows-ghase reaction routehat
leads to SiC powder with high poro$ity PTFE decompasat 300 °C while highlye-

active radicals & formed. These radicals reagth Si in an exothermic reaction (5).

YQ 60 °7WYQ 96 (5)
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It is also reported that PTFE content can increase vacancy concentratioffin SiC

Biological Application of SiC

In biological applicatios, the degree of success of a material depends on its biotompa
ibility, and on its capacity of directly interfacing cells and tissidse biocompatibility
and hemocompatibilifif of SiC with living tissue and safely contacting blood has been
largely reported by the biomedical research comméifify SiC has been used in vikt

ally every part of the human bodgom a durable coating for bone prosthéfiand in
dental applicatiosf®, to coatings for brain machine interface (BMI) deviéesyoca-

dial heart probé& and nonfouling coatings for coronary heart sténts all of these
instances, SiC aterials were in amorphoustystaline, or thinfilm (monocrystalline

or polycrygalline) form.

1.3Lumi nescent silicon carbide
Even though SiC has enthralling biocompatibilityhas negligible luminescendse-
cause of the indirect nature of its electronic band structures that gives poor optical cha
acteristicto bulk SiC'. This may change ahe nanoscale.Indeed the effect of size
restriction on indirect gap semiconductors may befwmld. First, the shift of the band
edge toward higher energy as crystal size decreases is eXpe&ecbnd, the shape of

the bands ahthe selection rules governing the transitions between bands might also be
affected’ becausehe confinement of the wavefunct®in small crystals causes a
breakdown in selection rules, and the ordinarily forbidden ey transition of the
indirect gap material becomes "less forbidd€nh"And it has beeralso hypothesized

that mixing of surface state wave functions into those of the bulk will cause the beha
ior of an indirect gap materidome direct band gdike characteristi¢ (this was
demonstrated on Si nanocrystai2013). It means that even indirect semiconductors

could emit light with appropriate efficieneyhen their size is substantially reduced

History of Synthesis

Intense visible luminescence from SiC structures withant relevant luminescence

impurities was reportedy Matsumoto end cworkersin a conference paper presented
by the Materials Research Soci@tyl993“. In this work the group created porous SiC
by anodic etchinghat had been a known process to f@onousSi’>. The porous SiC

layer made from 6FEIC emittedight at araund 500 nm, below thenergybandgap of
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6H-SIiC (around 433 nmpnd the luminescence was five hundred times stronger than
that of the free electron to acceptor recombination in thie dnyistal (The bulk ems-

sion maximum was at around 6af, whichshould be originated to donor and/ar a
ceptor impurities, foexample Al i N donoracceptor pares DAP). The origin of the
luminescence is still in the center of intense resealMhny authorsattributedthe re-
ported luminescence to the quantum confinement éffdmwever the emission from
porous SiC is usually above the band,gaml polytype independetitatled to the ca-

clusion that the emission must be originafeain the surfae states’”"®

instead of quia-
tum confinement.Indeed, even though the groupRsbf. Choyke measured the particle
sizes in the porous layer and they found méparticle® with sizebelow 3 nm and
emission peaks below the band gap ot&, they concludethat even the UV emt

sion could be due to the surface states

The properties ofporous SiCareimportant not just becausd# their room temperature
luminescence in these nanostructures, but these nanostructures can be convdrted to co
loid particles Recently, thishas becomé&e main method to produce colloid SiC aan
particles below 10 nm.Alternatively, SiC nanoparticles below 10 nm can be sgnth
sized by CVD method al&®®? but in most casethese produstsuffer from impurities,
broad distributia of crystal structureand composition variations with weak or neglig
ble luminescence at room temperaftireSilicon carbide nanoparticlesre also po-
duced in solid matrixes like 8ior SiQ,. Nowadaysthis technology is very useful for
physical chaacterization but not relevant for colloid SiC productioBven tough, |
would like to mentia this alternative here becauserrently the conventional techiro
ogy for Si nanoparticle production is the synthesis in, &n@trix from HSQ(hydrogen
silsesquioxanederivatives and | believe thdtis mightbe an alternativesynthesis route
for SiCtoo.

SiC nanoparticles made from porous Si@sreportedin a Physical Review Letterap

perin 2005°. It is a bitsurprising that more than ten yeaesearchwas needed to
achieve colloid SiC nanoparticles from SiC while the method was known froe Si r
search, were Si particles had been synthetized just a year after the discovery of the red
luminescence of porous SBy inspectingheresearclarticles,one can realize the dha

lenge In thecase of Si, after a singkepelectrochemicaktching a highly porous ya

er is formed and this layer can be broken dolat finally formcolloidal nanoparticles.

In the case oporous SiC researcbne carfind a quite huge variation in the properties

of the porous layer formed by the same methbbbst of the time, the thickness of the

20 David Beke- November 2016



Introduction

resultantpore skeleton, the thickness of SiC walls, are more than 20Wmand his
colleagues invented multiple etching prossthat led to the production &iC naro-
particles below 10 nm at the end of the syntff&siEhis article is a milestone in colloid
SiC research.Not just because an efficient synthesis route was reported in itubut n
merous statemesthave beemlaimedin this Letter that were acceptedhrough years
without any reproductionOne of tke main clains in this paper was that the observed
blue-green luminescence of SiC nanopartickes caused byguantum confinemerdf
SiC nanoparticlesvhich will be revisd in this dissertation.

Even though, electrochemical etching and subsequ&asanication can produc&C

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

luminescence of porous SiC

luminescence of SiC NPs
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Figure 211. Luminescence spectra of porousSiC (a.), and 3€SiC NPs (b.). F-
ures are reconstructed based on refar8b8&, respectively

need of high quality epitaxial SiC layer and electrochemical chamber madbyiettra-
fluoroethylene(PTFE). For comparisorfFigure 1-11 represents the photoemission of
porous 3GSiC* and NPs made fro®C-SiC**,

The next step in the evolution of SiC nanoparticle synthesis was the electroless wet
etching route reported by the same Chinese teampndwiouslydeveloped the eleay
chemicaletching proceds. Again, a porous layer is formelly wet chemical etching

but the process is sta@tching. Stainetching is an electrochemical reaction takes place

in a redox electrolyte without apphg bias. In the case of stain etchingnecan use
cheap SiC powders instead of SiC wafers and the porous layer is formed by immersion
of such powders into hot HF:HNGnixture. This process is also a copy from &t r
search were Si nanoparticles made from Si wafers contacted with HFg-Hd{Dtion

in a shot period of tim&. The main differencéetween the two materiaisthat SiC is

much more stable against mineral acids thais;3herefore hot solution isrequired to

promote the procesdndeed, SiC is knowfor its chemical resistivity and SiC cawen
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stand against hot HF:HNGsolution. If we areseekingan etchant for SiGhenonly
molten salt mixtures anasuallysuggestedh the literature, in order to etch S#& The
only well functioningaqueousetchant for SiC is boiling phosphorous adwttcan &
tack SiC but during the etching protective oxide layer (Sgpis formed and the dte
ing rate is very low. SiC etching in HF:HN® mixture, however have been reported
f r om t° Ehe Bandmblems with these reports that most of the timeequality
of samples are questionablen 2006 Campazet al. reported that hot HF:HN{solu-
tion can selectively etch 36iC leaving patterne@H-SiC structures frona whiskers
built up from 3GSiC/6H-SiC bilayers’. This result is very interestingebause clearly
demonstrates that hot HF:HNO3 mixture is polytgpective, whichs quite surprising
because of the same chemical structure of different polytypaspazet al.employed
HF:HNO; solution and ultrasonication but they studied only the residual whiskers.
tually in this year, the luminescence of stain etched \8#€ alsoobserved, however,

the authors did not characteribeir sample$rom structural point of view

We also usestainetchingmethodio form SiC nanoparticles

The mechanism of porous etching

In the process of SiC NPs synthespore formation is the key chemistiyatis worth-
while to discuss a little furtherl have to mentiomere thatdespite aodic porous ett
ing onto Si and Gevas alreadyshown by Uhlir at Bell Labs in 198% the exact mde
anism behind porous etching is stitderdiscussion between researchers.

Wet etching of semiconductoirs a material dissolution that cgmoceed bychemical,
electroless, photochemical, anodic or cathodic etchifige main differences between
chemical and electrochemical etching is that chemical etching is not potentiatidepen
ent, while electroless, photochemical, anodic and cathodic dissolutepstential d-
pendentand are therefore referred to electrochemical proced3ee formation ise-
ported only inthe case of electrochemical etchingn thesecasesfree charge aaers

are required Electrons are involved in cathodic decompositidnlevholes are supplied

by an oxidizing agent in the case of electroless dissolutiGarriers are generatdxy
absorption of photanin the photochemical processes while an external cinisuitsed

during anodic etching.

In the case of anodic dissolutipane shoulglace the material to a beakerin order to
transform it into its porous forpadd a counter electrogend connect both electrodes to

a current sourcm orderto anodizestronglythe semiconductor surfa¢gigure1-12).
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Figure 212. Electrochemical and stain etching. Electrochemical etching require:
while at stain etching, a readox reaction occurs between semiconductor and ele

The semiconductadir electrolyte junction that is established when the semiconductor is
immersd in the solution plays an important role since the charge distribution at the i
terface controls the etching phenomeac cor di ng t o t h*whBer i sc
appliest he Sc h ot chrybined withithe Barops thedfyclose to the surface
adepletion region or space charge layer is formed that is either in accumulatien or d
pletion of majority carriers When depletion conditions are establishad energetic
barrieris formed calledthe Schottkybarrier. The Schottkybarrier and the senoo-
ductori electrolyte interface behaves like a diodeepending on the type of doping
and the applied potentiéfFigure 1-12), the junction is eitheconducting or rectifying
anodic etching occursonto ptype materials in the dark (forward biascondiction)
while illumination is necessary for antype semiconductor (reverse biasectifica-

tion).

Pore formation begins with pore initiatioldnfortunately the origin of nucleation is
oftenunknown. Many studies treat pore initiation as a random phemum® where
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localized dissolution occurs at surface inhomaiess inducing an enhancement of the
current flow at the interfaceln regions of locally high current densigyreferential &

tack occurs and pores can nucleate at surface defects, like intrinsic point defects and
impurities, or hydrogen related defect¥he nucleation can also take place at lbug

ened surfaces.

While there are only a few models that try to describe pore numbedkiere are many
competitive models fothe description of pore growth.These concepts are mainly
about porous Showever most of the descriptiorsre attempted tapply to other sy

tems. Indeed pore propagatiowast ri ed t o descochemigpe alh@d

proaches or fip hlycchénical madelsanpaptocatayticheiest or oo
petitive reactions play theeyrole. Unagami® proposed that localized dissolution of p
type silicon was due to the divalegalirect Si dissolutionand he tetravalent reactions
(formation and dissolution of Sgpof silicon with HF, without the disproportionation
reaction. The dissolution of the walls is hindered by a layer of silicic adiaoij**
suggested a model assuming that the chemical oxidatian Si(ll) intermediate to an
Si(IV) product is catalyzed by a mobile Si(l) dissolution intermedi8&sed on chem

cal kinetics,Soareset al. proposed that SiF could also play a catalytic role in thd-loca
ized dissolution proce¥®. During the etcing, surface is covered by passivetsiand
activated S bonds. Parkhutik et al. suggested the concept of the virtual passive
layer®: two competitive processes take place simultaneously during the pore growth:
the formation of a passive oxide layertta bottom of each pore and the electroahem
cal dissolution of the oxideThe parameter determining the morphology of the porous
films is the rate of electriield enhanced dissolution of the electrode material at pore

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

The main problem of chemical modeadsthat they cannot describe precisely the pore
formation mechanisprand developing new pore structures with these madisot be
accounted On the other handn situ chaacterizations usually cannot confirm such

models. Oxide formationfor exampleis detectedn systens that do not contaiiF.

The physicatheories consider the semiconducting properties of the electrode to explain
the pore formationlt is therefore asy to extrapolate such models to other semicondu
tors However these models do not explain the surface chemistry during theudissol
tion. In physical modelsdissolution of silicon involves the transfer of several charges

and the first ratdimiting step isto supplyholesto the surfacE’. All these models a»
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sider the space charge layer configuration or the electric field at the intetfatiee
model ofBealeet al, due to the low resistivity of the electrolyte relative to the fully
depleted porous Si, the current flows preferentitdlyhe electrolytt”. The material
dissolution is therefore confined in the pore ap&he mechanism by which current
flows acrosghe Schottkybarrier is dependent on the doping lefFegure1-13).
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Figure 213 The role of space charge layer. SCR represents the space charge
Si(N) and Si(P) are n doped and p doped Si, respectiyglyepresents diffusion cu
rentwhie leongi S f Oor conduction current. h 3
the whole pore wall then etching is possible only at the pore apex.

Searsonet al. also proposed a mechanism based on the modifications of the space
chargeregion orlayer (SCL) in the porous regiéh By solving the threglimensional

Poi ssondés equation for a semispherical p
pore apex therefore the electric field is enhancedHole supply and charge transfer
through the interface are therefore favored at the surface located in the pore tip while
the pore sides are passivatethe pore wall thickness is controlled by waICL. The

ratio between the applied and the electropoiglturrents drives the pore diameter and

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

defined and weltontrolled macropore structures.

The pore formation mechanism in the SiC etchingeiseved to besimilar tothat d Si.
This issue is not well studied a®ost of the articles pay attention to the optical prope
ties or the different pore morphologiekdeed, porous etching of SiC result maniy di

ferent pore morphologies that dependtba applied voltagesurface (stface reco-
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structions, C face or Si facetc.) and the quality of the samplk is important tomen-
tion in this contexthat single crystalline SiC wafers are not perféidie main problem
with SIC wders is the different density of micron scale disiions like voids and
pipes. These imperfections can vary the final pore morphology as%veKonstant-
nov tried the describe pore formation in SiC porous etching process using exigting ph
nomenon and in this work. hey suggest Ferniével pinning todescribe wall thickness
variations®. While Fermilevel pinning, which isa situation where the band bending
in a semiconductor contactingnaetal or electrolytas essentiallyindependent of the
metalelectrolyte,can explain the wall thickness var@is in hick pore wall systems,
one should not¢hat porous SiC with several nanometaick walls is also produced
where quantum confinement could play an important rdlee pore formations de-

scribed by the following reactid¥,

YQOWO M otYyfp 6 toO0 Y r Q (6)

Whergt ¥ =i pand H represents hole.Even hough, theknowledge about pore
formation during SiC etchinig scarceit is still morestudiedthan the pore formation in

stain etching Electroless etching is still an electrochemical reaction, or a redox reaction
without an external biasBecause 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 etchingn the case oftainetching, holes are created ks r
ducing an oxidizing agent via the valence band of the semicondulther.oxidant g-

tracts electrons from the solid, or in the other words, it injects holes into theceal
band. The electron acceptor levels of the redox couple must have an energy distribution
that overlapwith the vaénce band of the semiconduc{see gurel1l-12). The dis®-

lution process takes place because hole injection leads to bond breakif| bt

new bond formation between the semiconductor surface and the electiolyhbe. case

of silicon, porous stain etching in HF/HN®as beerextensivelystudied® °. The
overall chemicalreaction is very simple However,in reality, Si dissoluton and pore
formation arevery difficult and multistep process where nitrogen godsrough all of

the possible oxidation statesnd the actual reaction mechanism depends on theccomp

sition and temperature of the acid mixture.

Stain etching mechanismf silicon carbidas even lesknown Campazproposed the

following reactiong:
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Y'QECO 00 © OB THO YA 8)
Y@ 160 © YR 60 O 9)
Y0 @O'® 0YQ ¢Ob (10)

The overallchemicalreaction is

"YQO¢O00 @O'® 0O°YQ OO0 ou O (12)
The SiC* means that four hatenust be injected to the \eice bando promotedis-
lution of SIC. In this reactionneither the temperature dependency (the reaction takes
place only over 80C) nor the very polytype dependenisyexplained Theredox po-
tential of HNQ (0.8 V vs SHE standard hydrogen electrgdghould not beppropi-
atefor SiC etching because thelsace land maximum of SiC in an electrolyte at acidic
conditions is about 1.9 vs SHE for all polytype®. That meanshatthe conventional
stain etching model where hole injection into ttedence band is the key step can
explain the reported polytype selectivitctually, my recent work is to study the atc
ing mechanism angolytype selectivity of such chemical process but #sk is not
the part of this dissertationHowever | will discuss this reaction based on my observ

tions.

Sizedistribution of colloidal SiC nanoparticles

The size distribution of the SiC particless variedin the studies reported before the
year 2011 but in general, broad size distribution viasndin mostof the cases.Pari-
cle diametewasvaried betweenl-6 nm and the main particle size was betweea-3
nometersand 5 nanometersin 2011, Fa et al.reported closed packed SiC nanopart
cles with average diameter of 2.3 Hfn Figure 1-14 shows the reported size distiib

tion in 2005° and 2011 for colloid solutions.

However we also characterized sampkakenfrom othergrougs in the beginning of
the researchand we found a large portion of larger partidlea was not mentioned in
these reports Indeed, topdown method usually resulis broad size distribution and
further separation is needed for proper sample preparatios.book abousilicon ca-
bide biotechnologyProf. Saddow mentioed that particles produced and/characte-

izedin his laboratorycontainedmany unbroken porous structurgs
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Optical properties

SiC nanoparticles havieroad emission spectra in the range of-8350 nmthatwas at-

tributedto their broad size distribution and the quantum confinement effidolwever

SiC nanoarticles in ageous solution have peak maximisabout 458470 nm that do

not vay with SiC polytyps™*. The solution usually can be excited up to 500 nm and

the highest emission intensity can be obtained when excitation betwe@7@20n is

applied. 3C-SiC nanoparticles prepared by electrochemical etckixigbit smooth

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

of about 120 nfi. As the excitation wavelength increases from 250 to 500 nm, the
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Figure 215 Photoemission spectra of SiC nanoparticles at different excitéipersad-

tation dependent emissiondearly visibl&>,
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emission wavelegth continuously shifted from 450 to 540 firRigure1-15a).

This wasattributed tothe quantum confinement effétt The suspension contains 3C
SIC particles of different sizes asthaller particles have larger band gaps as expected
from quantum confiement. As the excitation wavelength increases, carriers in smaller
particles cannot be excited because the excitation energy besoraker than that of
thar band gap leading to a continuous redshift the photoluminescencedndeed, the
emission waviength at 540 nm is close to the band gap of bulkS8Cthatis around

560 nm (2.3 eV).This excitation dependent spectral shifisreported most of the &t
cles publishedbefore 2011 regardless of the SiC polytyp®espitethe factthat this
spectral shiftwas associatedvith the quantum confinemeetffect this effect was not
directly proven by correlation measurementfragmened SiC nanopatrticles vs. ploet
luminescence signalsThe fact that even 6i3iC nanoparticles show spectral shift i
the same energy regifhwhile the band gap of such polytype much lar@eV which

is about 410 nm in wavelengtti)anthat of 3C-SiC weakenr the quantum confinement
theory and demonstraéhat other factors than size determine the optical properfies
SiC nanoparticleslndeed the same groufhat hadreported the experimental evidence
of quantum confinement reported later such spectra whespéttral shifivas notob-
servedfor SIC nanoparticles with the saraize distributiorbut prepared by different

synthesis methogseeFigure1-15b)*®.

Surface chemistry
Silicon carbide is a covalent material therefore the suhoaildreconstruct after the

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

Figurel-16. Surface reconstruction of SiC NPiseft: surface groups represented

labels.Right: SiC crystal structure with surface groups represented by ball and

model.green balls: Si, blue balls: C, red balls: Oyte balls: H this figure wasnade
by Balint Somogyi
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hydroxyl and sylanogroups (GOH and SiOH) instead of hydrogéff. Infrared spe-
troscopic anX-ray photoelectron spectroscopic studies revealed that the surface of SiC
nanoparticles is very ricm different moietie§""*®, FTIR studies revealed the gre

ence of carboxyl groups and oxygen bridgesO{C, S+O-Si, G-O-Si) which is not
surprising because of the strong oxidant usestain etchindut authors did not report

any difference®n the surface grous a function o$yrthesis routegFigurel-16).

Environment sensitivity.

Environmentsensitivity isa veryimportantissuebecause it defireethe applicaility of

the systemfor example pH or polarity dependent emission ca@ employed for pH
nanosensojsandcan helprevealthe origin of luminescencas well The emission of

SiC nanoparticles show moderate to strong environment sensitiyent effect was
studied by Faret al and theydid notfind solvent effect fol3C-SiC particles withan
average size of 4 nnirhey concludedhattheemission is originatetfom band to band
recombination™. Zakharkoet al also studied the solvent effect on-$@C colloids and

they reported hypsochromic shift in the emisstanThey explaird sucha shift with

band tailscreening effect: a highly polar liquid surrounding the nanoparticles induces a
global increase in the effective dielectric constant of the nanoparticle environfent.
increased effective dielectric constant of the medium (solvent+nanoparticles)deads t
ionization energy decrease in the derand acceptolike energy states inside the band
gap. This reslt is interestingfrom different point of views.First, the difference irthe
environment sensitivity tbto adifferent conclusion on the opticalgpertiesthan that

by Fan group While negligible solvent effect can lead to the conclusion that SiG-nan
particles exhibit band edge luminescence, solvatochromism and band tail scréening e
fect can be described only with surface statésleed Zakharkostudied the surface
termination of the synthetized particley (FTIR), and temperature programmesd-d
sorption mass spectroscopy (THRIB); andfingerprintof carboxyl, SIOH, S+CHgz, and

even SiF groupswas reported.Because Famand ceworkers did notexdicitly study

the surface groups of their SiC nanoparticles, their SiC nanoparticles might or might not
have different surface termination than those of Zakharko amwdodcers. Assuming
similar surface terminatian(which may be expected because of theme synthesis
method and earlier reports by the grguphe only reported differences betweensthe

two batches obamplesarethear size distribution. Zakharkoand ceworkersreported

broader size distribution up to 10 nve. 6 nm of Fan and eworkers which is a bit
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surprisng because the properties of larger particles should berdodéat of bulk
counterparttherefore less solvent effect should have been detedied. examplerep-
resens well the diversity of reports about SiC nanopatrticles in the early st&pgsde
no-shift and hypsochromic shift, bathochromic shift also can be found in the
literaturd**™> In Figure1-17 | plotted the different solvent effect based on the three
different reported shit At the top, | represent the results of no solvent effect. SiC
NPs were dispersed in water (W) ethanol (E), and toluene Thg luminescence of
SiC NPsis shownin water, ethanglanddichloromethane The red shift with decresa

ing the dielectric constant of the solvent was explained by band tail screening Affect.
the bottom an opposite shift can be seen and that was explained by different surface
termination authors clainedthat StH bond formon the surfacen ethanolwhile these
bondsareoxidizedin water,and SiOH bonds forrr2,

Beside solvent sensitivity, pH dependency is also stlidiedAt acidic condition, a
Agreen bandod appear s a shatdisagpbawat Very ow pHat ar
value (pH 1) and at alkaline conditiondh e fi bl ue b a staitsto shiftto 4 50
longer wavelengthwhenpH valueis increased It seems that there aa¢least two d

ferent pH sensitive relaxation rosteThis may occubecause othe numerous diss

ciative groups on the surface of SiC nanopartictesl{oxyl, GOH, StOH etc) and
dissociation can vary the optical propertiad/u and ceworkers attributedhe solvent

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

the suggested $i bondin their modelis not too stable in aqueous conditions and
should be slowly oxidized even ethanol (because of the hygroscopic nature di-eth
nol), and this explanatiogoes againsthe results theyepoted afew years later"’

where they reconstructed the Si surface wit®S8i bonds in ethanol

The UV-VIS absorption spectra of SiC nanoparticles usually show featurelessanonot
nous increasing from the absorption edge (around 500 nm) toward shorter wavelengths
that correspond to the absorption characteristic of indirect semicondu¢torsever
Fanand ceworkerstried to explain the small shoulders in the absorption spectra by
studying SiC nanoparticles in different soh&fft They assumed that the sizesttibu-

tion of SiC nanoparticles in heptardéchloromethaneand water differs thas man-

festedin the absorption spectral’hey concluded that the nanocrystals with a mean size

of 4 nm retain the indiregap nature whereas the particles about 1 nniza display
discrete and sharp absorption featuregspite they highlight the existence of polar-su

face groups such as carboxyl groups that make SiC nanoparticle stable in polar solvent
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they did not mentionin the explanation of the absorption characterigiat surface
moieties with double bonds (mainly C=0) also have absorption in the UV regime b
cause of ®Ahe& ahdmwdoemd f* t r arnsdedtheyreported
laterthatsurface terminationariesin different solvets*'®. Furthermorescattering &

fect is always an issue e case of colloid solutions and evdmutgh the particles
weresmall andthe solutim is transparent in the visible rangecattering always affect

the absorption spectra of nanoparticlé the other hand, theoretical calculations from
Gali s group predicted tha¥thatlwas aldivimj ne s

force in the dsign of our experiments

l4Research objectives

From previous chaptersne can conclude th&iC has unique properties making SiC
NPs a promising candidate for biological and optical application. However, the{prope
ties of SIC NPs under 10 nwere largelyunknown irdepth and therenary incorsig-
endescan be found ithe literatures that should be addressEdrin-vivo application,

the bluegreen emissioshouldbe shifted to redhat might be achieved by introducing
appropriatepoint defects. Befor¢hat, thenature of theoptical propertieshouldbe
clarified and a synthesis method with lasgpale potential is necessary. Based on these
needs ketup the following scientific goals and the direction of research:

1. Thesynthesis of SiC NPshould be improvedto producesmaller nanoparticles
with higher yield.
2. The physics behind the luminescence shouldebvealedby answering the te
lowing questions
o0 Are there any size dependent optical properties below 10 nm?
o How surface moieties affect the optigabperties of SiC NP5

3. Goingbeyondthe present limitatioandprepareSiC particles with reémitters
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2ZMATERI ALS AND METHC

For the synthesis and characterization, | employed sewdifarent methods and
equipment The teoretical background for synthesnethods can be found in tpee-
cedingchapter, while thggarameters and conditions of theethod or equipmengp-
plied in the experiments will be presented in Resultschapter Here, | give a short
overviewaboutthe background of the emplogilgechniques and equipment.also n-
troduce abbreviations of these methods that are commonly used in the literature.

For the characterization of SiC ceramic powders and SiC nanomatetisésinumer-
ousmethods | give a brief overviewaboutthose, howeer, more details can be found
in the referred books and articles. | usually give the references in the begintiweg of

description

21S1i C powder synthesis

SiC synthesis was carried out in an induction furnace. The induction furnace i$-basica
ly a coil of copper wiré?**?® A powerful alternating current flows through the wire
and the coil creates a rapidly reversing magnetic field that penetrates to duetoom
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 magnetie- hyster
sis. An advantage of induction heating is that the heat is generated Wwélunrace'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 combustiornegis). Later,
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| made some development on the synthesis of SiC powder where | used activeted cha
coal (see results and discussion). Charcoal is a resistive material; therefore; a red
signed furnace was needed. With my help, Istvan Balogh designed funmewe for

the experiments and | 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 addatmn. 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 naturallyakiést 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 oftte operating furnace is shown in Fig@r&. Figure2-2 is the schematic
representation of the furnac&igure2-3 shows the three parts of the crucible. Tine i
duction generator operates at 400 kHz and the current is varied betweana@d®

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

Figure 21 Photograph of the operating induction furnace

David Beke- November 2016 35



Fabrication and characterization of silicon carbide nanoclusters

Cupper

water cooled cup gas autlets

Quartz tube _ ' Aj/ - . \\\

Graphite felt (insulator) // 60 mm N\

Graphite crucible
(conductive)

Induction coil

100 mm

Molybdenum
crucible holder

135 mm
500 mm

Water cooled
molybdenum rod

Ar feed

cupper water e
cooled ending yd

Figure 22 main parts of the induction furnace
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mm, the extender is also 70 mm higfidure2-3).

For SiCsynthesis we used Si wafer, Si powder (99%, 325 Mesh, Sigma) graplite po

Figure 23. 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 proathateeaction between Si and

C. Because othe 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 i
crease the volume of tleeucible and it was closed with a lid. Lid contains a pinhole to

avoid high pressure.

22St aeitnchi ng of Si C

| appliedstain etching method described in Chapter 1 for the synthesis of SiC NPs. For
development of the described procedure, | run the experiments in different conditions.
These experiments will be demonstrated inRiesults chapterStain etching was pe

formed in a 200 ml PFA (perfluoroalkoxy alkane polymer) round flask by usingphydr

Figure2-4. Berghof DAB 3 acid digestion bom®50 ml PTFE insert, 250°C may-0
erating temperature, 200 bar max press@eerghof.com

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 dppieater.

For hydrothermal route, | 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%, yaical

grade from VWR and nitric acid (HN§pof 65%, analytical grade from VWR, Sigma,

or Reanal.
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23l nfrared absorption measurements
Infrared absorption spectroscopy (I refer it as FTIR) was used to study the surface pro
erties of SIC NPs.Because SiC contains Si and C atoms and surface reconstruction
should give different type of Shd C bonds on the surfacd&hese bonds shouldeld
signals in the infraredThe simplest reconstruction gives hydrogen terminated particles
with C-H and SiH bonds. The applied synthesis methledwever results in oxygen
terminated surface with diffent types of carbeoxygen and silicoroxygen bonds (see
Chapter land Figure %5). These surface groums functional groups are infractive,

and because of the small siaethe nanoparticlessurface atoms are overrepresented
makinginfrared spectrospy asensitivetool to study the surface properties. Hor
stance a SiC NP with 2.18 nm of diameter eists 0f633 Si and C atomas totaland

321 atomdrom themareatthe surfacei.e., the surface to volume ratio is close to 1:1.
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Figure 25. Infrared absorption spectrum of SiC NPs measured on ZnSe A3R
tal. As can be seen | use absorbancetspéstead of transmittance in all FTIR
plots.

| applied groupfrequency 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 booksiand art

S‘l.24—127

cle Briefly, infrared spectroscopy is an absorption method in the wavelength
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region of 1 to 100 um. The energy of infrared light is often not sufficient to induce
transitionsbetween electronic statednstead, infrared radiation excites vibrational and
rotaional motionsof atomsin molecules. In the studied nanoparticles, the surface
groups did not rotate, thus | concentrate on the vibrations in the cortegtintera-

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 vibratio The intensity of the absorption at this resonance
condition for an individual molecule is proportional to the change in the dipaheemit
caused by the vibrationTherefore the vibrational bands are characterized by tleeir fr
guency, intensity (polar character or polarizability), and band shape (environment of
bonds). The frequencies of these molecular vibrations depend on the ofabsed-

oms, their geometric arrangement, and the strength of their chemical bonds. &he spe
tra provide information on molecular structure, dynamics, and environmiewo. dif-

ferent approachasay be appliedor the interpretation of FTIR spectra:

1 Grouptheory analysis for the vibration modes of a given molecule thatezan r
veal the allowed or weakly allowed FTIR transitions.
1 Database analysis based on empirical characteristic frequencies of chemical

functional groups that were already identified in prasistudies.

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 racteaistic freque-

cy, which remains relatively unchanged regardtdssow 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 presentgddtaesearch would

be difficult because

1 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 terminatiorasnd size distributons of nanoparticles
These broaden the peaks and mdkeifficult to exactly identify the surface
groups ormonitor the environment sensitivity (solvengffect of neighbor
groups patrticle size, etc.).

f Most of the recorded peallie in the region of700-1800 cni. Most of the
characteristic organic vibratiomppeaherethat makes itifficult to unambig-
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ouslyidentify the functional groups (for exampbistinguishSi-O-Si, StO-C or
C-O-C groups)

1 SiC NPs consists of crystalline SiC core that is alspiece of solid The cd-
lective motion of atoms in perfect solid resutt phonons (vibration waves) that
might be detected for SiC NPs by FTIR methatl detailed descriptioon the
infrared absorption of solitan be found in réf’. For the cubic SiC crystal the
transversal optical phonon mode is at aro886cm™ that can be detected by
FTIR. Our SiC NPs may contain defects and their size is comparable with the
wavelength of the IR active phononés a consequencé#e reduced sie and
imperfectionsin SiC NPs relax theelection rule®f the perfect solidhat can
result in forbidden modes and overtomeshe FTIR spectrum Indeed the n-
tensity of the IR transition associated with the typical transversal optical phonon
mode ofcrystalline SiC is suppressedhile the IR intensity ofovertonemodes
couldenhancéeside the peaks associated vgtinface groups the FTIR spe-
trum. In this context FTIR wasused tomonitor thesurface modificatiorupon
different treatment of SiC Rs

Infrared measurements wetarried outon drop-drying SiC nanoparticlegNP9 solu-

tionsat the surface of a ZnSe multiple internal reflection crystal and measuredrin atte
uated total internal reflection (ATR) mod&™’. An ATR accessory operates inea-

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 refra
tive index at a certain angle, where total reflection happens. This interieataste
creates an evanescent wave that extends beyond the surface of the crystal ime the sa
ple (figure 26). In the regions of the spectrum where sample has absorbanceathe ev
nescent wave will be attenuated. The detector records the attenuatedsbaanmte
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 materiaeveéto

we used that to measure nanoparticles withrin of diameter. That means, in our si
uation evanescence wave penetratesugh a bunch ohangarticles and ATR spectra

shall be equal to conventional infrared absorption spectra (figé)e 2ndeel, Zsolt
Szekrényes and | 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 fioal spe
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tra recorded in these various conditionSiC NPsin aqueous solutiocan behadly

measurd in KBr pellet,thus | rather carried o##TR measuremenisn our samples

Sample 2ym

Light Detector
source

Figure 26. Schematic representation of an ATR crystal (orange) and the toted r

tion of the infrared light (red). In the case of total reflection, a spaatlof the light

goes through the crystal (evanescence Wwadack at the top) and can penetrate -

the sample (green). In the energy region, where the sample can absorb infrare
the light is attenuated.

Measurement

| used Bruker Tensor 37 withem' ‘resolution and DTG%deuterated triglycine $u

fat det ect or . Spectra we r' érangeedoeoto tHeemliltipien t h
internal reflectionsthe multiphonon modes of ZnSe crystal absorb IR light below 700

cm ! The baseline was corredtby an adjusted polynomial function

24UMVI S and Photoluminescence M
Luminescence is the spontaneous emissiampbtal photongrom an excited electronic

state to the ground staté Photoluminescence process starts with absorption@f ph

tons and continues with subsequent emission of light. Absorption processes separates
an electron and a hotbat build upa state with short lifetime that relaxes back to the
ground staté®. This can proceed in either radiativer nonradiativdy. Raliative de-

cayis 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. Thelprobabi
ity of a transition occurring is descrithdy theoptical dipoletransition strength. As a

first approximationthe optical dipoldransition strength is governed by selection rules

at a given symmetry of the molecule or sdhdt determingwhether a transition id-a
lowed or forbidden. In thelassical theory of light absorption, matter consists ofran a
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
characeristics. When the frequency of the radiation is near the oscillator frequency,

absorption occurs, and the intensity of the radiation decreases on passing through the
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substance. The intensity of the interaction is known as the oscillator strengthcamd it
be thought of as characterizing the number of electrons per molecule that oscillate with

the characteristic frequency.

The quantum mechanical description is based on-diependent perturbation the
ry*2"13* Transition from one state to another urscwhen the radiation field connects
the two states. In quantum mechanics, the connection is described by the transition d

pole moment, ge(12)

‘ C0f (12)

where(g and( refers to the wavefunction of the ground and excited state, respectiv
ly, and mis the quantum mechanical operator of the electrical dipole momiémhe

transition dipole moment is nonzero then absorption occurs.

For relatively large fluorophores caming more than 30 atoms, such as the organic
dye molecules or quantum dbtsmany normal vibrations of differing frequencies are
coupled to the electronic transition. This results in a quasicontinuum of statesnsuperi
posed on every electronic level. ibvational levels and wavefunctions are those of
guantum harmonic oscillators. At room temperature the molecule generally starts from
the 3=0 vibrational |l evel of the ground
normally be 10003000 cm* , manytimes the thermal energyTkk is the Boltzmann
factor, T is the temperature), which is about 200cat room temperatureUpon &-
sorption of a photon of the necessary energy, the molecule makes a vertical transition to
the excited electronic state. dloccurrence of vertical transitions on the potentiat-ene

gy curve is explained by the Frafi€kondon principlewithin the Borii Oppenheimer
approximation that describes electronic motions as if the nuclei were fixed in place
viewed from the perspective did nuclear coordinates. The quantum mechanical fo
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 involvad the transitions.This overlap integral will define the shape of
absorption and the width of the absorption pedikthe optical excitation leads to a
large change in the position of the atoms (large eleatitmmation coupling), then the
resulted absption peak associated with a single electronic transition can be very broad

even at cryogenic temperatures.
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Dependent omheir fluorescence quantum vyield the electron can decay to the electronic
ground state via photon emission from the electronic excited state. Theikzandion
principles are applied equally to absorp:
emission will occur from the lowest lying electronic excited state. The applicability of
the FranckCondon principle in both absorption
leads to the mirror symmetry of the absorption and the fluorescence spectruncaif typ
organic dye moleculesas the energy gappetween electronic excited states areisuff
ciently large to selectively excite only the lowest electronic excited s@eng to the

loss of vibrational excitation energy during the excitation/emission cfjutgescence
emissionnduced by onghoton absorptioalways occurs at lower energy, that is,cspe

trally redshifted (Stokes shift). This phenomenon is not valid for semicondueitirs

optical transitions between continuous ban@gptical absorptiomnd emission chaca
teristics of semiconductor materials are affected by the state of electrons and holes
whose distribution is governed by FefBirac statistics. Therefore, the absorption and
emission characteristics of semiconductors differ in an easevdy from that of mo-

lecular (Boltzmann) systeri. In general, the absorption coefficient of semicandu

tors depends on photon energy. Higher the photon energy, higher the absorptien coeff
cient is, howeverexcitons with higher energy than the barap gquickly relax to the

band edgegin the case of pure semiconductors). Thaifeatationof such phenomena

is that organic dyes usually can be excited only in a sbgromof wavelength, while

3\ Dye absorption
%, *Dye emission

. "‘\ + Qdot absorption
- ‘x\- Qdot emission

Intensity (normalized)

— 4 1 4 1 [ |
400 450 500 550 600 650 700 750
Wavelength (nm)

Figure 27. Schematic representation of absorption and emission spectrai-of |
nescence dye, and semiconductor quantum dot.
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the absorptionntensityof semiconductorsontinuously icreasesfter a certain energy
threshold Similar feature can be daited forsemiconductoguantum dots (see Qéb-
sorption in Figure 2) where the crystalline core produces qugasitinuous bandsrsi
ilar to solids.

In my studies, teady state emissiompactra were recorded on SiC NPs solution using
Xe lamp as a continuous light source by varying the excitation wagtbldretween
300nm and 5000m. Even hough, the absorption of SiC NPs also increases with the
energy of the absorbed light, our light sshas very low intensitwith wavelength
below 300 nmtherefore excitationwith wavelength belov800 nmis not showrin my

dissertation.

Beside steady state emission spectroscopy, | used time resolved emission gpectrosc
py'*2 a method thas based orluminescence lifetime measurements, for describing the
emission mechanism of SiC NPs. Thmesolved data often provide informatitimat is

not available from the steadyate data.

Luminescence emission can be described as a random process, and ikfeimae
age value of the time spent in the excited state. When a fluorophore is excited with an
infinitely sharp pulse of light, an initial populationg) of fluorophores excited. The

excitedstate population decays with a réte +, ackording to

Qeo -
" 13
05 3 Q (13)

wheren(t) is the number of excited molecules at titn®llowing excitation, is the
emissive rate, andl,; 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,

€0 ¢£€Q (24)
In a luminescence experiment we do not obsémeenumber of excited molecules but
only the fluorescence intensity, which is proportionah(). Integration of eq. 1&ith

the intensity substituted for the number of molecules yields the expressiosifmgia

exponential decay:
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(cINe N (15)
wherely is the intensity athte initial time The lifetime Ue&es th
cay rate and

t 3 Q (16)

In general, the inverse of the lifetime is the sum of the ratbieh depopulate thexe
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 tinresolved fluorescence are in widespread tisetime
domain and frequenegomain methods. In timéomain method, the sample is excited
with a short light pulse. The time dependent intensity is measured following the- excit
tion pulse, and the decay time is calculated from the slope of a plot f)legrsust,

or from the time at which the intensity decreases to 1/e of the intensity@Gtthe in-

tial time. | should mention here, that the intensity decays are often measured through a
polarizer oriented at 54.7° from the verticabds. Thiscondition is used to avoid the
effects of rotational diffusion or anisotropy on the intensity decaynyirstudy we did

not appy angle oriented polarizer, howeyare did apply magic angle oriented potari
ers in simple lifetime measurements and we ibtivatthe polarizer has some effect to
the measured lifetimes but the difference betwdendetectedverage lifetime with
and without polarizer was about 3%. The size of the SiCislsthe range of small
proteinsthat ismuch larger than most of tlegganic fluorophores, therefqreiffusion

and rotatiordoesnot affed¢ the short emission lifetime.

Another methodo measue the decay time is the frequency domain method. In this
casethe sample is excited with intensityodulated light. The intertgi of the light is

varied at a high frequency, s$ts 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 fluorophorseathe 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 | deeribe only this method further

Time correlated single photon measurement

Instruments for time correlated single photon measurements use high repetition rate
modelocked picosecond or femtosecond light sources, anddpghd microchannel

plate photomultiplier tubes. The principle of TCSPC is based on single photott+ coun
ing. The system is adjusted to emit only one photon during excitation and measures the
time between excitation and the obseruambmingphoton. The conditionsof the &-
perimerts 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 passkdathroug
constant function discriminator, which accurately measures the arrival time of the pulse.
This signal is passed to a tifeamplitude converter, which generates a voltage ramp
where the voltagencreases linearly with time on the nanosecond timescalsecond
channel detects the pulse from the single photon. The arrival time of the signal-is acc
rately determined using a constant function discriminator, which sends a signal to stop
the voltage ramp. The tirte-amplitude converter now contains @ltage proportional

to the time delay (mpt) between thenexcitation
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 thisgsosumerous times with a

pulsedlight source.

Timer resolved amission spectroscopy
Time resolved emission spectra (TRE®} ideally the measured emission spectrum of

2137that are recorded in &s

the system at a given tinfellowing a pulsed excitatio
ries of instant times within a certain perio@ihis measurement technique is able - pr
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 thewimng
reasonsi) several processemmpetdn the excited state of the emittésolvent relas-

tion, dissociation, conformational changetc.) and those are able to change thesemi
sion wavelength and/or decay timeSiC NPs ii) multiple emittersin a solutioncould
exhibit overlapping spectra. Both can resualthang in the shape of the spectra over

the time.
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One example of using TRES is taoravelthe number of individual fluorophores in the
studied system. When TRES normalized to the sameam#alspectral shifjprovides
information about the system. The number of isoemissive points (where spectra cross
each othg definesthe number of emission centers in the studied systemPie + 1
whereN is the number of fluorophores amy is the number of isoemissive points;
while a continuous shift reveals a relaxation proé¢essmultiple emission points in the

system.

Decay associatedpectra
From the time resolved data, one can construct the decay associated spectra (DAS) as

well with the follbwing equatiof>%’

‘O_h Q (17)

Wherea- i ®migsibnmavelength and] is the decay associated spectisAS usial-

ly correspond to the emission spectra of the individual components. This is only true
for fluorophores witha single exponential decay. For examplethe case of time
dependent spectral relaxatjddAS can be positive or negative, and hericgoes not
correspond to the emission spectra of any particular component. Howesas the
simples kinetic scheme where every component decays independently resulting-in d

cay associated spectra.

I will show thatSiC NPs have multiexponential deca$till, | applied DAS for global
analysisof aqueous SiC NP4t would be matto test a more complicated scheme kke
combination of the parallel and sequential mpded involve branching, bagieactions

or multiple compartmengxcitation. In this case a-®alled linear timanvariant can-
partmental model can be used, which allows much more flexibility in modetiteg d
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 unidentifjghlessuch malels should

be appliedwith great caution Structural unidentifiability is caused by incomplete i

formation on the systemwhich is exactly the case oblloid SiC NPs.

The parameters of tremployedequipment are as follasy

David Beke- November 2016 47



Fabrication and characterization of silicon carbide nanoclusters

1 UV-VIS spectrometer: OceddpticsQE65000 (wavelength range: from 200 to
950 nm)

1 PL spectrometer: Horiba Job¥von Fluorolog3 450 W Xe light source (exc.:
240nm- 850 nm) PMT detector: from 190 nm to 860 nm

1 In bothmeasurementsjuarz quette with 1 cm path length was used.

i For time resolved measurement we used NanolLed LED laser source with

321 nm peakwavelegnth and 0.8 maise width.

25El ectron microscopy

Electron microscopes work just likeptical microscope as a first approximatiobut
theyuse a beam of accelerated electrass source of illuminatioff*3® As the wae-
length of an electron can be as short as 0.002 nm (200 keV acceleragoayoition

is greatly enhanced compared to that of conventional optical microscBjeztron ni-
croscope techniquesn yield iiormation about the topography, morphology, conpos

tion and crystallographic information.

The basic steps involved in all electron microscopes are the following: A stream-of ele

trons is formed in high vacuum by electron guii$is stream is accelerated towards the

Electron beam

Backscattered
electrons

X-ray

Secondary
electrons

Light

Heat
Auger ea

electrons

sample

Diffracted
electrons

Transmitted
electrons

Figure 28. Interactions between electron beam and sampieractions noted on
the top side of the diagram are utilizadscanning electron microscopy (SEbpe-
ationwhile thoseon the bottom side arecorded and analyzedtimnsmission el

tron microscopy (TEMpperation.
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specimen with a positive electrical potential while is confined and focused using ape
tures and magnetic lenses into a thin, focused, monochromatic beam. The sample is
irradiated by the beam and interactions odnaide the irradiated sample affecting the
electron beam. These interactions and effects are detected and transformednmto an i
age. When an electron beam interacts with the atoms in a sample, individual incident
electrons undergeitherelastic or inelastiscattering. In the former, only the trajectory
changes and the kinetic energy and velocity remain constant. lattése some iné

dent electrons will actually collide with the sample and displace electrons from their
electron shell This gpecimen interaction maketectronmicroscopya feasible anaby

ing tool In figure 28 | noted the most common interactions between electronthand
material. The (inelastic) interactions noted on the top side of the diagram are uiilized
scaning electron microscopy (SEMperationwhile thoseon the bottom side arec-

orded and analyzed transmission electron microscopy (TEbperation

| used SEM for visualizing SiC particles after synthesis and | used TEM or atomic force
microscopy (AFM)images for analyzing size distribution of the prepared SiC ¥ies.

the analysis of smalbiC nangarticles, the most common metlsddr imaging in the

TEM are brightfield, darkfield, and phaseontrast imaging. Alarge magnifications,
phasecontrastimaging is commonly referred to as higdsolution electron microscopy
(HR-EM or HR-TEM)*¥(139)

A drawback with decreasinthe particle sizeof the crystalis thatsmall nanoparticles

tend to become less stablpom exposure tthe electron beam. Instabilities may arise
from particle motion, structural fluctuations, atom sputtering, coalescence, and particle
destruction or decomposition. To télsé stability of oursample, werecorded images

of our samples byHR-TEM, and compared them as a functionpbiysical, structural,

and positional changes over time. We found that the smallest SiC NPs tend to destruct
over 200 kV acceleration voltaghowever the highest applied acceleration energy

(200 lkeV) is suitablefor measurements.

For image analysis | used Gwyddion saiter The advantagef software assisted
methods is that each patrticle is scrutinized and measured, thetsigiéde requie-

ment is less stringent, arlde analysis is straightforward. It isitical, however, that a
consistent measurement mettsbbuld beemployed. Significant drawback$ 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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Besidestatistics discrepancyin the image size and the physical size of nanopartisles
another important factor. The discrepancy betweernthge sizeand physicalsize of

a single particle can be described as

O o - (18)

whereX; is the measured siz¥,is the real physicabut unknown size andis the ass-

ciated error. The contributions tnclude the pixel resolution, the determination of the
particlesubstrate boundary, the magnification calibration, and image distodien$o

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 typicallexpresed by a Gaussian or legormal function, har-
acterized by the mean and the standard deviatimr. small particles, the value of the
mean and standard deviation are very sensitive to the cbbiogaging and analysis
conditions, and the resultdbtained by this analysisan result in a largeintrinsic vara-

bility in the particle size than the physical intrinsic variabilityTwo significant factors

that contribute to uncertainty in both the mean and the standard deviation are the pixel
resolution and the bias associated with the determinafitimegparticle edge at coarse
magnification. Image resolution should be considered with caution. | used images with
2024x2024 resolutionwith a covered area of 47x47 nm. Therefore, the image pixel
length is 0.023 nm. Howeveahe best pointo-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 deviatiors estimatedo beabout 5% whileghe 1.0 nm sized image of an
noparticle this deviationmight reach25%. Since | pepare nanparticles in this size
range with the tendency of destruction of the smatlastparticles, reporting size sh
tribution in common formats would be inacc@af herefore| usually refer size distr

bution with the boundary of the measupapulationin the context For accurate repr
sentation of the size distribution | applied standard protocols suggestions and-1 mea
ured at least 300 particles for every sample (usually@@particlg). The SiC NPs
usually show closely spherical shapigh small deviations.I chose the longest diaan

ter as the physical diameter of the SiC NPs

Equipment: JEOL JEMB010 HRTEM with up to 300 kV acceleration.
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26At omi c force microscopy

AFM provides a 3D profile of the surface on a nanoscale, by measurires foetween

a sharp probe and surface at very short distdhc&@he probe is placeat the end of a
cantilever which can bend. The motion of the probe across the surface is conltplled
the use of feedback loop and piezoelectronic scanners. The deftecf the probe is
typically measured by a beam bounce method. A laser is bounced offatteé the
cantilever onto a position sensitive photodiode detector. The measured canglever d

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 tlse mea
urements, much larger than particles | wanted to detect causing inappropriate recorded
shape of the nanopatrticle. Indeed, the tip size and its geometry lead to a broadening of
the lateral dimensions of the nanoparticle imaged by AFM and their real diacasater

be hardlymeasured 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 lo¢igie pati-

cles*>. 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 (NRamze + tip

size) between N$to obtain a complete imagendhe individual NPs Two points are

then needed to measyreeciselythe height of a nanobject. The first data point cesr

sponds to local maximum on the nanoparticle, the second one is dmehmight 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 norhomogeneous roughness will introduce an error anddhkeheight of the NP
cannot be accurateljetermined As a result, the substrate roughnesskeygparane-

ter.

For size distribution characterizatitny AFM | used silicon wafer witta roughness of

about 0.5 nm.The amples were put to the surface by dp casting method: a drop of

SiC NPs solution placed on the Si surfarel then removed after a certain amount of
time. Both the concentration of the solutiand the activation timare optimized for

each samplen order to maximize the signal to nors¢io. 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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SRESULTS DA USSI ON

We began our research with a promising goal in the WiBesearch Centrior Phys-
icsthat we willbeable toprepareSiC nanoparticlewith sizebelow 5 nmby combining
the theoretical knowledgia the group of Adam Galith further expernental deve
opments that will exhibited or infrared emissionThis would significantlyimprove the
current state of bioimaging application When | joined tothe Semiconductor
Nanostructuressroup, some of the conditionsn the feasible preparation processes

wereset by the existingquipmentnd laboratorial facilities, angrevious experiments:

1. It was alreadydemonstrated that it is possible to synthesize micron size SiC
crystals from its elements using induction furnad®e shall use this technique
for the source of nanomaterials

2. Because we do not expect that small nantigdeswith desired sizecan be di-
rectly producedn an induction furnace, | hao find or develop a suitable top
down method.

3. The topdown method sbtuld be based on wet chemiswy oxidation

These conditiongmplicatedstain etchingor the choice of togown methodhat was
already employedy others to prepare SiC nanoparticlgge thought that the comlan
tion of rapid SiC synthesis and a simple etching method is a promising route fa-realiz

tion of a new type of fluorescent proldessed on SiC because

1. The synthesis of SiC in an induction chamber is a rapid combustion synthesis

where the material is far from the equilibritsondition therefore introduction
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of defeck with desired photoemission properti®gh high concentratiofs pos-
sible

2. Theproperties of SiGs readly variable that could improve the quality of ran
crystals made from them.

3. The available high purity source materials guarantee the proper characterization

3.1l mprovement in the synthesis
Basedon the aforementioned factsthe first task for me was to develop a synthesis
route for SiC nanoparticles and we quickly found that the reported prtgaas poor
quality therefore an improvement is needéde size distribution of the particles was
very broad (115 nm). To make samples thabntain particleswith sizebelow 5 nm

only, | further developed both the stain etching process and the synthesis of 8iC po

der.

Development on SiC NPs synthesis

Briefly, stain etching made under the followiogndition: HNQ:HF with a volume a-

tio of 1:3 at 100C for 1h was used to etch SiC powder produced at our laboratory.
After removing the acids and washing the samples, theN&i€vere obtained by son
cation of the porous Si@acrocrystalsin water for40 minutes to remove the porous
layer and suspend tidPs At first, the decanted liquid, that contains the colloidal SiC
NPs was obtained without any centrifugation or other separation tectifique

In the original method the mixture of SIC powder, &td HNQ was heated up in an
open system like in a round flask made from fluorinated polyméis methodlimits

the maximum temperature that can be reached because of the boiling point of-the mi
ture (which is about 110°C) based on the boiling pointydfdfluoric 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 corrogaors to the fume hood cannot dmen-
pletely eliminated. Therefore | transferred tts reaction to a closed acid digestiorssy
tem that carbe heated up to 250C, and acids contact with the environment only at

ambient temperature for a limited tiffi

To compare the efficiency of the opandclosed reaction conditien preparedsan-
pleswith the same conditions except that one sample praslucedat open condition
and the other at closed conditio2.0 g clean SiC powder and 10 ml HF:HNQ:1
mixture was placed intaperfluoroalkoxy (PFA) flask (20 ml) with-Bam aperture that
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was conneted to a reflux column and heated in a 120 °C oil bath (openh a 23ml
Teflonlined acid digestion vessahd annealed at 120 °C for 2 hhehthe acid was
decanted after centrifugation and SMas washed with distilled watdive timesand
dried at80 °C overnight. The product is porous SiC with thin porous lay&n produce

SiC QDs, acidreated samples were sonicated in 30 ml water for an hour and centr
fuged at 4000 rpm for 1.5 hThe 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 | made several measurements on the
SiC powder that still existed after treatments and on the colloid nanopatrticle rsolutio

The measurementsgere the follows:

1. Weight loss during the etchinig determing the dissolution yield during the
etching (anything that lost hemas in the acidic solution and will not become
nanoparticle)

2. Weight loss during ultrasonicationTheoreti@ally determine the mass of the-p
rous layer.

3. Total mass of SiC nanoparticles suspended in watgris is the yieldthatis
equal to the total dry matter content of the removed 20 ml colloid

4. Size distributioni shows if there are differences in the psteictures between
the two methosl

5. Photoluminescendatensityi indirect determination of the yield.

Table3-1 Measured parameters of etched samples. Open vs.dC&zssion

Measurement Open system Closed system
Weight loss during

_ 0.100 g 0.101 g
etching
Weight loss during

o 4.1mg 3.8mg
sonication
Total mass of NPs 2mg 3.5mg
Average size 5.8nm 3.1nm
PL Intensity (a.u.) 5x104 1.5x10°
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As can be seen ihable3-1, the properties of the final nanoparticles improvédhile |
measured the same loss during the etching reacliosed reactioproduce more pa-
ticles with smaller size(l used TEM images fosize distribution analysis)While the
total mass of the particles in solution increased by 1.75 times, the PL intensity is i
creasedy 3 times. This can be explained with the differences in size distributig-
ure 3-1 shows the size distributiodf such samples whilEigure3-2 shows photoluna

nescence emission at 340 nm excitation.

The wider temperature rangeailable in the closed condition compared to that in open

condition allowed us to optimize the reactionparameters in closed condition exper

B closed

open

Normalized particle number

L L L L LA B
1.2 3 4 5 6 7 8 9 10N

Particle diameter (nm)

Figure 31 Size distribution of NPs made under open and closed conditions. Si¢
bution wasneasured by analyzing TEM images.

ments First, | studied the temperature dependence in the range-20BC. 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 masslloss

the masssof the produced nanoparticlasealso the sameln order tostudy the effect

of reaction time, preparedsampleghatweredigested for 24 hoursin that casgthe
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weight loss was only twice as | measured for 2h reaction time but the mass aj-the pr
duced nanoparticles was the sam@ll of these facts implied to m#hat neither the

temperature nor the reaction time affect greatly the product yigid.optimal tempex
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Figure 32. PL intensity differences of NPs made under open asédloonditions
ture for annealing is 150°C and the reaction time is 2 hours.

Some speculations about the stain etching reaction

| already mentioned thahé mechanism of Si dissolution and pore formatieshbeen

in the center of discussion betweenesaVl qualified researchefsr decadesind SiC is
evena more complex systenin our research, we are focusing oe tiptical properties
of SiC NPsand suface modification reactions. The detailstlidy of pore formation
mechanism is beyond our researdleverthelessl madeobservationgluring the &-

periments thatmay explain why the closed condition process is superior over the open

condition process

In a closed system, neither the acid vapansgas phase products can escape during the
reaction while high pressure is formed inside the readtothereaction two gas phase

products formaccording to the reported chemical reactimeimely, carbon dioxide and

hydrogen(Eq. 11)
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Both componerst have very low solubility in ags even at high temperatumad amb

ent pressure.Thus, they can induce bubble formation on the SiC surfatese bb-
bles mask the SiC surface and most likely staunch the formed pbneshigher pre-
sure inceases theolubility of gasesnd the diffusion of the bubbles away from the su
face takes place more easilyhe generation of relatively small pores during etching is
possible in this way, which may lead to a narrower size distributldeeper unde
standing of wet etching of SiC with HF/HN®may come from the studies of isotropic
etching of silicon using the same mixturéhe HF/HNQ etching system is one of the
most widely used isotropic etcharfor silicon, but reduction of nitrogen during the r
action showsvery complex chemistry.Actually, nitrogen was found all of its oxd
tions state¥”. Indeed stain etching can produces several different nitrous compounds
and some of them are g@sand they can escape from the reaction mixtiiewever

in the closed system these prodigthy in the mixture and can react furthém exam-

ple is nitric oxide (NO) which has low solubility in wat®rand it is a free radical,
which can participate in oxidation and reduction reaction as&lf. The eolution

of dark brown gasethatarealwaysassociated with the presenceNfD;is clearly visi-

ble bothin the operand closedystens. After the vessel is openga slow evolution of
brown gas can bebservedand it takes several minutes to s{ofpsal condition) Ad-
ditionally, whena scrubber was placed at the end of the condefogsEn condition)
instead of a constant bubbling, water was sucked inside the tube periodically as a sign
of pressure dropPressure drop in the system can be due toid capling or due to a
reaction between two molecslen the gas phase reducing the pressuBecause the
reaction was immersed in a hot oil bath and such endotherm reaction is hotdike
takeplace in the systeph speculate that nitric oxide is a mdinal product in the stain
etching of SiCthat reacts rapidly with oxygen to produce NGsimilar resultswere
reported about stain etching of*Biwhere the evolution of NOwas hintedas a final

product of several reactiemhere NO is formed:

0066 ¢O © 005 06 c¢Q (18)
GOl0 © OB ¢ G 'O (19)
G0 00 QO 0b0s (20)

COG P 06 © 50 00 (21)
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Finally,

cbb 0 ©¢gbv (21)
To test my hypothesithatone of the main gas prodsds NO, | opened an acid digie
tion vessel after the reaction una#trogen flow, NO, was not detected concludethat
a crtain amount of NO is formed during the reaction which escapes slowly from the
acid and reacts with oxygen the air. This result does not providdearundersanding
of pore formation during stain etching of SiC, but demonstratesEtipal 1should be

revised.

Development on the synthesis of SiC source

Wherea<losed reactoprocesssignificantly improved the quality of our SiGanopaiit
cles (NPs), it is a bitsurprising that wevere not able tonake further improvement with
temperature and time variat®n As | mentioned in the introduction, pore formation
and pore propagation is a very complex mechanisvinen a certain wall thickness is
reached, dissolutiobhemmes very slow because of the quantwonfinement thatle-
termines the band bnding. With stain etching the thickness of the porous fractian us
ally goes hrougha maximum during in timbecause either further dissolution ren®ve
the top layer, likehe case of Sipr the dissolution is stoppday the very limited difti-
sivity of reactantsn the pore

Because the thickness of the porous layer cannot be increased with longer reaction time,
a possible way to produce more nanocrystatbeasincrease ofhe surface area of the
source. Therefore | modified the original SiC synthesig order to achievéigher o-

rosity. Based on the literatuneeports(seeChapter 1 for ynthesis of SiC powdey;, |

made the following changes:

1. | changed graphite powder &ativated barcoal

2. | added PTFE to the reaction mixture

3. I shortened the annealing time

4. | redesigned the furnace geometry aedigned a graphite crucible for the new

reaction.

SiC firstly wasproducedas follows: Silicon and graphite powdavere mixedwith a
molar ratio of 1:1.2 in an alumina mortal and pressed into a pellet, then placed into an

induction chambeand 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 grapWiteen Si and Ce-
acted to make SiC, pellet lost its conductiyttyerefore annealing stped. The residi-

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:HNK,0=1:1:10 Accordingto scanning
electron microscopeSEM) measuremengsnicron size SiC grains formed with lovo{
rosity (Figure3-3). It is easy to determine from the literature tthegt production ofiC
particles can bemproved SiC produced wittcombustion synthesigsually conserve

the morphology of the graphite sourcEherefore activated charcoal with high surface
area wasatherchoseras a carbon sourcé realized that the mixture of charcoal and Si
powder cannot be pressed into a peleteven if | was dle to make green body with
desirable stabilitythe resistivity of such samples obstructed the direct annealing in an
induction furnace.lIstvan Balogh and gself redesigned the furnace for our newnsa
ples. In the new system, the mixture is annealed graphite crucible.| designed a
crucible that consistof three pat a conventional crucible with proper geometry e
cept thatonecan screwanother tube onto the top of the crucible to increase the lengths
but keeping the loading and unloading ea®ynthe top of thissystem a lid with a small
hole can be screwedlhese systemgive us confident security during the experiments
(seeFigure2-3). Even though the reaction between Si and C is barely exothermic, we
wanted to avoid that any dust can gosm# the crucible.lIt is very importantwhen
PTFE is added which is reported to propagate the réactbut also decompose over
300°C.

| ran experiments with the mixture of Si and charcoal (2.5g) and 0.2 g PTFE powder
with different annealing time, by ting the current at 1.1 Al wanted to define only

the reaction time needed to initiate the reactibonger reaction time makeso large
crystab while shorter reaction timproduce low quality SiC crystallt is found that 8
minutes reaction timeis needed to initiatéhe reaction and after 16 mitesthe total
mixture transformed to SiCThis resultwas obtained by measuring the weight before
and after annealing in aiand before and after acidic treatme®&.min reaction time
gives 80 % yieldwith high surface area while 16 min gives crystals with low surface
area. The differences in porosityetween SiC made from graphite sou(Egure 33)

and SiC made from charca®#igure 34, Figure 35) can be seeanthe followingSEM

andtransmissiorelectron microscopel EM) images.
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Figure 35. TEM 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 ords about samples thaeweproduced

by 16 min annealing time.Those cystals can be seen with aked eye. | studied
whether these highly porous SiC crystals could improve the synthesis of SiCINPs.
preparedSiC nanoparticles in the closed systeni2@ °C with 2 h reaction timeThe

weight loss after etching wds8 g, about 50%the mass of synthesized nanopatrticles
was 65 mgwvhen the starting material was t8&C powder with high surfacarea This

result represents abo2® timesimprovement oer the sampleachieved with Si(pow-

ders maddrom graphitesource That means the final solutions had 3.25 mgzoni-
centration In addition,we were able to redudée size distributionof SiC NPseven

further(compare Figure-3 with Figure3-6).

100 < —

Normalized particle number

1NN,

LI L T Ty
1 2 3 4 5 6

particle diameter (nm)

Figure 36. Size distribution of SiC NPs made from SiC with high surface area. St
tribution was measured by analyzing TEM images.

Claim of contribution

In the experimerstabove, |

1 synthesized the SiC NPs both in closed and open readtayptimized the

synthesis process by running the described experiments
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1 made the SiC powder source for the syntheis of SiC NPsaanexperiments

for optimalization

1 measured the size distributidmy measuring the diamaters of the NPs on several
TEM images recordebly Zsolt Czigany (H.A.SEK MFA);

9 charaterized the XRD diffractogramms to identify if the product isS3C
recorded by Lajos Karoly VargaH(A.S. Wigner RCH and Géabor Bortel
(H.A.S. Wigner RCP) XRD used to identify the purity and crystal strucutre of
SiC powders such data was not showed here

9 charaterized theRaman spectra recorded by Mkl 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 SiGpeaks

from the spectra.

1 Measured and chasi@rized the optical properties of the samples (U, PL,
FTIR)

Istvan Balogh and |
1 operated the induction furnace

1 desigued the new furnace

3.2Synt hesis of differems surface t ¢
We expected frontheoretical calculationsnade by our groughat surface termination

influences the optical properties of SiC NPsTo study such effect | synthesized SiC

NPs with different surface terminatioAs-prepared SiC Rs of diameter between4

nm are termin&d with a variety of oxygenontaining species with high concentration

of carboxyl group§? | | abel her e -puehafeah@reparationsof 0 a s

-OH terminated SiC Rs asprepared SiC Rs were reduced by NaBkh aqueous sat

t i on,4 redd B EL.dHydrogen terminated SiCPé$ were fabricated by reducing-as

prepared samples dispersed i hreHdQicEhdyd)di ssol vi
oxidized sampl e ( 6r e-lourilladrinatierdobthe hydeogenated e at ed by
SiC NP sample with 320 nm wavelengtifOxidationof Zn/H' reduced SiC Rs was a

little bit unexpected because of the known stability of°8iCThe convesion degree

was studied by FTIRNnd steadystate PL spectroscopyrTIR spectra olsamples with

different suface termination are shown kigure3-7. As can be seelorohydride e-
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duces carboxyl groups under applied conditigreak at~1700 crit correspond to the
carboxylic group is disappearetlVhereaghis reducing agent is known for its selegtiv

ty to cabonyls, in agueous mediBH, reacts with water to form hydrogen that can e

hance the reduction capacity.

As-prepared SiC

BH4 reduced SiC

ATR unit (a.u.)

1000 1500 2000 2500 3000 3500 4000

Zn/H réduced and oxidized SiC

1200 2700 3000 3300 3600
wavenumber (cm™)

Figure 37. FTIR spectra of SiC NPs with different surface terminations

Zn/H" reduced and reoxidize8iC NPs with size distribution of 80 nm are shown in
Figure 3-8. This fraction of SiC Ws has the same surface properties as smaklér (1
nm) NPs™® but can be purified from the reactarfthe broad peak at 941200 cnt* at-
tributed to the asymmetric stretchimnd bending modes of-6Si, GO-C, StO-C
and SiOH bandsis eliminated by the Zn/Hreduction and is shifted to lower wav
numbers after reoxidation, confirming that the distribution and compositi these
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groups at the SiC N&urface is differentVibrations of GO-C and SiO-C bonds usua

ly appear at higher wavenumbers than those @-Si bond$>* while oxygen deficia-

cy in SiQ also shifs this type of vibration bands to lower wavenumbgrsReduction

and reoxidation cause changes in the megib 30004000 cni* too. The asprepared
sample shows a strong and broad peak at around 336@erause of the stronglyh
drogenbonded OH groups on the surface and hydrdg@med water moleculEs.
Complete reduction removes the strondpdhds,leaving only norbonded OH groups
behind (IR bands above 3600 ¢m In the reoxidizedsample,the OH vibrational
modes shift to lower wavenumbers and the OH band becomes broader, due to strongly
H-bonded OH groups patrtially formed on the developed oxidezonclusion, after the
Zn/H" reduction most of the carbon and oxygen groups were eliminated fromrthe su

face and reoxidation enriched the surface with Qibonds.

'y
LI I B S B S S /02 B B L L L B R L R L L mam
as-prepared 1 = | C-OH ]
e Zn/H'reduced 2,|(H bonded)
— reoxidized 3 /-
i-O-Si

Si-OH
C-O0-C

ATR Unit (a.u.)

PR I R o
1000 120(1), 2800 3000 3200 3400 3600 3800 4000
wavenumber (cm™')

A MY/ B

Figure 38 FTIR spectra of as prepared, Zn/H+ reduced and reoxidized BsC

Claim of contribution
In these experiments | made all of the described experiments and measurements.

33Titrimetric investigation of
The emission of SiC Rs showspH dependency which was associated with surface
changes, especially with dissociatiohcarboxyl groups followed by changes of atr
molecular hydrogen bontf§, or with the presence of €)H bonds on the surfatd

but from the results of quantum mechanical calculatc@msed outoy Balint Somogyi,
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it was concluded that SiCR¢ inaqueous solutions are not sensitive to the dissociation
of carboxyl groups.With the help of my studenfyron Déniel Major, we measured the
relative quantity and contribution to the luminescence of these gradesperformed
potentiometric titration fronpH 2 to pH 13 and monitored the PL signalde titration
was carried outas follows: 20 ml agueous of SiC B¢ solution was titrated against
NaOH solution. pH was recorded with a pH electrod¢ every 0.1 ml addition of
NaOH. Titration was thrice repéad with different concentrationg=or measuring the
whole range, pH was also adjusted to 2 with HCI and this solution was titrated with
NaOH. The pKj, valueswere determined by derivation and line fitting methodal/e
found three dissociation processathwK, 4.2, 7.1, an®.5. The pK; 4.2 is attributed

to the dissociation of carboxyl groups and, & is due to the dissociation of hydroxyl
groups. pK, 7.1 could be the dissociation of sylanol groupfiesethree major diss

ciative groupsisually acur on the surface of SiCRs.

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 acldase characteristic wth can be used for further surface
modifications. Combining these two results, now we are tabtalculate the approx

mate number of groups on an average of SiC NPs. We found that about 100 rca

boxyl groups reside oR.5 nmas preparedanoparticles

Claim of contribution

In these experiments | made all of the described experiments and measurements, ho
ever a studentAron Daniel Major, also synthesized SiC NPs with different surface
termination andan titrimetric measurements and calculations under my supervision.
The reported results based on his work, tihat was aimed to reach higlegcuracy.

Déaniel wrote two BSaoworks entitledii S z i |-Karbid namoklaszterek pkértékének
meghat 8r ozzBigumk aabddfiB8anokl aszterek reduk
TDK work entitledi S z i |-Karbid oanmoklaszterek fellletének hatasa az optikai

tul ajdons8gokrado

34Si ze and surface dependent op
As an indirectbandgap semiconductor, bulk Si@s weak luminescence, howeves; p
rous SiC® small nanocrystals’ and nanowires® show bright photoluminescence.

Even though the applicability of SiCRN in biological environmefit**®® and therap}*
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was demonstrated, understanding the physics bémnldiminescence is still in therce

tre of intense researchn porous SiC bright luminescence was reported, similar to that
in porous Si, but the origin of this luminescence is still uncl@ais holds for SiC NPs
too. | carried outseveral different optical measurements on SiC NPs with different si
es and different surface terminations toavelthe connection between surface moieties

and optical properties.

Study of Size Dependent Optical Properties
The luminescence of porous SiCoften associated with the quantum confinemént e

fect’®, however, the relatively large crystallite size and the polytype independeirt lum

nescence implied that the luminescence was related to surface ‘defEggserimental

452156 and theoreticatalculations showed that the luminescence of SFS I8

result
strongly influenced by the surface grotffs Indeed SiC Ws solution containing-Bm
nanoparticles shows luminescence with emission at 450 nm (2.75 eV), nearly dxdepen
ent of excitation wavelengthyhile calculation showed that hydrogen terminatdes N

with this size should emit in the deep % Wu and ceworkers stated expier

mental evidence of quantum confinement in SiBsRbased on the excitation deplen

ent luminescence properties of suchsNsolution. This dependence is a necessary but

not sufficient condition to unambiguously prove the quantum confinement effeete

are several reports about excitation dependent luminescence properties of carbon
dots®* and graphene oxide solutgf’ where this property is explained by different
surface groups and the distribution of these griffipSuoet al reported that SiC Rs
prepared in ethanol solution possessed low excitation dependent emission in the case of
fresh samples but aged sdemp showed strong excitation dependéfice Their size
measurements suggested that Si& ldggregated quickly in ethanol solution and they
associated the changes in the luminescence properties with the change in size distrib
tion of SiC NPs'®®. Thesecontradicting results shed doubt on the simple quantum co
finement model and the varying conclusions might come from the different size distr
bution of the colloid SIiC particlesl developed an effective size separation method
which allows preparinga SICNPs solution containing only-4 nm particles.With the
separation of small individual SiCRd from larger or aggregatedslthe neasuement

onsize dependent optical properties became possible.

To study the size dependemtical properties of SIC NP§preparechanoparticles with

broad size distribution! have found that repeated etching damage the SiC crystals that
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cause larger fractions in the final colloid solutiofthe recorded PL spectef as
prepared SiC Rs are shown ifrigure3-9. As canbe seen the peak maximum at ~450

nm shifts only 8 nm upon changing the excitation wavelength betweeB7816m

Emission energy (eV)
35 31 28 25 23 21 19 138

i Excitation (nm)
310 380
I —320 390 |
—330 400
ST ——340 410 ||
55;- 350 420 ||
> 360 430 -
& 370 440
5 . ——450 §
=

* Raman scattering |
of water

350 400 450 500 550 600 650 700
Emission wavelength (nm)

Figure 39. Photoluminescence spectra of Si€dNn water at different excitation
wavelengths.

(marked with a vertical dashed line) mitows a severe reduction in the measuned i
tensity upon excitation with wavelengths longer than 320 Mvie. can observe another
more intense red shift upon excitation with wavelengths of45Mnm (marked by the
slant dashed line). This shift was previlguassociated with the quantum confinement
effect®.

A sample with broad size distribution was centrifuged through a 30RdlE! mac-
rosep filter 30 kDafilters contains pores with about 3 nm theoretisales The e-
maining solution (sample 1) was wslaed 10 times to remove most of the smallipart
cles. As shown inFigure3-10, that filtrate (sample 1) exhibits a similar peak maximum
as the aprepared sample but the lemgvelength shoulder is missing and therelis a

most no sign of changing the em@swith excitation wavelength.
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Figure 310 (a) shows the PL spectra of sample | (filtra{®) shows the AFM image
and size distribution of sample |I.

Figure 3-11 shows the size and atomic structure of sample 1l observed by highuresol
tion transmissiorelectronmicroscopy(HRTEM) and atomic force microscopy (AFM),
wheread-igure3-11(e) plots the corresponding PL spectBhe PL spectra of sample II

show excitation independent emission with peak maximum at 530 nm (2.39Té¥).

shape andnitensity of the luminescence band are very different from those of sample I.

Despite the wide size distributipmo shift occurs in the emission maximum upon
changing the excitation wavelengtithe 530 nm (2.39 eV) PL signal is in good &gre
ment with theband gap of 3€SiC (2.35 eV). The Bohr radius of 3&iC is about 2.7
nm and calculations implied thatdn 3GSIiC NPs have an almost bulk like absorption
band®. Based on these arguments | attribute the-iB0peak to the band edge liam

nescence of lagy particles. While SiC has an indirect band gap, consequently weak

luminescence at room temperature, exciton recombination can be enhanceddy the r

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 Il at about
408 nm (3.02 eV), 460 nm (2.67 eV) and 492 nm (2.52 dWg first peak may coer
late with the band edge luminescence of 6H polytype inclusfowsilst the other two

may originatefrom their stacking faultd'. 6H inclusion in 3GSiC may be considered

as

consisting of 6 SC bilayers along the-axis Stacking faults within the 6H inclusions
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Resultsand Discussion

embeded in 3CSIC result in irregular stacking sequences.demastration suchrt
regular stacking sequences in a larger SiC nanoparticle observed by HRTEM can be

seen inFigure3-11 (a-c). Even though the SiC is cubic 3C powdenfirmed by Xray

Figure3-11. (a) HRTEM image of a ~10nm SiC nanopartidle) Fast Fourier trast
form (FFT) of the area marked with square in pdagl (c) Fourier filtered HRTEM
image of the area marked with a rectangle in the upper right corner of the squaur«
el (a). Anirregular stacking sequence 628-1-2-4 is indicated in theidure (d)
shows AFM image and the size distribution of samplé)IPL spectra of sample II

(filtrand)

diffraction measurements befoamd after etching ,jtpolytype inclusions areommon
defects in SiC and may appear at low concentrations in th8iG(@owder. Since the
applied etching method works mainly on the cubicSIC™, the hexagonal polytypes
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