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Abstract

Current advancement in electronic devices is so rapid that silicon, the semiconductor material most 

widely used today, needs to be replaced in some of the fields. Silicon carbide (SiC) is a wide band 

gap semiconductor satisfying requirements to replace silicon in devices operating at high power and 

high frequency at  elevated temperature, and in harsh environments. Hexagonal polytypes of SiC, 

such as 6H-SiC and 4H-SiC are already available on the market of power devices. However, cubic 

SiC (3C-SiC) polytype  is  still  not  used in  the industry.  The essential  issue here is  the lack  of 

commercial 3C-SiC substrates. This is mostly due to a high density of defects in the crystals, what  

renders the material not appropriate for device production. The most common defects are inclusions 

of other polytypes, twinned domains and stacking faults. Thus, to introduce the 3C-SiC into  the 

electronics  industry  it is mandatory to understand material growth and defect formation, learn to 

control  their  appearance  and on that  basis  to  propose a  growth method capable  of  large  scale 

industrial production. 

The aim of this work was to develop operation conditions for fabrication of 3C-SiC crystals 

via  understanding  fundamentals  of  the  growth  process  and to  explore  structural  and  electrical 

properties of the grown material, including its suitability for substrate applications.

The  physical  vapor  transport  or  sublimation  process  has  already  shown a  capability  to 

produce substantial quantities of large area and high quality hexagonal SiC substrates. For growth 

of 3C-SiC the same technique has not been successful because the cubic phase is metastable and 

therefore difficult to control in bulk growth geometry. In the present study similar growth principle, 

but in a different geometry, called sublimation epitaxy, was applied. Using this method very high 

growth rates  (up to 1 mm/h) can be achieved  for hexagonal SiC while maintaining high material 

quality. Additionally, the growth process does not require expensive or hazardous materials, thus 

making the method very attractive for the use in industry.

In the present work 3C-SiC (111) was grown on 6H-SiC (0001) substrates. When growing 

3C-SiC directly on 6H-SiC it was noticed that the substrate roughness does not have significant 

influence on the yield and quality of 3C-SiC. This was mostly due to the growth of homoepitaxial  

6H-SiC appearing before 3C-SiC. Structural characterization showed that 3C-SiC grown directly on 

6H-SiC substrate exhibited the highest quality as compared with other substrate preparation, such as 

annealing or deposition of a 3C-SiC buffer layer. Thus, further investigation was devoted to the 

growth of 3C-SiC on 6H-SiC substrates. 
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The parameter window for the growth of 3C-SiC is quite narrow. The temperature interval is 

from ~1675oC, where the material starts to nucleate, to ~1850oC, where  an  uncontrolled growth 

process  begins.  Si-rich  conditions  (high  Si/C ratio)  and high supersaturation are  needed in the 

growth chamber for preferable 3C-SiC nucleation. Deviation from these parameters leads to the 

growth of the homoepitaxial 6H-SiC in spiral or 2D island mode along with cubic SiC with a high 

defect density.

Nucleation is the most important step in the growth process. Therefore, understanding and 

controlling this step can lead to growth of high quality material. The growth on 6H-SiC substrates 

commences from homoepitaxial 6H-SiC growth in spiral mode, which makes the surface perfect for 

3C-SiC nucleation. At temperature of ~1675oC the supersaturation is high enough and the 3C-SiC 

nucleation initiates in two-dimensional (2D) islands on the 6H-SiC spiral terraces. Control of the 

homoepitaxial 6H-SiC growth is a key element in the growth of 3C-SiC.

SiC is a polar material and if cut perpendicular to the c-axis it exhibits polar surfaces, where 

the top most layer is covered by silicon or carbon atoms. These surfaces are called Si- and C-faces. 

Due to the different free surface energies the growth is different on these faces. The lower surface 

free energy on the C-face causes more uniform nucleation of 3C-SiC and thereafter more uniform 

twinned  domain  distribution.  Additionally,  calculations  showed  that  an increase  of  the  growth 

temperature from 1675oC to 1775oC does not change the supersaturation ratio on the C-face due to a 

much higher surface diffusion length. Thus, resulting in appearance of pits in the 3C-SiC layer with 

a 6H-SiC spiral. The pits were not observed in the material grown on Si-face as the supersaturation 

ratio was much higher and if pits formed in the early stages of 3C-SiC growth, during the later  

stages they were overgrown much more effectively.

After growth, 3C-SiC needs to be characterized for further improvements. Characterization 

by transmission electron microscopy showed that transformation from 6H-SiC to 3C-SiC is not 

abrupt  and can appear  in  two different  modes.  The first  one is  forming a few micrometers  of 

polytypic transition  zone consisting  predominantly  of  15R-,  6H-,  and 3C-SiC.  The second one 

appears due to  a  competition between 3C-SiC and 6H-SiC resulting in step-like intermixing zone 

between these polytypes. Four-fold twins were observed, which resulted in depressions to appear at 

the surface of the grown material. These defects expand proportionally to the layer thickness.

Electrical measurements revealed carrier mobility of ~200 cm2/Vs at room temperature and 

the dominant charge carrier scattering is by neutral centers  and phonons. The  neutral centers 

originate from extended defects, such as 6H-SiC inclusions, stacking faults and twin boundaries. 

By growing 3C-SiC on atomically flat and vicinal substrates a preferential orientation of 

twin boundaries (TBs) was achieved. Compared to the samples with few TBs, in samples with 
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larger density of TBs the carrier mobilities were enhanced when TBs were parallel and diminished 

when TBs were perpendicular to the current flow. This was less pronounced at higher temperatures 

as relatively fewer carriers have to overcome barriers created by TBs. 

Finally,  the  substrate  capability  of  the  3C-SiC (111)  was  demonstrated  by  growth of  a 

monolayer graphene, which was compared with graphene grown on hexagonal SiC poytypes. The 

quality of the graphene in terms of thickness uniformity and pit appearance was the best when 

grown on 3C-SiC. The lower quality on hexagonal substrates was attributed to a more difficult 

process control which is due to the more complex crystal structure. 
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Sammanfattning

Dagens utveckling inom elektroniska komponenter är  så snabb att  kisel,  den halvledare som är 

används mest idag, behöver ersättas inom visa områden. Kiselkarbid (SiC) är en halvledare med ett 

stort  band gap som tillfredsställer  kraven att  ersätta  kisel  i  komponenter  som arbetar  vid höga 

effekter,  höga  frekvenser  och  hög  temperatur,  samt  i  tuffa  miljöer.  Hexagonala  polytyper  av 

kiselkarbid, som 6H-SiC och 4H-SiC, används redan på marknader för kraftkomponenter. Dock så 

tillämpas ännu inte  kubisk kiselkarbid (3C-SiC) i  industriella  sammanhang eftersom det  saknas 

kommersiella substrat av kubisk kiselkarbid. Detta beror främst på att materialet har många defekter 

som gör det otillräckligt för framställning av komponenter. Den vanligaste defekten är inklusioner 

av andra polytyper, roterade domäner och stackningsfel. För att introducera kubisk kiselkarbid till 

en industriell användning behöver man förstå tillväxt and formationen av defekter, insikt hur vi kan 

kontrollera  dem och  från  detta  utveckla  en  framställningsmetod  som  gör  storskalig  industriell 

produktion möjlig.

Målet  med  detta  arbete  är  att  utveckla  användbara  förhållanden  för  att  tillverka  kubisk 

kiselkarbid genom att förstå den fundamentala tillväxtprocessen, och undersöka de strukturella och 

elektriska  egenskaperna  av  materialet,  inkluderat  lämpligheten  för  att  tillämpa  materialet  som 

substrat.

Fysisk gasfastransport, benämnd sublimationsprocess, har visat sin kapacitet att producera 

tillräckliga  kvantiteter  av  stora  ytor  av  högkvalitativa  substrat  av  hexagonal  kiselkarbid. 

Framställning av kubisk kiselkarbid med samma teknik har inte varit framgångsrik på grund av att 

den kubiska fasen är metastabil och därför svår att kontrollera vid bulkframställning. I denna studie 

används  samma  fysikaliska  princip  i  en  annan  geometri,  benämnd  sublimationsepitaxi.  Med 

metoden kan hög framställningshastighet uppnås (upp till 1 mm per timme) med bibehållen hög 

materialkvalitet. Vidare kräver processen inte dyra eller farliga gaser, vilket gör metoden attraktiv 

för industriell framställning.

I arbetet har 3C-SiC (111) framställts på substrat av 6H-SiC (0001). Kvaliteten på 3C-SiC 

beror på kvaliteten på substraten. När substraten värmts upp och täckts med ett lager av kisel så blir  

resultatet  en  minskad  mängd  av  3C-SiC.  Ett  bufferlager  av  3C-SiC  ger  bättre  stabilitet  och 

resulterar i 100% av 3C-SiC. När 3C-SiC framställs direkt på 6H-SiC så har ojämnheten ingen 

signifikant påverkan på halten och kvaliteten av 3C-SiC. Detta beror främst på att homoepitaxiell 

6H-SiC som uppenbarar sig innan 3C-SiC. Strukturell karakterisering visar att 3C-SiC framställd 
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direkt på 6H-SiC ger bäst kvalitet. Därför har det mesta av arbetet fokuserat på framställning av 3C-

SiC på substrat av 6H-SiC.

Fönstret av parametrar för framställning av 3C-SiC är litet. Intervallen av temperatur går 

från 1675oC, där materialet börjar växa, till 1850oC vid vilken en okontrollerad process uppenbarar 

sig. Kiselrika förhållanden (hög Si/C kvot) behövs för formation av 3C-SiC. Avvikelser leder till en 

homoepitaxiell tillväxt av 6H-SiC i spiral eller 2D tillväxt liksom 3C-SiC med många defekter.

Den initiala tillväxten är avgörande. Genom att kontrollera detta steg så kan materialet få 

hög kvalitet. Den första tillväxten sker genom spiraltillväxt och ger en perfekt yta för 3C-SiC. Vid 

1675oC är mättnaden av gaser tillräckligt hög och två-dimensionell tillväxt av 3C-SiC tar vid. Att 

förstå och behärska den första homoepitaxiella tillväxten är en nyckel till 3C-SiC av hög kvalitet. 

Kiselkarbid har två sidor av sin kristall. Den ena ytan avslutas med kiselatomer (kiselsida) 

och  den andra  ytan  avslutas  med  kolatomer  (kolsida).  Tillväxten  på  de  båda  ytorna  blir  olika 

eftersom de har olika energier. Den lägre ytenergin på kolsidan ger en mer jämn initial tillväxt på 

kolsidan och mer jämn fördelning av roterade domäner. Beräkningar visar att mättnadshalten av 

gaser ökar inte när temperaturen ökar från 1675oC till 1775oC. Detta resulterar i håligheter i 3C-SiC 

filmen  med  6H-SiC  spiraler.  Liknande  håligheter  observeras  inte  på  kiselsidan  eftersom 

mättnadshalten av gaser på kiselsidan är högre. Om håligheter formas vid den initiala tillväxten så 

blir de överväxta mer effektivt.

Efter avslutad tillväxt behöver den kubiska kiselkarbiden att  karakteriseras för att vi ska 

förstå  processen  bättre.  Karakterisering  genom  transmissionselektronmikroskopi  visar  att 

tranformationen från 6H-SiC till 3C-SiC inte är abrupt och kan ske på två sätt. Den första formar 

några  mikrometer  av  en  zon  av  polytyper  som  15R,  6H  och  3C-SiC,  samt  oregelbundna 

stackningssekvenser.  Den andra uppenbaras  genom en tävling  mellan  3C-SiC och 6H-SiC som 

resulterar  i  en  stegliknande  zon mellan  polytyperna.  Där  skapas  roterade  domäner  som ger  en 

fördjupning vid ytan. Dessa expanderar proportionellt med filmens tjocklek och minskar andelen av 

den användbara ytan. 

Elektriska  mätningar  avslöjar  att  laddningsbärarnas  mobilitet  är  ~200  cm2/Vs  vid 

rumstemperatur.  Den dominerande spridningsmekanismen är neutrala  centra och fononer.  Dessa 

neutrala centra har sina ursprung från löpande defekter som 6H-SiC inklusioner, stackningsfel och 

roterade domäner. En preferentiell orientering av korngränser kunde åstadkommas genom att växa 

3C-SiC på perfekta släta ytor och vinklade substrat. Mobilitet blev högre i 3C-SiC med korngränser 

som gick parallellt med den elektriska strömmen och minskade när korngränserna gick tvärs mot 

den  elektriska  strömmen.  Effekten  var  mindre  nyanserad  vid  högre  temperatur  eftersom 

laddningsbärarna hade högre energi för att ta sig genom den barriär som korngränserna skapade.
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Slutligen påvisas kvaliteten på kubisk kiselkarbid som substrat genom att framställa grafen 

på materialet och jämföras med grafen på hexagonal kiselkarbid. Kvaliteten vad gäller uniformitet 

av  tjocklek  och  håligheter  var  bäst  på  kubisk  kiselkarbid.  Den  lägre  kvaliteten  på  hexagonal 

kiselkarbid kan vara att det är en mer komplicerad process för grafen på grund av en mer komplex 

kristallstruktur.
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1. Introduction

The  growth  of  semiconductors  has  always  been  one  of  the  most  important steps towards  the 

development of any electronic device. This thesis will focus on the growth and characterization of 

wide band gap semiconductor – silicon carbide (SiC) which is one of the main candidates to extend 

silicon applications  in devices  operating at high powers and high frequencies. In addition, superb 

material properties of SiC allow to use it in high temperature and harsh environments where silicon 

cannot be applied.

Silicon  carbide  was predicted by Jöns Jakob Berzelius in  1824.  Since then SiC  has been 

mainly considered as an abrasive material for grinding and polishing.  In addition, due to superior 

material properties  such  as low  density, high  strength, low  thermal  expansion, high  thermal 

conductivity, high  hardness, high  elastic  modulus, excellent  thermal  shock resistance, chemical 

inertness, SiC is also applied in many other applications such as bulletproof vests, ceramic brakes in 

cars, heating elements, different coatings where high temperatures are involved and others. Due to 

excellent hardness and high refractive index SiC is also used in jewelry (synthetic moissanite).  In 

addition, SiC left clear footprints in the history of light emitting diodes (LEDs). The first LED, the 

first commercial LED and the first blue LEDs were fabricated in 1907, 1968 and 1980, respectively. 

All of them were produced using SiC. Nowadays, SiC is used as a substrate to grow GaN for high 

efficiency, high brightness LEDs. 
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2. Basic Properties of Silicon Carbide

SiC is  group IV compound semiconductor.  A tetrahedron of Si (C) atom bonded to four C (Si) 

atoms  is  the  main  building  block  of  the  material (Fig.  2.1).  The  distance  “a”  between  two 

neighboring Si or C atoms is 3.08 Å and Si-C bond length is 1.89 Å. 

Fig. 2.1. The building block of SiC - tetrahedron of C atom bonded to four Si atoms. 

The bond between Si and C atoms is sp3 hybridized. Due to the difference in cores of these 

atoms they have dissimilar potential strengths  and a  transfer  of charge  from Si atom to C atom 

occurs. Therefore, the density of the electronic charge along the Si-C bond becomes distributed 

asymmetrically and ionicity appears [1]. The ionicity results in polar and non-polar SiC surfaces. 

The polar surfaces along c-axis are called Si- and C-terminated surfaces or abbreviated as Si- and 

C-face, respectively. The surface relaxation of the C-face is higher compared to Si-face leading to a 

lower surface free energy of  the  C-face  (718 erg/cm2 for  6H-SiC)  than the one of  the  Si-face 

(1767 erg/cm2 for 6H-SiC) [2]. Thus, the nature of nucleation and growth of SiC on these surfaces is 

different [3].

SiC crystallizes in close packed structures consisting of bi-layers of Si and C atoms. One Si-

C bi-layer is considered as one building block which can occupy three different positions denoted 

A, B or C. Starting from a layer where atoms are in position A, the other layer can be stacked in 

position B or C. If the sequence starts with layer B, the next layer can occupy A or C position. The 

stacking sequences of ABC and ACB are shown in Fig. 2.2.
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Fig. 2.2. (a) ABC and (b) ACB stacking sequences of SiC.

SiC  is known for its ability to crystallize in different polytypes. To date, more than 200 

polytypes of SiC are known. Polytypes are crystal modifications where the chemical composition is 

the same, but  the stacking is changed along the c-axis. The number of atoms in a unit cell varies 

from polytype  to  polytype  and  impacts its physical  and  electrical  properties.  In  table  2.1  the 

properties of several SiC polytypes are compared with silicon, gallium arsenide and diamond.

Table  2.1. Comparison of SiC polytypes with other semiconductors  [4].  Eg is band  gap at room 

temperature, μn is electron mobility, Eb is breakdown electric field, αtherm is thermal conductivity, vsat 

is saturated electron velocity,  a and  c are basal plane and c-axis lattice constants, respectively, at 

room temperature.

Material Eg 

(eV)

μn 

(cm2/Vs)

Eb 

(106 V/cm)

αtherm 

(W/cmK)

vsat 

(107 cm/s)

a

(Å)

Silicon 1.12 1400 0.3 1.3 1.0 5.431

GaAs 1.42 8500 0.4 0.5 2.0 5.653

4H-SiC 3.23 500 4 3.7 2.2 a = 3.073

c = 10.046

6H-SiC 3.0 370 4 4.9 2 a = 3.080

c = 15.117 

3C-SiC 2.36 900 2-3 3.6 2.7 4.3596

Diamond 5.45 1900 5.6 22 2.7 3.566
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Usually polytypes are noted according to Ramsdell designations. They consist of a number 

equal to the number of layers of the polytype in the c-axis and a letter annotating crystal system of 

the Brave lattice: C for cubic, H for hexagonal and R for rhombohedral. The most studied polytypes 

are 3C-, 6H-, 4H-, 2H-SiC (Fig. 2.3) and 15R-SiC (not shown).

          

6H-SiC
3C-SiC

4H-SiC 2H-SiC

Fig. 2.3. Stacking sequences of SiC polytypes along c-axis.
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3. Growth of Cubic SiC

While the 6H-SiC and 4H-SiC wafers have been on the market  for about 20 years, high quality 

single-crystal 3C-SiC substrates are not commercially available yet. Therefore, the 3C-SiC has to be 

grown heteroepitaxially on other materials. Typically 3C-SiC is grown on silicon substrates using 

chemical  vapor  deposition (CVD) method or on hexagonal  SiC (4H-,  6H-SiC) substrates using 

vapor-liquid-solid (VLS) or sublimation growth methods.

3.1 Potential of cubic SiC

3C-SiC is the only cubic SiC polytype with the zincblende crystalographic structure which leads to 

isotropic  physical  properties  and absence of  spontaneous polarization  in  the material [1].   The 

smaller  band gap (2.23 eV) compared to  hexagonal  polytypes  lowers the  active  interface  state 

density in the 3C-SiC/SiO2 material system, thus ensuring a higher channel mobility in MOSFET 

devices  [2].  In addition, the dislocation motion is absent in 3C-SiC pn-diodes under forward bias 

when the current injection density is in a range of 1 – 1000 A/cm2 [3], while the dislocation motion 

in  hexagonal  SiC  polytypes  is  still  an issue  due  to  which  degradation  of  devices  occurs [4]. 

Schottky  diodes  fabricated  from 3C-SiC  can  withstand  an  electric  field of  2-3  MV/cm before 

breakdown [5]. These values are similar to the ones of 4H-SiC, even though 3C-SiC has a smaller 

band gap. According to  theoretical predictions, solar cells produced from 3C-SiC  should achieve 

more than 30% efficiency and tandem solar cells with 3C-SiC  can have  even higher efficiencies 

[6,7].  By  using hexagonal  SiC  substrates  such  as  4H-SiC  or  6H-SiC  for  growth  of  3C-SiC, 

heteroepitaxial junctions with two-dimensional electron gas can be created due to the difference in 

the  band  gap  of  these  polytypes  [8].  This  gives  possibility  to produce high  electron  mobility 

transistors (HEMTs). The 3C-SiC is a good candidate to be applied in medicine since it has higher 

biocompatibility compared to silicon or even other SiC polytypes [9,10]. Finally it should be noted 

that cubic SiC is an excellent substrate for graphene deposition due to the absence of step-bunching 

which allows better control over of monolayer graphene.
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3.2 Growth of cubic SiC on silicon

Silicon is a very attractive substrate for growth of 3C-SiC. First of all it is less expensive compared 

to its  substitutes like 4H- or 6H-SiC. Moreover silicon growth technology is matured and high 

quality substrates of various sizes are available on the market.  In addition, the stability of 3C-SiC 

polytype during the growth on silicon substrate is very good. Matsunami et al. [11] has shown that 

single crystal 3C-SiC can be grown on silicon substrates. However, the 20% mismatch in the lattice 

constant and 8% thermal expansion coefficient mismatch between these materials results in high 

concentration of defects at the Si/3C-SiC interface that propagate in the grown 3C-SiC layer [11]. 

The introduction of a buffer layer of SiC on Si substrates [12,13] can improve the quality of 3C-SiC 

crystals and  electronic  devices were demonstrated  [14,15].  However,  the  quality  of  3C-SiC on 

silicon is  still  too low for  production  of  commercial  devices [16].  On the  other  hand,  if  these 

mismatch problems are solved it will be possible to grow large area 3C-SiC on low cost silicon 

substrates and process devices using the same machinery as from silicon industry. 

The best achievements in this area were by Japanese company Hoya which has developed 

technique to produce free standing 3C-SiC and demonstrated MOSFETs with blocking voltages up 

to 600 V produced from the material [17]. 

3.3 Growth of cubic SiC on hexagonal SiC

Besides the use of silicon as a substrate for the growth of cubic SiC, hexagonal SiC polytypes can 

be applied.  In order to understand how cubic lattice fits to the hexagonal one, let's consider a cube 

with its  [111] direction pointing upwards (Fig.  3.1). The projection of this cube on the  horizontal 

plane is a hexagon. This allows that 3C-SiC can be grown in the (111) direction on top of nominally 

on-axis 6H-SiC or 4H-SiC (0001) substrates. The lattice mismatch between 3C-SiC (111) and 6H-

SiC (0001) is below 0.1% and problems with thermal mismatch are substantially reduced compared 

to  the  growth  of  3C-SiC  on  silicon  substrates  [18].  According  to general  prerequisites  for 

heteroepitaxy, hexagonal SiC looks like a perfect substrate for growth of cubic SiC. However, 3C-

SiC can nucleate on hexagonal SiC in two orientations (Fig.  3.1), forming twin domains which 

significantly  deteriorate  crystal  quality.  In  addition,  growth of  3C-SiC on hexagonal  SiC  gives 

problems with the polytype stability.
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Fig. 3.1. Schematic illustration of cubic and hexagonal lattice and twin formation.

3.4 Polytype stability

Already in 70s  Knippenberg [19]  observed  that the stability of  a single SiC polytype  cannot be 

controled only by the growth temperature.  As per to date, there is no theory fully explaining  the 

appearance of a wide variety of SiC polytypes. Nevertheless, general factors favoring formation of 

one  or  another  polytype  are  known.  To grow homoepitaxial  layers  (when  the  polytype  of  the 

substrate  and  grown  layer  is  the same) of  hexagonal  polytypes typically  off-axis substrates  are 

employed. In  this  case,  the  growth proceeds in  step-flow growth  mode in  which  the  substrate 

polytype is replicated into the epilayer [20]. However, it is more difficult to grow heteroepitaxial 

layers  (when substrate and layer polytypes are different). According to  the observations [21,18] 

introduction of certain impurities into the growth zone enhances the formation of some particular 

polytype. For example, the introduction of Al, B, Sn, Pb and Ge impurities, led to the growth of 4H-

SiC films on 6H-SiC substrates. It is also known that changing the Si/C ratio in the growth zone 

strongly affects the heteropolytype epitaxy. For example,  an increased Si/C ratio favors formation 

of 3C-SiC and a slightly lower Si/C ratio favors 6H-SiC formation. Concomitantly, carbon excess 

enabled the growth of 4H-SiC epitaxial layers [22]. However, occurrence of different polytypes can 

be promoted by a number of other factors such as growth temperature, temperature gradient in the 

growth chamber and substrate quality. In papers 1, 2 and 3 the question of 3C-SiC stability on 6H-

SiC substrates  was tackled  by  growing 3C-SiC on differently  prepared  substrates  surfaces  and 

different  faces.  In  addition,  experimental  data  was  supported  by  theoretical calculations  of 

supersaturation to identify conditions for the growth of cubic SiC.
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3.5 Chemical vapor deposition

The chemical vapor deposition (CVD) technique is based on decomposition of precursor gases at a 

heated substrate in the reactor [23]. Typically silane (SiH4) is used as a silicon source and propane 

(C3H8) or ethylene (C2H4)  as  a carbon source which are  diluted in argon or hydrogen  carrier gas 

(Fig. 3.2). During the growth precursors are cracked and chemical reactions take place leading to 

formation of Si and C containing species which are then deposited on a substrate to synthesize SiC. 

Typical growth temperatures vary from 1300 to 1600oC. The main advantage of the CVD growth is 

a good control of the growth process. In addition, high purity layers can be grown since high purity 

precursors are available, but the growth rate of SiC using conventional CVD is quite low (~5 μm/h). 

Recently, growth rates of 100 μm/h have been demonstrated using chloride based CVD [24,25]. 

However this technology is still not applied commercially.

CVD is the only technique which can be applied for growth of 3C-SiC on silicon substrates. 

The  reason  is  that  CVD growth  of  SiC  can  be  performed  below the  melting  point  of  silicon 

(1410oC). In other described techniques growth temperatures are much higher, thus silicon as a 

substrate  cannot  be  applied.  In  addition,  combination  of  CVD  and  high  temperature  growth 

technique using silicon as initial substrate for growth of 3C-SiC has been demonstrated [26].

Fig. 3.2. Principle configuration of a CVD reactor.

Furthermore, CVD can also be applied for growth of 3C-SiC on hexagonal SiC substrates 

[27]. However,  grown layers  contain high  density  of  twin  boundaries  (TBs).  By  some 

modifications, TB and stacking fault (SF) free 3C-SiC layers were demonstrated on step free 4H-

SiC and 6H-SiC mesas [28]. This has opened possibilities to demonstrate advantages of electronic 

devices produced  of high quality 3C-SiC  epilayers [29,30]. However,  the  size of  mesas  is very 

small (up to 0.4 x 0.4 mm2), thus it is not possible to apply this method for industrial production of 

3C-SiC.

28



3.6 Vapor-liquid-solid mechanism

Another method to grow thin 3C-SiC layers is vapour-liquid-solid (VLS) technique. This  method 

was introduced and mainly used to grow one-dimensional structures, such as nano whiskers [31,32]. 

Later it was adapted to the growth of SiC epitaxial layers [33]. The growth mechanism of the VLS 

is based on combination of liquid phase epitaxy (LPE) and CVD (Fig. 3.3). In case of LPE of SiC 

when silicon melt  is  used, carbon is supplied from  a source which is in direct contact with the 

solution.  However,  in  the VLS method carbon is  supplied from carbon containing gas  such as 

propane  (C3H8) similarly to CVD.  The propane cracks  upon heating and carbon dissolves  in the 

melt and migrates to the substrate driven by the carbon concentration gradient between the top and 

the bottom of the liquid [34]. As soon as carbon reaches the substrate it reacts with Si atoms from 

the  solvent  forming  a  SiC layer.  Alloys  of  silicon and  metals  such as  Al,  Fe,  Ni,  Sc  or  other 

semiconductors such as Ge are used since solubility of C in pure Si melt is very low. This is done to 

achieve higher growth rates or to perform growth at lower temperatures. 

Fig. 3.3. VLS growth principle for 3C-SiC.

Using this  method  with Si-Ge melt,  few micrometers  thick,  twin boundary free 3C-SiC 

layers on 6H-SiC substrates were demonstrated [35]. A VLS grown 3C-SiC buffer layer was used in 

paper 1 to grow thick  (~200  μm) 3C-SiC with sublimation epitaxy.  In this way  it is possible to 

solve the polytype control problem. The coverage of the substrate was almost 100% by 3C-SiC due 

to homoepitaxial nature of the growth. However, XRD characterization showed that 3C-SiC layer 

grown on VLS buffer layer exhibited lower quality compared to the one grown directly on 6H-SiC. 

Most probably this was due to the higher density of stacking faults in the VLS grown buffer layer, 

which propagate into the grown layer.
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3.7 Seeded sublimation method

The seeded sublimation method also known as modified Lely method and physical vapor transport 

(PVT) was introduced by Tairov and Tsvetkov in 1978 [36]. In this method a graphite quasi-closed 

crucible is placed in low pressure inert gas atmosphere and heated to 2300-2600oC. A single crystal 

seed is glued to the top of the crucible and SiC source (typically powder) is placed on the bottom of 

the crucible (Fig. 3.4a). At high temperatures the SiC source sublimes into Si and C bearing species 

which are transported  from  the  source  to  the seed crystal  and growth of SiC commences.  The 

driving force for the growth is created by applying temperature gradient along the source and the 

seed,  which  can  be  called  substrate  in  some  cases.  The  distance  between  the  source  and  the 

substrate is typically 5-30 mm.  Due to the long distance between the source and the substrate, Si 

and C containing species can interact with  the graphite walls of the crucible and cause defects  to 

appear  in  the  grown  crystals.  The main advantage of this method is  the high growth rate which 

allows growth of high quality bulk SiC crystals.  Also, volatile gases are not used in this growth 

method making it much more accessible. Thus, enabling to use the seeded sublimation method in 

industrial growth of hexagonal SiC polytypes [37,38]. 

The  negative  aspect  of  this  method is  that  the  source  material  cannot  be  supplemented 

during the growth. This causes two problems. Firstly, the growth cannot proceed long time, thus, 

the thickness of the grown material  is limited by the initial  quantity of the source. Secondly, for 

long  growth  runs  it  is  difficult  to  control the  partial  pressures  of  Si  and  C  bearing  species. 

Therefore,  the  Si/C  ratio  changes  and  causes growth instabilities  or  even  graphitization  of  the 

source.

Growth  of  single  crystal  3C-SiC using  the  described  seeded  sublimation  growth  is not 

feasible due to the high temperature at which 3C-SiC can go through polytypic transformation into 

6H-SiC [39]. Nevertheless, derivatives from this technique such as continuous feed physical vapor 

transport and sublimation epitaxy are successfully used for growth of 3C-SiC crystals.
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Fig. 3.4. Growth geometry of (a) seeded sublimation, (b) CF-PVT, (c) sublimation epitaxy.
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3.8 Continuous feed physical vapor transport

The continuous feed physical vapor transport (CF-PVT) method is based on combination of the SiC 

sublimation mechanisms with addition of a CVD step [40]. This is done to solve two problems of 

the sublimation  bulk  growth  –  the  source  material  depletion  and  the  change  of  the  vapor 

composition during the growth process. The top zone of the reactor is based on  the sublimation 

mechanism where the seed is attached on the upper part and the source is kept on the lower part. In 

the  bottom  zone  of  the  reactor a CVD-like  supply  of  silicon  and  carbon  containing  gaseous 

precursors  is installed (Fig.  3.4b). In between these two zones  a  porous graphite foam is placed 

which supports the polycrystalline SiC source fabricated by the CVD step in the reactor. Typically, 

low-purity-grade tetramethylsilane is used as precursor and argon as a carrier gas. The temperature 

of the source and  the seed,  ambient  pressure, and gas flow rates can be  manipulated during the 

growth  to achieve preferred growth  conditions.  By using this  method single crystal SiC can be 

grown at growth rates of 30-100 μm/h.

Using CF-PVT, epilayers of 3C-SiC with low density of twin boundaries were grown on 4H-

SiC [41, 42]. In addition, the first bulk 3C-SiC crystals grown on graphite were demonstrated [43]. 

However, the present size and the shape of these crystals limit production of devices based on 3C-

SiC material grown by CF-PVT. 

3.9 Sublimation epitaxy

The sublimation epitaxy, also called sublimation sandwich method,  is another modification of the 

sublimation bulk method  (Fig. 3.4c) [23].  The growth cell is quasi closed,  which still  allows to 

change pressure in the system by adding inert gas or even doping the  grown  SiC by  introducing 

nitrogen gas. The source material is a polycrystalline SiC plate, but single-crystal or powder can be 

also used.  The gas phase stoichiometry can be controlled by  introducing argon, nitrogen gases or 

tantalum foil which acts as carbon getter at elevated temperatures. The growth can be controlled by 

changing growth temperature,  temperature  gradient,  source  to  seed  distance  (0.1 – 3 mm) and 

growth ambient. Growth rates up to 1 mm/h were reported [44], which can be achieved mainly due 

to the small distance between the source and the substrate. The method is not used for the growth of 

SiC boules as the source  cannot be  renewed.  Therefore,  this  method has been mainly used for 

growth of high quality thick epitaxial layers [45].
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Usually, in SiC epitaxy, the substrate pretreatment by in-situ etching in hydrogen atmosphere 

is used prior to growth in order to remove particles and scratches left by imperfect polishing and 

cleaning processes. Such pretreatment step is not needed in sublimation epitaxy since the substrate 

surface is sublimed during the temperature ramp-up stage before the growth initiates. In sublimation 

epitaxy no hazardous or  expensive gases  are  used  thus  it is a  safe and environmental  friendly 

technology.

All 3C-SiC layers described in this thesis were grown using the sublimation epitaxy method. 

Typically, the growth of 3C-SiC proceeds in vacuum (base vacuum ~10-5 mbar) resulting in direct 

vapor species transport. The growth experiments were performed at quite low growth temperatures 

compared to the seeded sublimation method. Typical temperatures used were in the range of 1650oC 

to  1850oC  while  the growth rates ranging from  10  to  700  μm/h,  respectively  were  observed. 

Therefore, it was possible to study 3C-SiC from an initial nucleation stage at temperatures around 

1675oC up to bulk like (200-300 μm) layers grown at 1775oC or higher.
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4. Structural Defects

Perfect crystals do not exist as all  of them contain some kind of defects. Some of the defects, for 

example during doping, are created on purpose in device engineering. This is done by adding atoms 

of other materials (for example nitrogen for n-type and aluminum for p-type SiC) into the crystal. 

However,  most  of  the  defects  are  undesirable  as  they  lower  crystals  quality  and  degrade 

performance  of  devices  produced  from  defective  crystals.  Despite  continuous  progress  in  the 

development  of SiC growth technologies the quality  of 3C-SiC material  is  still  deteriorated by 

various extended crystal defects like stacking faults, twin boundaries and polytypic inclusions. 

4.1 Stacking faults

SiC crystals have particular stacking sequence  for  a  specific polytype, for example ABCACB for 

6H-SiC,  ABCBA for  4H-SiC and  ABC for  3C-SiC.  The  stacking sequence  of  the  polytype  is 

repeated along the c-axis in order to form a crystal. However, this sequence can be disrupted by one 

or more layers with different stacking. Such interruptions are defects called stacking faults (SFs). In 

close-packed structures such as SiC these defects are quite common as their formation energy is 

low. Isolated SFs have different energies depending on the SF structure and polytype in which they 

appear. In 6H-SiC three different stacking faults with energies of around 40 and 3 mJ/m2 can be 

formed. In 4H-SiC, two, with energies of around 18 mJ/m2 and in 3C-SiC there is only one SF with 

energy of  -1.7  mJ/m2.  Negative  energy  of the  stacking fault  in  3C-SiC means  that  the  crystal 

releases its energy by creating SFs [1,2], while in the other polytypes energy is needed to create a 

SF. However, in as grown crystals the SFs appear not only isolated but also in bunches. Often the 

SFs introduce other polytype stacking with lower (3C-SiC in 6H-SiC or 4H-SiC) or higher (6H-SiC 

or 4H-SiC  in 3C-SiC) band gap. The polytype with smaller band gap acts as quantum wells and 

enhances a parasitic recombination of charge carriers. In paper 5 it is shown that stacking faults of 

6H-SiC in the 3C-SiC layers act as scattering centers for electrons and lower the carrier mobility.
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4.2 Twin boundaries

Two  crystals  or  domains  in  the  crystal  composed  of  the  same  structure,  but  with  different 

orientation,  are called twins.  Twinning can occur across twin plane,  thus one twin looks like a 

mirror reflection of the other one. In rare cases twinning can also occur by rotation around twin axis 

or inversion around a point. The boundary between twins is called twin boundary (TB). 

The  3C-SiC  grown  on  6H-SiC  substrates  can  form  twinned  domains because  of  the 

possibility to arrange the Si-C bilayers in two different stacking sequences along the c-axis. One of 

them is ABCABC, and  the other  is  ACBACB. The twin boundary between these domains is an 

extended  defect  with  high  energy,  which  can  relax  by  creating  stacking  faults  [3].  TBs  are 

detrimental for devices [4], therefore, they are not desired in the crystal growth.

The  main  reason  for  twinned  domains  to  form in  the  3C-SiC  is the  two-dimensional 

nucleation nature of this material [5]. When 3C-SiC nuclei appear on different terraces of the half 

step of the 6H-SiC substrate they continue the stacking order which is different for both domains 

denoted as 3C-SiC (I) and 3C-SiC (II) in figure 4.1. 

In paper 5 it was shown that twin boundaries influence the electrical characteristics of the 

3C-SiC. In paper 6 differences in the charge carriers mobility were identified and attributed to the 

orientation of TBs.

Fig. 4.1. Twined domain formation on different terraces of 6H-SiC substrates.

38



4.3 Polytype inclusions

Another  type  of  defects typically  appearing  during  homoepitaxial  (homopolytypic),  but  more 

frequently during heteroepitaxial (heteropolytypic)  growth is polytype inclusions. When growing 

6H-SiC or 4H-SiC crystals a typical polytypic inclusion is 3C-SiC, which is regarded as a defect. 

Such polytypic inclusions may form due to non-uniformities on the substrate or due to the growth 

conditions used [6]. 

When  3C-SiC  is  grown  heteroepitaxially  on  hexagonal  SiC  substrates  the  competition 

between  3C-SiC  and  substrate  polytype  is  highly  pronounced.  If  the  growth  conditions  are 

appropriate,  most  of  the  substrate  is  overgrown  by  the  3C-SiC.  However,  in  some  cases  the 

inclusions are not overgrown, but are incorporated in the grown layer instead. In paper 2 and 3 it 

was shown that  at higher supersaturation 3C-SiC growth rate is higher and 6H-SiC is overgrown. 

However, at some places the supersaturation ratio can be lower, for example on 6H-SiC spirals with 

narrow terraces, and the 6H-SiC on these locations will not be overgrown.
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5. Basics of Crystal Growth

Understanding of nucleation and crystal growth is a key element in the improvement of the grown 

crystal  quality.  In this  chapter,  the basic parameters such as driving force and basic nucleation 

mechanisms applicable for SiC are described.

5.1 Driving force

According to laws of thermodynamics for the crystal to grow the free energy of the system has to 

decrease.  Thus,  the  driving  force  can  be  described  as  difference  in  chemical  potentials 

=m−c where μm is chemical potential of the vapor phase and μc is chemical potential of the 

crystalline phase. The driving force from vapor phase can be also expressed by the supersaturation, 

α.  The  supersaturation  can  be  described  using  measurable  physical  units  such  as  pressure 

= p− pe / pe where  p is  actual  vapor  pressure  in  the  system  and  pe is  equilibrium vapor 

pressure.  Supersaturation  α described in this way is also known as relative supersaturation.  The 

difference in chemical potentials is related to the supersaturation as:

=k b T log  p/ pe=k bT log 1≈k bT  ,       (5.1)

where  T is growth temperature and kb is Boltzmann constant.  Besides the relative supersaturation 

other supersaturation expressions are also used. The total supersaturation is given by

 p= p− pe ,    (5.2)

the coefficient of supersaturation is

S= p / pe , (5.3)
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the percentage of relative supersaturation is

 p− pe pe∗100% .             (5.4)

All these expressions describe supersaturation in the whole growth chamber which usually depends 

on the growth method used. Typical values for various growth methods are shown in table 5.1.

Table 5.1. Relative supersaturation values for different growth methods.

Growth method Relative supersaturation

Liquid phase epitaxy (LPE) 0.1

Vapor phase epitaxy (VPE) 0.5-2

Molecular beam epitaxy (MBE) 10-100

Metal organic chemical vapor deposition (MOCVD) 40
 

One should  also  mention  the  critical  supersaturation  (αcrit)  which  describes  at  what 

supersaturation stable nuclei will appear. The αcrit is a material property and it does not depend on 

the growth conditions.

Fig. 5.1. Surface of growing crystal.

In order to understand the nucleation and initial growth processes we need to analyze local 

processes on the surface of the crystal. According to Burton-Cebrera-Frank theory [1] the surface of 

crystals consists of atomic steps with high h which are separated by equal terraces of length λ0. The 

adatoms  arriving  from  the  vapor  phase  can  migrate  on  the  surface  until  they  desorb  or  are 

incorporated at kinks (Fig. 5.1). The kinks act as sinks for the adatoms, where they are incorporated 
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into the growing crystal. In this system, the supersaturation ratio (α) can be expressed by the ratio of 

the concentration of atoms that arrive to the surface (ns) and the atom concentration in equilibrium 

(ns0) =ns/ns0 . The highest value of supersaturation ratio is in the middle of the terrace and it is 

called maximum supersaturation ratio (αmax) which can be expressed by [2]:

αmax=1
λ0 n0 R

2λ s h

τ s

ns0

tanh  λ0

4λ s
 ,       (5.5)

where λ0 – terrace length, λs – surface diffusion length, n0 = 1/a2 – density of adsorption sites on the 

surface, a – lattice constant, R – growth rate, h – step height, ns0/τs – desorption flux, τs – residence 

time of adatom. 

When  αmax is  small  the  growth  proceeds  at  kinks  of  the  steps.  However,  if  the  αmax is 

increased to the value of  a  critical supersaturation (αcrit) two-dimensional (2D) nucleation in the 

center of the terraces takes place. 

In paper 2 it was analyzed how the maximum supersaturation ratio is changing during the 

growth process from  the beginning of  SiC source sublimation until  thick layers  of  3C-SiC are 

grown. The αmax is very low in the beginning of the growth and homoepitaxial i.e. 6H-SiC growth 

commences  in  a  spiral  mode  which  requires  smaller  supersaturation.  During  the  temperature 

increase the terraces of 6H-SiC increase. At the point when αmax= αcrit the nucleation of 3C-SiC as 

2D islands begins and with time overgrows the substrate. However, the step terraces on some of the 

6H-SiC spirals are small and the supersaturation is not high enough for 3C-SiC to  nucleate and 

overgrow  them.  Some  of  these  spirals  are  overgrown  if  the  temperature  is  increased  as  the 

supersaturation also increases, but still some of them are left which are incorporated as 6H-SiC 

inclusions.

In paper 3 the discussion was extended to the nucleation and growth of 3C-SiC on C-face of 

6H-SiC. The maximum supersaturation ratio is much smaller on the C-face, due to smaller terraces 

and a higher surface diffusion length. This resulted in appearance of pits in the 3C-SiC layer with 

6H-SiC spirals on the bottom of them, more precisely one spiral in each pit.
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5.2 Two dimensional nucleation

As mentioned before, adatoms on the surface migrate until they desorb or reach kinks where they 

are incorporated. However, adatoms on the surface can also collide and stick to each other. When 

higher density of adatoms is present they may form two-dimensional clusters. The clusters can grow 

in size or lose the atoms and disappear.  The cluster which has equal probability to increase or 

disappear  is  called critical  nucleus  [3].  In  paper 2 it  was calculated that at  the temperature of 

1675oC  the  radius of the critical nucleus on 6H-SiC substrate is 5.4 nm. During the subsequent 

growth 2D nuclei  expand and coalesce with each other forming  a  layer.  However, when nuclei 

coalesce they may form defects in between them. In this way most of the twin boundaries and some 

of the stacking faults emerge in the 3C-SiC layers [4].

5.3 Spiral growth

The 2D nucleation arises on a perfect surface. However, real crystals contain defects which can alter 

the way in which the crystals grow. One of them is screw dislocations which are typically present in 

hexagonal  SiC substrates  [3].  Due to a  screw dislocation on the surface a step is  formed.  The 

adatoms  arrive  and  are  incorporated  into  the  step  which  is  moving  forward,  but  it  does  not 

disappear. Thus new steps do not need to appear for the growth to continue and the 2D-nucleation is  

suppressed. Further growth can proceed at low supersaturation. The point where the step has started 

is fixed at the screw dislocation. The movement of the step form a spiral with a central part higher 

than the edges. Atomic force microscopy (AFM) image of 6H-SiC growing in spiral mode is shown 

in figure 5.2. 
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Fig. 5.2. AFM image of 6H-SiC growing in spiral mode.

Generally, the growth rate of the material in spiral mode and 2D-nucleation mode depends 

on supersaturation. As shown in  figure 5.3, the growth rate of the spiral mode is higher at lower 

supersaturations because it is too low to initiate 2D-nucleation. However, when the supersaturation 

is increased  the 2D-nucleation starts and the growth rate in this mechanism soon becomes higher 

compared to the spiral mode. The highest growth rate is that of adhesive growth which occurs when 

all  atoms leaving the source are contributing to the growth.  Typically this  growth mode is  not 

desirable as the grown crystal quality is low due to the very high growth rate. Similar dependency 

was shown  to exist for the spiral growth of 6H-SiC and 2D-nucleation mode of 3C-SiC (paper 2).

Fig. 5.3. Growth rate dependence on supersaturation for different growth modes [3].
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6. Characterization of SiC

After the growth the material  is characterized and a feedback is given for further improvement of 

the growth process. In this thesis, 3C-SiC was analyzed using different characterization techniques 

for polytype identification as well as for structural and electrical properties analysis.

6.1 Polytype recognition

The first characterization of grown SiC crystals is the polytype recognition, which can be done in 

several  different  ways. The  simplest  method  typically used  for  preliminary  information  on 

polytypes in thicker crystals is by observing them with a naked aye or in transmission light of an 

optical microscope. The SiC polytypes have different colors that are determined by the absorption 

of photons with energies lower than the band gap [1]. For example, the 6H-SiC has a green color, 

because the absorption occurs in the red ( 2 eV) and light blue (2.8–3 eV) spectral ranges, ∼ while 

4H-SiC and 15R-SiC crystals are light brown as there is no absorption band in the red spectral  

range.  Cubic  silicon  carbide  exhibits  only  the  intrinsic  absorption,  thus  it  has a  light  yellow 

coloration  (Fig.  6.1).  Additionally,  nitrogen  doping  gives rise  to  new absorption  levels,  which 

depend on the doping concentration. 

Fig. 6.1. SiC polytypes, 1 – 3C-SiC and 2 – 6H-SiC grown on quarters of 2 inch 6H-SiC 

substrates, 3 – 6H-SiC and 4 – 15R-SiC Lely platelets, 5 – small piece of a 4H-SiC substrate.
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More  reliable  method,  which  can  be  used  for  thin  layers  and  bulk  crystals,  is  Raman 

spectroscopy. This is  a  non-destructive method which does not require  any  special preparation of 

the sample.  In Raman spectroscopy material is irradiated with monochromatic light. The photons 

are absorbed by the crystal. When the crystal relaxes, photons are emitted. The frequency of emitted 

photons is different compared to the absorbed. The change in frequency is called Raman effect and 

it depends on the investigated material. 

The  periodic  structure  of SiC polytypes  can  be  considered  as  a  superlattice  of  a  single 

material. Due to this, Raman spectra of SiC polytypes exhibit a number of folded modes appearing 

from the transverse acoustic (TA) and optical (TO) branches.  The number of the folded modes 

depends  on the polytype and typically increases for longer unit cells. The folded modes coincide 

with  the  crystal  periodicity  and  symmetry.  Thus,  information  on  the  stacking  structure  of  SiC 

polytypes can be extracted from the intensity profiles of these folded modes [2,3].  

Fig. 6.2. Micro-Raman spectra of 6H-SiC substrate, 200 μm thick 3C-SiC island and thick 3C-SiC 

layer when measuring spectra on the 3C-SiC island part of the signal comes from 3C-SiC and 6H-

SiC substrate.

An example of Raman spectra is  shown in figure  6.2, the 6H-SiC spectrum has the most 

intense peaks at 767, 789 and 965 cm-1. Different peaks at 796 cm-1 and 972 cm-1 appear in thick 

3C-SiC layer. In the case when thin 3C-SiC islands are examined the signal comes from both 3C-

SiC island and 6H-SiC substrate, thus peaks from both polytypes can be observed. 
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6.2 Surface characterization

After growth  and polytype identification  the surface of the grown layer is  studied. In this thesis 

Optical Microscopy (OM) with Nomarski interface contrast and Atomic Force Microscopy (AFM) 

were used for 3C-SiC surface characterization. 

Optical microscopy is fast, easy to use, and non-destructive method which has been utilized 

for all grown samples. The OM uses visible light together with lenses to magnify the observable 

object. When the sample is illuminated from the top, the reflected light is collected and the sample 

surface can be analyzed. However, the use of the visible light limits the resolution of the OM and 

not  all  details  can  be  resolved.  The  addition  of  Nomarski  prism into  the  OM enables  to  use 

interference appearing from two beams of light reflected from surfaces at slightly different height.  

Thus, the resolution of surface height differences  is enhanced. This is important when analyzing 

grown crystals as most of the defects create some kind of disturbance on the surface. In this way, 

defects can be identified and eliminated by further improving the growth process.  In figure 6.3 

optical microscopy image of stacking faults induced triangular features are shown. Additionally, in 

the transmission light (illumination of the sample from below) SiC polytypes can be identified by 

different color (yellow for 3C-SiC and transparent/bluish for 6H-SiC). 

Fig. 6.3. Optical microscopy image of triangular features induced by the stacking faults reaching 

the surface. One of the features is demarcated.

If more detailed surface characterization is needed, AFM is applied. The basic constitutes of 

the AFM are sharp tip on a cantilever, laser, light detector and piezoelectric holder for sample or tip 

(Fig.  6.4a). The tip is scanning the surface line by line actualized by the piezoelectric holder. If 

some surface feature is encountered by the tip the position of it changes and the laser light reflected 
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from the cantilever is disturbed. These disturbances are registered by the detector and recorded by a 

computer. The limiting factor for the resolution in AFM is not light as in optical microscopy, but the 

sharpness  of the  tip and  the  resolution of the detector. The sharper the tip the clearer image is 

acquired. AFM can also work when tip is not in direct contact with the sample in so called tapping 

mode. In this case the tip vibrates few nanometers above the sample at a resonant frequency. If the 

tip approaches some obstacle the resonant frequency changes. These changes are registered and 

transformed into an image. The AFM resolution  in height differences can  be  less than 1Å,  which 

makes the AFM a perfect technique to study atomic growth steps of the crystals. In figure  6.4b, 

step-bunching of the 6H-SiC spiral steps is shown. It was shown in paper 2 that step-bunching of 

6H-SiC growing before 3C-SiC nucleation resulted in the increase in step height and terraces width. 

On the wide terraces the supersaturation is high and 3C-SiC nucleation commences.  In  paper 3 

AFM characterization of 3C-SiC surfaces has shown that there is almost no step bunching which is 

often observed on hexagonal SiC surfaces. However, step pinning can be observed at defects such 

as stacking faults, as they disturb the step movement.

Fig. 6.4. (a) Principle sketch of AFM, (b) step-bunching of 6H-SiC steps, the smaller steps are 

0.75 nm, the higher ones are 1.5 nm (scan size 12x12 μm).

6.3 Impurity characterization

A  powerful  technique  to  detect  radiative  impurities  is  photoluminescence  (PL).  Using  this 

technique, the crystal is excited by  a light source, typically  a laser.  The photons from the light 

source are absorbed by electrons in the valence band and are excited to the conduction band. At the 
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same time quasi-particle, hole, is created. Later they can recombine non-radiatively or by emitting a 

photon  (radiatively).  The  energy  of  the  emitted  photon  depends  on  how  electron  and  hole 

recombine, i.e. directly from the conduction band to valence band, free excitonic states or defect 

states.  Excitons are electron-holes which by relaxing emit slightly lower energy photon than the 

band gap. In  a perfect material excitons are free and the emission from free exciton is observed. 

However, real materials have defects to which excitons can bound and emit different photons. The 

emitted photon wavelengths are depending on the defect to which they are bound.

Due to  the  difference in  the  band gap  of  various  polytypes,  they emit  light  in different 

spectral  regions. In this way polytypes can be recognized and if several of them are present the 

selected one can be analyzed. Additionally, comparing full width at half maximum of the emissions 

from bound excitons with the samples with known doping  level,  the  doping concentration in the 

new sample may be acquired [4-6]. In this thesis we were mostly interested in the excitons bound to 

aluminum and nitrogen impurities which are shallow acceptor and donor in SiC, respectively. 

In papers 1, 3 and 5 the PL characterization showed that the typical residual doping in the 

3C-SiC layer is ~1016-1017 cm-3 by nitrogen and ~1014-1015 cm-3 by aluminum, which is near the 

detection limit of the setup [6]. A typical PL spectrum of 3C-SiC is shown in figure 6.5.

Fig. 6.5. Typical LTPL spectrum of 3C-SiC.
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6.4 Structural characterizations

For  identification  of  structural  defects  in  3C-SiC two methods  were  applied:  X-ray  diffraction 

(XRD)  which  can  characterize  materials on  macro  scale  and  transmission  electron  microscopy 

(TEM), with the help of which very detailed images of specific defects can be acquired. XRD is  a 

non destructive technique which is used to examine crystalline materials. This technique is applied 

to identify materials, determine crystal structure, lattice constant and analyze material quality. Due 

to periodicity of the crystals the X-ray beams scattered from lattice planes constructively interfere 

(Fig. 6.6) when the Bragg's law is satisfied

n=2dsin , (6.1)

here  n is an integer number,  λ is wavelength,  d is lattice parameter and  θ is diffraction angle.  If 

some distortion of periodicity appears they can be observed in the acquired diffractogram. 

Fig. 6.6. Diffraction from the lattice planes.

Typically, to characterize material quality, meaning the periodicity of the atoms in the crystal 

and identify domains tilted to each other, XRD rocking curve measurements are performed. In these 

measurements the 2θ angle between an X-ray source and detector is kept constant and the sample is 

being tilted (ω angle changed). If the crystal is perfectly periodic Bragg's law is satisfied only in one 

position  and  the  acquired  rocking  curve  has  one  sharp  peak.  However,  in  real  crystals  the 

periodicity  can  be  disturbed  by defects  and the  rocking curve  becomes  broader.  In  case  when 

analyzed area is composed of domains which are tilted to each other the rocking curve will consist 
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of several peaks. Thus, the broadness or the full width at half maximum (FWHM) of the rocking 

curve is the parameter describing material quality.

In paper 1 with the XRD measurements it was shown that 3C-SiC grown directly on 6H-

SiC substrates has higher structural quality (88 arcsec) compared to the one grown on a VLS buffer 

layer (118-500 arcsec). Additionally, misorientated domains could be observed, which appear due to 

2D-nucleation nature of 3C-SiC.  In  paper 2 it was shown that 3C-SiC grown on Si-face 6H-SiC 

substrates had higher quality, however on the C-face the grown material was more uniform.

Fig. 6.7. A principal scheme of TEM.

To attain more  details  on material  structure  transmission  electron  microscopy (TEM)  is 

applied. Here, instead of light as in  an  optical microscope,  the  sample is irradiated with electron 

beam and instead of glass lenses, magnetic ones are used. The electron gun emits electrons which 

then are focused and directed to the sample with condenser lens system (Fig.  6.7).  Electrons pass 

through  the  sample  and  formation  of  the  image  or  diffraction  pattern  of  the  sample  by  using 

objective lenses is achieved. The image is displayed on a fluorescent screen  and can be recorded 

with a CCD camera. For the sample to be transparent for electrons it has to be thinned to less than 

100 nm. This is achieved by mechanical polishing and ion milling the sample. Using high resolution 

TEM (HRTEM) it is possible to resolve  material structure  and observe defects on atomic scale, 

which enables to better understand defect formation mechanisms.

In paper 1 TEM characterization of 3C-SiC samples grown directly  on 6H-SiC substrates 

53



and 6H-SiC with  a  buffer layer grown by VLS method was applied.  It was observed that main 

defects in the 3C-SiC layers were twin boundaries and stacking faults. The stacking fault density 

slightly  away  from  twin  boundaries  was  ~5x103 cm-1 for  the  layers  grown  on  6H-SiC  and 

~1x104 cm-1 for the layers grown on a buffer. At the same time, in places a distance away from the 

TBs the SFs density was below the TEM detection limit (1x103 cm-1) for all samples.

In  paper 2 the TEM characterization showed that 3C-SiC islands nucleate on defect free 

area of 6H-SiC. However, defects appear in the 3C-SiC islands.

In  paper 4 it was shown that  the transition from 6H-SiC to 3C-SiC is not abrupt and can 

proceed through polytypic transformation which consists of 6H-, 3C- 15R- and other irregular SiC 

polytype sequences. Additionally, it was possible to study four-fold twins appearing at 6H/3C-SiC 

interface, penetrating through the whole thickness of the grown layer and forming depressions at the 

surface.

6.5 Electrical characterization

To  gain knowledge of how the grown material will perform when a device is produced, from it 

electrical characterization was performed.

When a semiconductor crystal is biased, charge carriers move along the electric field until 

they  encounter  some defects  and  are  scattered.  However,  if  we place  the  same semiconductor 

material into a magnetic field (B) perpendicular to the current, the charge carriers will be forced to 

move to the sides of the sample (Fig. 6.8). This happens due to the Lorentz force (F) acting on the 

charge carrier:

 F=e v⋅B ,       (6.2)

here e is electron charge  and v is velocity of the charge carrier.  Bending of charge carrier path is 

called Hall  effect  and the potential  difference arising at  the edges  of the sample is  called Hall 

voltage.  The Hall voltage can be expressed as

V H=
−IB
ned

, (6.3)
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here  I is current passing through the sample,  n is charge carrier density and d is thickness of the 

sample. From Hall voltage measurements, carrier concentration and mobility in the material can be 

obtained. 

Fig. 6.8. The Hall effect in n-type semiconductor. Here w – width of the sample, d – sample 

thickness, B – magnetic field, I – current, VH – Hall voltage, e- - electron.

Additionally to Hall effect, magnetoresistance effect can be observed in a biased sample 

placed in a magnetic field. The magnetoresistance is an increase of a sample resistance because the 

carriers in  a  magnetic field have to travel longer distance before reaching the electric contacts. 

Typically, to measure magnetoresistance in semiconductors special geometry, called Corbino disk, 

is needed. However, magnetoresistance can also be measured in samples having Hall geometry. In 

this case Hall contacts have to be short-circuited, but no special sample geometry is needed. This 

enables measurements of Hall and magnetoresistance effects on one sample without preparing two 

different  geometry  samples  or  modifying  measurement  equipment.  Magnetoresistance  can  be 

expressed as 

Rm=1B
2 ,      (6.4)

here  μ is  carrier  mobility,  which  can  be  calculated  after  measuring  magnetoresistance.  Besides 

carrier concentration and mobility, Hall voltage and magnetoresistance measurements can be used 

for calculations of carrier activation energies, finding scattering mechanisms and other parameters 

which are very important to understand before devices will be produced from the analyzed material. 

It should be noted here, that carrier mobility and concentration obtained using these two 

methods will be similar only in homogeneous crystals.  In case of crystals with defects, especially 
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large  scale  ones  these  values  will  differ  [7]. Carrier  mobility  derived from magnetoresistance 

measurements  describes  fastest  (hot)  carriers  and  typically  the  influence  of  defects  on  the 

magnetoresistant mobility is minimal.  At the same time, parameters acquired from Hall voltage 

measurements are very  dependent on defects and determined mobility is average, thus it is more 

important for the device production.

In  paper 5 the  carrier  concentration  in  3C-SiC samples  was  calculated  from Hall  and 

magnetoresistance  measurements.  It was  very  similar  to  the one  obtained from  the 

photoluminescence measurements (~1016 cm-3). Also it was shown that the carrier mobility at room 

temperature  was  200  cm2/Vs  and  20  cm2/Vs  as  acquired  from  magnetoresistance  and  Hall 

measurements, respectively. The large difference between the values was attributed to the defects in 

the  material  which  affect  these  two measurements  in  a  different  way.  The dominant  scattering 

mechanisms were found to be scattering by neutral centers and phonons. Additionally, in paper 6 it 

was shown that twin boundaries can influence carrier mobility determined from magnetoresistance 

measurements. Depending on TBs orientation the effective carrier mobility can decrease or even 

increase.
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7. Graphene

A search  for  better  materials for  electronic  devices has  led  to discovery  of variety  of  low 

dimensional materials with advanced properties. Graphene is one of the most prominent material to 

date  with amazing properties  which could revolutionize the performance of future semiconductor 

devices. In this chapter some of the properties and most common graphene synthesis methods are 

described.

7.1 Material properties

Graphene  is  a  single  layer  of  carbon  atoms  arranged  in  a  honeycomb  lattice  structure. 

K.S. Novoselov and A.K. Geim et al., were the first ones to demonstrate its existence and some of 

its very interesting properties [1]. For this, they were awarded Nobel Prize in Physics in 2010. They 

have  produced small  flakes  (10-100  μm) of  monolayer  and few layer  graphene by exfoliating 

(repeatedly peeling) highly oriented pyrolitic graphite with a sticky tape. The exfoliated graphene 

was used to demonstrate possibility of controling doping of the material with external electric field. 

Its measured carrier mobility  was 10 000 cm2/Vs at room temperature.  Additionally, the material 

was  recognized  as  zero  gap  semiconductor  with  electrons  propagating  as  zero  effective  mass 

particles,  leading to a new wave of theoretical and experimental  findings.  In suspended graphene 

carrier mobility of 200 000 cm2/Vs at room temperature was demonstrated, showing that the most 

of the scattering  effects  in the material  are extrinsic and  originate from the substrate [2].  It was 

shown that graphene is the strongest material ever measured with Young's modulus of 1 terapascals 

and intrinsic strength of 130 gigapascals [3] meaning that graphene is 200 times stronger than steel. 

Graphene with thickness of home used plastic foil wrapping could withstand an elephant balanced 

on  a  pencil.  Thermal conductivity of suspended graphene was measured to be ~5x103 W/mK [4] 

which is higher than that of diamond or copper. Such outstanding characteristics of graphene could 

lead to development of  numerous  advanced devices: smaller and faster electronic  devices, super 

strong coatings, metallic-like electrical contacts, gas detectors and etc.
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7.2 Synthesis of graphene on SiC

To date, a number of methods exist for graphene production. The first one which can supply small 

flakes of monolayer graphene was exfoliation of graphite  using sticky tape  [1].  Other  methods 

include  deposition  of  graphene  from  solid  organic  source  [5],  carbon  containing  chemical 

precursors [6] or even organic waste [7] on SiO2,  copper  or nickel substrates.  However,  graphene 

sheets  have  to  be  transferred  on  other  substrates such as  Si,  SiO2 or  BN in order  to use  it in 

production of advanced devices. This is very delicate work and only very small sheets of graphene 

can be transferred.  For  device production a  large area  of graphene is  needed which  has  to be 

attached to the substrate for further processing. For this purpose silicon carbide can be used. When 

heated at elevated temperatures, SiC decomposes into Si and C containing species. The Si partial 

vapor pressure is the highest and it leaves the substrate faster than the carbon atoms which are left 

on the surface and may form a single or few layer graphene (Fig. 7.1). Graphene produced in this 

way does not need to be transferred to other substrates and can be used for device manufacturing. 

To date, up to 4 inch wafers of hexagonal SiC polytypes are commercially available. However, due 

to the presence of defects and particular features related to graphene growth, realization of a large 

area continuous monolayer graphene is still a problem. The largest demonstrated domain of uniform 

thickness single layer graphene was 50x50 μm2 [8]. 

Fig. 7.1. Sublimation of SiC in argon atmosphere.

There are two main methods established for the growth of graphene on SiC substrates. The 

first one is based on heating the SiC substrates in vacuum.  However, this method produces  only 

small grains of non-uniform graphene due to an enhanced SiC sublimation in vacuum [9]. Another 
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method is based on heating of SiC wafer in inert gas atmosphere. In this method, the inert gas, such 

as argon, slows down the sublimation process (Fig. 7.1). Therefore, higher temperature can be used 

leading to higher mobility of atoms on the surface.  In  this way, large  area and uniform thickness 

graphene can be prepared [10]. 

Graphene formation is very sensitive to surface quality of SiC substrates. It was shown that 

thicker graphene layers are grown on vicinal substrates [11] and substrates which contain scratches 

from imperfect polishing process  [8,12]  compared to  graphene grown smooth  on-axis  substrates. 

Additionally,  step bunching which  typically  occurs on SiC substrates  can influence formation  of 

non-uniformities in graphene thickness. Step-bunching can appear during the growth or sublimation 

processes when atomic steps on the material surface become higher than one bilayer  of SiC (Fig. 

7.2).  In  hexagonal  SiC  polytypes  the  step  bunching  appears  due  to  differences  in energies  of 

bilayers [13]. 

Fig. 7.2. Step-bunching appearance on the SiC surface.

In paper 7 monolayer graphene was grown on several SiC polytypes by annealing at high 

temperature in Ar atmosphere.  The highest uniformity of the monolayer graphene was grown on 

6H- and 3C-SiC surfaces. It was also shown that growth of graphene is influenced by step bunching 

which differs depending on the SiC polytype.
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8. Summary of the Papers

Paper 1

Effect of initial substrate conditions on growth of cubic silicon carbide

In this work,  growth of cubic  SiC using sublimation epitaxy process  was studied.  The polytype 

stability  question was tackled by growing 3C-SiC on differently prepared substrates.  The 6H-SiC 

substrates were prepared in following ways: (i) re-polished substrate to minimize surface roughness 

which was compared with (ii) as-received substrate (standard polishing), (iii) annealed and covered 

by silicon layer, and finally (iv) substrate with 3C-SiC (111) buffer layer, grown by VLS method. 

There  was  no  substantial  difference  between  3C-SiC  grown  on  re-polished  and  as  received 

substrates because of the homoepitaxial 6H-SiC layer growth during the temperature ramp-up stage.

The  best  results  in  terms  of  coverage  of  the  substrate  by  3C-SiC were achieved  when 

growing on buffer layer due to enhanced homoepitaxial growth. However, material characterization 

by XRD revealed lower structural quality of 3C-SiC grown on buffer layer compared to the one on 

6H-SiC substrates (Fig. 8.1). From the TEM characterization it was identified that higher density of 

defects was present in VLS grown buffer layer which then propagated into the grown layer.

Fig. 8.1. XRD ω-rocking curve of 3C-SiC, grown on 6H-SiC and buffer layer.
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Paper 2

Nucleation control of cubic silicon carbide on 6H- substrates

In this study initial growth on 6H-SiC substrates was analyzed. Two different cases were observed: 

(i) the initial homoepitaxial growth of 6H- SiC followed by nucleation of 3C-SiC and (ii) nucleation 

of homoepitaxial 6H-SiC islands. In the first case, which appeared at high Si/C ratio, we observed 

that at  low temperature and supersaturation,  growth  starts  with homoepitaxial 6H-SiC in spiral 

growth mode, which prepares the surface for 3C-SiC nucleation.  When the growth temperature is 

increased  the supersaturation  becomes  high enough and the 3C-SiC nucleates as two-dimensional 

islands on  step  terraces of the homoepitaxial  6H-SiC.  Further increase in temperature results in 

higher coverage by 3C-SiC (Fig. 8.2). However, in the second case, when the Si/C ratio is decreased 

the 6H-SiC can nucleate in 2D-nucleation mode and the 3C-SiC does not  form.  Structural study 

using TEM indicated that the 3C-SiC began to grow on defect free surfaces. 

From the experimental  results and modeling of the supersaturation ratio, we show that the 

growth  parameter  window  for  3C-SiC  is  rather  narrow  (growth  temperature  1700-1800oC, 

temperature  gradient  ~17oC/cm  and  high  Si/C  ratio).  Deviation  from  it  lowers  the  substrate 

coverage by 3C-SiC and can result in 6H-SiC growth in spiral or 2D-nucleation mode.

Fig. 8.2. Coverage of the substrate by different polytypes of SiC at different temperatures.

62



Paper 3

Cubic SiC formation on the C-face of 6H-SiC (0001) substrates

In this paper,  6H-SiC, C-face  polished substrates were used for further elaboration of the 3C-SiC 

nucleation  and  subsequent  growth.  Due  to  the  lower  surface  free  energy  on  the  C-face  the 

nucleation  is  uniform,  resulting  in  uniform  twin  boundary  distribution  in  the  grown  layer.  

Therefore,  more uniform material quality over the sample compared to 3C-SiC grown on Si-face 

can be achieved. 

The new type of defects, pits, their formation and evolution on the C-face is presented. The 

6H-SiC spirals  cause  formation  of  the pits  in  the  3C-SiC layer  (Fig.  8.3).  The  spirals are  not 

overgrown due to higher surface diffusion length of adatoms on the C-face which results in lower 

supersaturation ratio, compared to the Si-face, where most of the 6H-SiC spirals are overgrown.

 Unintentional doping by nitrogen is higher on the C-face, and aluminum doping higher on 

the Si-face, similarly to hexagonal polytypes. This indicates that the difference in doping depends 

not on polytype, but only on polar faces.

Fig. 8.3. 6H-SiC spiral in the pit formed in the 3C-SiC layer.
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Paper 4

Polytype transformation and structural characteristics of 3C-SiC on 

6H-SiC substrates

This study is aimed at revealing the microstructure of defects appearing during growth of 3C-SiC 

on 6H-SiC and understanding the polytype transformation phase.  Understanding defect formation 

and  the  relation  of  their microstructure  evolvement  to polytype  stability  is  a  prerequisite  for 

improvement of  3C-SiC  material.  The  main  investigation  tool  was transmission  electron 

microscopy, while the growth was performed by sublimation epitaxy.

We  have  observed  that  the  3C-SiC  structure  evolution  undergoes  a gradual  polytype 

transformation  (Fig.  8.4a) in  two different  manners  depending on the  direction of the polytype 

interfaces.  This  is  accompanied  by  generation  of  extended  defects  such  as  various  polytype 

stacking, nanotwins, stacking faults and dislocations.

Particular defects that originate from the growth interface are four-fold twins. These defects 

nucleate  at  the  6H-/3C-SiC  interface  and  propagate  through  the  whole  3C-SiC  layer  causing 

depressions to appear at the surface (Fig. 8.4b).

Fig. 8.4. (a) Polytype transition zone, (b) four-fold twin propagation through the layer and 

formation of depressions at the surface.
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Paper 5

Impact of extended defects on Hall and magnetoresistivity effects in 

cubic silicon carbide

Hall and magnetoresistance characterization of the 3C-SiC was applied in order to analyze electrical 

properties of the material and to understand influence of extended defects on these properties. The 

main scattering mechanisms were found to be scattering by neutral impurities at low temperature 

and by phonons at higher temperature.  The extended defects, such as 6H-SiC inclusions, stacking 

faults and twin boundaries act as neutral scattering centers and substantially lower carrier mobility 

acquired from Hall measurements while magnetoresistance mobility is affected less (Fig. 8.5). From 

the  difference  in  carrier  mobilities  a  model  was  suggested  which  quantitatively  describes  the 

volume of the samples influenced by extended defects.

The  carrier  concentration  in  the  range  of  1016 cm-3 was  acquired  from  electrical 

measurements,  which corresponds to  the concentration of  residual  doping by nitrogen acquired 

from photoluminescence measurements. 

Fig. 8.5. Hall and magnetoresistance mobility for different samples. Sample A and sample B/w are 

free standing 3C-SiC. Sample B is with 6H-SiC substrate.
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Paper 6

Influence of twin boundary orientation on magnetoresistivity effect in 

free standing 3C-SiC 

The manuscript describes electrical characterization of free standing bulk-like 3C-SiC grown by 

sublimation  epitaxy.  The  3C-SiC  samples  with  different  orientation  of  twin  boundaries  were 

prepared by growing the material on on-axis and slightly of axis 6H-SiC substrates.

We have  shown that  carrier  mobility  derived  from the  magnetoresistance  effect  can  be 

increased  or  decreased  depending  on  the  orientation  of twin  boundaries  (Fig.  8.6a).  This 

phenomenon appears due to the specific structure of twin boundaries. The depressions appearing at 

twin boundaries  are  acting as  additional  barriers  for  charge carriers  in  the  magnetic  field.  The 

additional barriers cause charge carriers to be trapped when TBs are parallel (Fig. 6.8b) or bend less 

when TBs are perpendicular to the current flow (Fig. 6.8c).

 

Fig. 8.6.  MR mobility vs. temperature for samples: c – parallel; e – perpendicular; g - low TB 

density and conductivity vs. reciprocal temperature. (b) MR effect enhancement when TBs are 

parallel; (c) suppression when TBs are perpendicular. A solid arrow represents path of electron (e-) 

without a magnetic field, dotted arrow – e- path in a magnetic field, when TB are not present, 

dashed arrows – e- path in a magnetic field when TBs are present, dashed lines – difference in path 

length with and without TBs.
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Paper 7

Growth of quality graphene on cubic silicon carbide

In  this  paper  synthesis  of  graphene  on  cubic  and  hexagonal  SiC  substrates  was  studied.  The 

graphene was produced by annealing SiC wafer in argon atmosphere.  The  single crystal  3C-SiC 

substrates  are  not  commercially  available,  therefore 3C-SiC layers  were grown by sublimation 

epitaxy on 6H-SiC and on VLS buffer layer. 

From the LEEM images of 4H-SiC, 6H-SiC and 3C-SiC (fig. 8.7) we can observe that the 

most uniform monolayer graphene was grown on  home grown  3C-SiC and  commercial  6H-SiC 

substrates. The differences in graphene uniformity were attributed to step-bunching which appears 

differently on each polytype.

Graphene layers were more uniform  when using polished  3C-SiC  due to less pronounced 

step bunching process and more uniform sublimation process.

Fig. 8.7. LEEM image (field of view 50 μm) of graphene layers grown on (a) 4H-SiC, (b) 6H-SiC 

and (c) 3C-SiC substrates. Lighter gray color represents single layer graphene, darker - two layers 

and very dark (only image (c)) – three layers of graphene.
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9. Prospects

During the time of my PhD studies a number of scientific issues have been investigated. Most of the 

results have been published. Nevertheless, further studies can continue the work and explore new 

findings.

As it  was  shown in  paper 1-3 homoepitaxial  growth of  6H-SiC always appears  before 

nucleation  of  3C-SiC.  Thus,  it  would  be  interesting  to  study  in  more  detail  the growth  of 

homoepitaxial 6H-SiC on on-axis substrates at conditions where 3C-SiC does nucleate. This would 

enable to avoid basal plane dislocations to propagate into the grown layer  and electronic device 

degradation.

Less  explored,  C-face  causes  more  uniform  nucleation  (paper  3)  that may  be  more 

promising  for  3C-SiC growth.  However, one  has  to  find  a  way to  maintain  nucleation  rate  at 

optimal level to avoid twin boundary formation.

It was shown in paper 6 that the twin boundaries can be arranged in certain direction when 

growing on low off-axis (~1 deg) 6H-SiC substrates. Further studies are needed here, and probably 

not only direction, but also density of twin boundaries could be controlled.
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