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ABSTRACT
Silicon carbide (SiC) is regarded as an important semiconductor for a variety of applications
including high-temperature, high-power and high-frequency devices. The most common
polytypes of SiC are hexagonal (4H- or 6H-SiC) and cubic silicon carbide (3C-SiC), which
differ from each other by the ordering of the Si–C bilayers along the c-axis crystal direction.
Among different polytypes of SiC, 3C-SiC has attracted specific interest due to its prominent
properties such as high electron mobility and low interface trap density in MOSFET devices.
Moreover, with a relatively small bandgap of 2.36 eV and suitable conduction and valence band
positions, 3C-SiC has also been considered as a promising material for solar water splitting
application, which provides a completely renewable approach to convert solar energy into
storable hydrogen fuel. However, the growth of high-quality 3C-SiC remains a great challenge
for decades.
Graphene, a single layer of sp2-bonded carbon atoms, has shown outstanding electronic
properties and becomes the most promising candidate for next-generation electronic and
optoelectronic devices. Epitaxial growth of graphene on SiC substrates by sublimation of Si
from SiC provides a feasible route to fabricate wafer-scale device-quality graphene. The most
advantage of this method is that a variety of devices can be processed directly on graphene/SiC
without any transfer process, which is needed in the case of graphene produced by exfoliation
or CVD on metals. During past years, the growth of monolayer (ML) graphene on hexagonal
SiC (6H-SiC, 4H-SiC) substrates has been extensively studied. However, it is challenging to
grow large-area and uniform multilayer graphene on hexagonal SiC substrates due to the stepbunching issue during the sublimation growth.
Multilayer graphene has recently attracted great interest due to its tunable electronic
properties for various electronic and optoelectronic applications. It has been shown that the
electronic properties of multilayer graphene are strongly influenced by its stacking sequence.
In particular, the rhombohedral stacking sequence (ABC stacking) has shown its potential to
introduce a flat band energy dispersion at the K points of the Brillouin zone, which would result
in many exotic phases of matter such as superconductivity. Among various SiC polytypes, 3CSiC is predicted to be the most suitable substrate for the epitaxial growth of rhombohedral
multilayer graphene.
This thesis work mainly covers the sublimation growth of high-quality Si-face and C-face
3C-SiC on off-oriented 4H-SiC, exploring the proper parameter window for the growth of
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homogeneous graphene layers ranging from monolayer to multilayer on Si-face off-oriented
3C-SiC and the growth of graphene on C-face 3C-SiC, as well as the characterizations on 3CSiC and graphene. Moreover, as a proof of concept, photoelectrochemical (PEC) water splitting
cells based on the Si-face and C-face 3C-SiC have been fabricated to study the conversion of
solar energy into chemical fuel, hydrogen.
Firstly, the high-quality bulk-like Si-face and C-face 3C-SiC(111) were grown on 4degree off-oriented 4H-SiC substrates by the sublimation epitaxy technique. The C-face sample
exhibited a smoother surface with a step height of one-unit cell without the step bunching. In
contrast, the Si-face 3C-SiC showed larger steps with a height of two-unit cells of 3C-SiC due
to the pronounced step bunching. The cross-sectional studies showed that C-face 3C-SiC
exhibited less polytype-transition layer than the Si-face sample. This would help the lateral
enlargement of 3C-SiC domains. We also demonstrated that the crystalline quality of C-face
3C-SiC was comparable to the Si-face sample.
Secondly, we systematically studied the growth of monolayer and multilayer graphene on
off-axis 3C-SiC(111). Taking advantage of the synergistic effect of periodic SiC step edges as
graphene nucleation sites and the unique thermal decomposition energy of 3C-SiC steps, we
demonstrated that the step bunching was fully eliminated during graphene growth on Si-face
3C-SiC and large-area monolayer, bilayer, and four-layer graphene were controllably obtained
on high-quality off-axis Si-face 3C-SiC(111). The growth of uniform four-layer graphene over
areas of tens of square micrometers was demonstrated. The electronic structures of multilayer
graphene with different stacking sequences were systematically studied by experimental and
theoretical analysis. It was demonstrated that the four-layer graphene exhibited rhombohedral
stacking sequence, which introduced a flat band near the Fermi level. Moreover, the flat-band
width and bandgap can be tuned by the interlayer spacing of graphene. In contrast, graphene
layers grown on the off-axis C-face 3C-SiC(1̅1̅1̅) showed 1ML to 4ML graphene domains with
large-area coverage over several of square micrometers and there was no buffer layer
underneath. The low energy electron diffraction pattern collected on the monolayer graphene
domain demonstrated four sets of graphene (1  1) spots, indicating the existence of rotational
disorders within the monolayer graphene. To compare with graphene growth on the off-oriented
3C-SiC, the growth of graphene on off-oriented 4H-SiC epilayers was also explored. The 4HSiC epilayers were first grown on 4-degree off-oriented 4H-SiC substrates and periodically
inclined step facets in-between terraces were induced on 4H-SiC epilayers due to the
pronounced step bunching. The graphene grown on such step-structured surface of off-oriented
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4H-SiC showed that the terraces were mainly covered by monolayer graphene and the buffer
layer underneath it while on the step facets, graphene was strongly buckled and appeared to be
largely decoupled from the surface.
Finally, the PEC water splitting performance based on the Si-face and C-face 3C-SiC was
systematically studied. It was found that the SiC surface polarity played an important role in
the PEC performance. The influence of both Si-face and C-face on surface proton transfer was
investigated. It was demonstrated that the Si-face SiC was more energy-favorable, thus making
oxygen evolution reaction operate at a very low overpotential. Furthermore, the PEC watersplitting performance was significantly enhanced by using NiO/3C-SiC p-n junction as a
photoanode. A high photovoltage of 1.0 V, a photocurrent density of 1.01 mA/cm-2 at 0.55 V
versus reversible hydrogen electrode (VRHE), a low onset potential of 0.20 VRHE and a high fill
factor of 57% were demonstrated in the PEC water splitting cell under AM1.5G 100 mW cm -2
illumination.
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POPULÄRVETENSKAPLIG SAMMANFATTNING
Kiselkarbid (SiC) anses som en viktig halvledare för en rad olika tillämpningar som inkluderar
användning vid hög temperatur, hög effekt och höga frekvenser. De vanligaste polytyperna av
kiselkarbid är hexagonal (4H- eller 6H-SiC) och kubisk kiselkarbid (3C-SiC), de skiljer sig från
varandra genom hur bilager av Si och C ordnas i kristallriktningen längs med c-axeln. Bland de
olika polytyperna har 3C-SiC lockat specifikt intresse genom sina attraktiva egenskaper som
hög elektronmobilitet och låg densitet av gränssnittsfällor i MOSFET-komponenter. Vidare gör
det relativt låga bandgapet på 2.36 eV och lämpliga positioner av valens- och ledningsband att
3C-SiC även anses som ett lovande material för soltillämpningar inom vattendelning, vilket
medger ett helt förnybart sätt att omvandla solenergi till lagringsbar vätgasbränsle. Emellertid
kvarstår tillväxt av högkvalitativ 3C-SiC som en utmaning sedan årtionden.
Grafen, ett enkelt lager av sp2-bundna kolatomer, uppvisat enastående elektroniska
egenskaper och blivit den mest lovande kandidaten för nästa generation elektroniska och
optoelektroniska komponenter. Epitaxiell tillväxt av grafen på kiselkarbidsubstrat genom
sublimation av kisel från kiselkarbid ger en görlig väg för att producera komponentkvalitet av
grafen i waferstorlek. Den främsta fördelen av denna metod är att flera typer av komponenter
kan processas direkt på grafen/SiC utan en överföringsprocess, vilket är behövligt för grafen
framställd genom exfoliering eller CVD på metaller. Under de senaste åren har omfattande
studier gjorts kring framställning av monolager (ML) av grafen på hexagonala substrat av SiC
(6H-SiC, 4H-SiC). Dock så är det utmanande att växa multilager av grafen på hexagonal
kiselkarbid uniformt över stor yta på grund av anhopning av steg under sublimationstillväxten.
Multilager-grafen har nyligen lockat stort intresse på grund av möjligheten att justera
elektroniska egenskaper för olika elektroniska och optoelektroniska tillämpningar. Det är visat
att

de

elektroniska

egenskaperna

av

multilager

av

grafen

påverkas

starkt

av

stackningssekvensen. Särskilt har den romboedriska stackningssekvensen (ABC stackning)
uppvisat sin potential att introducera flatbandsenergidispersion vid K-punkter i Brillouinzonen,
vilket skulle resultera i flertal exotiska materialfaser som exempelvis supraledning. Av de olika
kiselkarbidpolytyperna är 3C-SiC förutspådd att vara det mest lämpliga substratet för epitaxiell
tillväxt av romboedrisk multilager av grafen.
Avhandlingens arbete täcker främst sublimationstillväxt av högkvalitativ kisel- och
kolyta av 3C-SiC på vinklad yta av 4H-SiC, undersöker lämpligt fönster av parametrar för
tillväxt av homogena grafenlager, som sträcker sig från monolager till multilager, på kiselsidan
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av 3C-SiC med vinklade ytor, och tillväxt av grafen på kolsidan av 3C-SiC, som såväl
karakterisering av 3C-SiC och grafen. Vidare, som bevisning av koncept, har
fotoelektrokemiska (PEC) vattendelningsceller baserat på kisel-och kolsidan av 3C-SiC
tillverkats för att studera konversion av solenergi till kemiskt bränsle (vätgas).
För det första har högkvalitativ bulkliknande kisel- och kolsida av 3C-SiC(111)
framställts på 4 graders vinklad yta av 4H-SiC substrat genom sublimationsepitaxiteknik.
Prover med kolsida uppvisade en mer slät yta med en steghöjd av en enhetscell utan
steganhopning. Jämförelsevis uppvisade kiselsidan av 3C-SiC större steg med en höjd av två
enhetsceller

av

3C-SiC

på

grund

av

den

mer

markanta

steganhopningen.

Genomskärningsstudier visade att kolsida av 3C-SiC hade snävare polytypövergång än
kiselsidan. Detta skulle kunna bidra till lateral expansion av 3C-SiC domäner. Vi har även
demonstrerat att den kristallina kvaliteten av materialbitar med kolsida 3C-SiC var jämförbar
med den för kiselsida.
För det andra studerade vi systematiskt tillväxt av monolager och multilager av grafen på
vinklade ytor av 3C-SiC (111). Genom att nyttja fördelen av den synergistiska effekten av
periodiska stegkanter i kiselkarbid och den unika termiska dekompositionsenergin för steg i
3C-SiC har vi demonstrerat att anhopning av steg blev helt eliminerad under grafentillväxt på
kiselsidan av 3C-SiC och monolager, bilager och fyralager av grafen erhölls på ett kontrollerat
sätt på högkvalitativ vinklad yta på kiselsida av 3C-SiC(111). Tillväxt av uniform fyralagersgrafen över area på tiotals kvadratmillimeter har uppvisats. Den elektroniska strukturen av
multilager-grafen beroende på stackningssekvensen studerades

systematiskt

genom

experimentell och teoretisk analys. Arbetet demonstrerade att fyralager av grafen uppvisade
romboedrisk stackningssekvens, vilket introducerade ett flatband nära Ferminivån. Dessutom
kan bandgapet och flatbandets bredd ställas in genom att variera mellanrummet av gränslager i
grafen. Som kontrast visar grafen framställd på kolsidan av vinklad yta av 3C-SiC(1̅1̅1̅) en till
fyra ML av grafendomäner som täckte stora ytor över flera kvadratmikrometer och det fanns
inget bufferlager under. Diffraktionsmönstret av lågenergielektroner på enlager av
grafendomäner visade fyra uppsättningar av (1  1) punkter, vilket indikerar existens av
roterande oordning innanför monolagergrafen. Vidare undersöktes tillväxt av grafen på
ytvinklad 4H-SiC epilager för jämförelse med 3C-SiC. 4H-SiC epilager framställdes på 4
graders 4H-SiC substrat och inducerade periodiska sluttande facetter av steg mellan terasser på
grund av makrosteganhopning. Grafen framställd på sådana stegstrukturer av ytvinklad 4H-SiC
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visade att terasserna främst täcktes av monolager av grafen och dess bufferlager, medan grafen
på facetterna var starkt bucklig och till synes frikopplad från kiselkarbidytan.
Slutligen studerades systematiskt PEC vattendelningsprestandan baserat på kisel- och
kolsidan av 3C-SiC. Arbetet upptäckte att polariteten av kiselkarbidytan spelar en stor roll för
PEC prestandan. Påverkan av både kisel- och kolsidan på ytans protonövergång undersöktes.
Studien visade att kiselsidan av SiC är mer energetisk gynnsam, och gjorde att
syreutvecklingsreaktionen fungerar vid väldigt låg överpotential. Vidare ökade PEC
vattendelningsprestandan signifikant genom att använda NiO/3C-SiC p-n övergång som
fotoanod. Studien demonstrerade en hög fotospänning på 1.0 V, en fotoströmdensitet på 1.01
mA/cm-2 vid 0.55 V mot reversibel väte-elektrod (VRHE), en låg startpotential av 0.20 VRHE och
en hög fyllnadsfaktor på 57% i PEC vattendelningscellen under AM1.5G 100 mW cm -2
belysning.
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PREFACE
The studies were carried out in the Semiconductor Materials Division at the Department of
Physics, Chemistry, and Biology (IFM) in Linköping University (LiU) from September 2015
to September 2019. This thesis contains two parts: the first part gives a brief introduction to the
research field and the second part provides the main results summarized in seven articles.
The main aim of this thesis was to grow high crystalline quality Si-face and C-face 3CSiC on off-axis 4H-SiC substrates, to explore the growth of homogeneous graphene layers on
both faces of off-axis 3C-SiC and study the electronic properties of graphene layers. The work
also covers the investigation on solar water splitting performance of the Si-face and C-face 3CSiC and the performance based on the catalyst/3C-SiC photoanode.
This thesis work was mainly supported by The Swedish Research Council
(Vetenskapsrådet, Grant No. 621-2014-5461; 2018-04670), The Swedish Research Council
for Environment, Agricultural Sciences and Spatial Planning (FORMAS, Grant No. 201600559), The Swedish Foundation for International Cooperation in Research and Higher
Education (STINT, Grant No. CH2016-6722), The ÅForsk foundation (Grant No. 16-399), and
The Stiftelsen Olle Engkvist Byggmästare (Grant No. 189-0243).
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1.

Silicon carbide

1.1. Development history of silicon carbide
In 1824, Jöns Jakob Berzerius first prepared silicon carbide (SiC) from the reduction
process of silicon potassium fluoride. At the end of the 19th century, Paul Schuetzenberger,
Henri Moissan, and Edward Goodrich Acheson studied the synthesis conditions of silicon
carbide. One of the things that should be specially noted is the work of Acheson, precisely
because he created an industrial method of producing silicon carbide, which led to the use of
silicon carbide as a commercial artificial abrasive.
In 1893, Acheson's patent "Silicon Carbide, SIC" was published. The patent proposes an
industrial method of reacting silicon dioxide and carbon with adding salt to produce silicon
carbide in a carbon furnace. This method is known as the Acheson method, and this resistance
furnace is called the Acheson furnace.
The earliest use of silicon carbide was in abrasives, which were subsequently used in
electronic devices. In the early twentieth century, SiC was used as a detector in the firstgeneration radars. In 1907, Marconi’s employee, Henry Joseph Round, observed yellow, green,
and orange light on the cathode by applying a certain voltage to the silicon carbide crystal,
resulting in the first light-emitting diode of the world [1]. These experimental results were later
confirmed by Soviet scientist Oleg Losheev in 1923. In 1955, there was a major breakthrough
in theory and technology, “Lely method” proposed a concept of “sublimation of SiC powder at
high temperatures and nucleation of SiC crystals simultaneously on the inner walls of a
container”, and since then SiC has been used as an important electronic material. In 1987, the
silicon carbide production line was established with the research results of Cree Research Inc.,
and the suppliers began to provide commercial silicon carbide wafers. So far, the processing in
the growth of SiC and the fabrication of SiC-based electronic devices has been significantly
accelerated due to the commercially available SiC substrates.

1.2. Crystal structure of SiC
Silicon carbide is a wide bandgap semiconductor and compound of silicon and carbon
atoms. The building block of SiC is a tetrahedron that can be constructed by either a silicon
atom bonded to four carbon atoms or a carbon atom bonded to four Si-atoms, as shown in Fig.
1.1. The bond length between Si and C is 1.89 Å and the bond length between two Si or C atoms
is 3.08 Å. Two polar faces, which are denoted as the Si-face and C-face, will be obtained when
1

cleaving the crystal perpendicular to the c-axis. The Si-C bonds are 88% covalent and 12%
ionic. Since SiC has a series of polytypes with similar crystal structures, making it has the
characteristics of polymorphism. There are about 250 crystal forms in silicon carbide. The
crystal structure of these polymorphs can be considered as a result of laminating a plurality of
specific two-dimensional structures in different stacking sequences, so that these polytypes
have the same chemical composition and the same two-dimensional structure, but their threedimensional structures are different.

Figure 1.1. The tetrahedron building block of SiC. (a) a silicon atom bonded to four carbon atoms.
(b) a carbon atom bonded to four Si-atoms.

There are three routes to stack the tetrahedrons, expressed as A, B, and C. The stacking
sequences for the most commonly used SiC polytypes, 4H-, 6H- and 3C-SiC are shown in Fig.
1.2. The stacking sequence is ABCB and ABCACB for 4H and 6H-SiC, respectively. For 3CSiC, the stacking sequence is a repeat of ABC.

Figure 1.2. The stacking sequence of three most commonly used SiC polytypes

Different SiC polytypes possess various material properties, as displayed in Table 1. For
example, 6H- and 4H-SiC stacked in hexagonal structure have a wider bandgap of 3.05 and
2

3.23 eV, respectively, compared to the cubic structure with a bandgap of 2.36 eV. Different SiC
polytypes can be used in different research fields and practical applications due to various
bandgaps and other material properties.
Table 1. Material properties of three most commonly used SiC polytypes [2, 3].
polytype

6H-SiC

4H-SiC

3C-SiC

Crystal structure

Hexagonal

Hexagonal

Cubic

Bandgap (eV)

3.05

3.23

2.36

Lattice constant
(Å)

a = 3.081
c = 15.12

a = 3.073
c = 10.053

4.3596

Density (g/cm3)

3.21

3.21

3.21

1.3. Physical and electrical properties of SiC
SiC has many superior physical properties. Using contemporary method, high-quality
SiC-based ceramics have been developed in industrial-grade. These ceramics have outstanding
properties including high strength, high hardness, large elasticity modulus, large thermal shock
resistance, superior thermal conductivity, good chemical inertness, small thermal expansion,
and so on. These high-strength, long-lasting ceramics are used in a wide range of applications,
e.g. automotive brakes and clutches, as well as ceramic panels embedded in bulletproof vests.
Table 2. Electrical properties of SiC polytypes and other widely used semiconductors [3-6].
Semiconductors
Thermal
conductivity
(W·cm-1·K-1)
Breakdown electric
field (MV·cm-1)

Si
1.3-1.5

GaAs
0.46

GaN
1.3

6H-SiC
3.0-5.0

4H-SiC
3.0-5.0

3C-SiC
3.0-5.0

0.3

0.4

3.3

3.05

3.23

2.36

Electron mobility
(cm2·V-1·s-1)

1350

8500

900

600

460

1000

Hole mobility
(cm2·V-1·s-1)

450

330

200

95

120

320

1.0

2.0

1.5

2.0

2.2

2.7

Electron saturated
drift velocity
(107· cm·s-1)

SiC also has outstanding electrical properties among a variety of semiconductor materials,
a comparison is displayed in Table 2. Why are power electronic components made by SiC so
attractive? One reason is that SiC polytypes have higher breakdown electric field because of
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their wider bandgaps, resulting in their doping density is almost a hundred times higher than
that of silicon-based devices at a certain blocking voltage. This allows a high blocking voltage
to be achieved with a low on-resistance. Small on-resistance is critical for high-power devices
because less heat is generated when the on-resistance is reduced, giving rise to a reduced system
thermal load and increased overall efficiency. This makes SiC a suitable material for power
devices Schottky diodes (also known as Schottky barrier diodes, or SBD), J-type FETs (or
JFETs), and metal-oxide-semiconductor field effect transistors (MOSFETs). SiC is also utilized
in semiconductor electronic devices that operate in high temperature and/or high voltage
environments, such as flame igniters, resistive heating elements, and electronic components in
harsh environments.

1.4. Potential applications of 3C-SiC
3C-SiC has the advantage for the production of metal-oxide-semiconductor-field-effecttransistors (MOSFETs). The reason is that 3C-SiC has a narrower bandgap compared to 4H- or
6H-SiC. This allows that the highest density of states of 3C-SiC is located in the conduction
band and do not influence on the transport properties. Growing 3C-SiC epilayer on the C-face
hexagonal SiC has been considered to obtain 2DEG due to its positive polarization charge on
the C-face 3C-SiC/6H-SiC [7]. A two-dimensional electron gas (2DEG) is one of the key parts
for the application of MOSFETs and high electron mobility transistors (HEMTs). Quantum
confinement and coherence effect in a 2DEG has been achieved as well in a C-face 3C/6H-SiC
hetero-structure [8]. This reveals the potential of the C-face 3C-SiC for the fabrication of
MOSFETs and HEMTs.
3C-SiC can be also employed as the substrate for the epitaxial growth of graphene. The
Si-face 3C-SiC is a proper substrate for the growth of large-area homogeneous graphene,
particularly, multilayer graphene [9, 10]. In addition, the electronic band structure of graphene
epilayer grown on the C-face SiC are very different from that on Si-face [11-13], which
considerably fascinates so much discussion. For example, graphene grown on the C-face 4Hor 6H-SiC exhibits higher mobility factors over that on the Si-face at room temperature [14].
In recent years, 3C-SiC has been considered as a promising material for promoting
renewable energy applications such as solar-driven water splitting [15]. 3C-SiC has a proper
bandgap which can absorb the large-range spectrum of visible light and meet the theoretical
minimum value that can drive the water splitting. It also has good material durability and proper
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band edges that straddle water redox potentials. The details for the water-splitting application
based on 3C-SiC will be discussed in Chapter 3.
3C-SiC could be also used for biosensors, solar cells and other semiconductor electronic
and optoelectronic devices [16-18].

1.5. Defects in 3C-SiC
Double positioning boundaries (DPBs) are the most commonly observed defects in 3CSiC grown on hexagonal SiC. The DPB is a fundamental problem and ascribed to the fact that
3C-SiC has two types of stacking sequence with a 60° rotational change (i.e. ABC and CBA).
Since DPBs can be seen as cracks, they can strongly affect the electronic properties of the
crystal and so that giving rise to the poor behavior of electronic devices due to bad contacts.
DPBs have two types in the case of growing 3C-SiC on hexagonal SiC, which were denoted as
“open” and “closed”, as proposed previously [19]. The “Open” type means that the generated
DPBs inside the crystal are enlarged to the surface. While the “closed” type is that the DPBs
are gradually narrowed from the inside of the crystal to its surface. Therefore, from the side
view of the crystal, the “open” and “closed” DPBs are present in “V” shape and inverted “V”
shape, respectively. DPB is one of the main obstacles that need to be solved for obtaining highquality crystals and electronic applications.
Stacking faults (SFs) are structural defects that always form because of their low
formation energies [20]. SFs can be divided into intrinsic and extrinsic generally. The intrinsic
SF is formed when a Si-C bilayer is misaligned within the stacking sequence of an ideal SiC
crystal. Such a case may occur due to the excess of vacancies or plastic glide caused by shear
stress in the crystal. The extrinsic SF can be characterized by a new Si-C bilayer is inserted into
an ideal stacking sequence due to excess of interstitial atoms in the crystal.
The polytype inclusion is another issue in the growth of 3C-SiC on hexagonal SiC. It
originates from the nucleation instability of 3C-SiC. The 4H-SiC or 6H-SiC inclusions on the
surface would impede the step-flow growth of 3C-SiC, as a result, 3C-SiC cannot cover the
whole surface to form a single-crystal domain. In addition, the boundaries between 3C-SiC and
other polytype inclusions can dramatically degrade the material performance. The instability
can be related to many growth parameters such as the concentration of impurities, Si/C ratio,
the off-cut angle, the polar face of the substrate, growth temperature, native defects and so on.

5

1.6. Growth of 3C-SiC on Si wafers
Silicon wafers have been widely used for growing 3C-SiC epitaxially. However, using
this method, 3C-SiC has a lower crystalline quality compared to its hexagonal counterparts.
Due to 20% lattice constant mismatch and 8% thermal expansion coefficient mismatch in the
3C-SiC/Si material system, large residual stress and a large number of defects are generated in
the growth of 3C-SiC on Si wafers by chemical vapor deposition (CVD) method [21]. A buffer
layer of SiC on Si substrates was introduced so as to improve the crystalline quality of 3C-SiC
[22]. However, the quality of SiC on Si wafers is still far away from the production of
commercial devices [23]. Using SiC hexagonal polytypes as the substrate for the growth of 3CSiC is an efficient way to solve the mismatch problem. The in-plane lattice mismatch between
3C-SiC and its hexagonal counterparts is below 0.1% and they have similar thermal expansion
coefficient and chemical compatibility as well.

1.7. Growth of Si-face 3C-SiC(111) on hexagonal SiC
Nominally on-axis hexagonal SiC was commonly used as substrates for the growth of
3C-SiC epilayers via two-dimensional nucleation [24, 25]. Nevertheless, it is particularly
difficult to control the nucleation of 3C-SiC domains in this case and the reproducibility of high
crystalline quality single-domain 3C-SiC is very poor.
In order to obtain 3C-SiC over a larger domain, using off-axis hexagonal SiC substrate is
another choice and achievable under certain growth conditions by sublimation [26]. Most
recently, it has been verified that a high-quality 3C-SiC can be grown on off-oriented 4H-SiC
substrates through a growth mechanism of lateral enlargement in the sublimation system [27].
Particularly, even a single domain 3C-SiC could be obtained using this method [19].
In this thesis work, we grew both Si-face and C-face 3C-SiC on the 4-degree off-axis Siface and C-face 4H-SiC substrates. In particular, large-area single domain C-face 3C-SiC
crystals were grown by the sublimation technique. Furthermore, the growth of graphene on both
Si-face and C-face off-oriented 3C-SiC was systematically studied (Paper 1). We also
demonstrate that these materials have promising properties for the application of hydrogen
generation from solar-driven water splitting (Paper 6).

6

̅) on hexagonal SiC
1.8. Growth of C-face 3C-SiC(𝟏̅ 𝟏̅ 𝟏
So far, since a lack of systematic studies, the production of C-face 3C-SiC crystals is still
fairly poor and challenging, enables us to grow C-face 3C-SiC imperatively. However, it is
quite difficult to control 3C-SiC formation on C-face hexagonal substrates.
Different methods including CVD, vapor-liquid-solid (VLS), and sublimation have been
used for the growth of C-face 3C-SiC as well. An early stage of 3C-SiC nucleation and islands
enlargement on a C-face 6H-SiC substrate was studied using VLS method, but the surface
contains a large density of DPBs due to a high density of 3C-SiC nucleation sites [28]. Many
studies have tried to suppress DPBs by optimizing some factors such as the concentration of
source-gas, C/Si ratio, temperature, and surface etching [29, 30]. However, their achievements
were not remarkable. Alternatively, sublimation is a promising method that can provide a
proper condition at high temperature to govern the growth of 3C-SiC. The DPBs present as well
in the case of growing 3C-SiC on on-axis Si-face substrates via sublimation technique [24].
Since we have obtained relatively high-quality and single domain 3C-SiC grown on the Si-face
4 °off-oriented 4H-SiC(0001), in this thesis work, we used the same growth method and
configuration to explore the growth of 3C-SiC on the C-face 4 °off-oriented 4H-SiC(0001̅).

1.9. Sublimation growth principle
The growth configuration in this thesis work is shown in Fig. 1.3 and has been reported
in the literature [27]. A tantalum (Ta) foil is put on the ground of the graphite crucible. It can
act as a carbon getter that can create a silicon-rich atmosphere, which is beneficial for the crystal
growth of 3C-SiC [31]. Polycrystalline SiC plates are used as source material and placed onto
the Ta foil. Sources are covered by a graphite spacer with an opening that is used for species
transport of SiC vapor. The distance between the source and substrate is controlled by the
thickness of the spacer. The shape and size of the opening can be changed. The required shape
and size of the target crystal are determined by the ones of the opening. A 4H-SiC substrate
was put on the top of the spacer with the C-face facing down for the case of C-face growth. For
growing Si-face 3C-SiC, the Si-face of 4H-SiC substrates is facing down. A graphite plate was
put on the top of the substrate for retarding backside sublimation of the substrate. The graphite
crucible was heated using an induction copper coil supported by an RF generator. The crucible
was heated up to high temperature (usually around 1900 °C), then kept at the constant growth
temperature for a few hours. After the growth, the crucible is cooled down to the room
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temperature automatically. The typical growth rate of the 3C-SiC is about ~450 µm/h. All of
the experiments were done in a vacuum (10-5 mbar).
The basic principle for the sublimation growth is that high temperature in the crucible
triggers the sublimation or decomposition of SiC sources, the SiC vapor species transport from
the sources to the substrate subsequently since the temperature at the sources is higher than the
substrate. This temperature provides the driving force for the transport of sublimed species. The
major species inside the crucible at elevated temperatures are Si, Si2, Si3, SiC2, Si2C. The
sublimed species at relatively low-temperature substrate undergoes recrystallization and forms
single crystal 3C-SiC.

Figure 1.3. (a) Sublimation growth configuration within the crucible. (b) Placement position of the 4HSiC substrate on top of the spacer for the case of growth on the C-face.
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2.

Graphene
Graphene is a two-dimensional material constructed by carbon atoms in the form of a

hexagonal lattice with sp2 hybridization. There are two carbon atoms in one unit cell, as shown
in Fig. 2.1(a), the distance between carbon atoms is about 0.142 nm and the lattice constant is
about 0.246 nm. Each carbon atom has four bonds, three -bonds are connected with its three
neighbors and one -bond that is perpendicular to the graphene plane. Strong -bond are formed
by a combination of s, px and py orbitals in sp2 hybridization, resulting in high stability of
graphene. The -bonds are formed by unmixed pz orbitals and hybridize together to form
noninteracting  and * states, where -states form the valence band and *-states form the
conduction band. These two bands meet at Dirac points in the vicinity of Fermi level, as shown
in Fig 2.1(b). The Dirac points are six sites at the edges of the first Brillouin zone in momentum
space and divided into two sets K and K’. These two sets are non-equivalent, and each set has
three points. The bands have a linear dispersion and can be seen as two touching cones (Fig.
2.1(c, d)). Therefore, the isolated single-layer graphene is considered as a zero-bandgap
semiconductor. Its linear dispersion can be written in the form of the dispersion of light: E(𝑘) =
ħ𝑘𝑣F , where 𝑣F is the Fermi velocity. The Fermi velocity at K point is around 1  106 m/s which

is closed to the speed of light so that charge carriers behave like relativistic particles, so-called
massless Dirac Fermions. Therefore, the kinetic energy of electrons in graphene should conform
to the relativistic expression E = √𝑝2 𝑐 2 + 𝑚2 𝑐 4 . Graphene exhibits quite high carrier mobility
over 15000 cm2/Vs at room temperature [32]. That is why graphene has been expected to be
used to develop a new generation of nano-electronic components or transistors. In addition, if
graphene is doped, the Dirac point is located below the Fermi level for the case of n-type and
above the Fermi level for the p-type (Fig. 2.1 (d)).
Besides outstanding electronic properties, graphene also possesses favorable physical
properties. It is the strongest material ever tested, which exhibits an intrinsic tensile strength of
130 GPa and Young’s modulus of around 1 Tpa [33]. Among various metals, silver, copper,
gold, and aluminum have relatively high thermal conductivities, while the single-layer graphene
has a thermal conductivity of 5300 W/mK. Excellent thermal conductivity makes graphene the
heat dissipation material for ultra-large-scale nano-integrated circuits in the future.
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Figure 2.1. (a) Hexagonal lattice of graphene with a unit cell. (b) Calculated 3D band structure of
graphene. (c) Density states of graphene. (d) Two touching cones showing the linear energy dispersion
around the Dirac point. The position of the Fermi level determines the doping type. Reused from ref.
[34] with permission.

Several methods containing chemical vapor deposition (CVD), highly oriented pyrolytic
graphite (HOPG), chemical reduction of graphite oxide (GO) and epitaxy on bulk materials
(EG) have been widely used for the graphene growth.
Epitaxial graphene on SiC, which is a simple and effective technique, has attracted
extensive research during the past decades under the background of the discovery on surface
carbonization of silicon carbide [35]. The prominent superiority of this method is that graphene
can be obtained directly on the semi-insulating SiC substrates and utilized in devices without
transfer process, which is required in the cases of graphene fabricated by exfoliation or CVD
on metals.

2.1. Sublimation growth of graphene on SiC
The basic principle of this method is that when annealing the SiC substrate, silicon atoms
sublime from the sample surface firstly, leaving behind carbon atoms since silicon has a high
vapor pressure than carbon in the SiC substrate. Subsequently, a carbon-rich surface appears
and undergoes reconstruction until a new graphene layer formed. Producing graphene layers
using this method has started decades ago [36], although the phenomenon of surface
graphitization on SiC had been discovered earlier [35].
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Epitaxial graphene on SiC was grown in vacuum preliminarily, however, the thickness
distribution of the graphene layer is quite inhomogeneous due to fast sublimation of Si atoms
at high temperatures [37]. In order to suppress the sublimation rate, inert gases such as argon
(Ar) and nitrogen (N2) were employed to increase the atmospheric pressure in the growth
chamber and thus the crystalline quality of graphene layer has been significantly improved [37,
38].
Graphene can be grown on both Si-face and C-face SiC, which exhibit quite different
morphological, structural and electronic properties [39].
2.1.1. Growth of graphene on the Si-face SiC
The sublimation growth of monolayer graphene on on-axis hexagonal SiC (4H- and 6HSiC) substrates has been widely studied [37, 40]. However, it is still challenging to grow largearea and uniform multilayer graphene on hexagonal SiC substrates due to the step-bunching
process during the sublimation growth [41]. Instead, graphene is always characterized by small
finger-like domains, islands or stripes [37, 42, 43].
Step-bunching is one of the main obstacles for the formation of homogeneous multilayer
graphene over a large area. The step-bunching process on 4H- or 6H-SiC surfaces is attributed
to different thermal decomposition energies of steps. Typically, 4H-SiC has two kinds of step
energies while 6H-SiC has three kinds of step energies, as shown in Fig. 2.2(a, b), which leads
to different decomposition rates of steps during the sublimation growth. The steps with a higher
decomposition rate would catch up the steps with a lower rate and form higher bunched steps
with wider terraces. This would give rise to the inhomogeneous formation of a graphene layer
because the graphene grown at step edges is generally thicker than that grown on terraces.
On the other hand, the nucleation sites of graphene are significantly reduced due to the
presence of large bunched steps. To address this problem, the off-axis SiC (0001) substrates
were utilized for increasing the density of steps, namely, the density of nucleation sites of
graphene. However, the serious step bunching issue is generally observed when using the offaxis SiC(0001) as substrates [44-48]. In addition, thicker graphene layer always appears at the
nanofacets of the step edge owing to faster nucleation [38, 49].
From this perspective, 3C-SiC having a high density of steps is a proper substrate for the
growth of multilayer graphene since it can provide a high density of nucleation sites. Moreover,
it has only one step decomposition energy theoretically, as shown in Fig. 2.2(c). Thus, the steps
are predicted to decompose at the same rate. It is expected to facilitate the formation of uniform
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monolayer and multilayer graphene. This is also beneficial for the formation of homogeneous
multilayer graphene. It has been demonstrated that uniform monolayer graphene can be grown
on 3C-SiC(111), however, the growth of uniform multilayer graphene on off-axis 3C-SiC(111)
has not been reported yet.
In this thesis, we have systematically investigated the growth of monolayer and multilayer
graphene on the Si-face off-axis 3C-SiC(111). We found that the step bunching on the Si-face
of 3C-SiC(111) can be fully eliminated during graphene growth, as a result, the large-area
monolayer, bilayer, and four-layer graphene can be controllably grown via tuning the growth
temperature and duration at the constant temperature (Paper 2).

Figure 2.2. Possible terraces on 4H-SiC (a), 6H-SiC (b), and 3C-SiC (c) with different decomposition
energies of steps. The length of green arrows implies unequal decomposition rates of steps. Adapted
from [41] with permission.

In addition, as mentioned above, the formation of a new graphene layer needs to undergo
the surface re-adsorption and reconstruction of C atoms. The surface of SiC has several
reconstruction structures during the growth of graphene. It has been demonstrated by LEED
measurements that (3  3), (3  3), (63  63) R30° reconstructions occur in sequence at
elevated temperatures [50]. The (63  63) R30° reconstruction is the first formed carbon
layer and so-called buffer layer (BL), of which one-third of C atoms are covalently bonded to
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Si atoms of the substrate, as shown in Fig. 2.3(a). The BL always exists between monolayer
graphene (MLG) and SiC substrate in the case of graphene grown on the Si-face SiC. A typical
LEED pattern of BL is shown in Fig. 2.3(b). The covalent bonding has a strong influence on
the -bands and can destroy the linearly dispersed band structure around the Dirac points [51].

Figure 2.3. (a) Atomic structure of the buffer layer, adapted from ref. [52] with permission. (b) The µLEED pattern measured on graphene layers showing graphene (1  1) spots (red arrow), (63  63)
R30° buffer layer spots (green), as well as SiC (1  1) spots (yellow arrow), which was collected at a
start voltage of 43 eV.

2.1.2. Growth of graphene on the C-face SiC
It has been extensively found that graphene grown on the C-face hexagonal SiC presents
smaller domains with a larger distribution of graphene thickness than on the Si-face [39, 5357]. Unlike the Si-face, there is no evidence to manifest the existence of a buffer layer on
graphene/C-face SiC samples so far, although (2  2), (3  3) surface reconstructions were
observed [58]. The lack of a buffer layer gives rise to a weak interaction between the first
graphene layer and SiC substrate and thus turbostratic graphene layers including rotational
stacking faults. Such rotational graphene domains/sheets can be observed by LEED patterns.
Only a few works devoted to investigating the growth of graphene on the C-face 3C-SiC
[13, 59, 60]. Studies on the morphology, surface structure and electronic band structure of
graphene layers grown on the off-axis C-face 3C-SiC still remain unexplored.
In this work, graphene layers were grown on the off-axis C-face 3C-SiC( 1̅1̅1̅ ) by
sublimation epitaxy. Large graphene domains enable us to measure µ-LEED pattern on them.
As a result, we have discovered that there is no buffer layer beneath the monolayer graphene
and rotational disorders exist in the monolayer graphene (Paper 3).
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2.2. Electronic properties of graphene grown on the Si-face SiC
Fig. 2.4(a) shows single linear dispersed -band of monolayer graphene grown on the Siface 3C-SiC(111). The only difference of this band structure from the isolated single-layer
graphene is that the Dirac point is located around ~0.42 eV below the Fermi level because of
the charge transfer from the (63  63) R30° buffer layer [61]. Bilayer graphene has two
hexagonal lattices in stack vertically with the atom “a” of one lattice is located exactly above
the atom “b” of the other. This kind of stacking is known as “Bernal” or AB stacking and
supports massive Dirac fermions with quadratic dispersed -bands. The quadratic dispersion of
Bernal stacking bilayer graphene grown on the Si-face 3C-SiC(111) is shown in Fig. 2.4(b).
The Dirac point is upshifted by 0.08 eV compared to the monolayer. Bilayer graphene can be
considered as a semiconductor with a small bandgap that can be tuned by external bias [47, 62].
This is one of the reasons for the multilayer graphene has recently attracted great interest.

Figure 2.4. (a) Band structure of monolayer graphene grown on the Si-face 3C-SiC(111). (b) Band
structure of bilayer graphene grown on the Si-face 3C-SiC(111) [10].

What will the band structures be like if we add more graphene layers? It has been reported
that the electronic properties of multilayer graphene are strongly affected by its stacking
sequence [63-66]. Trilayer graphene grown on SiC substrates would have two types of stacking
sequences, ABA and ABC. The rhombohedral (ABC stacking) graphene has shown its potential
to introduce a flat band energy dispersion at the Dirac point, which would result in many exotic
phases of matter such as superconductivity [63, 67-69]. Particularly, it has been reported that
3C-SiC is beneficial for the growth of ABC-stacking trilayer graphene [67]. However, ABC is
just the beginning of the rhombohedral stacking. Thick layer graphene (˃3ML) might be formed
in Bernal (ABAB), rhombohedral (ABCA), and turbostratic (ABCB) stacking sequences, as
displayed in Fig. 2.5 for the case of 4ML graphene.
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Figure 2.5. The atomic structures of four-layer graphene with Bernal (ABAB), rhombohedral (ABCA)
and turbostratic (ABCB) stacking sequences.

In this thesis, using ARPES in combination with theoretical calculations, we have
comprehensively investigated the influence of stacking sequence on the electronic structure of
four-layer graphene, which was grown on off-axis 3C-SiC(111) (Paper 5).

2.3. Electronic properties of graphene grown on the C-face SiC
LEED patterns of multilayer graphene grown on the C-face SiC always show multiple
spots [13]. It may be either due to decoupled rotated graphene layers in the stack or rotational
disorder within a single graphene layer. The main difference between these two scenarios is the
stacking order of the graphene sheets. Usually decoupled layers have no rotational disorder
inside the layer (only between the layers) and the diffraction pattern will not change with
decreasing the sampling area. In this case, the multilayer graphene has a single linear dispersion
and behaves like isolated graphene if the layers are decoupled in the stack [70-72]. This would
explain the high mobility parameters of graphene grown on the C-face SiC [14, 73].
In contrast, the diffraction pattern will change while decreasing the sampling area if there
are rotational disorders within a graphene layer. In this case, the multilayer graphene has the
usual Bernal stacking [11, 12].

2.4. Graphene nanoribbons
Graphene nanoribbons (GNRs) possess opened band gap and thus have semiconducting
properties due to quasi-one-dimensional quantum confinement and edge effects, which reveals
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the potential for nanoscale electronic devices [74-78]. Moreover, the bandgaps of GNRs largely
depend on their widths. Precisely, the bandgaps are inversely proportional to the widths of
GNRs [79, 80]. Several methods such as surface-assisted assembly of molecular precursors,
chemical exfoliation, unzipping carbon nanotubes, as well as sublimation on a lithographically
structured SiC substrate have been used for the fabrication of GNRs [74, 81-85]. Furthermore,
GNRs might be directly prepared using a sublimation technique without any patterning or
lithography. The growth mechanism is related to the fact that graphene starts to form at step
edges of SiC preferentially where have the highest density of dangling bonds [86]. For example,
it was reported that the bilayer graphene forms on the step facets while the monolayer graphene
covers the (0001) terraces on off-oriented 4H-SiC substrates [47, 74]. Moreover, it was found
that the (63  63) R30° buffer layer only exists on the terraces but not on the step facets,
instead, free-standing graphene forms on the step facets [87]. Such free-standing GNRs are
good at supporting ballistic transport in epitaxial graphene [88, 89].
In this thesis work, we first grew ~50 µm thick 4H-SiC epilayers on 4° off-axis 4H-SiC
substrates by sublimation epitaxy. Large terraces/steps with inclined nanofacets in-between
were induced by the step-bunching process during the epitaxy and used for the subsequent
growth of GNRs. Using LEEM and STM techniques, we have studied the morphology of
graphene over terraces/nanofacets and found that graphene is strongly buckled on the step facets
and appears to be decoupled from the surface (Paper 4).
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3.

Solar-driven water splitting
In the face of increasingly severe energy demand for human beings and environmental

pollution problems, it is imperative to find suitable energy sources to replace traditional fossil
fuels. Solar energy is the most plentiful, accessible and clean energy source. However, it is still
challenging to harvest, convert, and store solar energy. The technology of photovoltaic solar
cells is relatively mature now, but solar cells cannot work during nights and the storage of the
electricity is still a problem. In this regard, solar-to-hydrogen energy conversion from water
splitting is another emerging and sustainable way to utilize solar energy.
The energy density of hydrogen is 120 J/g, which is about three times that of gasoline and
also higher than other commonly used fuels. Hydrogen has a clean by-product (water) when
combusted for energy generation. It is also a facile fuel that can be used in different ways. For
instance, it can be either converted into electricity via a fuel cell or operate an internal
combustion engine directly. Therefore, photoelectrochemical (PEC) water splitting reveals its
potential to convert abundant solar energy into the power that can be practically used.

3.1. The principle of photoelectrochemical water splitting cell
Fig. 3.1(a) shows a simplified diagram of PEC cell including a semiconductor photoanode,
electrolyte, and a metal counter electrode [90]. The most important part of the PEC cell is the
semiconductor photoanode which absorbs sunlight and converts the incident photons into
electron-hole pairs. The basic principle for PEC water splitting is shown in Fig. 3.1(b) [90]. The
electric field inside the semiconductor can spatially separate the photogenerated electrons and
holes from each other. In the case of using an n-type semiconductor as a photoanode, the
photogenerated electrons move toward the conducting contact of the semiconductor backside
and are transported to the metal counter electrode via an external wire. The electrons participate
in the reduction reaction at the counter-electrode to produce hydrogen gas. While the
photogenerated holes move to the interface of semiconductor/electrolyte and participate in the
oxidation reaction to produce oxygen gas.
In an alkaline electrolyte, the reduction and oxidation reactions can be written as follows:
4H2 O + 4𝑒 − ⇄ 2H2 + 4OH −
4OH − + 4h+ ⇄ 2H2 O + O2
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𝑜
𝐸𝑟𝑒𝑑
= −0.828 V vs. NHE

(4.1)

𝑜
𝐸𝑜𝑥
= −0.401 V vs. NHE

(4.2)

Figure 3.1. (a) A simplified diagram of the PEC cell. (b) The basic principle of PEC water splitting in
the case of using an n-type semiconductor photoanode [90].

In an acidic electrolyte, we can subtract the dissociation reaction of water into protons
and hydroxyl ions from formulas (4.1) and (4.2). Therefore, the reduction and oxidation
reactions can be written as:
4H + + 4𝑒 − ⇄ 2H2

𝑜
𝐸𝑟𝑒𝑑
= +0.000 V vs. NHE
𝑜
𝐸𝑟𝑒𝑑
= −0.828 V vs. NHE

2H2 O + 4h+ ⇄ 4H + + O2

(4.3)
(4.4)

The variation of the Bibbs free energy for the overall water splitting should conform to
the expression:
∆𝐺 = −𝑛𝐹∆𝐸

(4.5)

The change of a Gibbs free energy will be +237 KJ/mol H2 if we substitute an
electrochemical cell voltage of -1.299 V at a standard temperature of 298 K and
concentrations (1 mol/L, 1 bar) into formula (2.5). This energy corresponds to a bandgap of
1.23 eV for the semiconductor photoelectrode.

3.2. Semiconductor criterions for PEC water splitting
In the PEC cell, the semiconductor as a photoelectrode should satisfy several key
requirements for effective water splitting including suitable bandgap, suitable band edge
positions, high chemical stability, efficient charge transport, low cost, and low overpotentials
[91].
The first requirement is the bandgap of the semiconductor. As discussed above, the
required energy to split water is 1.23 eV. The thermodynamic losses during the PEC reaction
are totally around ~0.3-0.4 eV [90, 92]. The overpotentials to ensure reaction kinetics are
estimated to be ~0.4-0.6 eV [90, 93]. Considering these factors, the minimum bandgap of the
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semiconductor is limited by the sum of these three kinds of energies basically and is equal to
~1.9 eV. This bandgap value corresponds to an absorption edge at 650 nm. On the other hand,
if the bandgap is larger than 3.1 eV, it cannot absorb most of the sunlight the intensity of visible
light decreases dramatically below it. One previous work suggested that a maximum of the
solar-to-hydrogen conversion efficiency of 16.8% can be obtained with an optimal (ideal)
bandgap of 2.03 eV [93].

Figure 3.2. Band positions of several semiconductors in contact with aqueous electrolyte at PH=1. The
conduction and valence band edges of semiconductors are presented in red and blue, respectively, and
are relative to either the vacuum electrode or the normal hydrogen electrode (NHE). Two green dashed
lines indicate the reduction and oxidation potential of water. Adapted from ref. [94] with permission.

The second requirement, suitable band edges to straddle the water reduction and oxidation
potentials, is the key parameter which determines the ability of the semiconductor for PEC
water splitting. Specifically, as seen in Fig .3.2, the valence band of the semiconductor should
be located below (more positive than) the oxidation potential H2O/O2 and the conduction band
edge should be located above (more negative than) the reduction potential H2/H2O. This means
that, in theory, such a semiconductor can spontaneously drive the redox reaction without the
need of applying an external bias. For example, as displayed in Fig. 3.2, few semiconductors
can satisfy this requirement. Semiconductors with too large bandgap (e.g. TiO2, ZnO, and 6HSiC) would have a rather low PEC water-splitting performance. Some semiconductors with the
conduction band edges more negative than water reduction potential H2/H2O can only reduce
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water, e.g. GaAs. In contrast, some semiconductors with valence band edges more positive than
water oxidation potential H2O/O2 can only oxidize water, such as WO3, Fe2O3, SnO2. Therefore,
a PEC cell based on these oxide materials needs an external bias for driving water splitting.
The third requirement, high chemical stability against (photo-) corrosion of the
semiconductor is another rigorous parameter that needs to be considered carefully. Many nonoxide semiconductors tend to be dissolved in the electrolyte because of their poor chemical
stability. On the other hand, they may also form a thin oxide layer at the
semiconductor/electrolyte interface which would significantly affect the charge transferability.
For example, CdS, GaP, and CdSe have suitable semiconducting properties for solar-tohydrogen conversion, however, they may encounter the issues mentioned above.
The fourth requirement, the efficient charge transport, is also an important property to
determine the overall performance of water splitting. A long lifetime/long diffusion length is
beneficial for the photo-generated minority carries to reach the semiconductor/electrolyte
interface before recombination. The carrier lifetime and diffusion length are related via 𝐿D =
√𝐷𝜏R . Where D is the diffusion coefficient and is related to the carrier mobility µ, by the
expression 𝐷 = 𝐾𝑇𝜇/𝑒. The diffusion length 𝐿𝐷 is usually in the range of several nanometers
(in some oxides) to several hundred nanometers (in high-purity silicon). Metal oxides mostly
have high electron mobility but low hole mobility. Some oxide materials (TiO2, WO3) can
satisfy this requirement. However, some semiconductors such as Fe2O3 have rather a poor
carrier transport properties.

3.3. 3C-SiC as photoanode for PEC water splitting
First, 3C-SiC has an indirect bandgap of 2.36 eV at room temperature, which can absorb
a large part of sunlight as a photoanode. And its bandgap is larger than the required minimum
energy value of 1.9 eV for driving water splitting. Particularly, the bandgap of 3C-SiC is very
closed to the suggested optimal bandgap of 2.03 eV. This means that 3C-SiC can give rise to a
high solar-to-hydrogen conversion efficiency in principle.
Second, in contrast to Fe2O3, the conduction and valence band edges locate elegantly
within the reduction and oxidation potentials of water splitting 3C-SiC, as seen in Fig. 3.2. This
would, in principle, result in a spontaneous (without any external electric bias) water splitting
at 3C-SiC photo-electrode. Indeed, this phenomenon has been demonstrated as reported in 2014
[95].
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Third, like other n-type semiconductor photoanodes, the n-type 3C-SiC could also be
oxidized during the PEC reaction. In the case of using n-type semiconductor photoanodes,
photogenerated holes move to the semiconductor/electrolyte interface and participate in the
oxidation reaction. Therefore, 3C-SiC tends to be oxidized to form a SiO2 thin layer at the
interface during the reaction. To solve this issue, a p-type 3C-SiC is desired to be employed as
the photocathode, at which photogenerated electrons reduce water to form hydrogen.
Considering the fourth requirement of the semiconductor for the PEC water splitting, 3CSiC has a relatively high electron mobility of 1000 cm2/Vs and hole mobility of 320 cm2/Vs (as
given in Table 1, Chapter 1.3). 3C-SiC as a photoanode needs larger thickness to absorb all the
incident light since its indirect bandgap, which means that photo-generated carriers have to
move a longer distance before arriving the interface. From this perspective, high carrier
mobility is an important advantage for 3C-SiC.
In this thesis work, we have investigated the PEC water splitting performance of the Siface and C-face 3C-SiC. We found that the surface polarity of SiC strongly influences the
surface proton transfer and thus determines the water splitting performance. A more energyfavorable characterization has been demonstrated on the Si-face 3C-SiC, which allows its
oxygen evolution reaction to operate at a very low overpotential (Paper 6). Moreover, we have
designed a p-n junction photoanode by depositing p-type NiO nanoclusters on n-type 3C-SiC
and demonstrated an enhanced photovoltage and photocurrent with a reduction of the onset
potential in the PEC solar-to-hydrogen conversion. The results reveal that the nanostructured
NiO/3C-SiC p-n junction is a promising candidate for PEC water splitting application (Paper
7).
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4.

Characterization techniques

4.1. Nomarski Optical Microscopy
Nomarski Differential Interference Contrast Microscopy (NDIC) is a common and efficient
method to observe the surface topography of SiC crystals. The optical layout of the NDIC
system is shown in Fig. 4.1(a), a prism is used to separate the polarized light source into two
orthogonally polarized coherent portions that are spatially displaced (sheared) in the plane of
the sample and recombine them after reflection off the sample surface. Two separated beams
will have different path lengths when they reflect off the areas having different refractive index
or thickness. They will interfere with each other and generate a pattern with different contrasts.
Surface features such as tilted facet, structural defects, and different phases can be observed.
For example, a large terrace, a few triangular defects, and micropipes are observed on the
surface of a 3C-SiC sample in Fig. 4.1(b). Transparent samples can be studied using transmitted
light mode. In this case, the light source is located below the sample. The unpolarized light
passes through the objective and reach the detector finally. Such mode allows us to observe
different SiC polytypes from the side view of the sample, as shown in Fig. 4.1(c).

Figure 4.1. (a) The optical layout of the NDIC system. (b) Optical micrograph measured on the surface
of a 3C-SiC sample. (c) Optical micrograph of the side view of a 3C-SiC specimen.

4.2. Atomic Force Microscopy
Atomic Force Microscopy (AFM) is one of the most important methods for studying
nanotechnology and material analysis. It has nanometer-scale resolution and can be easily
operated. AFM uses the atomic force between the probe and the samples to know the surface
topography of the sample. Fig. 4.2 shows a schematic illustration of an AFM. A microcantilever
that is extremely sensitive to very weak forces is fixed at one end and has a bitty tip at the other
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end. The tip is in contact with the surface of the specimen lightly. Since there is a very weak
repulsive force between atoms on the tip and atoms on the specimen surface, by controlling this
force to be constant during scanning, the microcantilever with the tip will undulating motion
perpendicular to the sample surface with respect to the equipotential surface of the force
between the atoms. The position variation corresponding to each point of the scanning can be
measured using the optical detection or the tunnel current detection method, which can amplify
and convert the signal to obtain a three-dimensional topography image of the surface in atomic
level.

Fig. 4.2. Schematic illustration of an AFM setup.

There are three basic working modes, including non-contact, tapping, and contact modes.
Contact and non-contact modes are susceptible to external factors, such as the attraction of
water molecules, which induce image distortion issue caused by scratched surface and poor
resolution. Therefore, there are restrictions in use, especially on biological and polymeric soft
materials.
In tapping mode, the probe amplitude can be adjusted to have slightly intermittent jump
contact with the surface, and the probe contacts the sample when it oscillates to the valley. The
amplitude changes due to the fluctuation of the surface, and a topography image will be
obtained by feedback control. The amount of pressure under the AFM probe can be viewed as
an elastic effect that does not cause permanent damage along the z-direction. In the x y-direction,
since the probe is intermittently beating, it does not cause permanent damage as the contact
mode which drags in the x y-direction.
Under the tapping mode operation, the measurement and feedback of the AFM will cause
the phase change of the vibration probe due to the surface resistance and viscous force. The
difference between the resisting force and the viscous force is originated from different material
properties. Thus, this allows us to use the phase difference to observe material distribution
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qualitatively on the surface. When the composition of the surface is different, the jump
frequency of the probe and the phase changes, so that different compositional properties can be
observed.
In this thesis work, all of AFM images were measured in tapping mode. The AFM
topography and phase images were collected simultaneously on the same measurement position.
The line profiles generated in AFM topography images can give the terrace widths and step
heights on SiC surfaces.

4.3. Scanning Electron Microscopy
Scanning Electron Microscopy (SEM) is an observation tool of microscopic morphology
according to the interaction between the electron beam and matter. In principle, SEM uses a
highly focused high-energy electron beam to scan a sample to excite various physical
information. The surface topography of the test specimen is obtained by accepting, amplifying
and imaging of the information. The brightness will be different on surface micro-regions where
have different characteristics (such as morphology, atomic number, chemical composition, or
crystal structure) under the action of the electron beam, results in a topography image with
different contrast. The imaging signal is secondary electrons, backscattered electrons or
absorbed electrons, of which secondary electrons are the main imaging signals. Secondary
electrons refer to extranuclear electrons bombarded by incident electrons. Since the binding
energy between the nucleus and the outer valence electron is small, when the extranuclear
electron of the atom obtains energy that is larger than the corresponding binding energy from
the incident electron, it can be detached from the atom to become a free electron. If this
scattering process occurs in the vicinity of the sample surface, free electrons whose energy is
larger than the work function of the material can escape from the surface and become free
electrons in the vacuum, that are secondary electrons. The secondary electrons come from a 510 nm region below the surface with an energy of 0-50 eV. It is very sensitive to the surface
state and can effectively observe the microscopic morphology of the sample surface. The
resolution of the secondary electrons is relatively high, generally around ~5-10 nm.
One can also observe the fracture by using SEM. The fracture mode and mechanism of
the material can be studied. In addition, looking at the fracture morphology, it is also possible
to directly observe the fracturing source of the material, various defects, grain size, pore
characteristics and distribution, microcrack morphology and grain boundary characteristics.
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4.4. Scanning Tunneling Microscope
Scanning Tunneling Microscope (STM) is an instrument that uses quantum tunneling
effects to detect the surface structures of matters. The basic principle of STM is to use the
atomic-scale probe and the surface of the sample as two electrodes. When the tip is very closed
to the sample (usually less than 1 nm), the electrons will pass through the barrier between the
two electrodes and finally reach the other electrode under the applied electric field. The
quantum tunneling effect causes the tunneling current to be exponentially related to the distance
between surface atoms and the tip so that obtaining an atomic-scale surface topography image.
In addition, STM can precisely manipulate a single molecule or atom at a low temperature by
using the probe tip. Therefore, it is not only an important micro-nano-scale measurement tool
but also a potential processing tool.
According to the different movement modes between the tip and the sample, STM has
two working modes: constant height mode and constant current mode. For the constant height
mode, the tip always scans at a certain level on the sample surface. The tunnel current changes
continuously as the surface rises and falls. The obtained STM image not only outlines the
geometry of the atoms on the surface but also reflects the electronic structural features of the
atoms. For the constant current mode, the tunnel current is maintained constant with the
constant bias during the scanning. Since the tip moves up and down with the undulation of the
surface, it does not hit the surface due to large surface undulation. Thus, the constant current
mode is suitable for observing samples with large surface undulations.
STM has many advantages compared to AFM or SEM. For example, the experiment can
be carried out in a few environments: atmospheric, ultra-high vacuum or liquid. The operating
temperature range is wide and can vary from a few mK to 1100K. This is currently not possible
for any other microscopy technologies. The resolution is very high and can achieve 0.1 nm
laterally and 0.01 nm perpendicularly. Therefore, individual atoms and a three-dimensional
structural image of atoms on the surface can be directly observed. The scanning tunneling
spectrum (STS) of the surface can be obtained during measurement.
Fast Fourier transform (FFT) is a special integral transformation, which can express a
function satisfying certain conditions as a linear combination or integration of sinusoidal basis
functions. In different research fields, Fourier transform has many different variants, such as
continuous Fourier transform and discrete Fourier transform. In the purely mathematical sense,
Fourier transform is to transform a function into a series of periodic functions. From the
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physical effect, the Fourier transform is to transform the image from the spatial sphere to the
frequency sphere, and its inverse transform is to transform the image from the frequency sphere
to the spatial sphere. Fourier transform can resolve interference, diffraction and imaging
problems nowadays. It can be used to calculate the intensity distribution of a single slit and
circular aperture diffraction. According to the calculation results, the single slit and circular
aperture diffraction and intensity distribution are simulated by software and thus a diffraction
pattern can be obtained.

4.5. Low Energy Electron Microscopy
Low Energy Electron Microscopy (LEEM) is a powerful tool to image epitaxial growth,
surface reconstructions, self-organization, et al. In this thesis, LEEM was used to analyze
graphene layers grown on SiC substrates. In LEEM measurements, electrons with high energy
are emitted from an electron gun toward the sample surface. When the electrons approach the
surface, they are decelerated by an electric field and reaching the surface with low energy of 0100 eV. Elastically backscattered electrons, which are low energy electrons that are reflected
from the sample surface without energy loss, are utilized for surface imaging. The different
diffraction intensities of electrons which are related to both the surface morphology and
thickness of graphene layers contribute to the different contrast in a LEEM image. Low energy
electrons act as waves with de Broglie wavelength which is commensurate with the atomic
distances in crystal materials. Hence, the best resolution can reach few nanometers so far.

Fig. 4.3. (a) LEEM image (field of view = 30 µm) of the graphene grown on off-axis 3C-SiC(111),
showing 3-5 ML graphene. (b) The electron reflectivity curves collected on the colorfully labeled region
in (a).

Observing the contrast in a LEEM image in combination with the corresponding electron
reflectivity curve (so-called I-V curve), one can determine the number of layers and obtain their
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coverage or uniformity. The number of graphene layers is determined by the number of minima
in the I-V curve [96], as seen in Fig. 4.3. The reason is that in thin graphene films, the
conduction bands have discrete energy levels along the direction perpendicular to the film.
When the energy of incident electron matches with one of the discrete energy levels, the
electron can resonantly pass through the graphene film, which will reduce the electron
reflectivity and thus give a “valley” in the I-V curve.
Other surface analysis and measurement devices may also be configured in the
microscopy, such as low energy electron diffractometer (LEED). LEED is the principal method
to determine the surface structures of solids. Fig. 4.4(a) shows an experimental setup. The
electron gun provides electrons with low energy of 20 – 200 eV, which bombards the crystal
surface. The diffraction pattern is only generated by the back-scattered electrons. The secondary
electrons are filtered by the grids placed in the front of the fluorescent screen.

Fig. 4.4. (a) A brief setup of a LEED experiment. (b) Ewald’s sphere construction.

The diffraction pattern can be generated when the difference between the scattered wave
vector K and the incident wave vector K0 is exactly equal to a reciprocal vector in the reciprocal
space lattice. ⃗⃗⃗
𝐾 − ⃗⃗⃗⃗
𝐾0 = ⃗⃗⃗⃗⃗⃗⃗⃗
𝐺ℎ𝑘𝑙 . Not all diffraction points appear on all reciprocal points since
K0 is a certain value. Only the reciprocal points that satisfy the above equation can appear
diffraction maximum. This diffraction condition is the Laue expression of LEED. For example,
A beam of electrons is incident on the surface of the sample that to be tested, drawing a vector
⃗⃗⃗⃗⃗ ,
parallel to the incident electron beam with a length of 2/λ, is the incident wave vector 𝑂𝐴
𝐾0 = ⃗⃗⃗⃗⃗
𝑂𝐴. And then using A as the origin to draw a reciprocal lattice. There is no energy loss
because of the elastic scattering. Making a sphere with the center O and 2/λ as the radius, the
vector K connecting the center O and any point on the sphere represents the wave vector of the
elastic scattering electrons that may occur. This ball is so-called the Ewald sphere, as shown in
Fig. 4.3(b).
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4.6. Angle-Resolved Photoemission Spectroscopy
Angle-resolved photoemission spectroscopy (ARPES) is a method of directly observing
the electronic structure of a solid. It employs a very high energy photon to illuminate a solid
and observe the scattering of electrons. It can give different information about the occupying
state (including the surface state) of valence electrons, such as the density distribution of states,
the dispersion of the energy band in the wave vector space, and the symmetry of the wave
function. It can not only get the structure of density of states (DOS) but also "sketch" the shape
of the band structure according to the relationship between the peak position and the angle. The
band dispersion relationship can be obtained since ARPES can measure the photoelectron
energy and wave vector of the solid surface simultaneously.
The most widely used analyzer currently measures the photoelectron number as a function
of its exit angle (electron momentum) and exit kinetic energy. Using the law of conservation of
kinetic energy and momentum, we can calculate the kinetic energy and momentum of electrons
in the sample. The law of conservation of energy can be expressed as 𝐸𝑘𝑖𝑛 = ħ𝜔 − 𝐸𝐵 − 𝜑,
where ħ𝜔 is the incident light energy, Ekin is the outgoing photoelectron kinetic energy, φ is the
material work function (the minimum photon energy to remove electrons from the sample into
the vacuum), and EB is the electron binding energy relative to the Fermi surface.

Fig. 4.5. Schematic illustration of an ARPES setup.

The crystal translational symmetry is disrupted perpendicular to the surface of the sample,
resulting in momentum that is no longer conserved in this direction. However, the momentum
component of the electrons parallel to the surface of the sample is preserved. Therefore, we can
only get the parallel momentum component. The law of conservation of momentum parallel to
2𝑚𝐸𝑘𝑖𝑛

the surface of the sample can be expressed as 𝑘‖ = √

ħ

sin 𝜃, where θ is the emission angle

and 𝑘‖ is parallel momentum of the electron in the crystal, as seen in Fig. 4.5. By correlating
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the obtained energy with the momentum, the dispersion relation of the electrons in the crystal
can be obtained. At the same time, ARPES can also obtain the energy density curve and the
momentum density curve, and directly give the Fermi surface of the solid.
To study graphene layers grown on SiC using ARPES, one can know the electronic
structure of graphene layers and investigated stacking sequences, the shape, and curvature of
the band structure near the Fermi level.

4.7. Raman Spectroscopy
Raman Spectroscopy is a kind of scattering spectrum, which is based on the Raman
scattering effect. It analyzes the scattering spectrum generated from different incident light
frequency to obtain molecular vibration and rotation information and is applied to the analysis
of the molecular structure.
Elastic scattering and inelastic scattering occur when light is irradiated onto the material.
The scattered light of elastic scattering has the same wavelength as the excitation light. The
scattered light of inelastic scattering has a longer and shorter wavelength than the excitation
light, collectively referred to as the Raman effect. When a gas, liquid or transparent sample is
irradiated with monochromatic light having a wavelength much smaller than the particle size
of the sample, most of the light is transmitted in the original direction while a small portion is
scattered at different angles, forming a scattered light. When observing in the vertical direction,
in addition to Rayleigh scattering with the same frequency as the original incident light, there
are a series of symmetrically distributed Raman lines with very weak displacements of the
incident light. The number of Raman lines, the magnitude of the shift, the length of the line is
directly related to the vibrational or rotational energy level of the molecule in the sample.
Therefore, Raman spectroscopy can help to obtain information about the vibration or rotation
of molecules.
In this thesis work, Raman spectroscopy was used to confirm the polytypes in SiC
samples. A typical Raman spectrum of SiC exhibits four modes: folded modes of transverse
acoustic (FTA) and optic (FTO) and folded modes of longitudinal acoustic (FLA) and optic
(FLO) [97]. These four modes have been observed for various SiC polytypes [97]. By
comparing peak positions of the measured spectrum to standard spectrums of SiC, one can
determine the SiC polytypes [98].
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Raman spectroscopy was also used to characterize graphene layers grown on SiC. Fig.
4.6 shows a subtracted Raman spectrum of the monolayer graphene. The D, G, and 2D band
are typical features of graphene. G peak located around 1600 cm-1 originates from first-order
Raman scattering process in the Brillouin zone. 2D peaking located around 2730 cm-1 originates
from the second-order process [99, 100].

Fig. 4.6. A typical subtracted Raman spectrum of monolayer graphene grown on 3C-SiC(111).

A single Lorentz 2D peak having a FWHM of 30-40 cm-1 corresponds to the feature of
single-layer graphene. The G band is sensitive to the doping concentration, which changes the
electronic band structure of graphene grown on SiC. The shift of the 2D band largely depends
on the compressive strain originated from the mismatch between epitaxial graphene and SiC
substrate, which remarkably reveals the change of graphene layers [101]. If the 2D peak is
asymmetric, it implies that the 2D peak includes several components coming from different
stacking sequences, suggesting the presence of multilayer graphene [99]. Calculating the
integral intensity ratio of the G band and 2D band is another way to estimate the number of
graphene layers [102]. The D-peak at 1360 cm-1 originates from disordered vibration in
graphene representing the existence of defects or disorders [103].
The reflectance mapping was used to estimate the number of graphene layers over a large
area on the sample, as previously proposed [104]. The power of the reflected laser beam from
graphene layers with different thickness will be different. It was found that the reflectance
intensity of graphene layer grown on SiC linearly increases about ~1.7% per layer, normalized
to the bare substrate [104]. Reflectance mapping can be measured simultaneously with Raman
mapping. It can give a fast determination of graphene layers grown on SiC substrates.
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4.8. X-ray Diffraction
X-ray diffraction (XRD) is one of the non-destructive techniques to analyze all kinds of
matter—ranging from crystals, powders, fluids. X-rays are electromagnetic waves with very
short wavelengths, usually a few Å, which are equivalent to the atomic spacing of crystals.
When X-rays are incident on a series of parallel lattice planes at an angle θ, the diffraction
waves that pass in a certain direction will be enhanced by constructive interference and will be
weakened by destructive interference in other directions, as shown in Fig. 4.7.

Fig. 4.7. Schematic illustration of diffraction geometry from the lattice planes.

If the incident wavelength is constant, the incident angle and the interplanar spacing will
satisfy a certain relationship, 𝑛𝜆 = 2𝑑 sin 𝜃, which is called the Bragg diffraction relationship,
where n is an integer, λ is the wavelength, d is the interplanar spacing between rows of atoms
and θ is the diffraction angle. The interplanar spacing between the lattices, the type and size of
the unit cell can be obtained by measuring the incident angle when the diffraction wave is
enhanced. The XRD pattern is a transformation of the crystal structure of the substance
essentially. Each crystal structure corresponds to a diffraction pattern and does not change due
to mixing with other substances. If compared the measured diffraction pattern to a standard
pattern, the specific composition of the measured phase can be determined. Therefore, XRD
analysis has become the basic method for qualitative analysis of phase components.
High-resolution ω rocking curve technique can be employed to figure out strong textures
and diffraction pattern with only a few reflections. In this mode, the diffractometer operates
with decoupled θ and 2θ. To obtain a rocking curve, first, one needs to find the 2θ angle
corresponding to the tested material under the condition of satisfying the Bragg diffraction.
Then, the detector on the 2θ circle is fixed to this 2θ angle while the sample is slightly tiled
(rocked) in the vicinity of the Bragg angle θ. Thus, the angle θ and 2θ and are decoupled and
the is angle θ so-called ω with respect to its independent variation.

31

The crystalline quality can be evaluated by the full width at half maximum (FWHM) of
the ω peak. The sharp ω peak indicates high crystalline quality. If there are many microdomains
or crystallographic planes which are slightly tiled to each other on the surface, the ω peak will
be wider (larger FWHM value) and even have several sub-peaks.

4.9. Photoluminescence Spectroscopy
Photoluminescence Spectroscopy (PL) is a non-destructive technique that can quickly and
easily characterize defects, impurities and luminescence properties of semiconductor materials.
When a substance is excited by light, an applied electric field, or an electron beam bombardment,
it absorbs external energy resulting in its electrons are in an excited state. As long as the
substance does not undergo chemical changes, when the external excitation stops, the electrons
in the excited state always return to the ground state. In this process, a portion of the excess
energy is released by light or heat. If this part of the energy is emitted in the form of
electromagnetic waves of light, it is called luminescence. In general, luminescence is the
process by which the inside of a substance absorbs energy in some way and emits excess energy
in the form of light radiation other than heat radiation. Luminescence caused by excitation of
light is called photoluminescence. The electrons and holes are combined to emit light to form
an energy distributed spectrum of light with different wavelengths. By comparing the obtained
spectrum with the standard spectrum of a semiconductor, one can know the polytype of the
tested semiconductor. The doping concentration can be estimated, and the crystalline quality of
the tested sample can be evaluated as well.
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Summary of papers
Paper Ⅰ
We have comparatively studied the growth of C-face and Si-face 3C-SiC on 4 °off-oriented
4H-SiC substrates using sublimation epitaxy and obtained a 1 mm-thick C-face 3C-SiC over a
large single-domain without double positioning boundaries by the lateral enlargement method.
The high-resolution XRD and low-temperature photoluminescence results demonstrate that Cface 3C-SiC exhibits a high crystalline quality, which is comparable with the quality of the Siface 3C-SiC. Moreover, we have found that for both the C-face and Si-face 3C-SiC, a 4H-SiC
homoepitaxial layer and a polytype-transition layer are formed before the formation of the 3CSiC layer. However, the transition layer in the C-face 3C-SiC sample is not enlarged as much
as in the Si-face sample along the step-flow direction, thus resulting in less density of defects
at the edge on the C-face 3C-SiC compared to the Si-face 3C-SiC. Therefore, a quite consistent
crystalline quality over the entire C-face 3C-SiC sample was demonstrated, which facilitates
the growth of 3C-SiC on hexagonal SiC substrates by lateral enlargement.
Paper Ⅱ
We have systematically investigated the growth of monolayer and multilayer graphene on the
Si-face off-axis 3C-SiC(111), which exhibits periodic steps as nucleation sites for the growth
of graphene. We have found that the step bunching on the Si-face of 3C-SiC(111) can be fully
eliminated during graphene growth. As a result, the large-area monolayer, bilayer, and fourlayer graphene can be controllably grown via tuning the growth temperature and duration at the
constant temperature. Particularly, homogeneous four-layer graphene over areas of tens of
square micrometers was demonstrated by low energy electron microscopy. Based on the
identical decomposition energy of the 3C-SiC steps, we also propose a growth model to explain
the elimination process of the step bunching and the formation of graphene layers on the Siface off-axis 3C-SiC(111).
Paper Ⅲ
We have investigated the growth of graphene layers on the off-axis C-face 3C-SiC(1̅1̅1̅) by
sublimation epitaxy. We have obtained a few graphene domains with different thickness
ranging from one monolayer (ML) to four ML without the buffer layer. In particular, we
demonstrate the growth of large graphene domains over several square micrometers, which
enable us to measure µ-LEED on a single domain separately. As a result, we have discovered
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the presence of mainly four rotational grains within the monolayer graphene. Two sets of
graphene (1  1) spots that are rotated 30° with respect to each other are observed on bilayer
graphene, and a series of small azimuthal rotational spots ranging from around 4~7° are also
observed. The Raman spectra collected on graphene domains show small D peaks, indicating
high crystalline quality graphene layers grown on the C-face off-axis 3C-SiC(1̅1̅1̅).
Paper Ⅳ
We report a pattern-free approach for the growth of free-standing graphene nanoribbons (GNRs)
by using the bunched steps formed on off-oriented 4H-SiC (0001) epilayers. We first grew ~50
µm-thick 4H-SiC (0001) epilayers on 4° off-axis 4H-SiC substrates by sublimation epitaxy.
Large terraces/steps with inclined nanofacets in-between, induced by the step-bunching process
during the epilayer growth, used for the subsequent sublimation growth of GNRs. Scanning
tunneling microscopy (STM) profiles reveal the inclined angles of step facets, which are
independent on the step heights and are similar to the previously reported angles of the faceted
sidewalls produced by lithography. Using low energy electron microscopy (LEEM) and
diffraction (LEED) measurements, we have shown that the terraces are mainly covered by
monolayer graphene with buffer layer underneath it. By the STM study and the analysis of their
Fourier transform patterns, we have found that graphene is strongly buckled on the step facets
and appears to be decoupled from the surface.
Paper Ⅴ
By the analysis of angle-resolved photoelectron spectroscopy (ARPES) measurements in
combination with theoretical calculations, we have comprehensively investigated the influence
of the stacking sequence and the interlayer spacing on the electronic structure of four-layer
graphene grown on the off-axis 3C-SiC(111). LEEM measurements confirmed the number of
graphene layers and their coverage on 3C-SiC(111) surface. Large coverage of four-layer
graphene permits us to measure ARPES on it. Different band structures for ABAB (Bernal),
ABCA (rhombohedral), and ABCB (turbostratic) stacking sequences were calculated by Firstprinciples density functional theory. By comparing with ARPES results, we have demonstrated
the presence of a rhombohedral stacking sequence in four-layer graphene and a nearly
dispersionless electronic band (flat band) with a width of ~0.07Å near the Fermi level.
Furthermore, we have found that the interlayer spacing determines the bandgap, width of flat
band, and curvature of the flat-band region, which could play an important role in the research
of superconductivity in rhombohedral multilayer graphene.
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Paper Ⅵ
We have studied the effect of the surface polarity of SiC on the performance of the
photoelectrochemical water splitting. On the C-face SiC, proton-coupled electron transfer
controls the interfacial hole transfer for water oxidation, giving rise to energy loss because of
the highly activated proton-transfer steps. While on the Si-face SiC, a surface-catalyzed barrierless O–H breaking can be achieved with a facile proton exchange and migration feature. As a
result, the Si-face SiC facilitates the oxygen evolution reaction at a very low overpotential. This
would shed light on the design of photoelectrodes for zero-biased solar water splitting by
surface engineering.
Paper Ⅶ
We introduced a p-n junction photoanode by depositing p-type NiO nanoclusters on n-type 3CSiC and demonstrated a significantly enhanced photoelectrochemical (PEC) water splitting
performance. We have demonstrated that such a p-n junction photoanode exhibits a low onset
potential of 0.20 V versus reversible hydrogen electrode (VRHE), a high photovoltage of 1.0 V,
a photocurrent density of 1.01 mA cm-2 at 0.55 VRHE, and a high fill factor of 0.57%. We show
that the NiO/3C-SiC heterojunction facilitates the separation of photogenerated carriers and
suppresses carrier recombination. Moreover, the NiO nanostructured layer also protects the 3CSiC surface against photo-corrosion.
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