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ABSTRACT

SELF-ORGANIZED NETWORK OF SILICON OXIDE ON EPITAXIAL
GRAPHENE

In this thesis, | studied the formation and characterization of self-organized
hexagonal-shaped SiO> wrinkle structures on epitaxial graphene that was grown on SiC
substrate. Monolayer graphene was grown by annealing the SiC substrate at high
temperatures under ultra-high vacuum conditions. Following the growth process, SiO>
thin film was deposited on epitaxial graphene layer at different deposition temperatures
by thermal evaporation method. We found that SiO> film wrinkles on epitaxial graphene.
The origin of the hexagonal shaped wrinkle structures were derived from the thermal
expansion coefficient difference between epitaxial graphene and SiO2 thin film. The mesh
density of these SiO. hexagonal wrinkle structures was controlled by changing the
cooling rate of the substrate after the thin film deposition. To make a comparison, SiO2
thin film was also deposited on CVD grown graphene and on bare SiC substrate. Unlike
on the bare SiC surface, SiO thin film on epitaxial graphene exhibited a self-assembled
network of hexagonally shaped wrinkles due to thermally induced compressive strain
between the two materials. The observed network of wrinkles were found to be comprised
of line shaped primary and secondary types of protrusions with distinct topographic
characteristics as determined by optical microscopy, Scanning Electron Microscopy and
Atomic Force Microscopy measurements. The wrinkle to wrinkle spacing and mesh
density of the wrinkle network were modified simply by changing the SiO> deposition
temperature. Our experimental results imply that epitaxial graphene with its high
chemical inertness on SiC offers a great potential to be used as a conventional substrate

in the realm of thin film metrology.



OZET

EPITAKSIYEL GRAFEN UZERINDE KENDILIGINDEN
DUZENLENEN SIiLIKON OKSIT AGI

Bu calismada, silisyum karbiir alttas iizerinde biiyiitiilmiis epitaksiyel grafen
tizerinde kendiliginden diizenlenen silikon oksit aginin olusumu ve karakterizasyonu
gerceklestirildi. Tek katman grafen, silikon karbiir alttas iizerinde yliksek sicakliklarda
tavlanarak ultra yiikksek vakum kosullarinda biyiitiildii. Biiylitme islemi sonrasi, silikon
oksit ince film tabakasi epitaksiyel olarak biiyiitiilmiis grafen iizerine farkli kaplama
sicakliklarinda termal olarak buharlastirildi. Yiizeyde meydana gelen kirisiklik yapisinin,
epitaksiyel grafen ile SiO2 ince film arasindaki yiiksek 1si1l genlesme katsayisi
farkliligindan kaynaklandig1 yapilan deneyler ile gosterildi. Bu kirigiklik yapilarinin
yogunlugu ince film kaplandiktan sonraki sogutma hizi degistirilerek kontrol edildi. Ayn1
zamanda epitaksiyel ve kimyasal buhar biriktirme (CVD) yontemleri ile sentezlenmis
grafen tizerindeki kirisiklik yapisinin olusumu calisildi. Tek katman epitaksiyel grafen ve
islem uygulanmamis SiC alttagin iizerinde kaplanan SiO2 ince filmin yiizey tizerindeki
davranis1 incelendi. Islem uygulanmamis SiC alttasinin aksine, iki malzeme arasinda
termal olarak endiiklenen basma gerinimden dolayr SiC {lizerinde epitaksiyel olarak
biiyiitiilmiis tek katman grafenin {izerindeki SiO> ince film, altigen yapili kendiliginden
olusan kirisiklik agini1 gostermistir. Farkli topografik 6zellikler gdsteren birincil ve ikincil
tip yiikseltilerden olusan kiristk ag yapisi; optik mikroskop, taramali elektron
mikroskopisi (SEM) ve atomik kuvvet mikroskopisi (AFM) Ol¢timleri ile karakterize
edilmistir. Kirigikliklar aras1 mesafe ve yapidaki ag yogunlugu SiOz ince film kaplama
sicakligr degistirilerek modifiye edilmistir. Elde edilen sonuclar, yiiksek oranda kimyasal
olarak etkisiz olan silikon karbiir {izerinde biiyiitiilen epitaksiyel grafenin ince film
metrolojisi alaninda kullanilmak {izere yiiksek bir potansiyele sahip oldugunu

gostermistir.
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CHAPTER 1

INTRODUCTION

1.1. Wrinkle Formation

The fact that the periodic patterns are seen in nature as in biological and geological
systems over wide ranging length scales is well known . Said patterned structures or
deformations may have a grand benefit in technology as well. People have tried to create
this periodic patterns to utilize them in micro-nano technology, optical grating 2, bendable
electronics 3 and especially lithographic techniques. Complete execution of these
applications necessitates full comprehension of the part which sheet properties and
substrate geometry for delamination play in the equation.

Wrinkle networks have been observed in various substrates. Thermal vibrations, edge
instabilities, strain in two dimensional crystals induce wrinkles or ripples to form on the
substrate. Distinctive deformation in graphene on various substrates are wrinkles formed
due to the variant thermal expansion coefficients between substrate and graphene, and
also arising from the lattice mismatch between thin film layer and substrate . In literature,
the out of plane deformations as ripples and wrinkles depend on the size and structure
characteristics of the substrate °. Furthermore, these corrugations on graphene can modify
its transport properties ©, create polarized carrier puddles 7, increase chemical reactivity
8 induce pseudomagnetic field in bilayers and change surface properties °. In addition to
all these characteristics, wrinkles play an important role in the changing wettability and
optical transmittance of graphene °. Consequently, governance of their macroscopic
ordering along with a systematic characterization is desired to successfully implement the
graphene in the technological aspect.

Furthermore in graphene, wrinkles have been observed on the other types of layered
materials. For instance; wrinkle formation on crystalline large area graphene grown on a
poly-Ni substrate by using CVD as a result of the thermal expansion coefficient between
Ni substrate is observed by using optical microscopy (Figure 1) . Wrinkle density can
be changed by means of optimizing the growth temperature, gas mixing rate and growth
rate.



(a) Before growth

Figure 1. Graphene wrinkle formation on poly-Ni substrate (a) after reduction without
growth after (b) 5 min, (c) 10 min and (d) 15 min of growth 1.

Another study about the nanofold formation is that the deposition of Cu with some
time on VSe, layered crystal prepared by the chemical vapor deposition technique is
characterized by Scanning Electron Microscopy (SEM) (Figure 2) 2. The mesh size of
the network changes between 400 and 800 nm and these nanostructures meet at 120°. It
is claimed that it is possible to transfer this nanofold structures with linear cavities.
Spiecker et al. have stated that these wrinkles form due to two main reasons: diffusing
into the top layers of the layered crystal and creating an interposition phase. And therefore
a lattice expansion forced by the rigid substrate, causing the building up of compressive
biaxial strain and stress in the intercalation layer (self-assembled nanofold) accompanies
this phase. The relaxation of layer strain in the mesh zone due to the lateral displacement

of the layered materials against the folding zone causes the wrinkle to form.



Figure 2. SEM image of self-assembled hexagonal network of nano-fold formed on VSe;
surface 12,

The interaction between the graphene layer and the substrate substantially affects
the occurrence of the ripples and wrinkles. The contrary thermal expansion coefficient
between graphene and substrate contributes to the horizontal displacement of the
graphene sheet which stems from the flexural phonon modes while the in-plane phonons
contribute only a little *3. The dimensions of the ripples formed on the mechanically
exfoliated graphene are 1 nm (height) x 10-25 nm (lateral) 4. These wrinkle structures
have been explained as the formation of an electron-hole puddle, decreased carrier
mobility, and increased chemical reactivity. Wrinkles also appeared on transferred
graphene surfaces which were grown by chemical vapor deposition method. These
wrinkles generally are 2-15 nm in height and 20-100 nm in width 4. The wrinkle formed
on the CVD graphene is wider than the mechanically exfoliated one influencing graphene
samples in regard to their physiochemical properties. Researches have reported that this
highly ordered honeycomb pattern forms on the thin layered crystalline film on Al4Cs and
carbon synthesized on a sapphire c-plane substrate with chemical vapor deposition
method °. After increasing the annealing temperature up to some point, the thin film
begins to appear as a two dimensionally periodic pattern and characterized by optical
microscopy (Figure 3). This formation of hexagonal patterns are the result of the

relaxation of strain during the annealing process.



Figure 3. Optical microscopy images of formation of hexagonal pattern structures (a)
from center of the substrate (b) branch connection of hexagonal pattern (c)
boundary between pattern with room temperature (RT) and high temperature
(HT) at 1000°C.

The aim of this thesis is to demonstrate a new approach to create and tune mesh
like wrinkle patterns without using multi-staged lithographic techniques. We indicate that
the self-assembled hexagonal network forms to minimize biaxial compressive strain
energy. This is caused by the effect of compressive stress in an evaporated thin SiO2 film
deposited onto epitaxially grown graphene substrate. Lateral strain produced upon
cooling of graphene grown in epitaxially growth on SiC substrate causes in hexagonal
shaped wrinkles. Such phenomena would be used in a great number of applications,

including especially lithography without any inconvenient chemical processes 17+ 18,

1.2. What is Graphene?

Graphene is a rising material which consist of honeycomb lattice structure of sp?

hybridization of carbon atoms. This two-dimensional (2D) allotrope of carbon atom plays
an important role since it is the origin for the considering of the electronical, mechanical
and optical properties in other allotropes. Graphene is a one atom thick, zero band gap

semiconductor material. It is a highly wanted material in carbon based nanomaterial



family with the excellent properties. Today, graphene is a potential member of next
generation nano devices with unique properties in  photonics, optoelectronics, °
biomedical applications 2° such as; transistors 2* supercapacitors ?, drug delivery 23 and
nano-lubricant 24,

In recent years, carbon based materials have been a focal point of experimental
studies. Not only graphene, but also allotropes of carbon atoms have drawn a great deal
of attention at least as much as graphene. Carbon atom is capable of forming many
allotropes due to its valency. The most famous known allotropes of carbon are diamond
and graphite. In time, many more types of allotropes of carbon atoms have been
discovered. Fullerenes are zero dimensional (OD) materials that form spherically with
discrete state energy levels. Carbon nanotubes (CNTSs) are another type of allotrope of
graphene which are one dimensional (1D) materials obtained by folding graphene
throughout a given direction and reconnecting the carbon atoms with a cylindrical
structure. Graphite, takes the place of stack of graphene layers, a three dimensional (3D)
allotrope of carbon atom. This two dimensional (2D) sheet sp? hybridized carbon atoms

show excellent properties not only scientifically but also technologically (Figure 4).

Figure 4. Schematic view of allotropes of carbon atoms (a) graphene (b) graphite (c)
nanotube (d) buckminsterfullerene (Cso) .

One atom thick graphene was first studied as long ago as 194726, Experimental
researches of graphene have been started with discovering of graphene by Geim and co-

workers, first exfoliated graphene from graphite in 2004. This study got the Nobel Prize



in physics for their pioneering work and graphene has started to be the breakout star of
the year. The quantum hall effect at room temperature 27, high charge carrier mobility 2
and extremely high thermal conductivity 2° where the initial studies and researches. All
such effects are fundamental elements for the designing of the electronic devices when

compared to silicon based devices and are of high interest to the scientists.

1.3 Properties of Graphene

1.3.1 Structure of Graphene

As mentioned before, graphene is a two dimensional semiconductor material which
consists of carbon atoms with a hexagon shape. The distance between carbon atoms is
0.142 nm %, Graphene is a single two dimensional hexagonal sheet of carbon atoms and
consist of honeycomb lattice structure as shown in Figure 5. This honeycomb lattice is

not a Bravais lattice because the distance between two neighboring sites is different.

© Asublattice @ B sublattice

Figure 5. Honeycomb lattice structure of graphene. 81, 52 and 63 are the vectors with
connect to carbon atoms.



The unit vectors in real space are indicated as a, and a,;

3 V3 3 -3
a; =a (5,7) and a, =a (E'T) (1.2
The three vectors which connect a side on the A sublattice on the B sublattice are
given by;
81

62 63 == _aey (12)

" 2(Bextey) " 2~ Berrey)

and the reciprocal lattice vectors are;

b % (35) nd b 5 (5.50) 3

Graphene consist of crystalline allotrope of carbon atoms which have 6 electrons
in group 4A in periodic table. Bonds in graphene has sp? hybridization. There are three
in-plane sigma (o) bonds which are s, px and py. These bonds are extremely strong and
form the structural stability of the hexagonal structure. Partially filled p, orbitals (n
orbitals) perpendicular to the plane are responsible for the electron conduction (Figure 6).
On the other hand, there is sp® hybridization between graphene sheets, such as graphite.
Therefore, between the layers out of plane & orbitals give rise to weak van der Waals
forces. Due to this fact, it is relatively easy to obtain monolayer graphene from graphite

flakes with the exfoliation method.

Figure 6. Schematic view of orbital structure of graphene 3L,



1.3.2 Mechanical Properties of Graphene

Experimental studies indicate that graphene shows excellent mechanical
properties when compared to other 2D materials such as MoS,, WSe; *2. Also, recent
mechanical experiments have shown that graphene is the strong material measured so far
due to the in plane ¢ bonds *. The mechanical properties of graphene under tension have
been investigated extensively using both experiments and atomistic simulation
methods®*. There is weakly coupled by van der Waals forces for each graphene layer,
between two carbon atoms exist strong covalent bonding. It is few hundred times stronger
than steel. In addition to this, Young Modulus of graphene was recorded E = 1.1 + 0.1
TPa ** and breaking strength is 42 N/m which gives that graphene is the strongest material

ever measured 2.

1.3.3 Electronic Properties of Graphene

Graphene is a zero band gap semiconductor due to linear Dirac point. The
conduction band and valance band connect at the corners of hexagon which is called Dirac
point (Figure 7). Because of the gapless material, electrons near the Fermi level act like
as if they are massless. Fermi level should be around the Dirac point, in which the charge
carriers solely go through a linear dispersion, for an intrinsic or lightly doped graphene.
This linear dispersion is called the Dirac cone because of the fact that it is defined by the
relativistic Dirac equation. The Dirac electrons can be kept under control by applying
external electric and magnetic fields or altering the sample. It is, as aforesaid, due to the
fact that the structural flexibility of the graphene can be seen in its electronic
characteristics. In accordance with the Pauli principle, these bands have a filled shell and
hence form a valence band. The p-orbital, which remains unaffected and is vertical to the
planar structure, can form a covalent band with the neighboring carbon atoms. And since

every p orbital has one extra electron, the 7 band is half filled .



a)

Figure 7. (a) Reciprocal lattice vectors of graphene® (b) 1% Brillouin zone of graphene
(c) The band structure of graphene with E=0 (Dirac point) .

The band structure of graphene can be calculated from reciprocal lattice in Figure
7 (a) by using tight binding approximation . Tight binding calculations for the graphene

are described by;

k/3a

=) (1.4)

where y (~2.7 eV) and a indicates nearest neighbor hopping energy and a (2.46 A) the

E(ky ky) = ty \/1 + 4cos? (%) + 4cos(k2—a)cos(

lattice constant of graphene respectively.

According to the tight banding calculation, graphene has no band gap. This is a
result of linear dispersion relation of graphene. As seen in Figure 7 (c) K and K’ are the
high symmetry points (also called Dirac points) of graphene and at this points graphene
electrons and fermions act as a massless particles. The charge carriers in graphene mimic
relativistic particles with zero rest mass and have an effective 'speed of light' which is ¢ -
10° m/s 28. At absolute zero, there are no charge carriers present near the K and K’ point
which is called charge neutrality point.

In addition, graphene has high mobility (x) even in room temperature 2. An
extraordinary trait of graphene is that u preserves its high level even at the highest electric-
field-induced concentrations; furthermore, it looks unaffected by chemical doping. This
means ballistic transport on a sub-micrometer scale at 300 K. A room-temperature
ballistic transistor has been a tempting dream of electronic engineers to this day. The
studies carried out concerning the single layer graphene have revealed the distinctive
characteristics of graphene and suggested the probability of application of graphene in a
vast number of devices %, especially sensors %°, transparent electrodes ** and solar cells

3 reinforced composites.



1.3.4 Optical Properties of Graphene

It is possible to measure the absorption spectrum of graphene due to the simple
electronic band structure of graphene. Monolayer and bilayer graphene are zero band gap
two dimensional semiconductors. Therefore, the dimensionality effects can be studied in
the unique substance. In the infrared limit absorption coefficient is exactly ma ~ 2.3 +
0.10% **, where a = €%/ hc is the fine structure constant, and the correction to this number
in the visible range of the spectrum less than 3% “°. It can be explained by constant
conductivity in the visible range. Because of the linear dispersion relation behavior, it has
been shown that

e=zthuvek (1.5)

where h is the Planck constant , vy (~ 108 m/s) is the Fermi velocity and Kk is the wave
vector “6. The positive sign and negative sign on the right-hand side of the equation
correspond to the upper part of the Dirac cone (the conduction band) and the lower part
of the Dirac cone (the valance band), respectively.

Ni/Au, Ti, TiW and ITO have been performed as a transparent electrode which
will collect photo-generated charge carriers especially in optoelectronic and photovoltaic
devices in literature during the last decade. Unlike other transparent contact materials,
graphene is seen to be able to transmit > 90% of the light in the wavelength range between
200-400 nm *. When we combine this high UV transmission level with the zero band
gap property, graphene becomes a likely good candidate as a transparent and conductive
electrode for such devices. It was recently indicated that a multilayer graphene template,
which was grown by chemical vapor deposition (CVD) technique, could be used as a
transparent Schottky electrode for GaN based metal-semiconductor-metal (MSM) type

UV sensor #’.
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1.4 Graphene Production Methods

1.4.1 Micromechanical Exfoliation

Figure 8. The illustrative procedure of mechanical exfoliation method from HOPG flakes
to graphene on 300 nm Si/SiO; substrate.

Up to now, a large number of methods have been proposed to produce graphene.
Graphene was first discovered with using micromechanical exfoliation method in 2004
by Andre Geim and Konstantin Novoselov who got Nobel physics prize in 2010. This
method is somewhat simple; with using scotch tape Highly Oriented Pyrolytic Graphite
(HOPG) flakes peel of small graphene particles (Figure 8). In this method, graphene is
exfoliated from the bulk graphite layer by layer which is also known scotch tape method.
The resistance to be overcome is the Van der Walls attraction between graphene flakes
8. Decoupled graphite particles is transferred to 300 nm SiO2 covered Si substrate for
creating contrast difference by characterizing with optical microscopy. By using this
method, it is possible to observe high carrier mobility even at room temperatures in
exfoliated graphene flakes %°. However, with using these technique, it is possible to obtain
few or more layer graphene films up to 10 pm in size °° and number of layer is not

controllable. In addition to this, with this method, obtained graphene flakes are very
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defective. Therefore, this method is not scalable meaning one cannot make large areas of

graphene which are required for the fabrication of electronic devices.

1.4.2 Chemical VVapor Deposition
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Figure 9. Schematic representation of CVD graphene synthesis method on Ni thin film
51

As mentioned in literature % | chemical vapor deposition (CVD) is the most
common method for synthesis large area graphene. Graphene production is based on the
deposition of carbon atom on metal substrates such as Ni, Cu, Ir and Pd (Figure 9). This
transition metals act as catalyst for transforming hydrocarbons into graphitic materials >.
With this technique, carbon source gases such as CoHz, C2Hs and CH4 etc. are deposited
onto the metal substrates in CVD reactor with relatively high temperatures (800-1000°C)
depending on the carbon sources, at low pressure (order of mTorr) or atmospheric
pressure. Carbon solubility changes with the used transition metals as given above. For
instance, nickel has higher carbon solubility with respect to copper 2. Therefore,
cooling process plays an important role as well as growth or annealing process for
graphene growth by using CVD. During the graphene synthesis process, precursors

contain carbon based gases that react on the transition metal surface under the ambient
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environment. Also, it is well known that for controlling number of layer of graphene with
CVD system, the solubility of the carbon in transition metal plays a critical role 2.
Synthesis graphene with CVD method, shows mobility of the order of 3000 cm?/Vs 2,
90% transmissivity °® and 280 Q sq °’. Although with this method, it is possible to obtain
large area graphene with respect to sample size, it is limited to use in electronic device
applications due to the metallic substrate and it needs to be transferred to insulating
substrates. During transfer process, to create unavoidable defects to the graphene is
inevitable and this changes the electronic properties. Another property of CVD graphene
method is that forming sheet is inherently polycrystalline because of the grain boundaries.

This results in poor electronic properties °8.

1.4.3 Epitaxial Growth of Graphene on SiC Substrate

Mechanical exfoliation is a shortcut method for obtaining single or few layer
graphene. However, with this method obtained graphene flakes will be both small size
and cannot be used in technological applications like transistors or sensors. In addition to
this, with CVD method it is possible to produce large area and few layer graphene but
then during transfer processes lots of chemicals should be used. Since these chemicals
cannot be removed completely from the sample surface ° after transferring to other
substrates, they can be caused to be some problems in device processing.

Epitaxial graphene growth method used to produce ultrathin epitaxial graphite
films by sublimation of Si from SiC substrate under ultra- high vacuum (UHV)
conditions. With this efficient technique, it is possible to grow epitaxial single and
multilayer graphene films in ultra-high vacuum by thermal decomposition of SiC at the
range of ~1350-1400°C regime -2, Epitaxial multilayer graphene films have been
extensively characterized by surface analysis tools, electronic transport experiments,

infrared spectroscopy, and other techniques 3.

13



1.5 Strain —Stress Mechanism on Thin Films

Stress is force per unit area that is acting on a material. In thin films, stress have
three primary origins which are intrinsic, thermal and mechanical. Thin films are stressed
even without the application or externally imposed forces and characterized by residual
stress. Intrinsic and thermal stresses are often referred to residual stress. As opposed to
thermal stress, stress which arise from mechanical reasons is called mechanical stress.
Most mechanisms producing intrinsic stress result in a change in volume which then
generate stresses due to the constraint of the substrate or other layers. Intrinsic stresses
arise from deposition process such as sputtering, spin coating or spraying and deposition
temperature can be low, high or room temperature. As distinct from thermal stress,
intrinsic stress presents at the deposition temperature. On the other hand, thermal stresses
can result from changing in temperature when the film and substrate have different
thermal expansion coefficient (o). And also, when the sample temperature different from
the deposition temperature, the residual stresses comprise both intrinsic and thermal

contributions.

Compressive Stress Tensile Stress

Figure 10. Schematic representation of compressive and tensile stress mechanism on thin
film.

The residual (internal) stress can be compressive and tensile. A piece of solid is
under stress when during temperature changes occurring the deposition different material.
During tensile stresses, atoms are further apart they would be in the annealed state, in
addition to this, in the case of compressive stresses, the atoms are closer together than
they would be in the annealed state. The film stress depend on film thickness, Young’s
modulus of thin film, morphology and density of the thin film. As seen in Figure 10, films

under compression will try to expand and if the substrate is thin, the film will bend the
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substrate with the film being convex side. On the other hand, if the film is under tensile
stress the film will try to contract to substrate so the film is on the concave side.

Upon cooling, substrate and film shrink by some factor given by their thermal
expansion coefficient (a) and it comes straight from bonding potential. The thermal

expansion coefficient a is defined as the rate of uniaxial strain with temperature:

a (T) = ‘Z—Tx (1.6)

where T defined as temperature. The unit of « is Kelvin™ (K™1). Since a (T) is defining
a dimensionless strain per Kelvin, a (T) is usually in a range of 10°-10"".
For a moderate temperature « (T) is a constant of the material. Therefore, for a

finite temperature change AT,
€x(T) = €,(To) + a7 AT .7
where €,(To) is the strain at the original temperature To, and AT equals to T-To.

When a thin film material is attached to the substrate, the thermal behavior is more
complicated. The thin film is much thinner with respect to the substrate in a stress-free
state at deposition temperature Tq and then cooled to room temperature T;. The substrate
contracts according to the own thermal expansion coefficient and the film is attached to
the substrate. Therefore, thin film must bond by the same amount as the substrate. Then,
the strain of the substrate is,

€s = —ar AT (1.8)
where AT = T, — T, ar, is the linear expansion coefficient and E is the Young’s modulus
of the substrate. If the thin film were not attached to the substrate, then strain is given by,

Ef,free = — anAT (19)

where a; ; is the linear expansion coefficient of the film. Yet, because of its attachment

to the substrate, the actual strain in the thin film must be equal that of substrate (¢ = &).

Then,
€f attached — — aTSAT (1.10)
Therefore the thermal mismatch strain is defined as an extra strain and is given by,

€f mismatch = (an - aTS)AT (1.11)

15



The film can succeed the state of strain is to develop an in-plane biaxial stress which is
given by,

E
Of mismatch = (E) €f mismatch (1.12)

where v is the Poisson’s ratio of the thin film ©.
1.6 Wrinkles on Graphene

Whether it is a macroscopic system such as a geological plate or a microscopic
system such as a thin film, deformation of a system is known to introduce a pattern *. This
induced pattern is expected to be of great use in the field of technology if harnessed and
controlled appropriately, due to the obvious fact that today’s micro and nanotechnology
are only achievable by the patterning processes 2467, Stress in thin films is known to cause
yield and affect actual device efficiency to substrate especially optoelectronic devices 1.
In addition to this, wrinkle structures are part of the many electronic properties of material
including electron-hole puddles 8, band gap engineering ®° and pseudomagnetic field in
bilayers °.

Thin films are often subject to a considerable amount of strain when they are
deposited on compliant substrates due to differential thermal contractions and/or to a large
lattice mismatch between the respective materials. The main causes of these instabilities
on the thin film surface are compressive "* and tensile 7? stress. The inherent strain,
released upon cooling of incompatible film/substrate stack from the process temperature,
can yield mechanical instabilities in the uppermost surface layers. Differently from their
1D (one-dimensional) and OD (zero-dimensional) counterpart, 2D nanomaterials, such as
graphene, exhibit surface corrugations like wrinkles, ripples and cracks. As graphene is a
thin material, it is easily susceptible out of plane deformations that causes to formation of
wrinkles because of the stress relaxation (Figure 11 (a)). This relaxation generally caused
by thermal expansion coefficient difference between substrate and thin film layer during
the annealing process **7. According to the theoretical calculations, the localized
wrinkles in graphene are preceded by distributed ripples of very small amplitude upon
uniaxial compression (Figure 11 (b)). By intentionally straining the substrate uniaxial,
lateral strain is transmitted to graphene perpendicular the strain direction "3, Besides the

thermal expansion coefficient difference between the thin film and the substrate, surface
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friction acting on the thin film is effected to form wrinkle structure. Graphene interacts
with the substrate non-covalently and this causes perpendicular adhesive forces and
tangential frictional forces opposing sliding (Figure 11 (c)). The thin film adhesion to the
substrate is related to the substrate friction properties. The increased the adhesion may be

attributed to a larger contact area and this causes to occur wrinkle structure on thin film

surface .
/ distributed localized
graphene
a) b) tippling wrinkling
sz|Vh) oo
C) 85 70

T2 k;’/} Lo tangential
L I friction )

Figure 11. (a) Schematic of wrinkle formation on the substrate”. (b) During compression,
schematic of distributed rippling and localized wrinkling (c) Upon graphene
interact with substrate and through adhesion energy. Modeled as dry friction
with interfacial shear strength’.

The common occurrence of a mesh-like ridge structure has been observed in
epitaxial graphene on SiC substrate. Ridges may likely form during cool down when
wrinkles in the few layer coalesce. Briefly, after epitaxial graphene growth at high
temperature, anisotropic compressive stress progresses upon cooling due to the
differential thermal expansion coefficient between SiC and the epitaxial graphene. In the
case of responding to this compressive stress, the film deforms and buckles, forming
ridges or wrinkles. In Figure 12 (a), AFM image of wrinkle structures on few layer
epitaxial graphene after annealing of SiC substrate at high temperature (~ 1600 °C ) was
investigated. The ridges are not uniform height and contain a number of localized ridge
nodes. The height of the primary ridges is about 10-15 nm and secondary ridges has lower
height which is about 2-10 nm height 7’. Furthermore, wrinkle structure on epitaxial
graphene has been observed with AFM measurements (Figure 12 (b)). The height of this

structures is less than 2 nm and they are typically separated by few hundred nanometers.
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0.0
10.0 ym

Figure 12. (a) AFM image of few layer graphene grown on 4H-SiC substrate with ~ 2
um x 2 um ridge network size. The labels a; and a. indicates primary ridges,
ridge nodes are labelled as bi and b, and ¢ is the secondary ridge”’. (b) AFM

image of wrinkle network after graphene growing at T = 1600 °C for 40 min
78

Similar to observed in epitaxial graphene, the wrinkle structures can be found also
on exfoliated graphene and CVD grown graphene on SiO; substrates. However, these
wrinkles are about 10 nm width and 3 nm height ’°. Because of the non-controlling
number of layer graphene flakes and small size, it is hard to control the formation of these
wrinkle structures. The studies conducted on CVD grown graphene also exhibits ripples
on the surface, which arise from the thermal expansion difference between the metal and
the graphene grown on the surface °. The metal contracts more than graphene during post
cooling process, thus leaving an excess area of graphene which absorbs the strain energy
by mechanical deformation and forms a wrinkle. While the flexural phonon modes play
the main role in the horizontal displacement of the graphene sheet, the in-plane phonons
are found to have a very little contribution. This phenomenon is thought to be the main
reason for graphene’s negative thermal expansion coefficient. The opposite polarity
relationship between graphene and metal gives rise to high densities of wrinkles in CVD

grown graphene.
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CHAPTER 2

SILICON CARBIDE AND EPITAXIAL GRAPHENE

2.1 Crystal Structure of SiC

Silicon carbide (SiC) has been an accidentally discovered by Edward G. Acheson
in 1890 while synthesizing diamond. SiC occurs in nature in meteorites in a small amount.
SiC is used in industry as an abrasive and cutting tool. Also SiC is utilized in the field
effect sensors for optoelectronics .

Silicon carbide is composed of tetrahedral of carbon and silicon atoms with strong
bonds in the crystal lattice. The distance between C and Si atom is approximately 1.89 A
81 SiC resists relatively high temperatures (~ 2829 °C) because of the little or no grain
boundary impurities which gives the strong material. Also it has relatively high thermal
conductivity (3.3 times higher than that of Si at 300K) 8 coupled with low thermal
expansion (for 4H polytypes 4.06 x 10 /°C with a temperature range 20 °C to 1000 °C)
8 give this material exceptional thermal shock resistant qualities. In addition to all these
properties, SiC stable to chemical attack at temperature, and robust at high temperatures
which make SiC an ideal candidate for wafer tray supports, ion implantation,
supercapacitors, sensors, high power and high frequency applications 828485 The
electrical conduction of the material has led to its use in resistance heating elements for
especially heating systems. Because of all these several advantages over other wide band
gap semiconductors, SiC is well suited for many technologic applications . Indeed, SiC
nanomaterial has been a rising star from an increasing number of published research

works on them.
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Figure 13. Representation of 6H-SiC of polar faces C (000-1) face and Si (0001) face.

SiC is a common wide band gap semiconductor whose band gap energy changes
in the range between 2.0 eV to 7.0 eV . Because of this fact SiC operates at extremely
high temperature and high voltage. The Si-C bond length is 1.89 A and the distance
between two bilayers is 2.52 A . SiC consist of two different terminated face. The SiC
(0001) surface is called Si-face which is terminated by Si atoms, while the SiC (000-1)
surface is called as C-face which is terminated by C atoms (Figure 13). These two
different surfaces shows different physical and chemical properties with respect to growth
of graphene ,
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(b) | Polytype | Stacking sequence | Lattice constant (A) | Band Gap (eV) |
3C-SiC ABC 4.36 23
4H-SiC ABAC 3.08 33
6H-SiC ACBABC 3.08 3.0

Figure 14. (a) lllustration of some main polytypes of SiC (b) and their properties &
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SiC has more than 250 polytypes but few of them are commonly used (Figure 14
(a)). Depending on polytypes, SiC shows two different type of crystal structures as seen
in Figure 14 (b). For example, a- SiC has hexagonal crystal structure and it forms out
temperatures greater than 1700 °C. On the other hand B-SiC has zinc blende crystal
structure and forms below 1700 °C. According to different types of stacking sequences
and crystal structures, it is shortened with numbers like 2, 3 or 4 and H (hexagonal) and
C (cubic), respectively. Furthermore, SiC is considered to be one of the few lightweight
covalently bonded ceramics. The theoretical density of B-SiC is only 3.16 g/cm? and that
of a-SiC (for 6H) is 3.21 g/cm®. Combining its lightweight and strong covalency with
other properties, such as low thermal expansion coefficient and high thermal
conductivity, strength and hardness, make SiC a promising ceramic for the replacement

of conventional metals, alloys and ionic bonded ceramic oxides.

2.2 Growth of Epitaxial Graphene on SiC Substrate

Historically, graphene has been reported as a monolayer graphite which was known
since 1994 %°. \Van Bommel et al. was the first study of epitaxial graphene on SiC substrate
in ultra-high vacuum °%. This method was verified by different surface scientists. The
small lattice mismatch between substrate and graphene shows that SiC is a quite suitable

substrate to grow graphene.

(a) UHV (b)

Si-face

.....
»

Figure 15. (a) Illustration of growth of epitaxial graphene under UHV
condition (b) Schematics of Si and C-faces of SiC crystal.
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As mentioned in previous chapter, epitaxial graphene growth is a method which is
based on the sublimation of the Si-atoms at high temperatures e.g. above 1300 °C from
SiC substrate under ultra-high vacuum conditions (Figure 15 (a)). The left behind C-
atoms create honeycomb lattice on the SiC surface. One third of C atoms in reconstruction
layers has covalent bonds to underlying Si-atoms of the topmost layers of SiC. This
constructed layers has shown graphitic properties and structure. However, it strongly
interacts with the substrate and leads to electronic properties which is different from an
isolated graphene layer %2,

Growth process starts at elevated temperatures which is higher than evaporation
temperature of silicon atoms. After evaporating Si atoms from the SiC surface, covalent
bond between Si-atoms and the substrate is broken, this bond become free which
constitute carbon atom to consist of sp? hybridization. The sublimated Si-atoms leave
behind three dangling bonds of carbon atoms where in the topmost layer of the SiC these
bonds form interface layer with connecting each other. Furthermore, the next graphene
layer occurs in the same manner and interacts with the interface via van der Waals forces.
This new graphene layer positions different with respect to two terminated faces (Figure
15 (b)). For the Si-terminated face of SiC (0001), the layers show good AB stacking order
of graphene. However, for the C-terminated face SiC (000-1), there is no formed
reconstruction layer because of the surface polarity and the dangling bond properties. This
causes a weak interaction between graphene and substrate which can be explained by
azimuthal asymmetry. Therefore, growth mechanism shows discrepancy with respect to

Si an C terminated faces %%,

2.2.1 Growth of Graphene on the Si-face of SiC

Graphene growth on the Si-face of SiC substrate under ultra-high vacuum has
been studied by many researchers. As mentioned before, there is a complex interface layer
between graphene and SiC for the growth on the Si-face. On Si-terminated face of SiC
(0001), (6v/3 x 6+/3) R30° (in short 6v/3) reconstruction is observed and this interface
structure acting as a template for the formation of graphene ensuring well-ordered
graphene on that surface %%, Si-face graphene is epitaxial with an orientational phase

rotated 30° °7. It occurs an interface layer between FLG and SiC substrate due to the
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covalent bonding. & states of graphene get back from the Fermi energy (Es) and this cause
to open a gap on graphene with a structure of the 6+/3 construction . This construction
layer is at the interface layer between SiC (0001) and graphene layer which occurs in the
interface shows same properties with graphene.

Graphene forms much slower on Si-terminated face when compared to C-
terminated face (Figure 16) %. With increasing annealing temperature and time, it is
possible to obtain a more equilibrium form of the surface structure. According to the
literature, the mobility of the electrons of graphene which is grown on Si-terminated face
and under UHV conditions changes between 24-530 cm?V-1st, Also, studies imply that

charge carrier density of Si-face grown graphene is about 5-0.03 x 10* cm2 %,
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Figure 16. Illustration of layer number of epitaxial graphene on SiC on Si-terminated
face (0001) and C-terminated face (000-1) 1%,

2.2.2 Growth of Graphene on the C-face of SiC

Unlike growth of graphene on Si-face, during graphene formation on C-face, 2 x
2 and 3 x 3 reconstructions are observed. However, it is not expected that this
reconstruction would act as a template for the graphene, so there is no coincidence
between their unit cell size and that of the graphene. Compared to the Si-terminated face,
there are rotationally disordered domains on C-terminated face and individual graphene
layers are thicker than the layers on SiC (0001) (Figure 16). There is a strong covalent
bonding between following first graphene layer and SiC (000-1) substrate while weak
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interaction between graphene layers. Both misalignment and turbostratic structure of the
substrate, the graphene layers are rotated on the C-face and after that other graphene
layers grown with respect to each other individually 8.

In contrast to Si-terminated face, graphene forms at relatively lower temperature
on C-terminated face. This difference arise from inherent energetic instability of the C-
face, low energy surface. Furthermore, the rate of graphene formation on the C-face is
considerably faster than Si-face. In these films, there is no Bernal stacking but rotational
disordering occurs. This disorder produces a band structure which resembles to that of an
isolated single layer graphene 61819193,

With epitaxial method, it is possible to obtain single and few layer graphene as
mentioned in previous chapters. However; obtained graphene films on SiC (000-1)
exhibit rough surfaces which are unacceptable for electronic devices. Fortunately, with
capping method, it is possible to control the high sublimation rate of silicon 1%, 1°2, This
method is used to increase the silicon vapor pressure during the annealing process. It is
possible to control the number of graphene layers on the C-terminated face during the
epitaxial growth. In addition to this, ARPES and transport measurements show that
produced epitaxial graphene on C-terminated face has linear dispersion and high mobility
(10.000-30.000 cm?V-1st) %8,
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CHAPTER 3

GROWTH AND CHARACTERIZATION OF EPITAXIAL
GRAPHENE ON SiC

3.1. Sample Preparation

Before the growth, samples must be cleaned and well prepared. In order to be used
in the growth experiments, 250 um thick and on-axis, Si-face epi-ready, n-type 6H-SiC
wafer was used. The wafer was diced into 4 x 10 mm? rectangular substrates. Resistivity
of the samples were in the range between 0.02- 0.1Qcm. To remove organic
contaminations from the sample surface, ultrasonic cleaning was used. SiC samples were
cleaned with high purity acetone (Sigma Aldrich, = 99%) in ultrasonic bath for 15 min.
We used acetone since it dissolves almost all the organic compounds from SiC surface.
After cleaning the sample by using acetone, isopropanol (Sigma Aldrich, > 99.5%) was
used to remove the remaining acetone. As the last step, samples were rinsed in deionized
(DI) water to remove isopropanol remains on the SiC substrate. Furthermore, the native
oxide layer present on the SiC sample surface was removed by 6% diluted hydrofluoric
acid (HF) solution.

3.2 Growth Set-up

All the growth experiments in this study were conducted in an ultra-high vacuum
(UHV) chamber. Epitaxial graphene was grown in UHV chamber where base pressure is
about 10°%° mbar. Epitaxial graphene growth on the SiC substrate was carried out with
direct current heating method. The temperature of the sample measured by a pyrometer
with =1 °C resolution. In our UHV system, two different pumps were used; scroll pump
and Turbo Molecular Pump (TMP). At first, for removing the contamination like small
particles in the chamber, scroll pump was used which takes the system pressure down to

102 mbar. After reaching the pressure of 102 mbar, TMP is turned on to achieve a
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pressure on the 1012 mbar range. There are two types of vacuum gauges which are AUX1
(Cold Cathode) and IMG (Inverse Magnetron Gauge). We run AUX1 to read the pressure
range between 10 mbar and 10° mbar. IMG was used to read the pressure range between
10 mbar and 107'° mbar. System pressure was traced by a gauge controller. All

equipment and controllers for epitaxial graphene growth system are shown in Figure 17.

IMG
TMP
Scroll
Pum
AUX Y
Guage TMP
Controller Controller

Figure 17. Epitaxial graphene growth system setup in the Department of Physics at
IZTECH.

We designed a simple and user-friendly sample stage for high temperature
annealing process as shown in Figure 18 (a). Sample stage was designed with special
materials to resist high temperatures in due course of growth. The underside of the sample
stage is Alumina Ceramic (Al2Os) and upside is Tantalum (Ta) (Figure 18 (b)). Both of
these two materials have high melting points 2072 °C and 3020 °C, respectively. In
addition to resisting high temperatures, Al.Ozact as an excellent dielectric material which

isolates Ta plates for removing any shortcut problem on the sample stage.
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Figure 18. (a) 3D modelling of SiC annealing sample stage (b) Schematic view of the
sample annealing mechanism by using direct current heating method.

3.3 Growth of Epitaxial Graphene

The growth experiment was done in three steps as seen in Figure 19. Before the
graphene growth, samples were degassed at 600 °C overnight. This step is necessary for
thermally cleaning the organics and possible contaminations from the sample surface. For
removing the native oxide layer from the sample surface, substrates were heated up to
about 1050 °C for 5 min. To enlarge the grain boundaries of the SiC substrate, temperature
was increased to 1300 °C for 7 min. All these procedures were carried out for every
sample before the growth step. Above 1350 °C Si atoms start to evaporate from the surface
and left-behind carbon atoms form graphene structure on the SiC surface. The growth
experiments were repeated as a function of temperature and time to get monolayer
(1350 °C, 3min.), few layer (1400-1450 °C, 5-10 min.) and multilayer (1500 °C, 20 min)
graphene.

(a) (b)

Figure 19. Epitaxial graphene growth steps with different temperatures at (a) 600 °C (b)
1050°C (c) 1350°C.
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In this work, the growth of graphene was done on the Si-terminated face of SiC
since it is easy to control the number of layer of graphene rather than on the C-terminated
face. During the growth experiments, the pressure of the chamber did not exceed ~10
mbar. By changing the growth temperature and time, different numbers of layers of
homogenous graphene were obtained. Growth parameters are given in Table 1. After

graphene growth, current was shut-off and the sample was allowed to cool down to room

temperatu re.
Table 1. Epitaxial graphene growth parameters.
Sample
Thermal Cleaning Oxide Removal Surface Preparation Graphene Growth
number
T Time T Time T Time T Time
(°0) (min) (°0) (min) (°0) (min) (°0) (1min)
EG3 600 overnight | 1050-1070 10 1300-1310 7 1350 3
Sl 600 overnight | 1050-1070 10 1300-1310 7 1350 5
S3 600 overnight | 1050-1070 10 1300-1310 7 1400 10
S4 600 overnight | 1050-1070 10 1300-1310 7 1500 20
S5 600 overnight | 1050-1070 10 1300-1310 7 1450 5

3.4 Characterization of Epitaxial Graphene

The characterization of epitaxial graphene was done by Raman spectroscopy and
Atomic Force Microscopy (AFM). Raman spectroscopy was used for determining layer
number of graphene. The morphology of annealed and bare SiC sample surface were
analyzed by AFM measurements.

3.4.1 Raman Spectroscopy Measurements

Raman spectroscopy is a spectroscopic technique based on the inelastic scattering
of monochromatic light from laser source. This characterization method was first
observed in 1928 and used as an efficient method in material science researches since

1940s 1%, Raman spectroscopy is a basic and main technique for obtaining set of bonds
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present in the substrate. In this method, basically, the frequency of photons in
monochromatic light changes upon interacted with a sample. Photons of the laser light
are absorbed by the sample and then reemitted. Reemitted photons frequency is shifted
up or down in comparison with original monochromatic frequency, which is called the
Raman effect. This shift provides valuable information about vibrational, rotational and
other low frequency vibrations in materials. Raman spectroscopy method also can be

applied for solid, liquid and gaseous samples.

Figure 20. Raman spectroscopy measurement set-up (Monovista-Princeton instruments)
in Physics Department, IZTECH.

In this thesis Raman spectroscopy was used to determine the number of graphene
layer on SiC. Raman spectroscopy measurements were carried out by the Raman
spectrometer in department of Physics at IZTECH as seen in Figure 20. In addition to
graphene layer number determination, atomic structure of edges in graphene, defects and
stacking order between different layers can also be measured %41% By Raman
spectroscopy, graphene has three main characteristic peaks in the Raman spectrum which
are called as D, G and 2D modes. D peak appears at ~1350 cm™ and is related to the
disorder due to the defects in sp? carbon systems results in resonance Raman spectra. G
band, appears at ~1583 cm™ for graphene, is a first order Raman scattering process
containing in-plane transverse optical and longitudinal excitations at the middle of the
Brillouin zone. G peak can also be used to study the modifications of defects on graphene.
Another characteristic peak for graphene is G’-peak which is found in Raman spectra at
~2700 cmL. This peak is known as the second order Raman scattering of D peak and it

can be called in literature as 2D peak. The 2D peak in graphene occurs from two phonons
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with opposite momentum in the highest optical branch near the K point in Brillouin zone.
This peak gives information about the number of layer of graphene. However, for more
than 5 layers graphene, Raman spectroscopy is insufficient to determine the difference
between bulk graphite and multi layers graphene. Both G and 2D peaks give information
about electron-phonon interactions in graphene. In addition to these, there is another peak
at ~ 3250 cm™ and this peak is the second order of the inter-valley D’ peak. Its frequency
is higher than double D peak but it is not its second order and this peak is called 2D’.

In this work, the Raman spectrum of our samples were measured with Monovista
(Princeton Instruments) Raman system. An Ar" ion laser with a 514 nm (2.41 eV)
excitation source was used and all Raman signals were recorded in a spectral range
between 1200-3000 cm™ with a 600 grooves/mm grating. The laser spot size is
approximately 2 um and laser was focused by 100x optical lens. Each spectrum was
analyzed using the TriVista software. The thickness homogeneity of the grown graphene
samples was determined by micro-Raman mapping method as discussed in literature
108’109.

Epitaxial graphene was grown on Si-face surface of SiC with changing
temperatures between 1350-1500°C and annealing times between 5-20 min. The obtained
Raman spectroscopy measurement results were compared with the literature for

determining the number of layers and homogeneity of graphene .
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Figure 21. (a) Raman measurements on the Si-face surface of SiC substrates annealed at
different temperatures and period of time. (b) Raman spectroscopy
measurements of epitaxial graphene grown at 1350 °C in 3 min. and bare SiC.

As shown in Figure 21 (a), Raman measurements of the epitaxial graphene grown
on Si-terminated SiC substrate were compared for different growth temperatures and

annealing times. As mentioned previously, exfoliated and CVD graphene have three
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characteristic peaks, named as D, G and 2D. However, in the Raman signal of epitaxial
graphene, SiC has a dominant background peak with respect to other characteristic peaks
of graphene. SiC Raman peaks appear at ~1515 cm™ and ~1715 cm™ respectively °.
Both G and 2D band peak intensities do not vary with the position suggesting that the
thickness of epitaxial graphene layer is uniform throughout the underlying SiC surface.
The decrease in SiC signal and the increase in 2D peak intensity show that the amount of
graphene layer increases with the growth time. It is clearly seen that in Figure 21 (a),
when we compared with 2D peak intensities, the intensity is increasing while the number
of graphene layer is increasing too. The Raman spectra of graphene grown at 1500°C for
20 min., the SiC peaks are not visible. This is the result of the dominance of the G peak
arising from the graphitic structure formed on the surface. In addition to this, G* peak is
occurred also. This band is originated from a combination of the zone boundary
longitudinal acoustic phonon and in-plane transverse optical phonon modes. If the
number of the layer increases, a redshift in G* peak occurs 9.

The aim of this study is to obtain the appropriate growth parameters to obtain
single layer of epitaxial graphene on SiC. To determine the exact number of graphene
layer on SiC substrate, Raman attenuation method is carried out 1. In this method, the
SiC attenuation fraction e is extracted by the subtraction of a scaled bare SiC substrate
from the obtained Raman spectrum of epitaxial graphene on SiC substrate where t is the
thickness of graphene and a is the absorption coefficient of graphene. The 2D peak
intensity comparison between graphene grown at 1350 °C at 3 min. and bare SiC shown
in Figure 21 (b). It is very common that for mechanically exfoliated monolayer graphene,
Ip/lg ratio is about 2 and for higher number of graphene layers, lp/lg ratio becomes
lower'®. After the attenuation, obtained Raman profile reveals that the characteristic G
and single Lorentzian 2D peaks that are similar to those of mechanically exfoliated
monolayer graphene on a 300 nm thick SiO2 substrate Figure 22 (a). For obtaining
monolayer graphene, growth time and annealing time has been found to be 1350 °C and

3 min., respectively.
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Figure 22. (a) Raman signal of epitaxial graphene after the attenuation method (b) 35 um
x 35 um area 2D and intensity Raman map of monolayer epitaxial graphene.

In order to the determine the graphene thickness uniformity, large area micro-Raman
mapping was conducted within the wavenumber range between 2500 cm™ and 2900 cm
1 as shown in Figure 22 (b). The obtained data was recorded for 1 pm step size with a
precision two dimensional stage. From the Raman map measurement, the 2D peak
intensity variation o (l2p) throughout the graphene layer was calculated to be only about
4%. This small variation in the 2D peak intensity could be due to the intensity fluctuation

of the excitation laser source 1%,

3.4.2 Atomic Force Microscopy Measurements

Atomic force microscopy (AFM) is a very useful characterization technique to
measure the surface topography of the samples down to nanometer scales. It was
developed in 1986 as a combination of the Scanning Tunneling Microscopy (STM) and
stylus profilometer 112, AFM is a versatile technique since it is possible to measure not
only three dimensional surface topography of the samples but also enable to study surface
characteristics by the help of nanoscale sharp probe.

As depicted in Figure 23 (a), AFM is a surface characterization method which
uses a cantilever with a sharp tip scan over the sample surface. The tip is supported on a

flexible cantilever usually made from Si. When tip approaches close enough to the
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surface, an attractive force between the sample surface and tip occurs, hence this causes
the cantilever deflect towards the surface. Upon contacts this force becomes repulsive.
Cantilever deflection causes small changes in the direction of reflected beam. A photo
diode sense this small change and resulting cantilever deflection is recorded. By using
feedback loop to control the height of the tip above from the surface and 3D image of the

surface topography mapping of the sample can be obtained.
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Figure 23. (a) Schematic representation of working principle and components of AFM
(b) Interaction force versus distance between AFM tip and sample surface 13,

The interaction between tip and the sample is strongly dependent on van der Waals
and chemical forces 14, These interaction can be categorized into two section which can
be seen in force-displacement curve in Figure 23 (b). If the interatomic distance is large,
then it occurs attracted force between tip and the sample. When atoms getting closer to
each other quite a bit, electron clouds repel to each other and this attractive force is
decreasing in magnitude. As a result the interaction force reaches to zero and it becomes
completely repulsive.

In this work, the topography of the epitaxial graphene samples were analyzed with
tapping mode AFM. All the data were taken with Digital Instruments-MMSPM
Nanoscope 1V in the Centre of Materials Research in IZTECH. High resolution AFM

images were acquired for 50 um x 50 um surface area.
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Figure 24. (a) AFM topography image of as-received SiC substrate (b) AFM topography
measurement of the SiC surface after annealing process 10 um x 10 um
area. (¢) AFM cross section randomly selected area (d) AFM line profile
measurement of terraces after annealing SiC.

The surface morphology of the as-received and annealed SiC substrate were
analyzed by AFM measurements. The results were compared bare SiC with after
annealing SiC. As-received SiC AFM measurement (Figure 24 (a)) show that sample
surface was dominated with 0.5-0.6 um wide terraces. These terraces were created during
the preparation of epi-ready SiC surface. After epitaxial graphene growth, the surface
morphology of the annealed SiC substrate was measured by AFM topography
measurements (Figure 24 (b)). The AFM measurements obtained after the annealing
process indicates 2-5 um wide-step terraces separated by step edges with heights range

depending on the width of the terraces. On the other hand, some dark spots were observed
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on the SiC substrates which may arise during the annealing process. These dark regions
are the nucleation centers that stimulate the graphene growth.

The height of the terraces determined by subtraction of the minimum value of the
signal from the maximum value in line profiles. As shown in Figure 24 (c) and (d), the
height of these terraces was measured as about 1.06 nm. Our analysis showed that, the
average height of each terrace is approximately 0.6 nm.

3.5 Summary

For obtaining single layer epitaxial graphene, the growth parameters including
growth temperature and time were examined. The layer number of graphene was
determined by Raman spectroscopy measurements. We found that single layer graphene
is grown in UHV at a temperature of 1350°C for 3 min. annealing time. Furthermore, to
determine the homogeneity of the epitaxially grown graphene, large area (35 pm x 35um)
single point Raman mapping were performed. According to the measurement, there was
a small variation in the 2D peak intensity which is 4%. The obtained results show that
grown graphene with epitaxial method has uniform thickness.

AFM measurements were performed to determine the surface morphology of the
grown graphene layers and as well as bare SiC substrate. After annealing process, surface
morphology was changed with as-received SiC as well as after epitaxial growth graphene
on SiC substrate. The height of the terraces were determined about 1.06 nm and also

average height of the each terrace were measured about 0.6 nm.
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CHAPTER 4

FORMATION OF SiO2 WRINKLES ON EPITAXIAL
GRAPHENE

4.1 Thermal Evaporation System

Thermal evaporation system is one of the basic Physical VVapor Deposition (PVD)
technique. This technique is operated based on heating of the target material in a vacuum
chamber (P ~ 107" mbar) until its surface atoms have sufficient energy to leave from the
surface. The evaporated material constitutes a vapor stream, which traverses the chamber

and hits the substrate, sticking to it as a thin film.
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Figure 25. (a) Schematic representation of thermal evaporation system (b) Thermal
Evaporation system (Nanovak NVTH-350) at the Department of Physics in
IZTECH.

Thermal evaporation system and their equipment were shown in Figure 25 (a).
Our thermal evaporation system (NANOVAK NVTH-350) is equipped by four sources
to evaporate four different materials such as chromium (Cr), nickel (Ni), gold (Au) and
silicon dioxide (SiO2) (Figure 25 (b)). In this system, it is possible to anneal the sample
under vacuum conditions and the annealing temperature can be read with a thermocouple

(£1°C resolution). The base pressure of the system is about 4 x 1077 mbar that is
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achieved by using mechanical and turbo pumps. The film thickness is measured by two
quartz crystal microbalance sensors which are placed at the same height as the sample
holder.

4.2 SiO; Thin Film Deposition on Bare SiC and on Epitaxial Graphene

After the growth of monolayer epitaxial graphene, 15 nm thick SiO; film was
deposited onto a set of bare SiC and epitaxial graphene substrates by the thermal
evaporation system mentioned previously. For the evaporation of SiO2, tungsten (W)
basket was used. The boat was connected to the electrodes placed in a vacuum chamber.
There is a shutter between boat and the sample. With the shutter closed, a voltage was
applied to the boat in order to heat it which was determined by a relation between the
deposition rate of SiO2 in vacuum and applied voltage. For the deposition, current and
power was set to 40 A and 217 W, respectively. The tungsten boat was heated and SiO>
was evaporated in vacuum ambient. SiO> film were formed on a substrate after the shutter
was open °. During the SiO; thin film deposition process, the sample temperature was
measured as 60°C. After the deposition stage the sample was cooled down to room
temperature (~27°C in our case) inside the vacuum chamber and then was taken to the
ambient. The surface morphology of the samples were characterized by Optical
Microscopy (OM) and Scanning Electron Microscopy (SEM) measurements as shown in
Figure 26 (a), (b) and Figure 26 (c), (d), respectively.
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Figure 26. Optical microscope image of 15 nm thick SiO> thin film deposited onto (a)
bare 6H-SIC substrate and (b) monolayer epitaxial graphene. High-
magnification SEM image of 15 nm thick SiO2 thin film deposited onto (c)
and bare 6H-SiC substrate (d) monolayer epitaxial graphene.

The measurements showed that different from the one deposited on bare SiC, the
SiO2 film on epitaxial graphene exhibits a self-assembled network of hexagonally shaped
wrinkle structures (Figure 26 (b) and Figure 26 (d)). For T = 60 °C deposition temperature
(or substrate temperature) and 15 nm thick SiO> thin film, the mesh size of the wrinkle
network was found to range between 15 and 20 um and the average wrinkle to wrinkle
distance measured along different surface orientations was determined as ~13 um. The
wrinkle structures spread uniformly over the entire surface area and remain stable in
ambient conditions.

The common occurrence of a mesh-like network of ridges in monolayer graphene
grown at elevated temperatures suggests that wrinkle formation is related to thermal-
induced buckling of monolayer graphene due to negative thermal expansion coefficient
(agraphene = -8 x 10-6K-1) epitaxial graphene. Considering the TEC and Young’s modulus
values of SiO2 (asp, = 0.5 x 106K1 , Eg;, ~ 70 GPa) '*® and of single crystal SiC (asic
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= 4.1 x 10-6K1, Eg;c ~ 700 GPa) 8, the magnitude of strain for the SiO, film on bare
SiC surface should be much greater than that of SiO layer on epitaxial graphene for the
same deposition parameters. Hence, similar to the case of SiO2 layer on epitaxial
graphene, the wrinkle formation should definitely be expected also for the SiO2/SiC
samples. Moreover, the onset of wrinkling cannot be explained only in terms of the
magnitude of thermal strain itself. It is known that the compressively strained films with
low adhesion on compliant substrates have a great tendency to buckle and delaminate as
a result of the strain relaxation 718, Unlike for the SiO2/SiC samples, where SiO; thin
film is supposed to be strongly adhered to the SiC surface, SiO is weakly attached to the
epitaxial graphene layer only via van der Waals forces. Consequently, the SiO> thin layer
tends to shrink more readily on epitaxial graphene than on bare SiC surface to form
wrinkles upon cooling from the deposition temperature. This process can be intimately
associated with both the viscous flow of the amorphous SiO; thin film and the friction

characteristics of the epitaxial graphene layer.

4.3 Characterization of SiO> Wrinkle Structures on Epitaxial

Graphene

The morphology and the structural properties of the observed SiO2 based wrinkle
structures formed on epitaxial graphene were studied by using OM, high magnification
SEM and AFM measurements. As can be seen in the optical microscope images (Figure
27 (a) and Figure 27 (b)) the observed wrinkle pattern reflects the hexagonal symmetry
of underlying epitaxial graphene template but with larger mesh sizes that do not

correspond to the typical grain size of epitaxial graphene on SiC %120,
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Figure 27. Optical microscope image of hexagonal wrinkle network after deposition of
15 nm thick SiO2 thin film on monolayer epitaxial graphene with (a) 20X and
(b) 50X magnification.

High magnification SEM measurements showed that the wrinkles exhibit a
separation into two characteristics parallel strands. Three of these stranded wrinkles
sharply fold and intersect and the coalescence of these stranded wrinkles give rise to
individual nodes (Figure 28). The angle between the two wrinkles was measured as
118+5° suggesting the hexagonal lattice characteristics of the wrinkle pattern. SEM
measurements implied that the wrinkle network comprise mainly wide and narrow
branches. The topographic characteristics of these observed branches and the node

regions were investigated in detail by AFM measurements which shown in Figure 29.
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Figure 28. High-magnification SEM image of the SiO, wrinkle structures and their
coalescence forming individual nodes on monolayer epitaxial graphene.

The SiO2 wrinkle network was characterized also by AFM operated in the tapping
mode. The linear protrusions seen in the AFM topography image (Figure 29 (a)) were
classified as primary and secondary wrinkles depending on their morphology and height
profiles. The distinction between a primary wrinkle and a secondary wrinkle can be
explained as in the following manner: (i) unlike the secondary wrinkles, the primary
wrinkles propagate along a zigzag path and do not intersect with each other to create
wrinkle nodes; (ii) the maximum height of a secondary wrinkle is typically lower than
that of a primary wrinkle and (iii) the height of a secondary wrinkle gradually decreases
as it penetrates into a flat facet, whereas a primary wrinkle reveals a reasonably uniform
height and width in between the two individual nodes. Three-dimensional (3D)
topographic AFM measurements of hexagonal SiO2 wrinkle network was shown in
Figure 29 (b).
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Figure 29. (a) 50 x 50 um? AFM topography image of SiO, wrinkle network created on
monolayer epitaxial graphene. (b) Three dimensional (3D) AFM topography
image of SiO2 wrinkle network on monolayer epitaxial graphene. (c) 12 x 12
um? AFM topography image of primary and secondary wrinkles forming the
individual wrinkle nodes with localized height protrusions. (d) Cross-
sectional line profiles of primary and secondary wrinkles acquired along the
arrows marked with 1 and 2 in (c).

A number of cross-sectional line profile measurements manifest that the average
height and the width of a primary wrinkle is about 0.38 um and 2.4 um, respectively. As
displayed in the high magnification AFM image (Figure 29 (c)), the intersection of the
wrinkles gives rise to about 0.5 - 0.6 um high localized hillocks in the node regions. The
asymmetric protrusions appearing at the apex of the line profiles, as shown in Figure 29
(d) correspond to the two characteristic parallel strands similar to these observed in the
SEM measurements (Figure 28). It has been shown that when the magnitude of
compressive strain exceeds a critical value, which is usually much larger than the one
required for the onset of wrinkling, similar modes of surface instabilities (e.g., coexisting
folds or period doubles) are more likely to occur but in soft thin film/substrate bilayer

structures 121,
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In order to determine if these observed protrusions are hollow or not, the sample
was immersed into 1% diluted HF solution. The sample was etched for different times
such as 3, 6 and 9 seconds and then was rinsed in deionized water at least three times for
removing HF residues from the sample surface. Thereafter, the sample was dried gently
with nitrogen gas. The HF etching experiments showed that for 9 sec. etching time the
wrinkle structure were completely removed. The surface topography of the sample and
its corresponding height profiles were determined by AFM measurements. The results of
AFM topography measurements obtained for 3, 6 and 9 sec. etching times were compared
to the one for non-etched sample. The obtained results are shown in Figure 30.

We found that the average height of the wrinkles first increase from 424.5 nm
(before etching) to 503 nm (for t = 3 sec. etching time). However, the average height
decreases to 416.8 nm (for t = 6 sec. etching time). The increment of wrinkle average
height in the first 3 sec. is due to the reduction of SiO film thickness. It is known that the
compressive strain acting on a thin film greatly increases by the reduction of thin film
thickness 1266, As the magnitude of the strain is increased, this will promote the outward
relaxation of the thin film further, hence the average height of wrinkles is increased as
well. On the other hand, for further etching times such as 6 sec. the amount of SiOz in the
regions between wrinkles is reduced so that the deformations are more likely to occur in
these regions. This causes a significant lateral relaxation of the wrinkles instead of vertical
outward relaxation. As a consequence of this effect, a reduction in the average wrinkle
height is observed. Our experiments explicitly showed that there is an interplay between
the thin film thickness and the amount of material that constructs the thin film itself. We
know from the literature that the etch rate of 1% HF at room temperature is about 0.05
nm/sec. This etch rate of HF is not sufficient enough to completely remove the SiO2 based
wrinkles with a wall thickness of 15 nm in 9 sec. Even if we assume that the wrinkles are
completely filled by its constitute SiO> material it should take at least 450 sec. to
completely etch away the wrinkle structures. However, the AFM measurements show that
the wrinkles are completely disappeared within a time period of 9 sec. (Figure 30 (d)).

This result implies that the wrinkles are hollow.

43



o

:

Height (om)
g

|

Haght (nm)

A " :
[ 10 B £ %0
Distance (um)

1.0um

Helght (nm)
8

o 10 20

Distance (um)

Figure 30. 50 x 50 um? area 2D topographic image and height profile of 15 nm SiO2 thin
on SiC (a) after 3 sec. HF etching (b) after 6 sec. HF etching (c) after 9 sec.
HF etching.
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Table 2. Calculated average height and width measurements of SiO wrinkles before
and after HF etching process for different time intervals.

Time (sec.)| Average Height (nm) | Average Width (um)

0 424.5 2.97
3 503 3.16
6 416.8 3.1
9 - -

4.4 The Dynamics of SiO2 Wrinkle Formation on Epitaxial Graphene

The dynamics of the wrinkle formation was investigated using an optical
microscope immediately after the SiO> thin film deposition process and the measurement
data were recorded in real time by a CCD camera. The snapshots taken at 120 sec.
intervals reveal the surface propagation and spontaneous branching/networking of the
wrinkle structures (Figure 31). The optical microscope image at t = 0 sec. (Figure 31 (a))
corresponds to the initial stage of the measurement recording process. The partial network
seen in Figure 31 (a) imply that the wrinkle formation has already been initiated randomly
on different regions of the sample surface till the beginning of optical microscope
measurements. After t = 120 sec. wrinkle structure continued to form as a network as
shown in Figure 31 (b). Until t = 240 sec. the imaged spot of the surface has been covered
in a large extent by the wrinkle pattern Figure 31 (c). Further measurements showed that
only a few more wrinkles are formed and linked up with the existing network within
several minutes after t = 240 sec. From these time dependent optical microscope
measurements, the average velocity of wrinkle propagation was determined to be greater
than 1 um/s. As represented in Figure 31 (d) this relatively fast dynamics indicates that
the wrinkling can be associated with the sudden relaxation of the SiO thin film on

epitaxial graphene layer due to the compressive strain.
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Figure 31. Optical microscope images of the spontaneous formation and networking of
the self-assembled SiO. wrinkle structures on monolayer epitaxial graphene
acquired at (a) t = 0 sec. (b) t = 120 sec. (c) t = 240 sec. (d) Schematic
representation of formation of wrinkles after deposition of SiO> thin film due
to biaxial compressive strain.

4.5 Effect of Temperature on Wrinkle Formation

To systematically investigate the effect of strain on the wrinkle network
morphology, SiO. was deposited separately on a set of epitaxial graphene templates at
different temperatures ranging between 60 °C and 150 °C. Each of the samples was
cooled down from the respective deposition temperature (T,;) to room temperature (7;.) in
order to introduce different amounts of compressive strain on the SiO thin film due to
the thermal differantial AT = (T; — T,.). In Figure 32 and Figure 33, typical optical
microscope and SEM image of the SiO- thin film deposited at 60 °C was compared with
the one of deposited at 90 °C and 150 °C. The magnitude of compressive strain acting on

the SiO> film was calculated to be increased by a factor of about 2 when T} is raised from
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60 °C to 90 °C (Table 3). We found that such an increment of the strain already decreases
the average wrinkle to wrinkle distance along all the surface orientations and leads to a
substantial refinement in the wrinkle mesh density. For example, the mesh density of the
samples deposited at Tq = 90 °C was determined to be about an order of magnitude higher
than the mesh density of the samples deposited at Tq= 60 °C which is ~10'! cm (Figure
34). The evolution of the average wrinkle spacing was measured as a function of T, and
the obtained results were plotted in Figure 35. We found that the wrinkle spacing
decreases rapidly for lower thermal differentials and tends to saturate as T, is raised up
to 150 °C. These experimental results can be explained consistently within the theoretical
model 22, According to this model, the dominant wavelength (A) of the wrinkling

instability for a thin film subject to a compressive strain (equation 1.10) is written as

A =mhe/|asAT(1 - vfz)]l/ 2 (4.1)

where hy and vy are the thickness and the Poisson’s ratio of the thin film, respectively.
Considering this relation, the A of 15 nm thick SiO2 film was calculated for different
temperatures ranging between 50 °C to 160 °C. Except for higher T,; values, the best fit
to the experimentally obtained average wrinkle spacing was achieved by the SiO; thin
film parameters of &« = 5 x 1077K~* and v = 0.24 12124 The deviation of the calculated
A, from the corresponding experimental data, at high T,; values can be explicitly attributed
to the temperature dependent increase of ag;p,. It has been shown that ag;,, increases
with temperature ¢, Because of this fact the theoretically calculated wrinkle spacing and
hence the corresponding density slightly deviates from our experimental data obtained

for high deposition temperatures.
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Figure 32. Optical microscope images of 15 nm thick SiO; thin film deposition on
monolayer graphene on SiC with different temperature differentials (a) AT =
33°C (b) AT =60 °C and (c) AT =120 °C.
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Figure 33. SEM measurements of 15 nm thick SiO thin film deposition on monolayer
graphene on SiC with different temperature differentials (a) AT = 33 °C
(b) AT =60 °C and (c) AT = 120 °C.

Table 3. Calculated strain and wrinkle spacing with respect to deposition temperatures
and temperature differential corresponding to these values.

Deposition Temperature Strain Wrinkle Spacing
Temperature Differential c A

T, AT (MPA) (pm)
(0 C)

60 33 1.63 12.02

90 60 2.97 8.70

120 90 4.45 7.16

150 120 5.94 6.23
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Figure 34. Experimentally obtained average wrinkle density as a function of the SiO;
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Figure 35. Experimentally obtained average wrinkle spacing as a function of the SiO>
deposition temperature. The error bars represent the standard deviation from
the corresponding average wrinkle spacing data. The solid line is the
theoretically calculated wrinkling wavelength for a 15 nm thick SiO> film that
changes as a function of temperature.
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Figure 36. 2D and 3D AFM topography image of hexagonally shaped wrinkles on
monolayer graphene after 15 nm thick SiO2 thin film deposition with
deposition temperature (a) Tq = 60 °C (b) Tq = 90 °C and (c) T4 = 150 °C.
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The topography of the SiO> wrinkle structures on epitaxial graphene was
characterized in detail by AFM operated in tapping mode. To observe the effect of
temperature on acting compressive strain to the surface, SiO2 thin film deposited on
monolayer graphene with different deposition temperatures. After deposition of the thin
film, 2D and 3D surface topography images was investigated to see the difference in
height and in the width of protrusions with deposition temperature ranging between 60 °C
and 150 °C (Figure 36). The average height, width and corresponding aspect ratio (height
/ width) of the primary wrinkles were measured from AFM images (Table 4). As shown
in Figure 36, both 2D and 3D images, the increment of the SiO- thin film deposition
temperature on monolayer graphene, causes increase the compressive strain acting on the
sample surface. As mentioned in equation 1.10, compressive strain on thin film surface
is directly related to temperature differential (AT). The increment of AT, the height of
primary wrinkles increase also. On the other hand, there is no dramatic change in the
width of these structures.

Table 4. Measured and calculated average height, width and the aspect ratio of the
wrinkles formed on monolayer graphene for different thin film deposition
temperatures and temperature differential corresponding to these values.

Deposition Temperature Average Primary Average Primary Primary Wrinkles
Temperature Differential Wrinkle Height Wrinkle Widht Aspect ratio
(T,) (AT) (Hprimary ) (Worimary) ®
°C °C nm um
60 33 386.2 24 0.16
90 60 463.4 2.4 0.19
150 120 510.5 1.7 0.21
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4.6 SiO; Thin Film on CVD Graphene

(b)

Figure 37. Optical microscope image of CVD graphene (a) without deposition SiO- thin
film (b) after deposition of 15 nm SiO> thin film.

The formation of hexagonal shaped wrinkle structures were also studied on
monolayer graphene grown by CVD. In order to observe wrinkle structure on the surface,
15 nm thick SiO2 thin film was deposited on CVD graphene after transferring onto
Si/Si02 (300 nm) substrate. Monolayer CVD graphene was grown on copper (Cu) foil at
growth temperature of 1050 °C. Growth procedure was executed at low pressure (~ 1073
torr) and as a carbon precursor CH4 (10 sccm) was used. Before the transferring process,
PMMA (Poly methyl methacrylate) as a supporting layer was covered on graphene/Cu
substrate by using spin coater to minimize defects on graphene during transfer process.
As-grown of graphene on Cu foil was transferred onto 4 mm x 10 mm rectangular Si/SiO>
substrate. After transfer onto Si/SiO> substrate, PMMA was removed from the surface
with hot acetone bath. However, there are lots of studies that PMMA is not removed
completely from the surface °. The optical microscopy image of transferred graphene on
Si/SiOz substrate was shown in Figure 37 (a). On the sample surface PMMA residues can
be seen clearly even chemical cleaning procedure was applied. To observe the wrinkle
formation, 15 nm thick SiO: thin film was deposited on CVD graphene at Tq = 90 °C by
thermal evaporation system and cooled down the room temperature. After deposition
SiO2 thin film, optical microscopy measurements were taken (Figure 37 (b)) and
hexagonal wrinkle structures were not observed on the CVD graphene. The reason of not
observing wrinkle structures could be that graphene grown by CVD method is not

homogeneous and defective. After the transfer procedure, graphene could be damaged
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and defects may be occurred during the growth process. It can be concluded that the
surface friction acting on SiO> thin film increased and thus strain was not sufficient to
enough yield hexagonal wrinkles on the transferred graphene. Furthermore, another
reason could be nanometer scale PMMA residues between graphene and SiO; thin film
layer prevent the thermal strain between these two layers. However, for grown epitaxial
graphene on SiC, there is no need to transfer onto another substrate and also it is

chemically inert and clean when compared with CVD graphene.

4.7 Results and Discussions

In this chapter, the formation of hexagonal shaped SiO2 wrinkles on monolayer
epitaxial graphene was observed and characterized by optical microscopy, SEM and
AFM. To understand the formation mechanism of wrinkle structures, 15 nm SiO> thin
film was deposited both on as received SiC and on monolayer epitaxial graphene by
thermal evaporation. It has been shown that the wrinkle network structure did not occur
on bare SiC substrate unlike on epitaxial graphene layer. This was a result of negative
thermal expansion coefficient of epitaxial graphene generated compressive strain on SiO>
thin film unlike on bare SiC. Moreover, SiO; thin film has low adhesion on graphene
layer than on SiC substrate hence, SiO> has a great tendency to form wrinkle structures.

After we observed the wrinkle structures on monolayer epitaxial graphene on SiC
substrate, surface morphology and topography of these wrinkles were characterized by
optical microscopy, SEM and AFM. By means of optical microscopy, the formation of
hexagonal wrinkle structures was determined and the angle between the wrinkles was
measured. In addition to these, wrinkles were categorized as a primary and secondary
height protrusions depending on their propagation directions as observed by high
resolution SEM measurements. The average height and the average width of these
wrinkle structures were determined by AFM measurements. Two distinct characteristics
of parallel strands were identified by AFM height profile measurements. The structural
characteristics of the wrinkles were determined as hallow structures by means of HF etch
experiments.

The propagation formation and dynamics of hexagonal wrinkles were observed
with 50X magnification optical microscopy. In addition to this, spontaneous wrinkle

networks propagation were measured with optical microscopy at 120 sec. time intervals.
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The dynamics of these networks was identified as a result of sudden relaxation of SiO;
thin film after cool down process due to the biaxial compressive strain.

To determine the effect of the compressive strain as a function of the temperature,
15 nm thick SiO- thin film was deposited with different deposition temperatures (Tq) on
monolayer epitaxial graphene on SiC and this samples were cooled down to room
temperature. The effect of the temperature differential (AT) on the wrinkle pattern was
characterized by optical microscopy, SEM and AFM measurements. The average height
and the width of the primary wrinkles was measured with different Tq. Nevertheless, the
compressive strain acting on thin film was determined with respect to different AT and
wrinkle spacing was measured experimentally. Theoretical results were compared with
experimental data. Our experimental results manifested that temperature differential is
directly related to the compressive strain and wrinkle spacing decreases as the strain

increases.
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CHAPTER S

CONCLUSIONS

The aim of this thesis was to determine and characterize the surface morphology
of self-assembled hexagonal shaped wrinkle structures of SiO thin film on monolayer
epitaxial graphene that was grown on SiC substrate due to the compressive strain. The
thickness and homogeneity of epitaxial graphene were characterized by single point
Raman spectroscopy and large area Raman mapping measurements. With different SiO>
thin film deposition temperatures, the dynamics of wrinkle network was investigated. The
dynamics and formation rate of the observed hexagonal structures was studied by Optical
Microscopy. The observed network of wrinkles were found to comprise line shaped
protrusions. The morphological and topographical characterizations were done by SEM
and AFM measurements.

Prior to the SiO> thin film deposition process, large area graphene was grown at
elevated temperatures above 1300 °C on SiC substrates under UHV conditions. To obtain
monolayer epitaxial graphene, different growth parameters including temperature and
time were applied. In order to determine the layer number of graphene, single point
Raman spectroscopy measurements were carried out on the samples. The analysis,
performed based on the Raman attenuation method suggest that graphene was grown as
single layer on the SiC substrate. The thickness homogeneity of the grown epitaxial
graphene samples was determined by large area Raman mapping. The optimum growth
parameter to obtain monolayer epitaxial graphene was determined to be T = 1350 °C
(growth temperature) and 3 min. (growth time).

Following the Raman spectroscopy analysis, 15 nm thick SiOz thin film was
deposited thermally onto bare SiC and to monolayer epitaxial graphene that was produced
on SiC substrate. Self-assembled hexagonal wrinkle network of SiO2 was observed on
epitaxial graphene rather than on bare SiC and the observed wrinkles were characterized
by optical microscopy and SEM measurements. Wrinkle mesh density in a unit area and
the magnitude of compressive strain due to temperature differential were determined by
using the SEM measurement results. Primary and secondary ridge structures were

observed and their characteristics were studied. The measurements revealed that primary
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and secondary wrinkles intersect at an angle of about 118° + 5 and the average mesh size
of the wrinkles were determined as about 15 um. The average height (0.38 um) and width
(2.4 um) of the primary wrinkle structures were measured by AFM measurements. To
understand the morphology of wrinkle structure in detail, the SiO> film and wrinkles were
etched in HF solution. According to a set of HF etching experiments, we found that the
wrinkle structures are hollow.

The dynamics of the wrinkle formation was investigated in real time by using
optical microscopy right after the SiOz thin film deposition process. From these time
dependent optical microscope measurements, the average velocity of wrinkle propagation
was determined to be greater than 1 um/s. This phenomena as explained in terms of the
sudden relaxation of the SiO- thin film on epitaxial graphene layer due to the compressive
strain. To investigate the effect of the strain as a function of temperature, SiO> thin film
was deposited separately on a set of epitaxial graphene templates for three different
deposition temperatures ranging between 60 °C and 150 °C. The corresponding strain (o)
on SiO> thin film and wrinkle spacing (A) was determined with respect to temperature
differential (AT). While the strain increased on thin film due to increment of AT, the
wrinkle to wrinkle spacing decreased and wrinkle density (p) increased correspondingly.
Our experimentally obtained results are in good agreement with the calculated wrinkle
spacing values.

Wrinkle formation were studied on monolayer CVD graphene after transferring it
onto Si/SiO, substrate. The characterization were done by optical microscope
measurements after depositing SiO2 thin film on monolayer graphene. Contrary to
epitaxial graphene, hexagonal wrinkle network was not observed on monolayer CVD
grown graphene.

In this thesis, we concluded that the compressive thermal strain together with the
adhesion and friction at the thin film/substrate interface play an important role on the
formation of the observed wrinkle structures. The wrinkle spacing and corresponding
mesh density of the SiO. wrinkle network were found to be strongly dependent on the
magnitude of the thermal strain which changes as a function of the SiO2 thin film
deposition temperature. Our results demonstrate that epitaxial graphene, with its high
chemical inertness and low surface friction, can serve as a suitable template to generate
strain induced mechanical instabilities for thermally deposited thin films of amorphous

or viscous materials like SiO,. Our experimentally obtained results additionally imply
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that epitaxial graphene with its high chemical inertness and low surface friction on SiC
offers a great potential to be used as a conventional substrate in the realm of thin film

metrology.
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