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Nazev préace: Studium moznosti funkcionalizace grafénu pomoci metod AFM a
STM

Autor: Mykola Telychko
Katedra: Katedra fyziky povrchu a plazmatu
Vedouci disertaéni prace: Ing. Pavel Jelinek, Ph.D., Fyzikaln{ ustav AVCR, v.v.i.

Abstrakt: Tato prace studuje metodou STM vSechny faze rustu, které se vysky-
tuji v prubéhu postupného zihéni substratu SiC(0001), a které vedou ke vzniku
hrani¢ni vrstvy a jednovrstevného grafénu. Je zde prokazano, ze rust hrani¢ni
vrstvy je zpusoben slu¢ovanim grafénovych nanobublinek, které vznikaji v dusled-
ku odpatovani Si ze substratu a ze tento proces uc¢inné soutézi s tvorbou malo

probadané faze 5v/3 x 5v/3, pro kterou jsme nasli atomarni model.

Studovali jsme grafén zaroven nc-AFM a STM. Touto technikou se nam podatilo
zv14st uréit topografické a elektronické vlastnosti povrchu grafénu na SiC(0001).
Analyza odhalila, ze drsnost grafénu ziskand z map atomarni sily je velmi nizka,

v souladu s teoretickymi predpovédmi.

Déle jsme vyvinuli metodu ptipravy vysoce kvalitniho grafénu na SiC(0001) dopo-
vaného primésemi B a N. Kombinace experimentélnich (STM, nc-AFM, XPS,
NEXAFS) a teoretickych (DFT a simulace STM) metod umoznila zjistit struk-
turalni, chemické a elektronické vlastnosti jednotlivych substitucnich ptimeési
v grafénu. Ukazujeme, ze i pouhym STM lze dosdhnout chemického rozliseni
piimési B a N diky kvantové interferenénimu jevu, ktery nastava v dusledku
specifické elektronové struktury piimési N. Chemickd reaktivita ptimési B a N

byla zkouména spektroskopii sil pomoci nc-AFM.

Klicova slova: grafén, SiC, dopovani, STM, nc-AFM
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Abstract: In this thesis, by means of STM we study all the stages that occur
during stepwise annealing of the SiC(0001) substrate, and lead to the formation
of buffer layer and to the single layer graphene. It is demonstrated that the buffer
layer growth is initiated by merging of graphene nanobubbles arising due to Si
depletion and that this process competes with formation of a largely neglected
phase, the 5v/3 x 5v/3, for which we develop an atomistic model.

We studied the single-layer graphene using a simultaneous nc-AFM/STM. By
this technique we are able to separate the topographic and electronic contribu-
tions from the overall landscape. The analysis reveal that graphene roughness
evaluated from the atomic force maps is very low, in accord with theoretical

simulations.

Furthermore, we report a method for preparation of high-quality B- and N-doped
graphene on SiC(0001). We combine experimental (nc-AFM, STM, XPS, NEX-
AFS) and theoretical (total energy DFT simulated STM) studies to analyze the
structural, chemical and electronic properties of the single-atom substitutional
dopants in graphene. We show that chemical identification of B and N sub-
stitutional dopants can be achieved only with the STM due to the quantum
interference effect, arising from the specific electronic structure of N dopant sites.
Chemical reactivity of the single B and N dopants is analyzed using force-distance

spectroscopy by means of nc-AFM.
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Introduction

Graphene is a single sheet of carbon atoms arranged in the two-dimensional hon-
eycomb lattice (see Figure ) A graphene unit cell consists of two atoms residing
in two nonequivalent sublattices: A (blue) and B (yellow). As a consequence the
Brillouin zone of the reciprocal lattice has two inequivalent corners K and K.
In this configuration every C atom has three in-plane sp* orbitals and one
out-of-plane p, orbital. The hybridization of p, orbitals gives rise to the = and 7*
bands in the band structure of graphene (see Figure ), which are responsible
for the extraordinary electronic properties of graphene. The 7 and 7* bands
cross in the so-called Dirac points (K and K’ points of the Brillouin zone), which
are located exactly at the Fermi level. Hence, graphene is assumed to be a zero

bandgap semiconductor [I].

Figure 1: a) Graphene honeycomb lattice (comprised of two sublattices A and
B and its Brillouin zone. b) Electronic dispersion of the honeycomb lattice cal-
culated using the tight-binding approach. The images have been adapted from

.

The 7 bands in the vicinity of Dirac point follow a linear dispersion relation:

E. = +hVpK, (1)

where A is a reduced Planck constant, Vp is the Fermi velocity (1 x 10° m/s),
K is a wave vector and the =+ is related to electrons and holes. Due to linear
E(k) dispersion of 7 bands the effective electron mass is zero and they behave as
massless Dirac fermions [2].

The band structure of graphene was first studied theoretically in 1947 by
P. Wallace with tight-binding approach [3]. However, the true breakthrough of
graphene science, probably started more than 50 year after, when K. Novoselov
and A. Geim reported their experiments on the exfoliation of a single layer
graphite sheets [4, [5]. Since then, the attention of the scientific community to-
wards this material increased drastically and a lot of graphene unique electronic
properties were discovered, e.g. half-integer quantum Hall effect, high carrier
mobility etc. [T [6].

Despite the rich physics, graphene implementation into the real working de-



vices possess some obstacles which still have to be overcome. Firstly, technological
process requires large high-quality graphene sheets. Ideally the following param-
eters should also be satisfied: low production cost, scalability, reproducibility
and high quality of the graphene sheets. Secondly, the robust and reproducible
methods allowing intentional tuning of the graphene electronic properties, are
necessary.

Historically, the first method for the graphene production was micromechan-
ical cleavage of the graphite (”scotch-tape” method) proposed by A. Geim [4].
This approach results in high-quality graphene sheets with size up to 1 mm. How-
ever, it is not suitable for large scale production of the graphene and it is mainly
employed in the fundamental research. Alternatively, graphene can be produced
by the reduction of the graphene oxide [7]. In this case at first graphite is de-
liberately oxidized to the graphite oxide to reduce coupling between the layers.
Ultrasonic treatment in the presence of water allows exfoliation of the graphene
oxide layers. Later, this graphene oxide can be chemically reduced [7]. This
method is scalable and reproducible but results in low-quality graphene films.

At the current stage the two methods of graphene preparation are suitable
for practical applications. The first is thermal decomposition of hydrocarbon
precursors on the catalytic metal, so-called chemical vapor deposition (CVD)
method [8]. Here, the synthesis of graphene on the copper foil is the most widely
used. The graphene grown on the metal can be later transferred onto an arbitrary
insulating substrate (e.g. SiOy or boron-nitride) [9]. The CVD method is scalable,
controllable and suitable for the mass production of graphene sheets.

The alternative way to produce high-quality graphene is graphitization of
silicon carbide (SiC) [10} 11, 12]. Due to high vapor pressure Si atoms sublime
from the SiC substrate upon its annealing at high temperatures. The remaining
C atoms form graphene layers. This approach was used in this thesis. Partially,
this choice is dictated by the following reasons: possibility to grow high-quality
graphene layers, wide availability and decreasing cost of the SiC. The SiC is
well-known large-bandgap semiconductor with excellent thermal conductivity and
high electron mobility, widely used in electronics [I3], [14]. Therefore, in future,
graphene/SiC device manufacturing could be relatively easily incorporated into
the current technological process.

In fact, in 2004 C. Berger et al. demonstrated that epitaxial graphene on
SiC(0001) exhibits a properties of the two-dimensional electron gas similarly
to the exfoliated graphene, by means of magnetoresistance measurements [15].
Moreover, authors showed the possibility to control the density of charge carriers
by electrostatic gating. Later studies have also proven that epitaxial graphene on
SiC is a promising candidate for the applications, e.g. is suitable for fabrication

of high-frequency transistors [16} [I7]. Indeed, Lin et al. fabricated the top gated



field-effect transistor on the graphene on SiC(0001) with a top cutoff frequency
of 100 GHz [18, 19]. On the other hand, the properties of epitaxial graphene
are strongly affected by the underlying SiC substrate and the morphology of
the interface [20]. Thus, understanding the interplay between the structural and
electronic properties of the graphene/SiC, as well as a graphitization process is a
crucial factor for future device construction.

Chemical doping is a promising route for tuning graphene charge carrier den-
sities for the applications in nanoelectronics [21]. From this perspective, boron
(B) and nitrogen (N) atoms are the most suitable candidates for direct incorpo-
ration into the graphene honeycomb lattice, because their atomic radii are very
similar to that of carbon. Substitution of B and N in graphene lattice result in
an effective p- and n-doping effects, respectively (see Figure [2) [12]. Moreover,
recent experimental and theoretical investigations pointed out the possibility of
band gap opening by low-concentration BN-doping of graphene [22, 23], 24]. This
would overcome one of the major obstacles on the way towards applications in
electronic switching devices. On the other hand, any experimental studies of the
B-doping or BN-co-doping of graphene on SiC substrate have not been reported
yet.

Pristine N doped B doped

Ep=Er
Er

Figure 2: A schematic showing a relative shift of the Dirac point with respect to
the Fermi level induced by incorporation of substitutional N and B dopants into
the graphene lattice.

Due to reasons discussed above we studied the possibility of functionaliza-
tion of graphene/SiC(0001) by the substitutional B and N doping. The thesis is
organized as following. In the Chapter 1, all used experimental techniques are
summarized. The Chapter 2 deals with growth mechanism and structural prop-
erties of epitaxial graphene on the SiC(0001) substrate. The Chapter 3 is devoted
to a developed approach for the graphene/SiC(0001) substitutional doping by the
B and N atoms. We present investigation of the doping process at the atomic
scale. Our study is based on various surface science techniques (nc-AFM, STM,
NEXAFS, XPS) and supported by total energy calculations.






1. Experimental techniques

1.1 Scanning tunneling microscopy

1.1.1 Basic principle of operation

The first scanning tunneling microscope (STM) was developed by Binning and
Rohrer in 1981 in the IBM Research Laboratory [25, 26]. The STM is based on
the effect of quantum tunneling of electrons through potential barrier between
two electrodes. The first electrode is a sharp metallic tip attached to the piezo
tube and the second electrode is a conducting or semiconducting surface. The
distance between the tip and sample is only a few A, so their wavefunctions are
overlapping. Bias voltage is applied between the tip and the sample to induce
the tunneling current flow. When the tip is biased positively (negatively) with
respect to the sample occupied (empty) states of the surface are probed. As it
will be shown in the next subsection the tunneling current depends exponentially
on the tip-sample distance. For instance, it might vary in one order of magnitude
when the tip-sample distance is changed for 1A. This extreme sensitivity of the
tunneling current on the tip-sample separation is a key for atomic resolution in
the STM.

The piezo tube scanner allows raster moving of the tip over the surface with A
precision. By recording the tunneling current value in every point over the sample
the current map is produced. The tunneling current map contains convoluted
information about the topographical and electronic properties (e.g. local density

of the electronic states) of the surface.

€——— HVA [¢——— DAC

piezo A
Feedback
Pl Controller

Tunneling

ADC e current

tip

sample —

Figure 1.1: Schematic drawing of the STM setup

Basic components of the STM setup are schematically shown in the Figure|l.1}
At first, the measured tunneling current is converted to the voltage by the I/V
amplifier. Later the feedback loop determines the error signal as a difference

between the instant value of the tunneling current and the reference value (cur-
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Figure 1.2: Energetic diagram of the tunneling junction between the two ideal
metals (adapted from J. Chen [27]).

rent setpoint). The error signal is fed to proportional-integral controller (PIC).
Through the high-voltage amplifiers (HVA) the PIC output controls the volt-
age applied to the z-piezo and, thus, the tip-sample separation. In the modern
STM instruments the feedback loop is digital, it is realized using analog-to-digital
(ADC) and digital-to-analog (DAC) converters and digital PIC. Depending on the
settings of the feedback loop the two main operation modes are possible in the
STM: constant current and constant height mode. In the constant current mode
the closed feedback maintains the tunneling current setpoint by adjusting the
tip-sample distance. In the constant height operation mode the feedback loop is
open and the tip-sample separation is kept constant through the scan. In some
cases this mode allows to achieve better resolution and signal-to-noise ratio, but
due to possibility of the tip crash it is applicable only for flat areas of the surface.

For achieving of atomic resolution in the STM, the scanning head must be vi-
brational isolated from the surrounding environment. This is commonly obtained
by applying suspension spring system and magnetic damping mechanisms. Ad-
vanced STM instruments allow cooling the STM head down to extremely low

temperatures ensuring superior thermal stability of the system.

1.1.2 Theory of scanning tunneling microscopy

The tunneling process can be phenomenologically described within the one - di-
mensional tunneling junction model as shown in the Figure The electron with
energy F is impinging the rectangular tunneling barrier (V (z)) with a width (d).
The barrier height can be approximated as an average of the tip and the sample
work functions. The barrier width corresponds to the tip-sample separation. The

time-independent Schrodinger equation for the one dimensional case is:



_ﬁ_2 0*W(x)
2m  Ox?

where W(z) is electron wavefunction, % is reduced Planck constant, m is elec-

EV(x) = + V(z)¥(z), (1.1)

tron mass and V' (x) is a potential barrier. The one of the possible wave function

solution of this Schrodinger equation is:

U(x) = U(0) exp™*, (1.2)
with
o VIET) 1

The transmission coefficient T' defining possibility of electron penetration
through the barrier will be:

= 1 & Vésink?(kd) - V2 exp - (1.4)
+ Ev-E)

The transmission coefficient 7' decays exponentially with barrier width (d).
This exponential dependence is a key for atomic resolution in the STM, because
the highest tunneling current passes through the outermost atom of the tip, which
is closest to the surface.

The one-dimensional approach, however, is not applicable for the realistic
systems since the electronic properties of tip and the sample are not taken into
account. For the qualitative description of the tunneling process, densities of the
electronic states (DOS) of the tip and the sample should be considered. Within

the Bardeen theory [28] the expression for the tunneling current is following:

I(V.2) / T BB + V)| M(E,V)PdE, (1.5)

Ep
where [ is a tunneling current density, Fr is a Fermi energy, p, and p; are
densities of the electronic states of the sample and tip, respectively. M(E,V) is
a transition matrix element defined by overlapping of the tip and sample wave-
functions [2§]:

2

M(E.V) = / (5Vir — brVs)dA, (16)

2m

where the integration is done over the surface A within the tunneling region.
In the real experiment the wave function of the tip is unknown, therefore reliable
calculation of M(FE,V) is only possible for the simplified tip models. For example,
Tersoff-Hamann theory tip assumes a tip with a spherical (s-shape) orbital [29].
Moreover, the following assumptions are made i) tip has flat DOS (p:(E)=const)



ii) low bias voltage is applied (M (E,V)=const). Considering this assumptions
the equation can be further simplified:

Ep+eV
I(V,x) x / ps(E)dE. (1.7)

Ep

From the equation [1.7] it is evident that within the Tersoff-Hamann ap-
proximation the tunneling current is simply proportional to the local density of
electronic states (LDOS) near the Fermi level of the sample. Thus, this approach
is suitable for the simulation of the STM images in cases when the electronic
structure of the tip can be neglected.

In the case when tips with p or d-like orbital at the tip apex must be considered
the more sophisticated Keldysh-Green’s function formalism is used [30]. This
approach also includes the effects of multiple electron scattering in the tunneling

junction.

1.1.3 Scanning tunneling spectroscopy

From the equation [L.7] it is visible that tunneling current contains information
about the LDOS of a surface. Differentiating this equation yields the dynamic
conductance dI/dV, which reflects information about the sample LDOS as a
function of energy:

oL o pulB). (1.8)

The technique exploiting the tunneling current differentiating with respect to
the bias voltage is called Scanning Tunneling Spectroscopy (STS). Depending on
the polarity of the bias voltage unoccupied and empty states of the sample can
be accessed. Importantly, in the equation [1.8] we assume the tip with flat DOS
(pi(E)=const) which might be not the case in real experiment. This can result
in additional features in the dI/dV spectra. Thus interpretation of the dI/dV
spectra is not always straightforward and theoretical support is needed.

The are two basic approaches for the recording of the dI/dV spectra. One way
is a simple numerical derivation of the I — V' curve with respect to the voltage.
However, this method suffers from a low signal-to-noise ratio. Alternatively, the
dl/dV spectra can be recorded using lock-in technique. Within this approach,
the bias voltage is modulated by high frequency sinusoidal signal (Va¢):

V' = Vhias + Vacsin(wt), (1.9)

where V¢ is a modulation voltage, w is a modulation frequency. The modu-
lation frequency must be higher than the cutoff frequency of the feedback loop.

Later, the tunneling current signal is converted to voltage and fed to the lock-in

10



amplifier simultaneously with reference modulation signal. The output signal of
the lock-in amplifier is directly proportional to the dI/dV. For the more detailed
description of the lock-in technique and its implementation in the STS we would
refer to [31].

1.2 Atomic force microscopy

1.2.1 Basic principle of operation

In the Atomic Force Microscope (AFM), imaging signal is a force acting between
the tip and the sample. Therefore, unlike in the STM, insulating surfaces can
be also studied with AFM. The key component of AFM is a cantilever which
bends with respect to the-tip sample force. The cantilever type is defined by
the three main parameters: spring constant (k), eigenfrequency (fy) and quality
factor (@). Commonly optical deflection scheme is employed to define bending
of the cantilever. In this setup the cantilever bending creates displacement of
the laser beam reflected from the back side of the cantilever [32]. The beam
displacements are further measured by a four-sector diode. Another alternative
scheme employing the piezoelectric effect is used in the Q-plus [33] and needle
sensors (e.g. Kolibri sensors manufactured by Specs) [34]. The sensors are made
from quartz, therefore their bending induces piezoelectric voltage which is directly
proportional to the deflection. In this thesis both Q-plus and Kolibri sensors were
used. The schematic sketch of the home-build Q-plus sensor is shown in the Figure
L3k,

The two main operation modes in the AFM are static and dynamic or non-
contact (nc-AFM). In the static mode the total tip-sample force (Fiy) causes
the static deflection (g) of the cantilever with stiffness k, so that (¢ = Fi/k).
However this mode has a significant limitation for the achieving of atomic resolu-
tion. The cantilever with insufficient stiffness experiences strong attractive force,
consequently the scanning is destructive for both the tip and the sample. This
drawback is solved in the dynamic mode, when the cantilever is deliberately os-
cillated around its resonance frequency. The changes in the cantilever oscillation
frequency reflect the tip-sample interaction.

The two different types of operation modes exist in the dynamic AFM: ampli-
tude modulated (AM-AFM) and frequency modulated (FM-AFM). In the AM-
AFM cantilever is driven at the fixed drive frequency and excitation amplitude.
The tip-sample interaction affects the oscillation amplitude. This amplitude
changes are further employed as a feedback signal [35]. In the FM-AFM mode
oscillation amplitude is kept constant by the feedback loop and changes in the

cantilever oscillation frequency act as a feedback signal [36]. The application of

11



FM-AFM mode is more preferential in the UHV conditions since it allows much
faster operation in comparison to AM-AFM [36].

All nc-AFM experiments presented in this thesis were carried in a constant
height mode, i.e. without active z-feedback. The simplified scheme of nc-AFM
setup is illustrated in the Figure [I.3b. The deflection signal from Q-plus or
Kolibri sensor is measured and fed to the phase-locked loop (PLL). The PLL
determines the frequency shift (Af) as a difference between actual frequency (f)

and the resonant frequency value (fy). At the same time, the constant oscillation

a Tuning fork b frequency fo
W tip
Phase locked frequency
Gold wire | Deflection - |00p (PLL) shift Af
/ X Isolation (non-conductive epoxy)| deteCtor - + . . .
Amplitude > dissipation
control —> amplitude
Actuator amplitude
setpoint

Figure 1.3: a) A sketch of the home-made Q-plus sensor adapted from [37]. b)
Block diagram of the nc-AFM setup.

amplitude is maintained using the amplitude feedback controller. The output
signal of amplitude controller is proportional to difference between instant (A)
and setpoint amplitude (Aye;) value. This signal is fed to actuator exciting a

Sensor.

1.2.2 Theory of atomic force microscopy

The movement of the oscillating cantilever can be treated as harmonic oscillator.

Its motion equation is:
mzZ + kZ = kAgriwecos(2m fot), (1.10)

where m is effective mass of the cantilever, k is a spring constant, f, resonant

frequency, Agrive is a driving amplitude. One solution of this equation is:

2(t) = Acos(2m fot), (1.11)

12



with the resonance frequency:

P (1.12)

T Vm

When oscillator is exposed to an external force field with spring constant

kis = dF'/dz its new resonance frequency will be:

1 [k + ks
=/ . 1.1
f=50—0r (1.13)

For the small oscillation amplitudes the force gradient remains constant through

the oscillation cycle. In addition, if the force gradient is much smaller than
stiffness of the cantilever k < k;,, the frequency shift can be written as:
ks
Af=f—for %fo, (1.14)
which means that in FM-AFM the frequency shift is proportional to the tip-
sample force gradient rather than force in assumption of small oscillation ampli-
tudes.

For large oscillation amplitudes, a force gradient changes through the oscilla-
tion cycle. In this case, the relation between the frequency shift and force valid
for the arbitrary oscillation amplitude was derived by F. Giessibl, who applied
first-order perturbation theory in the Hamilton-Jacobi approach [3§]:

Af 1!

fo Ak _I(F(ZJFA(”“))LUZU- (1.15)

V1—u?
Later the interaction force can be determined from the Af(z) dependence

using the approach proposed by J. Sader and S. Jarvis [39]:

B Vi AN
F(z)—fo/z (4 g M0~ s e (10

This equation is applicable for any oscillation amplitude and is independent
on the nature of force. Alternatively the Af(z) can be converted to the F'(z)
using an inversion of a convolution matrix proposed by F. Giessibl [40)].

As shown in the Figure the total force acting between the tip and the
sample is a sum of long and short range forces. The long range forces consist
of macroscopic van der Waals (vdW) force and electrostatic force. The vdW
force is caused by the fluctuations of the dipole moments and varies as r—% with
the distance () between the two atoms. It can be estimated using the so-called

Hamaker approach:

13



1+ — Chemical force b
Van der Waals force
Total force

Force, nN
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Tip-sample distance, A

Figure 1.4: Forces acting-between the tip and the sample.

Foaw = —%, (1.17)

where Ay is a Hamaker constant, R is the radius of a tip apex and z is a
tip-sample distance.

The electrostatic force is caused by the electrostatic potential difference be-
tween the tip and sample. The tip and sample can be treated as a capacitor with
capacitance (C'). In this case the electrostatic force can be approximated as:

Fy= —%%(V —Verp)?, (1.18)

where C' is a distance dependent tip-sample capacitance, V is a bias voltage

and Vepp is a contact potential difference between tip and sample. Thus, the

contribution of the electrostatic force can be nullified by applying the bias voltage
which is equal to Veopp.

The short-range forces are the chemical forces related to chemical bond for-
mation and repulsive forces arising due to Pauli exclusion principle. These forces
become significant at distances when tip and sample wavefunctions start to over-
lap. The short-range forces vary at the atomic scale are key for atomic resolution
in the AFM. Recently, the capability of AFM in the chemical identification and

resolving the chemical structure of the molecules was achieved [41], [42].
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1.3 Photoelectron spectroscopy

The Photoelectron spectroscopy (PES) was an additional technique used in this
thesis. It is based on photoelectric effect which is a phenomenon of electrons
emission from the sample as a result of its exposure to the monochromatic light.
Every photoemission process consists of three steps: photon adsorption, creation
of the photoelectron and electron transport to the surface. According to the
Einstein equation the kinetic energy of the emitted electrons (Fy;,) depends on
their binding energy in the substrate (Ep), work function of the substrate (®)
and the energy of incident light (hw):

Epin = hw — Ep — ®. (1.19)

If the photon energy is higher than sum of the binding energy (Ep) and the
sample work function (®) the photoelectrons are able to reach vacuum level. The
kinetic energy (Fj) of the photoelectrons is subsequently detected by hemi-
spheric analyser. In principle, the PES is a surface sensitive technique, due to
low inelastic mean free path of the electron in the bulk (only a few A). Therefore,
only the electrons from the surface can be escaped to the vacuum.

Depending on the incident photon energy different electronic levels can be
accessed, as schematically sketched in the Figure The valence band electrons
are excited by light in the ultraviolet range (UPS). On the other hand, the deeply
lying core levels can be excited only by the X-rays (XPS).

The typical XPS spectrum consists of series of peaks appearing at specific
binding energies. These peaks originate from the electron states (e.g. 1s, 2s,
2p). The intensity of the peaks is directly proportional to the amount of the
corresponding element within the probed area of the surface and cross section.

The core level states must be orthogonal to the valence states. Thus, if va-
lence electrons are involved in the chemical interactions, the core levels shift
their energy accordingly. Therefore, the energy position of the peak (chemical
shift) reflects information about the chemical environment and oxidation state
of a given atom. The inelastic electrons from the electron-electron and electron-
phonon scattering events typically produce so-called Shirley background in the
XPS spectra, which can be subtracted.

The incident light beam can be produced by the laboratory sources (e.g. Mg
K, with energy 1253.6 V) or using the synchrotron radiation which allows higher
beam intensity, superior monochromasy, energy tunability and, as consequence,
higher energy resolution.

Except for the kinetic energy, another quantity characterizing the emitted
photoelectrons is their momentum. Within the semiclassical approach the elec-

tron momentum (/) consists of two components: parallel (/) and perpendicular
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Figure 1.5: Schematic energy diagram of photoelectron emission process (from
[43]).

(K1) to the surface. After the emission only the in-plane component (K|) is pre-

served and can be determined from the emission angle (6):

h2

where m is electron mass, @ is emission angle, A is a reduced Planck constant.

Ky =

sin(0), (1.20)

The K| directly reflects information about electron momentum inside the sam-
ple. By using the angle-integrating photoelectron analysers angular distribution
of the valence-band emitted photoelectrons can be measured. This technique is
called Angle Resolved Photoelectron Spectroscopy (ARPES). It allows to study
the dispersions of the electronic bands in the different directions and other elec-

tronic properties (e.g. the Fermi surfaces) of the sample.

1.4 Near edge X-ray adsorption spectroscopy

The Near Edge X-Ray Adsorption Spectroscopy (NEXAFS) provides information
about the unoccupied electronic states [44]. The NEXAFS measurement is based
on a two-step process as shown schematically in the Figure [[.6] At first, X-
rays with energy near the ionization edge (K-edge) excite a core electrons into
the unoccupied states, by this a photoelectron and a hole is created. The hole

is subsequently filled by the electron from the outer shell by Auger decay or
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fluorescence process.

The NEXAFS spectra are recorded in a following way. The energy of the
incident photons is changed across the K-edge of a particular elements and prob-
ability of the photon absorbtion is measured. The three basic approaches for
recording the photon absorption are i) the Auger electron yield when the Auger
electrons are counted ii) the total electron yield when the sample photocurrent is

measured and iii) fluorescent yield when the emitted photons are measured.

A

Ev Unoccupied Fluorescent yield
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Occupied l B Auger
electron
Auger
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X-Ray
L a & o
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Figure 1.6: Schematic of the NEXAFS process. An incident photon with energy
of NEXAFS resonance excites a core electron to the unoccupied states. The
created hole is subsequently filled with emission of the fluorescent X-Ray or Auger
electron.

The NEXAFS is element-specific technique since every chemical element has
a unique adsorption edge. Another advantage of the NEXAFS is its high sensi-
tivity towards bond angles and bond orientation. Due to dipole selection rules
mainly the orbitals parallel to the E vector of the incident light are involved in
the adsorption process. Thus, the contribution of the particular orbital in the
adsorption process can be studied by changing the angle between the incident
beam and the sample normal. This can by particularly useful for the graphene
because its in-plane o and out-of-plane 7 orbitals can be accessed in the normal

and grazing beam-sample geometries, respectively.
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1.5 Low energy electron diffraction

The Low Energy Electron Diffraction (LEED) is an integral technique for the
surface analysis. It is based on the studying of the electron diffraction patterns
arising due to crystallinity of the sample. As sketched in the Figure[l.7]the LEED

setup consists of electron gun, fluorescent screen and array of grids.

_ --System of grids
7
< s
/< 7
/7 7
7 7
’ vt :
;+ Incident

! I electrons

/\'L/\M
e- gun

Fluorescentscreen

Figure 1.7: Schematics of the LEED setup. The electrons diffracted from the
crystal sample form the diffraction pattern observed on the fluorescent screen.

The electron gun irradiates the sample by the beam of electrons. The energy
of electrons is set in range of 100 eV, thus, their wavelength is comparable with
the lattice constant of the studied crystal. After the interaction with the surface
electrons form diffraction picture, which is observed on the fluorescent screen. The
diffraction pattern is related to the surface crystallography and directly reflects a
reciprocal lattice of the surface [45]. In our experiments, LEED was employed as
complementary technique for the characterisation of the surface reconstructions

during annealing process of the SiC(0001).

1.6 Theoretical support

All the experimental data in this thesis were supported by the extensive theo-
retical calculations. The calculations were performed in our group Nanosurf Lab
by Dr. Pavel Jelinek, Dr. Pingo Mutombo, Dr. Prokop Hapala and Dr. Martin
Ondrdcek.

In the Section 2.4 in order to estimate the corrugation of single layer graphene
on the SiC(0001) substrate the large scale total energy density functional theory
(DFT) calculations were used. The local-orbital FIREBALL code |46, [47] using an

18



optimized [48] spatially-confined pseudo-atomic numerical orbital basis set was
applied. In our case, an ss* basis set was used for the H atoms, an sp basis set
for the Si and C atoms. Local density approximation was used for the exchange
correlation functional. The atomic models of the SLG-SiC(0001) surface consisted
of a slab of 1648 atoms, 10 atomic layers thick (including the buffer and SLG layer)
with an additional passivating hydrogen layer on the underside. The lateral size
of the supercell was 6v/3x6+/3. The calculations were restricted to the T point
of the first surface Brillouin zone. The bottom Si atomic layer as well as the
hydrogen layer were kept fixed during the geometry optimization while all other
atoms were allowed to relax freely into their equilibrium positions. The criterion
for terminating the relaxation was that maximal forces on free atoms had to be
below 0.05 eV/ A and the change of total energy between subsequent iterations
had to be smaller than 10~* eV per unit cell.

In the Section 3 to simulate the B-, N- and BN doped graphene also the local
orbital Fireball DFT code [47, [49] based on optimized pseudo-atomic spd orbital
basis set [50] was applied. Very similar optimized structure was also reached
with Vienna Ab Initio Simulation Package (VASP) [51], a plane-wave ab initio
code using Vanderbilt ultrasoft pseudopotentials [52]. All the STM simulations
of doped graphene presented in this thesis were performed using the STM module
within the Fireball code using Green’s function approach [53]. A preoptimized
(111)-oriented C tip with diamond-like structure was used to generate constant-

height maps of current for comparison with the STM experimental images.

1.7 Experimental setup and sample preparation

During work on this thesis we used UHV machines available in the Institute of
Physics of the Czech Academy of Science. The results from the Section 2 were
mainly obtained on the VT-STM Omicron and modified VT-AFM/STM Omi-
cron using Q-plus setup (see Figure[1.8h). A homebuilt quartz-tuning fork sensor
was used for the measurements. The contact to the tungsten tip was made of
a thin golden wire in order to avoid crosstalk with the deflection signal from
the tuning fork piezo [37, 54]. The results from the Section 3 were obtained
using LT-AFM/STM Specs machine operating below 2K and allowing simulta-
neous force/current detection scheme using Kolibri sensor (see Figure [I.8p). All
machines are equipped by LEED.

The tips for STM and AFM measurements were prepared by electrolytic etch-
ing technique. We used in 2 mol NaOH water solution and a 0.5 mm thick tung-
sten wire with purity 99.99 %. To minimize the cutoff time of the electrochemical
reaction we used the electronic control circuit proposed by Ibe et al. [55]. After

the insertion into the chamber, the tips were commonly treated by annealing to
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. modified VT-AFM/STM Omicron * LT-AFM/STM Specs : s

Figure 1.8: Pictures of a) modified VT-AFM/STM Omicron machine using Q-
plus setup b) low temperature AFM/STM Specs machine.

1200°C in a contact with a hot tungsten filament or Ar* ions sputtering.

The XPS core levels and NEXAFS spectra were measured at the Materials
Science Beamline at the Elettra synchrotron. The element specific K-edge ab-
sorption Auger electron yield was integrated at the valence band (from a binding
energy of 60 eV to the Fermi level).

For the N* ions sputtering we used a standard ion source IQE 11/35 from
Specs. During experiments on the B doped graphene as a source of boron we
used a heavily B-doped Si wafer annealed by direct current to 1200°C. The high
amount of B in the Si wafer allowed deposition of B atoms onto the SiC sample
along with the flux of Si. For achieving higher B concentration pure B was
deposited from an e-beam heated B-filled graphite crucible.

For the graphene growth we used N-doped Si-face 6H-SiC(0001) and 4H-
SiC(0001) wafers, which were cut into 3 mm x 10 mm stripes and mounted
into molybdenum sample holders constructed for a direct-current sample heat-
ing. During the annealing process the temperature of the sample was measured
using an optical pyrometer with spectral emissivity set to 0.6, operating at 1.6 pm

wavelength and focused onto a spot on the sample with diameter <2mm.
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2. Graphene on SiC(0001)

2.1 Background

The graphitization of silicon-carbide (SiC) is a well known phenomenon and was
first reported in 1965 by D. Badami [56]. At sufficiently high temperatures Si sub-
limes from the surface due to high vapor pressure and remaining C atoms form
graphite. The first systematic study of the influence of annealing on SiC(0001)
was performed a decade later by Van Bommel et al. [57]. Using Auger elec-
tron spectroscopy and LEED techniques the authors revealed basic crystallo-
graphic orientation between the graphite layer and the SiC. In 2004, C. Berger
and coworkers reported the existence of Shubnikov—de Haas oscillations in the
graphene/SiC(0001) - the distinct property of the two-dimensional electron gas
system [I5]. It was the first unambiguous proof that in spite of presence of
SiC(0001) substrate the electrons in epitaxial graphene still have properties sim-
ilar to the freestanding graphene.

In principle, the two polar surfaces Si-face SiC(0001) and C-face SiC(0001)
are suitable for the graphene growth. However, annealing of the C-face SiC(0001)
produces a multiple rotationally disordered graphene layers [58]. The growth of
homogenous single layer graphene sheets at current moment cannot be achieved.
On the other hand, the Si-terminated SiC(0001) substrate allows growth of single
and bilayer graphene sheets in a well-controlled manner [59]. Therefore, in this
thesis we used SiC(0001) substrates for the growth of graphene.

This Section is devoted to an atomic scale study of the SiC(0001) graphiti-
zation in the UHV conditions by means of the STM. Next, we investigate the
structural properties of the epitaxial graphene on SiC(0001) using the simulta-
neous nc-AFM/STM technique. Finally, we will describe our apparatus to grow
uniform layers of graphene under Ar atmosphere. The results presented in the
Section 2.4 have been already published [60].

2.1.1 SiC polytypes

The bulk crystal structure of the SiC is produced by stacking of the basal plane
bilayers of the Si and C. SiC has more than 200 different polytypes. The most
popular polytypes are the 3C-SiC with cubic unit cell and 2H-SiC, 4H-SiC, 6H-
SiC with hexagonal unit cell. The 2H-, 4H- and 6H- polytypes are distinguished
by the number of bilayers per unit cell and contain 2, 4 and 6 bilayers, respectively
(see Figure [61]. The distance between bilayers is 2.52 A [62]. The height of
unit cell is 10.08 A for the 4H-SiC polytype and 15.12 A for the 6H-SiC polytype.
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Figure 2.1: Side view projection onto the (1120) plane of the crystal structure of
four different polytypes of SiC. The hexagonal unit cell indicating the orientation
of the (0001), (1120) and the (1100) planes is also shown. The (0001) surface has
only Si atoms in the topmost layer and the opposite (0001) face only C atoms.
From [62].

The SiC surface can be terminated whether by the Si (Si face) or by C (C
face). Crystallographically the Si-face corresponds to the (0001) hexagonal orien-
tation while the C-face is related to the (0001) direction. In this thesis, we used
exclusively 6H-SiC(0001) and 4H-SiC(0001) wafers.

2.1.2 Metastable reconstructions on SiC(0001)

The characteristic structures on the SiC(0001) arise due to a system inclination
to minimize the number of free dangling bonds. This results in a formation of
different adatom reconstructions with distinct periodicity. These reconstructions
appear on the surface as a result of the annealing process. When the annealing
temperature exceeds 750°C the Si sublimation from the surface is initiated. The
annealing at higher temperatures decreases fraction of the Si-rich phases and
favors formation of the C-rich phases.

All the major experimental findings about the SiC(0001) reconstructions and
their mutual transformations are summarized in the reviews by P. Martensson
et al. [63] and U. Starke [59]. In the Figure we present a set of the LEED
and STM images showing the SiC(0001) surface transformation depending on
the annealing temperature. The bare substrate exhibits 1 x 1 reconstruction (not
shown). This reconstruction corresponds to the oxidized surface and was observed
only in the LEED studies [64]. After introducing into the UHV conditions the
SiC surface must be cleaned from the oxide layer. This is commonly achieved by
annealing at 750-800°C in a presence of Si flux. Under the Si flux the surface oxide
desorbs as SiO, while the Si is simultaneously supplemented. This method was
applied by R. Kaplan [64] for the first time and now it has become widely used

in the scientific community. Noteworthy, the sample annealing can be performed
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also without the Si flux. However, in this case the average size of the atomic
terraces is significantly smaller and resulting surface is too rough for performing
STM studies.

After annealing in the presence of Si flux, the surface exhibits an Si-rich 3 x 3
reconstruction (see Figure . This reconstruction is formed by the Si adlayer
consisting of Si trimer and Si adatom on top (see Figure [2.3p) [67] [66]. Further
annealing at 950°C leads to gradual desorption of excessive Si and formation of
a Si-rich v/3 x v/3R30° phase [67, 68, [69], [70]. The V3 x v/3R30° reconstruction
is formed by one Si adatom which has three Si neighbors from the underlaying
SiC bilayer (so-called T4 position) (see Figure [2.3p)[71), 67, 72, 68].

The sample annealing at temperatures above 1050°C causes further deple-
tion of Si from the surface and formation of the C-rich reconstruction with
6v3 x 6v3R30° quasiperiodicity (q—6\/§ later in the text). This transition
is well known and has been reported by means of many STM, XPS and LEED
studies [63] 59, [12]. However, the transformation from the v/3 x v/3R30° to the
q-61/3 at the atomic scale is still not clarified. The nature of the q-6v/3 will be
discussed in detail in Section 2.1.3.

The quasi-periodic 5v/3 x 5v/3 (q—5\/§ later in the text) is an additional char-
acteristic reconstruction which might exist on the SiC(0001). According to the
LEED and STM studies this reconstruction also appears on the surface after the
annealing at 1050°C [63]. Typically, the g-5v/3 is observed on a very small frac-
tion (<9%) of the surface [73]. At the current stage, it is still not completely
clear what factors favor formation of the q-5v/3 phase. The study of C. Ried] and
coworkers suggests that amount of the q-5v/3 strongly depends on the applied
annealing protocol [74]. In particular, the highest fraction of the g-5v/3 domains
was observed on samples without any previous Si flux treatment.

In general, all the mentioned reconstructions on the SiC(0001) and their mu-
tual transformations are well documented. However, the thermodynamic and
kinetic factors driving the phase transformations on the SiC(0001) are not com-
pletely understood. For example, it was shown that transition temperatures can
be tuned over a wide temperature range by establishing thermodynamic equi-
librium between the SiC sample and the external Si vapor pressure [75]. Even
the speed of the annealing-cooling process was found to play a crucial role in the
morphology of the resulting sample [76].

2.1.3  6v/3 x 64/3R30° reconstruction

The exact atomic structure of the q-6v/3 phase is still a matter of discussion.
Already, seminal studies carried by van Bommel et al. showed that LEED pattern
of the q-61/3 reveals spots at positions identical to ones observed on graphite
[57]. K. Kim et al. proposed that the q-61/3 phase is formed by C atoms which
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Figure 2.2: LEED patterns and corresponding STM images showing phase
transformation on the SiC(0001) upon annealing.
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Figure 2.3: a) Top and side view model of the 3 x 3 reconstruction. b) Top
and side model of the crystallographic structure of v/3 x v/3R30° reconstruction.
Taken from [66].
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are already arranged in the graphene-like honeycomb layer, which is, however,
strongly buckled due to covalent bonding with the SiC [77]. As a result of the
buckling this layer does not have unique electronic properties of graphene [5§].
In the scientific literature the q-6v/3 phase is called " buffer layer” (BL) or the

" zero-layer graphene”.
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Figure 2.4: The fully relaxed DFT model of single layer graphene/BL/4H-
SiC(0001) system. This image was taken from [78]

Recently, an extensive DFT calculations of the graphene/BL/SiC(0001) sys-
tem were performed by P. Merino et al. [78]. The fully relaxed DFT model of
the BL on top of the 4H-SiC(0001) substrate applied in their work is presented in
Figure 2.4, Within this model the SiC slab is capped by a buckled graphene-like
honeycomb carbon atom mesh. The peak-to-peak corrugation of BL was found
to be 1.1 A. Such a strong corrugation arises from the covalent bonding between
some C atoms in BL and Si atoms in the outermost SiC layer. Since not all the
substrate Si atoms are saturated by the C atoms in the BL, significant amount
of the dangling bonds is present at the interface. Authors also find an excellent
agreement between the simulated STM images of the single layer graphene and
the experimental images. In particular, the typical localized features (i.e. sub-
surface dangling bonds) often observed experimentally are visible in their STM
simulations.

The validity of the model described above is also supported by the ARPES
studies of the BL carried by K. Emtsev and coworkers. It clearly document
the existence of well developed graphene-like o-bands [79]. This means that
arrangement of atoms within BL is identical to those in graphene, i.e. BL consists
of six-membered rings. Importantly, o-bands are shifted towards a higher binding
energies in comparison to graphite. This was explained by a significant charge
transfer from the substrate. On the other hand, the m bands were found to
be poorly developed. The BL exhibits nonmetallic character since it does not
posses any states near the Fermi level. The ARPES data are evidence of a strong
covalent coupling between at least part of the BL p, orbitals and the underlying
SiC substrate.

The influence of the substrate on the BL can be successfully removed by an in-
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Figure 2.5: a) Occupied (-1.5 V, 0.23 nA) and b) Empty (+1.5 V, 0.23 nA) state
STM image of the area containing the buffer layer (BL) and single-layer graphene
(SLG). The white dashed line indicates the position of the accidental tip change
and consequent changes in STM contrast over the BL and SLG.

tercalation of a suitable element, e.g hydrogen [80]. Such a hydrogen-intercalated
BL is structurally and electronically identical to the truly freestanding graphene
[81]. Recent studies also demonstrated that improved growth technique in Ar at-
mosphere allows preparation large scale BL areas with graphene-like Dirac cones
separated by a small gap [82].

In contrast to the q-61/3 periodicity observed in the LEED studies, the STM
and nc-AFM investigations of BL always reveal a corrugation pattern with quasi-
periodic 6 x 6 reconstruction [83],[84]. The unit cell of this periodicity is indicated
in the Figure . The STM contrast observed over the g-64/3 is very com-
plex and strongly depends on the scanning parameters and the tip structure.
Thus, the exact determination of the BL structure only by means of STM is
not feasible. In the Figure we present an occupied (-1.5 V) and empty state
(+1.5 V) constant current STM scans taken simultaneously in forward and back-
ward channels, respectively over of the surface area containing the q-6v/3 domain.
The white dashed line marks a position of an unintentional change of the tip apex.
Importantly, the bias voltages and current setpoint were kept constant through
the scans. Prior to the tip change both occupied and empty state images share
the same BL morphology and characteristic features. The tip change is accompa-
nied by strong changes in the STM contrast. A well pronounced g-6 x 6 pattern
appears in the occupied state image. At the same time, the empty state image
reveals trimer-like pattern, which is related to the Si adatom dangling bonds [85].

Discrepancy in the different periodicities observed in LEED and STM exper-
iments can be explained as following. The q-61/3 supercell is split into the areas
where some C atoms or hexagon centers of BL are located directly above the
substrate Si atoms as it is shown schematically on the Figure 2.6b. Such ar-
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Figure 2.6: a) STM image of the BL area (10x10 nm?). Green and blue rhombus
marks a unit cell of the 6 x 6 and 6v/3 quasi-periodicity, respectively. b) Schematic
image of the 6v/3 unit cell. Open circles are atoms in the SiC and filled circles are
C atoms in the graphene layer. A g-6 x 6 unit cell connecting the high symmetry
points is also shown. This image was taken from [10].

eas consequently appear as valleys of the g-6 x 6 modulation (see Figure )
Moreover, in the DFT model the q-61/3 periodicity arises spontaneously during
relaxation [78]. Thus, the quasi-periodic 6 x 6 pattern seen in the STM arises

from the larger commensurate q-61/3 periodic reconstruction.

2.1.4 Single and bilayer graphene

The BL serves as a precursor step towards formation of the single layer graphene
(SLG). The annealing temperature over 1250°C is already sufficient enough to
induce desorption of the Si from the BL/SiC(0001) interface and form the SLG
[63]. During annealing the existing q-61/3 structure is transformed into the SLG
and the outermost SiC bilayers are transformed into the BL. Thus, the interface
BL remains always present between the SLG and SiC(0001).

The SiC(0001) annealing at the temperatures far above 1250°C leads to for-
mation of the bilayer graphene (BLG). The BLG follows Bernal stacking (AB
stacking) order similar for the graphite as was confirmed by the T. Ohta et al.
[86]. Annealing at 1400°C results in the formation of multiple (over 3) graphene
layers [87].

The structural properties of the graphene/SiC(0001) were extensively studied
by means of nc-AFM [88], 89, [90] and STM [91], 92], 93]. The STM measurements
of the SLG as well as BLG show a characteristic 6 x 6 quasi-periodic corruga-
tion [94]. In the Figure we present a set of STM images measured over an
incomplete layer of graphene grown on the 6H-SiC(0001). The Figure 2.7h shows
the main features of the surface morphology, terraces divided by steps of vari-
ous heights, areas covered with SLG, BLG and areas of BL. The SLG and BLG
areas might be distinguished by the lower apparent -6 x 6 corrugation of the
latter one. In the Figure[2.7b, we show an atomically resolved STM image of the
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Figure 2.7: Constant-current STM images taken over an incomplete graphene
layer grown on the 6H-SiC(0001). (a) 67x33 nm?, Vyiee=-1.5 V, I=0.15 nA;
overview of an area containing the buffer layer (BL), single- and bilayer graphene
(SLG and BLG). (b) 10 x 10 nm?, Vy;,s=0.5 V, I=0.18nA; subsurface features
bonds of the BL visible through a sheet of graphene, the characteristic q-6v/3
quasi-periodicity is indicated. (c) 10 X 10 nm?, Vi;,=0.5 V, I=0.18 nA; example
of a characteristic v/3 x /3 rippling of SLG near to an armchair edge, step
overgrown by graphene without any extra rippling. Published in [60].

single-layer graphene measured at the relatively low bias voltage (0.5 V). Here, a
white rectangle indicates the unit cell of the characteristic g-6v/3 quasiperiodic-
ity. Additional round-shaped features observed here correspond to the substrate
dangling bonds.

In spite of all the studies, it has not been clarified yet whether STM contrast,
in particular the 6 x 6 modulation has electronic or topographic origin. The real
physical corrugation of SLG and its contribution to the observed STM contrast is
also not known. However, it is well known that the morphological modulations of
the SLG and BLG arise from the interaction with the underlying BL [58| 77, [95].

28



2.1.5 Graphitization of SiC in UHV vs. Ar atmosphere

The representative STM image of the SiC(0001) graphitized in the UHV con-
ditions is shown in the Figure 2.7h. The surface typically contains terraces of
the BL, SLG and BLG. The BL fraction might be decreased by applying of the
repeated annealing cycles. However, the average terrace width of SLG and BLG
regions reaches typically only 50-100 nm.

Alternatively, the graphitization process can be performed in the atmosphere
of Ar. This method was first proposed by Virojanadara et al. who annealed
the SiC(0001) at 2000°C in a 1 bar of Ar environment. The authors observed
formation of the homogenous large area single-layer graphene films (> 1um)
[96]. Later, K. Emtsev et al. obtained samples with average size of graphene
domains of 2-3 pum using annealing temperatures 1500-2000°C and 900 mbar of
Ar atmosphere [97].

The role of Ar in the annealing process can be understood as following. The
Ar acts as a diffusion barrier and drastically decreases the sublimation rate of
the Si. By this, increased Si vapor pressure is created close to the surface, hence
much higher annealing temperature (over 1500°C) can be applied. This extremely
high annealing temperature leads to the enhancements of surface diffusion. Con-
sequently this leads to significantly higher sample homogeneity and much larger
graphene domains in comparison to those obtained by the UHV annealing.

T. Ohta et al. studied the Si sublimation from the SiC(0001) sample covered
by BL, which was prepared in the Ar atmosphere [08]. They proved that growth
of high-quality SLG is initiated from etching the preexisting triple bilayer SiC
steps. Thus, the preparation of the best quality graphene requires BL-covered

sample with minimal number of single SiC bilayer steps on the BL surface.

2.1.6 Open questions and approaches to their solution

It is evident that many questions related to the characteristic reconstructions on
SiC(0001) and its graphitization dynamics remain unresolved. We would like to

address the following problems and our approaches for their solution:

e From the LEED, XPS and STM studies it is well known that upon annealing
at 1050°C the Si-rich v/3 x /3 is transformed into the C-rich BL with the
q-61/3 reconstruction. On the other hand, the comprehensive atomically
scale study of this transformation is still missing. To shed some light on
this, we performed an atomically resolved STM investigation of the initial

steps of the BL formation.

e During the annealing process, formation of the g-5v/3 reconstruction com-

petes with the growth of the BL phase, since both appear under the same
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annealing conditions. This reconstruction has been poorly studied till now.
Its origin as well as atomic arrangement still has to be understood. Here, by
the analysis of the atomically resolved STM images and DFT calculations

we develop an atomistic model of the g-5v/3 phase.

Due to the presence of the underlying BL, the SLG(BLG) layers exhibit
the characteristic quasi-periodic 6 x 6 modulation when studied by STM.
The understanding of this modulation is important due to its influence
on the graphene electronic properties. The 6 x 6 pattern might have an
electronic or topographic origin. So far, it has not been clarified because
the separation of the electronic or topographic contributions in the STM
contrast is not straightforward. To solve this, we performed nc-AFM/STM
experiments with simultaneous access to tunneling current and frequency

shift channel. By this we got access to the real physical corrugation of the
SLG/SiC(0001).

One of the significant limitations for the practical applications of the sam-
ples graphitized in the UHV conditions is a presence of the phase mixture
(BL, SLG and BLG) on the surface. Moreover, the average size of graphene
domains is typically only 50-100 nm. On the other hand, the SiC anneal-
ing in the Ar atmosphere is a promising route for the preparation samples
with exclusive presence of the SLG. We present the experimental setup and
protocol for the sample annealing in the Ar atmosphere developed in our
group. Our approach allows preparation of a high-quality SLG/SiC(0001)

sample with average size of terraces well over 1 pm.
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2.2 Growth dynamics of buffer layer

In the following we focus on the formation and structure of the q—6\/§ reconstruc-
tion. In particular, we study the transition from the Si-rich V3 x /3R30° to the
C-rich q-61/3 phase by means of the STM.

During our studies we used following scheme for the SiC(0001) annealing in
the UHV:

1. Sample degassing at 650°C for 8 hours.

2. Sample annealing at 750-800°C under the Si flux for 15 min. As the source
of the Si flux we used a Si wafer, which was annealed up to 1200°C by pass-
ing the direct current. The Si deposition rate approximately corresponded
to 1ML per second. Typically we performed several Si evaporation and

annealing cycles (15 min every) to obtain clean surface with large terraces.

3. A stepwise sample annealing up to 1200°C with 50°C temperature incre-

ments. The duration of one annealing step was 10 minutes.

In the Figure [2.8, we show a representative large-scale STM image of the
surface after three Si sputtering cycles. The average terraces width is 50 nm and

the surface is completely covered by the Si-rich 3 x 3 reconstruction.

Figure 2.8: Large-scale STM image showing the overall morphology of the sample
after the three 15 minute cycles of sample annealing at 750°C under the Si flux.
The surface exhibits a 3 x 3 reconstruction.(Vy;,s=0.77 V, 1=0.1 nA)

The stepwise sample annealing up to 1000°C typically results in a surface
which contains a few different phases, as shown in Figure[2.9h. The three different
coexisting reconstructions are: q—6\/§, V3 x V3R30° and q—5\/§. Here the BL
domains with the q—6\/§ periodicity are coexisting with the Si-rich V3 x V/3R30°
phase which is prevailing on the sample. Figure [2.10| represents an atomically

resolved STM images obtained on the same surface. The images clearly reveal
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Figure 2.9: a) Large-scale constant current STM image showing the coexistence
of the three different phases: q—6\/§, V3 x V/3R30° and q—5\/§ b) Large-scale
constant current STM image showing coexistence of two domains of q-6v/3 and
V'3 x v/3R30° reconstructions. The surface was obtained by stepwise sample
annealing up to 1000°C. b) constant current STM image showing the presence
of the developed areas of the BL, which were prepared by the stepwise sample
annealing up to 1050°C.

Figure 2.10: STM images showing the graphene nanobubbles (GNB) embedded
into the v/3 x v/3R30° reconstruction. Scanning parameters are: Vy,s=-2.5 V,
[=0.1 nA for both images.
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the presence of the V3 xv3R30° phase with inclusions of distinct features. Closer
inspection shows round objects with the graphene-like STM pattern (see Figure
2.10b). Hence, we assign this formations to graphene nanobubbles (GNB).

The sample annealing at slightly higher temperatures 1050-1100°C results
in significantly larger (up to 50nm) BL domains (see Figure 2.9b). A further
annealing over 1150°C produces sample with almost full coverage of the BL phase.
We infer that sample annealing at these temperature causes merging of separate
GNB and consequent developing of the complete BL domains. To the best of our
knowledge the formation of GNB has not been reported yet.

2.3 53 x 5v/3 reconstruction

The growth of BL is always accompanied by the formation of the q-5v/3 recon-
struction. Moreover, our STM observations indicate that significant amount of
the ¢-5v/3 reconstruction is preserved on the surface even after high temperature
annealing (over 1200°C). Often the q-5v/3 coexists with the SLG, BLG areas and
sometimes is also seen under the SLG.

When studied with STM, the domains of the q-5v/3 are often found to be
incorporated into the prevailing ¢-6v/3 as we show in the Figure . The
atomically resolved STM image of the ¢-5v/3 is presented in the Figure 2.11b.
The reconstruction is comprised of the clusters having 2-7 protrusions, that most

likely correspond to the dangling bonds of the Si adatoms.

Figure 2.11: a) Large-scale constant current STM image showing the coexistence
of the two different phases q-6v/3 and q-5v/3 (Vyies=-1.5 V, I=0.15 nA). b) Mag-
nified region of g-5v/3 phase only. The lower part of the image is overlayed by
grid formed by three different v/3 x v/3 sublattices (blue, green and red). ¢) The
image b) showing assignment of every surface adatom to one of three v/3 x /3
sublattices. d) The simulated STM image of the q-5v/3 reconstruction.

The bottom part of the image is overlayed by the 1 x 1 grid formed by the
three different v/3 x /3 sublattices (red, green, blue). It can be seen that every

surface adatom of the g-5v/3 structure can be unambiguously assigned to one
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of these three sublattices as indicated in Figure with corresponding colors.
In addition, within every island all the adatoms belong to the same v/3 x /3
sublattice. In the light of this, every cluster then represents a separate domain
of the possible V3 x /3 sublattice.

We constructed a unit cell consisting of clusters of Si adatoms in T4 positions,
each in different v/3 domain. We then simulated STM images of the q-5v/3 recon-
struction, which are presented in the Figure 2.1Td. We find excellent agreement

between the experimental and theoretical STM images.

2.4 Structure of graphene/SiC(0001)

The materials of this Section were published in [60].

To shed light on the origin of the 6 x 6 modulations we performed combined nc-
AFM/STM studies using a Q-plus sensor. Using the Q-plus setup we performed
the measurements on the SLG/SiC(0001). The Q-plus allows simultaneous access
to the current ([;) and the frequency shift channels (A f). Thus, we were able to
separate electronic and topographic contribution to the nc-AFM/STM contrast.

The current and frequency shift channels were acquired simultaneously in the
constant height mode over the same area of graphene. However, we had to apply
very small tunneling current feedback. The reason to use the < I, > channel
for the feedback is a possibility carry out measurements at very small tip-sample
distances in the region of negative frequency shift gradient. In this region A f
feedback would be unstable.

The set of curves in Figure [2.13h represents local spectroscopy taken just be-
fore the imaging above the SLG with the Q-plus sensor, oscillating at amplitudes
of 150 pm at room temperature. The Af, time-averaged current ((I;)) are mea-
sured vs. the tip-sample relative distance (Z) during an approach and retraction
of the tip. Voltage is kept at 100 mV. The (I;) grows exponentially with Z and
the Af has a minimum near to —80 Hz. The value of Z = 0 corresponds to the
tip-sample separation at (I;) setpoint of 0.46 nA. In the region of the set point,
the Af is rising at a rate of (0.984+0.04) Hz/pm, as determined by the least-
square fitting. Force (F) is calculated from the Af signal, using the approach
proposed by J. Sader et al. [39]. The maximum attractive force amounts roughly
to -0.3 nN.

The both measured channels are shown in the Figure [2.12] The characteristic
q-61/3 modulation of graphene is visible in both channels. From the Af image
we estimated the Z-height modulation of graphene and obtain a value of about 6
pm root-mean square (RMS) corresponding to 16 pm peak-to-peak corrugation.
This value is significantly lower than the roughness obtained by the standard
topographic mode of STM (21 pm RMS or 60 pm peak-to-peak). Therefore, elec-
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<It> =464 + 263 pA Af=5.9 5.7 Hz

Figure 2.12: (a) The average tunneling current (I;) maps (Vpis=100 mV,
[=0.46nA, 5.5 nmx7.1 nm and (b) frequency shift Af acquired on the same
area of graphene/SiC(0001). The g-61/3 modulation is apparent in both chan-
nels, whereas the V3 x /3 modulation due to scattering on armchair boundary
is detected only in the (I;) map. The insets on the top show zoomed images of a
region that has a V3 x /3 modulation in the (I;) map. The mean value and a
standard deviation (RMS) are given for each measured quantity beneath each of
the images.

tronic contribution of the BL to the STM topography of SLG must be dominant.

To identify any charge transfer effects within the ¢-61/3 structure of graphene
a Kelvin-probe measurement [99] has been performed on the bright and dark areas
(highs and lows of the q-61/3 modulation) in the Af image, at 0.5 nm from the
setpoint, further from the sample. In the Figure 2.13p, the two corresponding
parabolas show no difference neither in the shape nor in their maxima. The
contact potential between the tip and the sample corresponds to maxima in the
parabolas and is located at —0.32 eV.

Considering that the electronic contribution is the major factor that affects
the (I;) maps, we can also deduce that these maps taken at low bias reflect a
variation of the local conductivity. Moreover, the Kelvin parabola measurements
do not detect any significant contact potential difference between the dark and
bright protrusions of the q-6v/3 modulation. It can be understood as a negligible
work function difference between these investigated areas.

To support our experimental observations we performed large scale total en-
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Figure 2.13: (Color online) (a) Spectroscopy curves of average tunneling current
(I;), Af and force F' vs. the tip-sample distance on graphene/SiC(0001), taken
with a bias voltage of 100 mV, just before imaging. The value of Z = 0 cor-
responds to the tip-sample separation at (I;) setpoint of 0.46 nA. (b) Example
measurements of the local potential at bright and dark regions of the q-(6v/3)
modulation visible in the A f map, indicating undetectable charge transfer.

ergy density functional theory (DFT) calculations. The fully relaxed theoretical
model of SLG on the BL using the 6v/3 x 61/3R30° unit cell is shown in the Figure
[2.14] The calculations show that standard deviation of the C atom z-positions
in the SLG layer is 4.4 pm (12.4 pm peak-to-peak). This agrees well with the
experimental estimation (16 pm peak-to-peak) from the Af image. This value
is also comparable to a similar DFT calculation in [81]. Noteworthy, this value
is significantly smaller than the corrugation obtained for graphene/Ru(0001) and
graphene/Ir(111). The corrugations of the both of these systems are claimed to
be in the range of 100 pm (corresponding to 35 pm RMS) [100, 10T, 102].

In the next, we focus on the boundaries residing in the left and right lower
corners of the image Figure 2.12h. These boundaries produce the characteristic
V3 x /3 modulation on graphene visible in the < I; > channel (see inset of
Figure 2.12h). This modulation was explained in terms of the intervalley scat-
tering mechanism of electrons in graphene [91]. Whereas, the Af image shows
only a flat honeycomb structure of graphene. We do not observe any out-of-plane
relaxation of the carbon atoms in the honeycomb structure resolved by nc-AFM
(see inset of Figure ) This is a clear evidence that the v/3 x v/3 modula-
tion visible in the < I; > has purely electronic origin. It also demonstrates that
the graphene layer in SLG is weakly bound to the BL through van der Waals

interactions. This finding of no atomic relaxations can be extrapolated for the
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z(pm) / oz(pm)

SLG
652 / 4.4 C
300 / 35.5 C
24 / 9.7 Si
-36 / 7.1 C
-232 / 5.7 Si
-300 / 5.0 C
-495 / 4.4 Si
-564 / 4.0 C
-757 / 3.9 Si
-820 / 3.5 C

Figure 2.14: The fully relaxed theoretical model of SLG on the BL, that is using
the 6v/3x6+4/3R30° unit cell. The z values in the table correspond to z-positions of
C and Si atomic layers in the model, oz is a standard deviation of atom positions.
The standard deviation of the C atom z-positions in the SLG layer is 4.4 pm.

single-point defects and other graphene disruptions for graphene on SiC(0001),
since they produce the same type of scattering and do not interact strongly with
the substrate.

In conclusion, we performed an atomic scale study of the SLG/SiC(0001)
system using the Q-plus setup. Simultaneous nc-AFM/STM measurements show
that the 6 x 6 modulation observed in the STM has both the electronic and
topographic contribution. However, the contribution of the electronic component
is significantly higher than the topographic one. Moreover our experiments prove
that the characteristic v/3 rippling of graphene, which appears due to presence of
the defects or boundaries is not accompanied by any relaxations of carbon atoms

and has purely electronic origin.

2.5 Reactor for SiC graphitization in Ar

One of general issues during the SiC annealing in Ar is reaching the extremely
high temperature (=~ 1600°C). Typically, it is achieved in an inductively heated
furnace [96] or quartz glass rectors [97]. In our group we developed an alternative
type of reactor for the sample annealing in the Ar environment (see Figure .
Basic idea is the following, the sample is heated by a direct contact with the
supporting SiC wafer which is annealed by passing the DC current. Noteworthy,
our setup allows to overcome a problem of Ar gas ionisation, which is common

for the furnaces with RF heating.
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Figure 2.15: Picture of the experimental setup for the annealing of SiC wafers in
the Ar atmosphere. The sample is heated by the direct contact with the other
SiC wafer annealed by passing the direct current.

Si flux

#3358 5%

Figure 2.16: Large-scale STM images showing the overall morphology of
graphene samples prepared a) in the UHV conditions using the Si flux b) in the
900 mbar Ar atmosphere and 1600°C annealing.
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We used the following protocol for the graphene/SiC(0001) sample prepara-

tion:

1. The sample degassing in the UHV pressure better than 1 x 107 mbar for
the 2 hours.

2. Two cycles of the sample annealing at 1400°C and 1500°C for 10 minutes
each in a 0.9 bar of Ar atmosphere. The Ar was evacuated and reintroduced

into the chamber after every annealing cycle.

3. The sample annealing at 1600°C in 0.9 bar of Ar for 3 minutes followed
by a slow temperature decrease (=~ 100°C per minute) to prevent the SiC

cracking.

The large-scale STM image of the SLG/SiC(0001) which was grown using this
annealing scheme is shown in the Figure[2.16h. The resulting surface is exclusively
covered with high-quality SLG sheet. The average width of terraces is 1 pym in
contrast to the graphene grown in UHV (see Figure [2.16]p). Moreover, the STM
image clearly reveals the characteristic -6 x 6 modulation pointing out presence
of BL in the interface of SLG/SiC(0001) similarly to the sample prepared in the
UHV conditions.

2.6 Conclusions

We performed an STM study of the initial steps of the SiC(0001) graphitiza-
tion process. For the first time, we follow the growth of the BL at the atomic
level. We show that BL growth is initiated by the formation of the Si depleted
regions - graphene nanobubbles incorporated into the V3 x /3 phase. The sam-
ple annealing at higher temperatures results in the merging of separate graphene
nanobubbles and formation of the well-developed q-6v/3 BL phase.

Next, we proposed an atomistic model of the g-5v/3 reconstruction. Within
this model every cluster of the q-5v/3 represents separate domain of the one of
three possible V3 x /3 sublattices.

In addition, we successfully probed the epitaxial graphene on SiC(0001) by a
combined nc-AFM /STM technique, gathering extended information on its atomic
structure near defects. By atomic force microscopy, we detected a topographical
corrugation of the g-61/3 with an average value of 6 pm RMS (16 pm peak-to-
peak). We can conclude that corrugation exceeding 40 pm detected by previous
STM measurements was caused mainly by electronic contributions arising from
the BL. In the case of the characteristic v/3 rippling of graphene, which occurs
due to presence of defects or boundaries, any relaxations of carbon atoms per-

pendicular to the surface can be excluded. These results are consistent with a
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recent findings and show the SLG on SiC(0001) as a morphologically very flat
substrate.

Finally, we developed the simple but very efficient experimental setup and the
annealing protocol allowing preparation SLG/SiC samples in the Ar atmosphere.
The average size of the SLG terraces exceeds 1 ym. Such graphene layers might

be already suitable for the applications in the electronic devices.
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3. Moditying of graphene
electronic structure

Some materials of this Chapter were published in three papers [103] 104], T05].

3.1 Electronic properties of graphene/SiC

In the following we review the basic electronic properties of the SLG/SiC(0001)
and main approaches for their engineering. The SLG epitaxially grown on the
SiC(0001) is intrinsically n-doped due to the charge transfer from the substrate
[58]. This results in a downward shift of the Dirac point with respect to the Fermi
level. As seen from the Figure an ARPES spectra measured over the SLG
exhibits the Dirac point which is located 0.35 eV below the Fermi level. This
corresponds to the charge excess of 1.1 x 10%c¢m ™2 [12]. The doping effect does
not depend on a preparation procedure and substrate polytype. According to the
theoretical work of Kopylov et al. [I06] the charge transfer in SLG might arise
due to charge donation from the bulk donors or from the states in the SiC surface.
The most probably it is related to high density of dangling bonds protruding from
the SiC(0001) substrate.

In the Figure we present typical STS spectrum measured over the SLG.
The spectrum shows characteristic linear DOS with two characteristic depressions
at zero bias and near —350 mV. The dip at —350 mV is associated to the Dirac
point, which is shifted with respect to the Fermi level, similarly to the ARPES
spectra. The second dip at the zero bias voltage has been explained in terms
of the electron-phonon coupling and missing excitation of the phonon mode in
graphene that can enhance the tunneling current [107].

As it was already mentioned, the graphene can be also grown on the C face
SiC(0001) substrate. The multiple graphene layers grown on this face are rotated
with respect to each other [I08]. This prevents a charge transfer from the sub-
strate. Therefore, the outermost graphene layers are completely electronically
decoupled from the SiC substrate [58]. On the other hand, the rotations between
layers affect their electronic structure. For example, it produces the van Hove
singularities in the LDOS spectra [109] or induces appearance of so-called moire
bands [110].

One approach to remove the intrinsic doping of the SLG on SiC(0001) is
a hydrogen (H) intercalation [111]. The intercalated H saturates the dangling
bonds at the BL/SiC(0001) interface and thus produces SLG which is electron-

ically decoupled from the substrate. In the literature, such a H intercalated
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Figure 3.1:  a) ARPES spectra at the K point measured over single layer
graphene/SiC(0001). The Dirac point is located at -0.35eV below the Fermi level
(from [12]). b) Experimental STS spectra taken over the graphene/SiC(0001).

graphene is often called a ” quasi-free-standing monolayer graphene” (QFMLG).
In the Section 3.3.4 we apply the H intercalation procedure to prepare the B
doped QFMLG.

Graphene/SiC(0001) exhibits a high electronic mobility at the Fermi level
~ 1200 em?V~1s7! at low temperatures as it was reported by Berger and col-
leagues [15]. Indeed, this value is much lower than one reported for the free-
standing graphene (~ 10000 ecm?V ~1s71) [2]. The QFMLG has a higher mobility
(~ 3000 cm*V~'s71) in comparison to SLG. In this case, the main factor limiting
the electron mobility is the incomplete H intercalation [I12]. Recent magnetore-
sistance experiments have showed that complete H intercalation might result in
significantly higher values of the electron mobilities ~ 11000 cm?V ~1s~! at 0.3 K
[T13].

Alternative way to tune the graphene electronic structure is a covalent func-
tionalization by adsorption of the specific atoms or molecules. For example,
studies of D. Elias et al. demonstrated the possibility of a bandgap opening by
adsorption of the atomic H [I14]. Similar results were achieved by graphene flu-
orination (adsorption of the single F adatoms) as was shown by R. Nair et al.
[115]. The position of the Dirac point with respect to the Fermi level can be fur-
ther tuned by the intercalation of the suitable species, e.g. O [116], Li [117, 118],
Au [119, 120], F [121. 122], Ge [123] or adsorption of the metals Bi, Sb, Au
[124, [120]. The sign of the Dirac point shift depends on the electronegativity of
the intercalated elements.

The charge carriers density in graphene can be also controlled by adsorption of
donor or acceptor molecules. For example, CggFys and F'4—TCN(Q molecules act
as strong electron acceptors when adsorbed on SLG/SiC(0001) [125] 126]. Since

these molecules tend to pull the electrons from graphene, the charge transfer from
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the SiC substrate can be effectively compensated. Depending on the coverage of
deposited molecules, the graphene doping can be changed from original n-type to
the p-type.

The magnetic properties of graphene were mainly exploited by interaction
with metals possessing the nonzero magnetic moment, e.g. adatoms of transition
metals Fe, Ni, Co [127, [128] or the intercalated metals, e.g. Fe [129], Co [130].

Recent theoretical and experimental studies have demonstrated enhanced
electron-phonon coupling and consequently the superconductive properties of
SLG/SiC(0001) decorated by alkali atoms, e.g. Li [131], 132].

Substitutional B-; N doping is a promising path to engineer a graphene band
gap. For graphene epitaxially grown on metallic substrates, doping is commonly
achieved by a CVD method [8]. The dopant concentration can be controlled
by adding gaseous precursors that contain the dopant during graphene growth
[133, 134, 135, 136], 137]. This method was applied for the preparation of BN-
co-doped graphene as well [22], [138]. Similar strategy has been also successful
for N doping of graphene grown on SiC substrates, by exposing the substrate to
N, gas during the growth procedure [139]. An alternative doping method by ion
implantation, which allows a better concentration control and purity of N doping,
was recently demonstrated [140} [141], [142] [143] 144 [145].
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3.2 N doped graphene

3.2.1 N doping method

Figure |3.2| shows a scheme of the preparation method which we employed to
achieve the N doping of graphene. According to our approach the SLG and BLG
graphene on SiC(0001) is exposed to the flux of the 100 eV N7 ions. In the next
step, the surface is stabilized by the thermal annealing at 1200 °C.

Figure 3.2: Scheme of the preparation procedure of N doped graphene on the
SiC(0001) substrate. Gray and blue colors correspond to C and N atoms, respec-
tively.

The unstabilized surface just after ion bombardment is typically damaged
and contaminated, therefore it is not suitable for STM measurements. However,
it gets completely recovered after the high-temperature annealing. Figure [3.3h
shows a representative large-scale STM image of the graphene on 6H-SiC(0001)
after the N ion bombardment and the thermal stabilization. The graphene layer
is decorated by randomly distributed triangle-shaped objects that are present in
two basic orientations with respect to the graphene lattice. The two orientations
of the triangular dopants are due to the locations of the substitutional N atoms
in one of the two graphene sublattices (A or B) as depicted schematically in the
Figure The Figure shows the STM image with higher concentration of
the N dopants which can be achieved by tuning the duration of the bombardment
time or the intensity of the N* ion flux.

We would like to note, that our doping method can be also applied to produce
N doped QFMLG/SiC(0001) as it was demonstrated recently by J. Sforzini and
coworkers [146].

3.2.2 STM on individual N dopants

Numerous sessions of atomically-resolved imaging in both constant-height and
constant-current modes have demonstrated that the STM contrast on the N

dopants usually results in one of two characteristic patterns. Figure [3.5 shows
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N concentration: 174 atoms, 0.18% LN N concentration: 260 atoms, 0.27%

Figure 3.3: Large-scale constant current STM scans (50 x 50 nm?) of the two
samples with different concentrations a) 0.18% and b) 0.27%) of the N dopants
in the graphene/SiC(0001). The sample with higher concentration was produced
by increased time of the N ion bombardment. Scanning parameters are: a)
Viias=0.7 V, I=0.1 nA and b) Vj;4s=-0.5 V, [=0.15 nA.

Figure 3.4: Constant height STM image of the N doped graphene/SiC(0001)
(Viias=0.3 V, 1=0.18 nA, 25 x 25 nm?). Red and green triangles mark the single
N dopants located in the different graphene sublattices.
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an equal-scale comparison of these two most frequently observed contrast types.
Figure displays N dopants that appear as hollow triangles. FEach triangle is
composed of six protrusions, which correspond to the six carbon neighbors sur-
rounding the N dopant. This type of contrast is very similar to the one observed
previously [140]. On the other hand, Figure shows an equivalent type of sin-
gle N dopants imaged as triangles composed of only three protrusions, which are
packed closely together. These three protrusions coincide with the three nearest
neighbor carbon atoms to the dopant. Since the graphene lattice is well dis-
cernible in the vicinity of the dopants, it is possible to overlay the honeycomb
graphene lattice over both current maps of the two contrast types (insets of the
Figure ,b). It helps to identify the atomic structure and correspondence of
the tunneling current maxima around the dopants to the lattice positions. Both
STM patterns were observed on SLG and BLG layers. Noteworthy, the dual STM
contrast is not voltage dependent since both images were taken with the same
bias voltage (-0.4 V).

In the Figure [3.6) we compare experimental images for the hollow-triangle
contrast with STM simulations performed for the C(111) tip model and tip-
surface distance 3.5 A. We find an excellent agreement for both empty and filled
states. The origin of the full-triangle STM contrast will be discussed in detail
and explained in terms of the destructive interference effect in the Section 3.4.3.

As mentioned above, the Nt ion implantation into the graphene lattice can be
done progressively. Figure shows atomically-resolved STM image of a sample
doped with a higher amount of N dopants. This sample was produced by an
extended ion irradiation followed by a high-temperature annealing of the sample.
The concentration of the N dopants is ~ 0.13%, and a new type of structure
emerges. This new structure has only one axis of mirror symmetry. On the other
hand, the single N dopant has three. Moreover, it is presented in six different
orientations on the surface. An overlay of the graphene lattice (the inset of the
Figure ) suggests a possible atomic structure for this feature, that is, a pair
of substitutional N atoms in the second-nearest neighbor configuration within the
graphene lattice (meta configuration).

We simulated the current maps using the C(111) tip for the two N dopants
in ortho, meta and para configurations (see Figure and compared our results
to the experimental current maps. We find the best agreement between the
experimental and simulated STM images for the meta structure (Figures [3.7p-c).

The meta dopants represent ~ 10% of the total amount of dopants. We find
only negligible amount of dopants in ortho and para configuration. This result
is surprising since DFT calculations clearly yield the para configuration as the
most energetically favourable (see Table . Meta configuration has 0.345 eV

higher formation energy than para configuration. Ortho configuration is even less
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Figure 3.5: A pair of 9 x 9 nm? current maps of graphene with substitutional
N dopants exhibiting the two most frequently observed atomically-resolved con-
trasts: (a) hollow-triangle contrast and (b) full-triangle contrast, bias —0.4 V.
The insets show registration of the dopants with the graphene lattice. (c), (d)
The line profiles of the tunneling current corresponding to the lines indicated in

figures a) and b), respectively.
Experiment Simulation

Empty states

Filled states

Figure 3.6: Filled and empty state comparison of the STM-simulations (+0.5 V
and —0.5 V, surface-tip distance 3.5 A) for C(111) tip model and the experimen-
tally observed patterns (+0.4 V and —0.4 V) over the single N dopant. Size of
all images is 1.7 x 1.7 nm?.

favourable, since it has 0.715 eV higher formation energy than meta configuration.
This contradiction between theory and experiment is still not clear. Most likely,
there are some kinetic factors related to high temperature annealing favouring
formation of the meta dopants.

In the Figure we plot a histogram of the nearest neighbor distances be-
tween the N dopants. We treat the double dopants as two separate single dopants.
Experimental histogram is consistent with a simulated random distribution at the
same dopant concentration. The experimental mean nearest distance between all
the N dopants without distinguishing the sublattices is 2.59 nm. The simulated
value is in a very good agreement, with a value of 2.53 nm. However, if the his-
tograms are evaluated separately for the nearest distances of the dopants in the
same sublattices (see red plot in the Figure ) or in the opposite sublattice
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Table 3.1: Total energy difference between the different possible configurations
of the two N dopants in the graphene lattice: orto, meta and para which are
depicted in the Figure [3.8|

| Configuration | Total energy difference (eV) |

Para -
Meta +0.345
Orto +1.060

Experiment

Simulation
C(111) tip

Figure 3.7: (a) Constant height STM image (0.4 V, 0.15 nA) of a sample doped
with a higher amount of N dopants; the inset shows an overlay of the graphene
lattice with two substitutional N-atoms on a zoomed meta-dopant. (b)-(c) Ex-
periment to theory comparison of the two STM contrast observed over the meta-
dopant.

Figure 3.8: Calculated filled states, constant-height STM images, and a ball-and-
stick model overlays of the three basic two-atom N dopants, obtained at -0.5 V,
for C(111) tip and 3.5 A tip-sample separation. The configurations are (a) ortho,
(b) meta, and (c) para.
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Figure 3.9: Histograms of the experimental nearest-neighbor distances for (a)
all dopants independently of the sublattice and (b) depending on the sublattice,
showing a preference for shorter distances for the dopants that reside in the
same sublattice. The simulated histograms of the nearest neighbour distances are
evaluated on a random spatial distribution of dopants without any preference.

(blue plot in the Figure ), there is a significant split of the mean values for
these cases. The mean nearest distance for the dopants in the same sublattice is
3.63 nm; whereas the mean nearest distance for the dopants that are in the oppo-
site sublattices is significantly larger: 3.99 nm. Both histograms are considerably
different from the simulation of a random distribution, which has a mean value of
3.69 nm. Thus, N dopants distribution in graphene is not completely random. It
can be interpreted as a following: at high concentrations when the mean nearest
distance is relatively small, N dopants prefer to occupy the same sublattice. This
again indicates that ion-bombardment implantation process is more kinetically
driven, while CVD methods achieve thermal equilibrium [135]. We would like to
note that much stronger preference of this type has been recently observed in the
case of N doped graphene doped prepared using the CVD method [147].

To analyze the impact of the single N dopants on the electronic structure of
graphene we performed site-dependent measurements of the differential conduc-
tance dI/dV (Figure[3.10). Our dI/dV spectra are similar to previously published
data [135], [142]. Over the N atom, we observe two characteristic depressions: at
zero bias and near -400 mV (green arrow in Figure . The latter is associated
with the Dirac point, which is shifted toward lower energies with respect to the
undoped graphene region on the same substrate (near -350 mV, marked by the
blue arrow) due to the presence of N dopants. The shift of the Dirac point over
bare graphene (350 mV below the Fermi level) is related to the charge transfer
from the substrate as was discussed in the Section 3.1. The second dip at the
zero bias voltage has been explained by Zhang et al. in terms of inelastic tunnel-

ing accompanied by excitation of an optical phonon mode in pristine graphene
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Figure 3.10: (a) Experimental dI/dV spectroscopy taken at different positions:
above N dopant (green), in the surrounding of the dopant (red) and on the
graphene region (blue). The spectra were taken at I,; = 1.0 nA. The arrows
mark the dips in the spectra for the N atom and the surrounding graphene. (b)
Plots of the calculated projected density of states for N dopant and two C atoms
as indicated in the inset.

monolayer that enhances the tunneling current outside the gap [107].

The graphitic N acts as an electron donor in graphene and this gives rise to the
n-type doping effect on graphene electronic structure. The observed shift of the
Dirac point in STS towards lower energies is consistent with this prediction. The
n-type doping on N doped graphene/SiC(0001) is strongly dependent on dopant
concentration as it was demonstrated by ARPES measurements performed by F.
Joucken et al. [148] and J. Sforzini et al. [146]. On the other hand, pyridinic
N-defects in graphene result in p-type doping effect [149, 142, 150, 151]. From
this point of view, our N doping method allows preparation of graphene with
predefined electronic properties, since it results in exclusive presence of graphitic

like N dopants in the graphene lattice.

3.2.3 XPS and NEXAFS on N doped graphene

To get more insight into the electronic properties and chemical environment of
the N dopants in graphene, we performed the NEXAFS and a highly resolved
XPS measurements of the N 1s photoemission peak. The N K-edge absorption
spectra presented in Figure exhibits 7* and o* resonances in the normal and
grazing incidence geometries. This is a clear indication that the ion-implanted N
atoms are sp? hybridized and are a part of the graphene 7 system.

The two main components of the photoemission N 1s structure in Figure
3.11p are located near 401.5 and 403 eV (binding energy). These are most likely

associated with the majority of the N substitutional dopants on the single-layer
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Figure 3.11: a) Absorption spectra near the N K-edge showing the 7* and o*
resonances of the N incorporated in the graphene honeycomb lattice and b)
photoemission peak of N 1s fitted with three components.
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Figure 3.12: a) N 1s photoemission peak measured after every N* sputtering and
annealing cycle. b) Nls photoemission peak measured just after exposing the
sample to the flux 100 eV N* ions for 40 min (magenta curve) and followed by
annealing (black curve).

(403 eV) and bilayer (401.5 eV) graphene, as seen in the STM images. The
smallest component at 398 eV accounts for 11% of the total N 1s intensity, and
it is usually associated with the pyridine-like N defects [152], 139]. On the other
hand, in our STM images, we have never observed any features that could be
related to such type of defects. Therefore, we assign this component either to N
dopants incorporated in the buffer layer fraction on the substrate or to some type
of N atom configuration in the subsurface area. Moreover, according to recent
studies this peak might arise from the N atoms which diffused to the SiC bulk
during the annealing process [146].
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The N doped samples just after the ion implantation but before the high
temperature stabilization have a very broad core-level lineshape in the photoe-
mission spectroscopy, as shown in the Figure [3.12b. We interpret it by high
contribution of pyridinic and pyrrolic-like defects on the surface created during
the N-ion implantation process. However, after the annealing, the spectral com-
ponents become significantly sharper. We explain this by a recovery and healing
of this defects in graphene and reduction of the number of different features on
the surface.

In our attempts to increase the concentration of the dopants, we have observed
that repeating the procedure increases the dopant concentration and finally leads
to saturation. In the Figure we show the N1s photoemission peak measured
after a few consequent similar N sputtering-annealing cycles performed on the
same surface. The peaks measured after third and fourth cycle have qualitatively
similar shape suggesting the saturation of the dopant concentration. Moreover, all
four spectra exhibit the three main peaks discussed above, suggesting complete
recovery of the surface by annealing even at extremely high N concentrations.
According to our STM studies the maximum achievable concentration of the N
dopants is ~ 1.6%.

We would like to note that the surface prepared using our doping approach
has an extraordinary stability. Even after exposure to the ambient conditions, the
N doped graphene layer did not change its physical properties. After reinsertion
into the UHV and degassing at 1100 K, the sample exhibited the same properties

as before.
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3.3 B doped graphene

3.3.1 B doping method

Figure [3.13| shows a scheme of the growth method which we applied to achieve
the B doping. First, the bare SiC(0001) substrate is cleaned via a Si flux and
enriched with B atoms, which are deposited on the annealed sample. B atoms
are introduced either by an e-beam evaporation of B from the graphite crucible
or along with the Si flux from a heavily B doped Si evaporation source during
the growing process. Subsequent annealing above 1050°C causes Si depletion and
formation of the buffer layer with incorporated B atoms. Annealing of the sample
further above 1150°C leads to Si sublimation from the upper surface layers, thus
transforming the buffer layer into the B doped single- and bilayer graphene.

In our experiments, we successfully used both SiC(0001) polytypes 4H and
6H for the B doping. We did not use the carbon terminated side of the SiC(0001)
substrate. However, we believe that our B doping approach can be also applied
for C-face of SiC substrate.

The B concentration in graphene can be controlled by tuning the amount of B
deposited on the bare SiC substrate prior to the high-temperature annealing. In
the Figure[3.14] we show representative STM images of two samples with different
concentrations of the B dopants 0.05% and 0.11%.

Similarly to the N dopants the substitutional B dopants are remarkably stable
in the ambient conditions. We did not observe any variations in the concentration
of the dopants or their structure after exposing the samples to air for long time
periods (more than 10 days). Annealing of the sample up to 800°C under a 107°
mbar CO and Oy atmosphere also did not induce any changes to graphene nor
to the B dopants. However, after the repeated annealing cycles at temperatures
above 1000°C in the UHV (several hours in total) we observe a reduction of the
dopant concentration, in both STM and XPS measurements. Such an effect is
most likely caused by the diffusion of the B atoms into the SiC bulk.

3.3.2 STM on individual B dopants

In the Figure [3.15b, an STM overview image of the B doped graphene grown on
6H-SiC(0001) is presented. A =~ 40 nm-wide stripe of SLG is located between
two BLG domains. Both SLG and BLG regions appear decorated with atomic
scale features. We show a zoom on the SLG region in Figure , which reveals
randomly distributed single dopants and the typical quasi-periodic 6 x 6 modu-
lation characteristic for the SLG grown on SiC substrate [12]. The dopants are
well-separated from each other and their prevalent locations are in the elevated
areas of the modulation. The images in Figure|3.15d,e show the BLG region with
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Figure 3.13: Scheme of the preparation procedure of B doped graphene on the
SiC(0001) substrate. Gray, light brown, and red colors correspond to C, Si, and
B atoms, respectively.

Figure 3.14: Large-scale constant current STM images of the two samples with
different concentrations: a) 0.05% and b) 0.11%) of the B dopants. The sample
with higher dopant concentration was produced by increasing the amount of
deposited B on the bare SiC substrate prior to the high-temperature annealing.
Scanning parameters are: a) Vp,s=-1.5 V, 1=0.33 nA and b) V=15V,
[=0.12 nA

a smaller corrugation due to a better decoupling from the substrate. This allows
recognition of the dopants, present in the two different orientations. Similarly to
the substitutional N dopants we observe the two types of B dopants correspond-
ing to the A and B sublattices of the graphene honeycomb structure [I]. The
ratio between dopants in both sublattices is roughly 1:1. Comparison of the BLG
images taken with negative and positive voltages on the tip (filled and empty
states, Figure and e, respectively) reveals a dark halo around the dopants
in the empty states image. Noteworthy the characteristic STM contrast of the
dopants resembles the one reported recently on the B doped graphene grown by
CVD method on the Cu substrate [136]. The overall dopant concentration on
SLG and BLG in this particular experiment was below 0.1% of the atoms in the

topmost graphene layer.
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Figure 3.15: (a) Large-scale STM image (-0.98 V, 0.2 nA, 60 x 60 nm?) showing
the presence of dopants in single- (SLG) and bilayer graphene (BLG) prepared
following the procedure described in Figure [3.13] (b) Magnified region of the B
doped SLG (-1.0 V, 0.2 nA, 25 x 25 nm?). (c) Occupied and (d) empty state
STM images (-0.5 and 0.5 V, 0.15 nA, 20x20 nm?) of the B doped BLG on
6H-SiC(0001). Red and blue triangles denote B dopants in the two inequivalent
graphene sublattices.
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Figure 3.16: The simulated and experimental STM image of the single B dopant
taken at bias voltages +0.4 V. The simulations were performed for the C(111)
tip for tip-sample distance 3.5 A.

In the Figure [3.16] we compare the experimental atomically-resolved STM of
single substitutional B dopant with a simulated one. We find an excellent agree-
ment for both filled and empty states. We also overlay the experimental image
with graphene lattice. Unlike for the N dopant, only one protrusion is observed
over the B site. According to the theoretical calculations the B substitution is not
accompanied by a significant out-of-plane relaxations of B dopant and its C neigh-
bors. Therefore, we explain the observed tunneling current maxima by increased

density of the electronic states over the B dopant. To analyze the influence of the
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Figure 3.17: Experimental STS taken at different positions over the B dopant
and its vicinity as shown at the inset image.

B dopants on the electronic structure of graphene we performed site-dependent
measurements of the differential conductance dI/dV (Figure [3.17). Similarly to
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the N case the dI/dV curves measured on the graphene area around the dopants
exhibit two characteristic dips. Near the zero bias voltage and around the -0.3
eV E] Over the B dopant and its vicinity we observe a strong increase of the
filled states differential conductance. This suggests presence of high density of

electronic states at the energy -0.3 eV below the Fermi level.

3.3.3 XPS and NEXAFS on B doped graphene

We now focus on the growth mechanism of B doped SLG/SiC(0001). To study
this we deposited the B on bare SiC substrate and an annealed sample with 50°C
temperature increments. After every annealing step the surface was monitored
by XPS, NEXAFS and LEED. Figure summarises Bls and C1s spectra after
each annealing step. The bare SiC substrate exhibits Si-rich 3 x 3 reconstruction
and a single Cls peak at the binding energy 282.7 eV, arising from C in the bulk
SiC. After the B deposition intense peak at energy 187.5 eV appears in the Bls
photoemission line. It can be assigned to the metallic B on the surface [153].
This peak remains unchanged after annealing at 950°C.

Annealing the sample at 1000°C results in the formation of mixture of phases:
V3 x v/3 and BL. Therefore, Cls line exhibits two components at 283.2 eV and
285.3 eV. The latter corresponds to the C from buffer layer and appears also
after further annealing steps. A few different peaks appear in the Bls spectrum,
suggesting the change chemical state of B. We assign the central peak at 189.8
eV to the B intermediate state related to v/3 x v/3 phase. The two other peaks at
190.8 eV and 188.6 eV are detected even after the growth of SLG. The peak with
lower binding energy (188.6 eV) was observed also for SiC-B composites [154].
This is an evidence of the B diffusion process into the SiC bulk. The peak at
190.8 most likely arises due to B incorporated into the BL.

After the annealing at 1150°C the B doped BL transforms to the B doped
SLG. This results in a new peak at 284.7 eV corresponding to the sp? hybridized
carbon in the Cls photoemission line. Importantly, the high-temperature anneal-
ing results is decreased intensity of the bulk B component (188.6 eV). This might
be caused by further diffusion of B into the bulk or the influence carbon layers
onto the signal. On the other hand, the intensity of the peak at 190.8 eV remains
unchanged, suggesting high thermal stability of the sp? hybridized B dopants.
The presence of the only one component evidences one bonding configuration of
the B dopants. Moreover, the position of the peak (190.8 eV) is similar to BL
and SLG. Therefore, we conclude that B dopants have the analogical chemical
environment in BL, and SLG.

To gain more insight on hybridisation type of the B dopants during the an-

'In this case the dopant concentration is low and therefore doping effect too.
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Figure 3.18: The XPS spectra of Cls (a) and of Bls (b) measured with a photon
energy of 400 and 250 eV, respectively, are shown for each annealing temperature.
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Figure 3.19: The LEED images of all annealing steps.
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Figure 3.20: The C K-edge and B K-edge NEXAFS spectra measured in the
grazing incidence (solid line) and normal incidence geometries (dashed line) for
the every annealing step.

nealing process, we performed NEXAFS measurements of the B K-edge and C
K-edge presented in the Figure [3.20f, The measurements were carried for the
grazing incidence (GI) and normal incidence (NI) geometries, indicated by the
solid (GI) and dashed lines (NI), respectively. The B K-edge spectra just after
the B deposition exhibits the two characteristic peaks at 187.7 eV and 190.1 eV
in GI and NI geometries, respectively. The peaks are related to the metallic B
and remain unchanged after annealing up to 950°C. Further sample annealing at
1000°C results in appearance of only one 7 resonance at 190.1 eV in B K-edge
spectra for GI geometry. It remains without a major change after annealing at
1150°C and formation of graphene on the surface. The graphene formation is
marked also by its 7 and ¢ signatures in the C K-edge spectra at GI and NI,
respectively. Therefore, we conclude that formation of B doped BL occurs at
1000°C and B doped graphene at 1150°C.
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3.3.4 B doped quasi-free-standing monolayer graphene

In the previous Section 3.3.3, during analysis of the XPS and NEXAFS spec-
tra we confirmed that B deposition on the bare SiC(0001) substrate followed by
annealing at 1000°C results in the formation of BL with incorporated B atoms.
Recent studies have proven that BL can be decoupled from the SiC, both struc-
turally and electronically, by the hydrogen intercalation [I11]. The H atoms tend
to saturate the dangling bonds of the substrate atoms. This results in reducing
the BL buckling and its conversion to the quasi-free-standing monolayer graphene
(QFMLG). In principle, the BL with incorporated B atoms can be particularly
suitable for the preparation of B doped QFMLG.

To test this idea, we performed the following experiment. At first, we prepared
the B doped BL by the controlled B deposition on the bare SiC(0001) substrate
followed by annealing at 1000°C. The resulting surface is presented in the Fig-
ure 3.2Th. The STM images do not reveal presence of any features which might
be related to the B substitutions. We explain this by high apparent corrugation
and complexity of the BL. Nevertheless, the presence of sp? hybridized B atoms
in the BL is clearly evidenced by the NEXAFS and XPS experiments.

In the next, H intercalation procedure was performed. For this, the sample
was annealed for 10 min at 750°C in the flux of atomic H. The pressure of atomic
H was kept at 107° mbar and the H flux was produced using the hydrogen cracker.

In the Figure [3.21p, we show the representative STM image of surface after
this treatment. Except for the BL with q-6 x 6 corrugation the surface contains
significant amount (&~ 50%) of relatively flat domains. Remarkably, the -6 x 6
modulation disappears over the flat areas. This corrugation difference is visible
on the cross-sectional profile (see Figure [3.21k) taken along the white arrow in
Figure [3.21p.

The hydrogen penetrating the BL/SiC interface saturates the substrate dan-
gling bonds and consequently removes the sp® hybridization between the BL and
SiC. This results in drastic decrease of the BL corrugation and formation of very
flat monolayer graphene as was demonstrated recently by J. Sforzini et al. [81].
The significantly lower corrugation of QFMLG in comparison to BLG was also
reported by other STM studies [155].

In the Figure [3.21{d, we present a surface which contains ~ 90% of B doped
QFMLG. This was achieved by increasing the duration of H intercalation pro-
cess to 20 minutes. The atomically resolved STM image of this surface in the
Figure clearly demonstrates the presence of the triangular dopants on the
QFMLG areas. Similarly to B doped BLG, two types of dopants corresponding
to the different sublattices are observed. These dopants were not reported in
the previous STM studies of QFMLG/SiC(0001). Moreover the STM contrast of

these features is completely identical to the one characteristic for the B dopants
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Figure 3.21: a) Large-scale STM image of the buffer layer with incorporated B
dopants. b) The same surface after the 10 min of H intercalation procedure. The
flat areas correspond to the B doped QFMLG. The fraction of QFMLG area is
~ 50% c) a line profile corresponding to the white arrow indicated in (b). d) The
surface after the 20 min of H intercalation process. The fraction of QFMLG area
is &~ 90%. e) Atomically resolved STM image showing the presence of the single
B dopants in the QFMLG.
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in BLG. Therefore, we relate the observed dopants to the single substitutional
B atoms in QFMLG. The B dopant concentration for this particular sample is
~ 0.15%

Despite numerous studies of QFMLG/SiC(0001) system, our experiment, by
the best of our knowledge, is a first effort of intentional QFMLG functionalization
with substitutional dopants. The electronic properties of the B doped QFMLG
are at the current stage unknown and require further experimental study. How-
ever, from our STM experiments we conclude that structural properties of B
doped QFMLG are similar to the undoped one.

3.3.5 B doping through posterior treatment

In the previous Sections, we demonstrated the possibility to control the B concen-
tration in graphene using our method (see the Figure . However, as it was
concluded from the XPS study during the annealing process, significant amount
of B diffuses to the bulk SiC. Therefore, the achieving of very high B concentra-
tions (up to 0.5%) using our method remains challenging. To overcome this we
propose an alternative approach for the as-grown graphene B doping through the
posterior treatment.

Within our approach, we firstly deposited the desired amount of B onto the
graphene at room temperature. In the next, the sample was annealed at 1100°C
for 5 min. As it will be shown in the following, the annealing process leads to the
B incorporation into the graphene lattice. Noteworthy, our B doping approach is
very similar to the one applied by W. Wan et al. for the incorporation of isolated
Mo atoms into the graphene/SiC(0001) [156]. In their research, the authors
deposited MO3 on graphene and later performed high-temperature annealing to
produce the Mo-doped graphene.

In the Figure [3.22h, we show a representative STM image of the surface after
the B deposition. Our STM measurements show formation of the differently-sized
B clusters on the surface. This tendency for cluster formation can be explained by
relatively low diffusion barriers on graphene and was observed for various metals,
e.g. transition metals: Ni,Co [127], Fe [I57] and rare earth metals Dy [158], Nd,
Gd [159).

As shown in the Figure [3.23h,b the resulting surface exhibits significantly
higher amount of the B dopants (~ 0.5%) than the one produced by the B prede-
position on the bare SiC substrate. Empty state STM images (see Figure[3.23p,d)
reveal the characteristic dark hallo around the single B dopants which is absent
around the double dopants. Atomically resolved STM images also indicate high
contribution of the double B dopants in graphene (see Figure ,d).
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Figure 3.22: a) Large-scale STM image of the graphene/SiC(0001) after de-
position of B. It shows presence of the B clusters on the surface (V=-1.5V,
[=0.13nA). b) Profile taken through the three B clusters, as indicated by the
white arrow in the image a).

Figure 3.23: (a),b) Occupied and empty state large scale STM image of graphene
after the deposition of B and annealing at 1100°C (Vjas==£1.5 V; [=0.19 nA).
¢),d) Occupied and empty state atomically resolved STM image of the same
surface (Vpias =£0.8 V; 1=0.19 nA). White arrows mark a positions of double B
dopants.
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3.4 B,N co-doped graphene

3.4.1 Preparation of B,N co-doped graphene

To explore the possibility of a B,N co-doping and to compare the electronic prop-
erties of individual single B and N dopants, we used a two-step approach. With
this method, doping levels of both B and N atoms are adjustable. We prepared
first the B doped graphene/SiC(0001) sample with a desired B dopant density
by the method described in the Section 3.2.1. The sample was then exposed to
N-ion flux and later stabilized by the high temperature annealing. The graphical
scheme in Figure summarizes the procedure. Precise control over the N
doping concentration can be attained by changing the flux density and duration
of the ion irradiation. For the B doping control, the crucial factor is the amount
of B, deposited on the sample surface before the graphene growth.

In the Figure [3.24p, we show an atomically-resolved STM scan of the surface
after such treatment. Single substitutional N dopants appear as triangular-shaped
objects with pronounced depressions over the N site, whereas the B dopants
possess a maximum tunneling current intensity over the B dopant. Thus, both
types of the dopants (B and N) can be clearly distinguished.

The Figure displays the STM image of graphene with higher concentra-
tions of the N dopants. The doping levels reached 0.68% and 0.11% for the N
and B, respectively. The majority of the observed features can be assigned to the
single N or B dopants, and double N dopants in meta or ortho configurations (see
the Figure . However, significant amount of new features appears on the sur-
face. These objects might be related to the double BN dopants. The influence of
such a defects on the electronic structure of graphene is still unclear and requires

further studies.

3.4.2 STM/AFM on B,N co-doped graphene

To gain more knowledge about the local chemical and electronic properties of B
and N substitutional dopants, we performed simultaneous nc-AFM/STM mea-
surements at low temperature (1.2K) using the Kolibri sensor. Namely, we ac-
quired 3D constant-height nc-AFM /STM maps over the single N and B dopants.
The full sets consisted of images taken with 10 pm height increments, thus cre-
ating 3D maps of the tunneling current and the frequency shift. Note, the 3D
scans for N and B dopants were taken during different experimental sessions, i.e.
the tip apex was not the same.

Figures [3.26h,b display 3D representation of normalized site-dependent tun-
neling current I(z) as a function of the tip position over the N and B dopant,

respectively. Snapshots of the corresponding constant-height STM images taken
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Figure 3.24: (a) Scheme of BN co-doping: N ion implantation into the previously
B doped sample and thermal stabilization. (b) Constant-current STM image
showing presence of N and B dopants in the graphene lattice (U = -0.7 V;
I = 0.15 nA; 20 x 20 nm?). The inset shows a zoomed area with a detail of N
and B single-atom dopants and a simulated STM image for comparison.
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Figure 3.25: Filled and empty state STM scan of the B,N co-doped graphene
with the individual features distinguished.
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Figure 3.26: A representation of the 3D maps of tunneling current for (a) N
dopant (-100 mV, 1.8x1.8x0.15 nm?, I,; = 1 nA) and (b) B dopant (-150 mV,
1.8x1.8%0.15 nm3, I,.; = 1 nA). The 3D maps are normalized for each height
step. (c) and (d) Selected slices from the 3D map, taken above the N and B
dopant, respectively, compared with the STM-simulations generated using a
carbon tip for the corresponding tip-sample distance range.
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Figure 3.27: Experimental I(z) and F(z) spectroscopies taken at different posi-
tions over N dopant - (a), (c) and the B dopant - (b) and (d), with the insets
denoting the measurement sites.
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in selected tip-sample distances are shown in Figure [3.26f,d. We can clearly see
the suppression of the tunneling current over N atom in the close tip-sample
distance, while the maximum of the tunneling current signal is observed over
the three nearest-neighbor C atoms. The depression over N atom is developed
into the protrusion when the tip-sample distance is increased. In the case of
B-site, the maximum of tunneling current is always detected over the B dopant
independently on the tip-sample separation. Such characteristic behavior of the
atomic contrasts observed above N and B dopants is robust and it was repeatedly
observed during several experimental sessions with the different tip terminations.

For clarity, we also plot the tunneling current versus distance profiles I(z)
extracted from the 3D data over the several distinct atomic positions on and
around the N dopant site as shown in the Figure [3.27h. The reference measure-
ment on graphene, including first and third neighbor C-sites follows an almost
ideal exponential decay, with the exception of the very close distances. In the
close distance regime, the exponential growth is slightly suppressed, likely due to
the onset of multiple-scattering effects [30].

The nc-AFM technique senses different kind of long and short-range forces si-
multaneously acting between tip and sample (see the Figure. The short-range
forces appear only on the closest tip-sample z-distances of few A. These forces
are typically related to the local electrostatic or chemical interaction between tip
apex and surface atoms. In other words, the short-range forces acquired over
different sites provide information about the local chemical reactivity on different
surface sites [160), 161]. Therefore 3D maps of the short-range force can provide
further understanding of local chemical reactivity of N- and B doped graphene
and potential of these dopants as a reactive sites for graphene functionalization
with organic molecules [162], 163, 164].

Here we employ 3D set of nc-AFM measurements to analyze the local interac-
tion over the B and N dopants. The measurements were done with two different
tips with unknown chemical composition of the apex. Thus we cannot compare
directly the local interaction between B and N sites. Instead, we can compare
variation of the short-range interaction with respect to pristine graphene. The
short-range atomic forces extracted from the 3D map of the nc-AFM signal, ob-
tained simultaneously with the tunneling current, are plotted for the same sites
as the current in the Figure [3.27d,e.

To convert the frequency shift curves (Af) to the short range force (Fsr(z))
we used the Sader approach and subtracting the long-range contribution [39).
The long-range force was estimated for the individual dopant measurements by
fitting the tails of curves taken above graphene with an inverse square dependence
(see the Equation [L.17).

It is well-known that the pristine graphene shows a low chemical reactivity.
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Indeed, we detected relatively small maximum attractive short-range forces, in
range of few tenths of nN, over graphene during both measurements, see yellow
lines in Figure [3.27c,d. This indicates that the interaction between the tip apex
and surface carbon atoms is governed by a weak electrostatic interaction, rather
than by formation of a true chemical bond. Similarly, we found relatively weak,
but different maximum attractive short-range force over N and B sites. Since the
previous findings corroborated that the dopants reside in the plane with graphene,
the magnitudes of the maximum forces point towards their distinct local reactiv-
ity rather than topographic effect. In the case of N-site the maximum interaction
is about 0.1 nN larger than over pristine graphene. In the case of B dopant, we
detect smaller maximum attractive force (by 0.05) nN than on pristine graphene.
In both cases, we observe that the maximum attractive force over the nearest
neighbor C-atom is very similar to the dopant site in the vicinity. This indicates
that the short-range interaction is mostly caused by the charge transfer between
the dopant and surrounding C atoms. This is not unexpected, because the B
and N atoms act as donor and acceptor centers in graphene. Nevertheless, the
altered local electrostatic properties might play an important role in the inter-
action pathways of any polar molecules depending on their internal electrostatic
charge distribution [162].

3.4.3 Destructive interference on N dopant sites

To get more insight into the characteristic STM contrast over N-site we carried
out constant-height STM simulations of B and N dopants at selected distances
using a carbon tip model, (see Figure ,d). The calculated STM images mimic
very well not only the atomic contrast at given distance, but also its variation
with gradual change of the tip-sample distance. In the case of B dopant STM
images can be interpreted in terms of the surface local density of states. However,
the atomic contrast observed for N dopant shows much more peculiar behavior,
which cannot be explained only in terms of local density of states. In the next,
we will demonstrate that such effect is driven by the quantum interference effect
between different transport channels across the tunneling junction.

The excellent agreement between experimental evidence and calculated STM
images together with the fact that the atomic contrast over B and N dopants is
independent of tip apex indicates that the origin the different atomic contrast
is related to surface electronic structure. Thus we analyzed the character of the
electronic structure of B and N doped graphene relevant to the tunneling process
near the Fermi level. The Figure and Figure |3.28b represent the real space
distribution of the electronic wave functions localized around the N and B dopants
obtained from DFT simulations. We identify these two localized electronic states

as significantly contributing to the tunneling current at low bias voltages. The
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Figure 3.28: a) plot of the electronic state near the Fermi level for N dopant,
showing the nodal structure in between N and the nearest C b) plot of the
electronic state near the Fermi level for the B dopant.
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Figure 3.29: (c) The calculated tunneling current on the N dopant as a function of
distance for N and C channels separately (I and I%, respectively), the calculated
total current (I2,) including all channels, and a model using the formula I, =
(VIY — \/I¥)?. The dip in I}, marks the presence of a destructive interference
in the electron tunneling. For a comparison with I, on the N dopant, the total
tunneling current for the tip placed on one of the nearest-neighbor atoms C atoms
(IZ,) is also shown. The upper index denotes position of the tip above N or the
nearest-neighbor C atom.
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most striking feature is that the wave function localized on N-site has anti-bonding
character with a characteristic node inbetween the central N atom and its nearest
neighbor C atoms. On the contrary, the B site has bonding character with the
same sign as its nearest neighbor C atoms. The presence of the node is the
crucial factor giving rise to the destructive interference effect on the tunneling
current above the N dopant site [103]. In particular, it causes the opposite signs
of amplitudes, corresponding to transport eigenchannels passing from tip apex to
N atom or the nearest neighbor C atoms, respectively. Consequently, this results
in the suppression of the tunneling current observed over the N dopant.

To demonstrate the phenomenon of the destructive interference directly, we
calculated the tunneling current for the C(111) tip model above the N dopant
using Green’s function technique [I03]. We selectively allow the tunneling process
through: (i) the all surface atoms (I7,), (ii) only the N atom (IY) or (iii) only
the three neighboring C atoms (I2) as presented in the Figure [3.29] The I2Y,(2)
curve shows a pronounced dip at close tip-sample distances when compared to
the individual I} and IY current channels. The tunneling current is proportional
to the square of a corresponding quantum-mechanical amplitude. Assuming an
ideal destructive interference, we can approximate the amplitude for the resulting

tunneling current I by a difference between amplitudes for the partial flows

through the N atom and through the C atoms: I, = (\/@ — @)2 From
the Figure [3.29] it is evident that the simulated tunneling current I, calculated
using this formula has a remarkably similar character to I<,, the total tunneling
current calculated for the tip placed above one of the C neighbors, in the whole
range of tip-sample distances. Therefore, we attribute the depression of the tun-
neling current near the N dopant to the destructive interference of the electron

wave functions originating from the C and N atoms.
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3.5 Conclusions

In this Chapter, we present robust method for preparation of N doped graphene
on SiC(0001) in UHV conditions. For this, we exposed graphene/SiC(0001) to
the flux the N ions and latter stabilized it by the high-temperature annealing.
The atomically-resolved STM and NEXAFS studies provide the evidence that
the N dopants are present in the substitutional positions in graphene. At high
concentrations, we observed the formation of double dopants which consist of two
N atoms in meta configuration.

We developed and tested three different approaches to produce the B doped
graphene on SiC(0001). One way is a controlled B deposition on the bare
SiC(0001) substrate followed by sample annealing until graphene is formed. By
means of STM, XPS and NEXAFS techniques we proved a graphitic-like incorpo-
ration of the B dopants into graphene lattice. Moreover XPS measurements also
suggest a diffusion of the B atoms to the subsurface region. Alternatively, the B
doped graphene might be prepared using the post-treatment technique. Within
this method, the B is deposited on the as-grown graphene/SiC(0001) and later
sample is annealed to induce incorporation of B into the graphene lattice. We
showed that this approach yields significantly higher concentration of the sub-
stitutional B dopants. Finally, we demonstrated the possibility of growth of the
QFMLG by the hydrogen intercalation of the B doped buffer layer.

We presented a method for the preparation of B,N co-doped graphene. We
performed simultaneous nc-AFM/STM 3D mapping of the B and N dopants. De-
tailed analysis of the tunneling current variation over the two different dopants
supported by the theoretical calculations allowed us to attribute the characteristic
tunneling current dip over the N-site to the destructive interference effect. On the
B-sites, this effect is completely missing. This striking difference in the atomic
contrast allows reliable chemical identification of N and B dopants in the STM
images. The origin of the quantum interference is related to an antibonding char-
acter of the wave function localized on the N dopant, which has a characteristic
node between the central N atom and its nearest neighbor C atoms.

In addition, we analyzed local chemical properties of the B- and N-sites. We
found distinct interaction of the probe and the N,B dopants and graphene, which
is mainly caused by the local electrostatic interaction due to charge transfer
from/to the dopant, respectively. The presence of the weak electrostatic force
can play a significant role in graphene functionalization using polar molecules.

We believe that our methodology for B- or N doping and BN co-doping of
the graphene introduced in this thesis might open new perspectives in electronics
based on graphene/SiC. By using a suitable masking technique for the doping pro-
cess, spatial control over the dopant distribution can be achieved. A nanoscopic

p-n junction device consisting of only single B and N dopants in graphene could be
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in principle manufactured. Also the substitutional dopants may play a role of re-
active sites for the graphene/SiC(0001) functionalization with suitable molecules

and even be exploited in catalytic applications.
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List of Abbreviations

e STM: Scanning Tunneling Microscopy

e AFM: Atomic Force Microscopy

e nc-AFM: Non-contact Atomic Force Microscopy

e STS: Scanning Tunneling Spectroscopy

e LLDOS: Local Density of Electronic States

e XPS: X-Ray Photoelectron Spectroscopy

e NEXAFS: Near Edge X-ray Adsorption Spectroscopy
e DFT: Density Functional Theory

e ARPES: Angle Resolved Photoelectron Spectroscopy
e LEED: Low Energy Electron Diffraction

e SiC: Silicon Carbide

e BL: Buffer Layer

e SLG: Single Layer Graphene

e BLG: Bilayer Graphene

e QFMLG: Quasi-Free-Standing Monolayer Graphene
e UHV: Ultra-High Vacuum

° q—6\/§: quasi-periodic 6v/3 x 64/3R30° reconstruction
e -6 X 6: quasi-periodic 6 x 6 reconstruction

e -5v/3: quasi-periodic 5v/3 x v/3R30° reconstruction
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