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Abstract: The aim of this Special Issue is to provide a scientific platform for recognized experts in the
field of epitaxial graphene on SiC to present their recent studies towards a deeper comprehension of
growth mechanisms, property engineering and device processing. This Special Issue gives readers
the possibility to gain new insights into the nature of buffer layer formation, control of electronic
properties of graphene and usage of epitaxial graphene as a substrate for deposition of different
substances, including metals and insulators. We believe that the papers published within the current
Special Issue develop cumulative knowledge on matters related to device-quality epaxial graphene
on SiC, bringing this material closer to realistic practical applications.

Keywords: epitaxial graphene; sublimation; SiC; buffer layer; electronic properties; material
engineering; deposition

1. Introduction

For more than a decade, investigations of epitaxial graphene on SiC have gained
special urgency in view of its possible applications in many fields, including metrology,
electronics and sensorics. Further progress in the development of related technologies
requires both rethinking of already existing knowledge and discovery of innovative solu-
tions. This was the primary motivation for opening the call for papers within the Special
Issue “Fundamentals and Recent Advances in Epitaxial Graphene on SiC”.

In total, the Special Issue encompasses four research papers and three review papers.
Two research works touch on crucial aspects of early stage of graphene growth, namely
buffer layer formation [1], and graphene quality estimation [2]. Kaushik et al. [3] reported
on a principal possibility to tune structural and electronic properties of epitaxial graphene
through nitrogen ion implantation. Fundamental knowledge on both copper electrode-
position and atomic layer deposition of high-k insulators on epitaxial graphene/SiC is
provided by the authors of [4,5]. These results suggest that epitaxial graphene is a stable
support for metal and metal oxides, which is important in the context of metal contacts,
gating, etc. Concomitantly, the interaction between epitaxial graphene and its environment,
including metal contacts may limit, to some extent carrier transport in epitaxial graphene
and therefore needs to be considered in detail. The role of such interaction has been a re-
search subject of the review paper by Pradeepkumar et al. [6]. Finally, Wu et al. [7] critically
reviewed recent advances in graphene twistronics and identified epitaxial graphene on SiC
as the most promising platform for twistronics.

2. Critical Aspects of Epitaxial Graphene Growth: Recipes, Properties, and Quality

The quality of the buffer layer (also known as C-rich surface reconstruction of SiC and
zero graphene layer) is identified as one of the most important factors determining the
quality of the epitaxial graphene monolayer on SiC grown via Si sublimation approach. In
other words, the fabrication of a large-area epitaxial graphene layer with high thickness
uniformity requires pre-formation of high-quality continuous buffer layer on large areas.
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Thus, an optimization of the growth regime with respect to the buffer layer formation dur-
ing early stage graphenization process as well as a complete understanding of the growth
mechanism are key ingredients to fabricate device-quality graphene. In fact, a successful
graphenization process may occur only in a very narrow operational temperature/pressure
window which imposes significant restrictions on the growth regime tunability. This makes
the optimization of growth conditions quite a challenging task. Despite the large research
efforts to tackle this task, it still requires more systematic consideration. In this regard, the
critical study by the authors of [1] on optimizing the formation conditions of buffer layers
through control of the graphite crucible temperature and varying the Ar gas pressure is a
recent contribution to the process. It was revealed that the buffer layer coverage is strongly
dependent on the temperature at which Ar gas is introduced, demonstrating a gradual
decrease as the temperature increases. The mechanism behind this behavior has been dis-
cussed. In the same paper, the relationship between the growth temperature and electronic
properties (carrier mobility, carrier density) of quasi-freestanding graphene monolayer and
epitaxial graphene monolayer, respectively, were discussed. It was also illustrated that the
conductivity type and free carrier density for graphene are extremely sensitive to ambient
conditions which was observed by many researchers earlier. In line with this, the review
paper by Pradeepkumar et al. [6] provides a more general picture of the effect of epitaxial
graphene-ambient interaction on the carrier transport in SiC-supported epitaxial graphene.
The authors highlight the adsorption of different molecules (O,, HyO, NO,, HyO,, CO;,
NH3, CO, NO, N;Oy4) as a main reason that underlie conductivity type flipping, transport
properties fluctuations and carrier density saturation.

Apart from the unintentional doping of epitaxial graphene by environmental gases and
other molecules, the electronic properties of epitaxial graphene on SiC can be modulated by
the intentional incorporation of external dopants, as was demonstrated in another study [3].
Nitrogen ion implantation was proposed as an instrumental approach to stabilize the
n-type conductivity in epitaxial graphene without serious structural damage. However, a
balance between graphene quality and implantation dose must be reached. In that light,
the mentioned paper dealt with finding the correlation between the fluence value and
epitaxial graphene properties such as fragmentation degree, and defect density.

It is instructive that all mentioned works exploit Raman Spectroscopy to estimate the
quality of epitaxial graphene. More specifically, the relationship between the intensities of
2D and G characteristic peaks is used to determine the number of graphene layers, while
D/G amplitude ratio is employed to calculate the defect density. Although the graphene
Raman spectroscopy is a mature field, it continues to evolve especially in the direction of
signal processing (for example, peak fitting quality). In this regard, the work by Kunc and
Rejhon [2] originally offers a Voigt line shape fitting approach for analysis of 2D peak line
shape for epitaxial graphene, which includes both the inhomogeneous and homogeneous
broadening. They also interpreted the physical nature of each term by ascribing the
homogeneous broadening to intrinsic lifetime and inhomogeneous broadening to strain
fluctuations, respectively.

3. Epitaxial Graphene as a Host for Material Deposition

Epitaxial graphene on SiC is of great interest because it not only has extraordinary
intrinsic properties but also can be used as an atomically flat robust support for non-
hybridized growth of different materials, especially metals and metal oxides. Such an
integration may expand the functionality of epitaxial graphene and boost the development
of innovative technologies in conceptually new fields, like catalysis, plasmonics, and
spintronics. Thus, research efforts to contribute to this field and to enrich the existing
knowledge capital are in high demand. In response to this demand, the group at Linkping
University [4] launched a systematic study of metal electrodeposition on epitaxial graphene
on SiC, choosing copper as a model metal at the first stage. This work sheds light on
fundamental aspects of copper electrochemistry on epitaxial graphene and shows that
copper electroreduction occurs via two subsequent single-electron transfer steps. The



Appl. Sci. 2021, 11, 3381

References

instantaneous nucleation mechanism was identified as a dominating mechanism during
copper electrodeposition. The present results provide a deep understanding of the nature
of copper—epitaxial graphene interaction, thereby facilitating the design of novel copper—
graphene nanohybrid materials.

At the same time, Giannazzo et al. [5] in their work gave an overview of the recent
results on the growth of high-k insulators on epitaxial graphene on SiC, focusing on atomic
layer deposition of Al,O3 thin layers, which are important for fabrication of epitaxial
graphene-based devices. It was argued that the monolayer epitaxial graphene uniformity
is a key factor to achieve a homogeneous Al,O3 coverage via direct deposition, the latter
has not been successful before in other studies. The role of different seeding layers and
surface pre-functionalization in atomic layer deposition processes on epitaxial graphene is
critically discussed. Finally, the authors explained the effect of pre-treatment and grown
layers on the quality and electronic properties of epitaxial graphene. As was discussed
in [6], this issue requires careful consideration, since the interaction between graphene and
deposited layers may significantly affect the electron transport in graphene.

4. A New Look at Possible Applications of Epitaxial Graphene on SiC

Although the epitaxial graphene on SiC is nowadays reasoned to be utilized in elec-
tronics, quantum metrology, and gas/liquid sensing, the unique properties of this material
make it promising for use in other non-conventional fields. Wu et al. [7] claim that epitax-
ial graphene on SiC could be regarded as an excellent platform for formation of twisted
few-layer graphene with a magic twist angle that might be useful to control spin orders,
ferromagnetism, and superconductivity. The authors have substantiated this claim by the
fact that owing to its natural compatibility with the semiconductor technologies, epitaxial
graphene-based device processing requires no intermediate graphene transfer steps and
thus is more attractive from a technological point of view in comparison to transferred
graphene. In this regard, there is a plenty of room for manipulation of the twist angle and
for formation of twisted graphene layers on SiC with the desired angle through adjusting
the sublimation growth conditions.

5. Concluding Remarks

The Guest Editors consider the current collection of papers as an important piece of
the puzzle needed to boost both the more rational implementation of epitaxial graphene
into traditional devices and the development of non-conventional innovative technologies.
Furthermore, the new results reported in the frame of the Special Issue complement the
existing knowledge on buffer layer formation, material preparation-property relationships,
and growth mechanisms of different materials on epitaxial graphene. We believe that
this information input will provide the driving force behind future experimental efforts
to improve the epitaxial graphene quality and to design sophisticated devices exploiting
epitaxial graphene as active and passive components.
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Abstract: In this work we have critically reviewed the processes in high-temperature sublimation
growth of graphene in Ar atmosphere using closed graphite crucible. Special focus is put on buffer
layer formation and free charge carrier properties of monolayer graphene and quasi-freestanding
monolayer graphene on 4H-SiC. We show that by introducing Ar at higher temperatures, Ta,, one
can shift the formation of the buffer layer to higher temperatures for both n-type and semi-insulating
substrates. A scenario explaining the observed suppressed formation of buffer layer at higher T,
is proposed and discussed. Increased Ty, is also shown to reduce the sp> hybridization content
and defect densities in the buffer layer on n-type conductive substrates. Growth on semi-insulating
substrates results in ordered buffer layer with significantly improved structural properties, for which
Tar plays only a minor role. The free charge density and mobility parameters of monolayer graphene
and quasi-freestanding monolayer graphene with different T4, and different environmental treatment
conditions are determined by contactless terahertz optical Hall effect. An efficient annealing of donors
on and near the SiC surface is suggested to take place for intrinsic monolayer graphene grown at
2000 °C, and which is found to be independent of Tx,. Higher T4, leads to higher free charge carrier
mobility parameters in both intrinsically n-type and ambient p-type doped monolayer graphene. Tx,
is also found to have a profound effect on the free hole parameters of quasi-freestanding monolayer
graphene. These findings are discussed in view of interface and buffer layer properties in order to
construct a comprehensive picture of high-temperature sublimation growth and provide guidance
for growth parameters optimization depending on the targeted graphene application.

Keywords: epitaxial graphene on SiC; buffer layer; quasi-free-standing graphene; monolayer
graphene; high-temperature sublimation; terahertz optical Hall effect; free charge carrier properties

1. Introduction

Epitaxial graphene on SiC substrates [1-4] holds promise for myriad of future elec-
tronic and sensing applications [5-9]. In particular, on the Si-face of SiC, the number of
graphene layers can be well controlled and uniform monolayer graphene (MLG) can be
obtained. Epitaxial graphene grown in ultra-high vacuum (UHV) on Si-face SiC consists
of small domains with a typical size of 200-500 nm [10-15]. In such instances the surface
roughens during the graphitization even when growth starts from an atomically-flat sur-
face. If the graphitization is performed in argon (Ar) atmosphere, smoother surface and

Appl. Sci. 2021, 11, 1891. https://doi.org/10.3390/app11041891
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large-size MLG domains can be obtained [1,2,15]. However, small inclusions of bi-layer
graphene (BLG) are typically present, most often formed on the step edges (due to the
small miscut of nominally on-axis wafers) or in association with surface defects [15,16].
Hydrogen pre-treatment has widely been used to provide step-like surface morphology
with atomically flat terraces and typical step height of 0.75 nm. Consequently, BLG always
forms on the step edges of hydrogen etched SiC and giant step bunching is observed
in the graphitization process [2,17]. The two layers in the BLG are AB-stacked, hence
possessing a parabolic band structure in contrast to the linearly dispersing bands (Dirac
cones) at the K points of the first Brillouin zone of MLG. As a result, BLG inclusions may
degrade significantly the transport properties of graphene on the Si-face of SiC and limit
its applications [18,19].

Several approaches dispensing with H etching have been explored to eliminate giant
step bunching. For example, we have shown that high-temperature sublimation (T >
1800 °C) in Ar atmosphere in closed graphite crucible delivers wafer-scale MLG with
negligible BLG inclusions and without hydrogen pre-treatment [1,15,20-24]. Other open-
reactor strategies involve pre-conditioning of the SiC wafer by annealing in Ar and/or use
of polymer layer, which enables smooth and uniform BLG-free MLG [4,17,25].

Formation of MLG on the Si-face SiC is preceded by consecutive surface reconstruc-
tions as the wafer is heated up [26]. The surface undergoes reconstruction from the
Si-enriched (3 x 3) phase to the C-enriched (61/3 x 61/3)-R30° phase. The latter phase is
often called “buffer layer” or “zero-layer” graphene because it has the same honeycomb
lattice structure as graphene. About 1/3 of the C atoms in this initial layer are covalently
bound to the SiC surface and thus the buffer layer is devoid of the electronic properties of
graphene [27]. Hydrogen intercalation may be employed to decouple the buffer layer from
the substrate turning it into quasi-free-standing (QFS) MLG as the former covalent bonds
are broken and the Si dangling bonds at a SiC surface are saturated with hydrogen [27,28].

In UHV conditions the surface reconstructions up to the (6v/3 x 61/3)-R30° phase
occur in the temperature range of 800-1200 °C [29]. Upon heating to a higher temperature,
the buffer layer decouples from the SiC to form a graphene sheet and another buffer
layer forms underneath. Tropm and Hannon [26] have shown that the temperature range
within which the surface reconstructions occurs can be shifted up by as much as 200 °C in
comparison to the case of an ultrahigh vacuum by increasing the Si background pressure
to ~8 x 1077 Torr using disilane. Ar atmosphere efficiently enhances the Si pressure at the
substrate surface since Ar atoms act as a diffusion barrier that limits the Si desorption from
the surface. As a result, in Ar atmosphere graphene starts to form at higher temperatures
as compared to growth in UHV. It has been shown that in an open Ar atmosphere with
a pressure of ~900 mbar graphene starts to form at temperatures above 1550 °C and the
buffer layer forms between 1400 °C and 1550 °C [2,4].

Forming the buffer layer at higher temperature has been theoretically suggested to
be the key to grow high-quality graphene [30]. Experimentally it has also been shown
that forming a smooth buffer layer at a temperature of T ~ 1400 °C prevents giant step
bunching and consequently it is possible to obtain a smooth surface covered with uniform
MLG [17] even on wafers with a large miscut angle of 0.37°[4]. Introducing Ar at differ-
ent temperatures during the graphitization process may provide an alternative pathway
to influence the phase transition temperature between different surface reconstructions,
and hence enable the growth of smooth MLG without the need of special pre-treatment.
However, this approach has not been explored despite the intense investigation of buffer
layer properties and optimization [4,31-34].

In this work, we report a comprehensive study of the effect of introducing Ar at
different temperatures on the buffer layer formation and its properties in high-temperature
sublimation for both n-type doped and high-purity semi-insulating (SI) 4H-SiC. The free
charge carrier density and mobility parameters of the corresponding MLG and QFS-MLG
are determined for different environmental conditions and discussed. A combined analysis
of free charge carrier and structural properties provides insights into the graphitization
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processes in an enclosed environment and basis to design growth strategies depending on
graphene targeted application.

2. Experimental Details

Buffer and MLG samples were prepared on the Si-face (0001) of on-axis SI and n-type
doped 4H-SiC substrates (Cree, Inc., Durham, NC, USA) by high-temperature sublimation
in Ar atmosphere [35] using the sublimation growth facilities at Linkoping University.
The thickness and miscut angle of the SI and n-type doped wafers were 360 um and 0.09°,
and 340 um and 0.05°, respectively. The substrates were chemical-mechanical polished
(CMP) on the Si-face and optically polished on the C-face. Samples with different sizes of
10mm x 7mm, 10mm x 10mm or 15mm x 10 mm were fabricated. The substrates were
first cleaned with acetone and ethanol, followed by the standard RCA1 and RCA2 cleaning
procedures. Prior to transfer into the growth chamber, the substrates were treated with a
hydrofluoric acid solution to remove the native oxide on the surface.

A graphite crucible with a closed inner cavity has been designed with the Virtual
Reactor software (http://www.str-soft.com/products/Virtual_Reactor/ (accessed on 1
February 2021)) to provide uniform (within ~0.5 °C) temperature distribution over 2-inch
diameter wafer. The inner cavity design was optimized to minimize the lateral temperature
variation resulting in a relatively complex shape. A sketch of the crucible is shown in
Figure 1. A special graphite holder is used to position the SiC substrate in the crucible
cavity. The crucible was placed into thermally-isolating porous graphite insulation and
loaded into the growth chamber. The chamber is pumped down to vacuum level of
~10~% mbar and the crucible was inductively heated. Initially, the temperature is ramped
up in vacuum at a rate of ~16 °C per min until the crucible temperature, measured with
pyrometer on its surface, has reached 1300 °C. During this initial temperature ramp-up,
Ar gas with pressure Py, = 850 mbar was introduced into the chamber when the crucible
temperature, Ta,, was between 640 °C and 1300 °C. At the moment Ar was introduced
the typical vacuum level was ~5 x 10~> mbar and it took about 5 min for the Ar pressure
to reach Pa, = 850 mbar. During this time the temperature typically increased by about
100°. Above 1300 °C, the temperature ramp-up continues at an increased rate of ~70 °C
per min until the targeted growth temperature, Ty, is reached. The temperature is then
kept constant for 0 min or 5 min, which we refer to as growth time, tg;. During this
final temperature ramp-up, Px, slightly increased to Pa, = 880 mbar. Once the growth is
finished, the inductive heating is switched off and the sample cools down passively at a
rate of ~65 °C per min. The MLG and buffer layer samples were grown at T, = 2000 °C
and Ty = 1600 °C, respectively. The growth conditions for all samples are listed in Table 1.

T,[°C]

Figure 1. A schematic of the crucible with the distribution of the temperature overplotted. Note
that the SiC substrate is placed within a tightly closed inner cavity and it is completely surrounded
by graphite.
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Table 1. Growth conditions of the samples studied in this work: Ty, Tgr and tor of buffer layer
(BL), monolayer graphene (MLG) and quasi-free-standing (QFS)-MLG grown on n-type and semi-
insulating (SI) substrates.

Sample Tar [ °Cl Tg [ °C] tgy [min]
n-type 4H-SiC
BL1 800 1600 0
BL2 900 1600 0
BL3 1150 1600 0
BL4 1300 1600 0
MLGO 800 2000 0
SI 4H-SiC

BL5 800 1600 0
BL6 1300 1800 0
MLG1 640 2000 0
MLG2 800 2000 0
MLG3 1300 2000 5
QFS-MLG1 640 1600 0
QFS-MLG2 800 1600 0
QFS-MLG3 1300 1800 0

Micro-reflectance and micro-Raman scattering spectroscopy (u-RS) maps were mea-
sured using the set-up described in Ref. [36]. A diode-pumped semiconductor laser
with a wavelength of 532 nm (photon energy Ej, = 2.33 eV) was used for the excitation.
The full-width at half-maximum (FWHM) of the focused laser spot is ~0.4 pm using a
100 objective. Typically, 30 x 30 um? reflectance maps with step sizes of 0.3 um were
measured at different locations of the sample. The typical size of the Raman maps was
10 x 10 umz. For each Raman spectrum, the micro-reflectance was also simultaneously
measured. To obtain clean Raman spectra of MLG and buffer layers, a Raman spectrum of
a bare 4H-SiC substrate was subtracted. Furthermore, all Raman spectra are normalized to
the 4H-SiC substrate.

The surface morphology of the MLG and buffer layers was characterized by tapping
mode atomic force microscopy (AFM) (Veeco Dimension 3100). Microprobe low-energy
electron diffraction (u-LEED), low energy electron microscopy (LEEM), X-ray photoelectron
emission microscopy (XPEEM) and micro-focused X-ray photoelectron spectroscopy (micro-
XPS) were used to investigate the structural properties and chemical composition of the
buffer layer samples. The experiments were performed using the ELMITEC-LEEM III
instrument at the 1311 beamline of the MAX-Lab synchrotron radiation facility in Lund,
Sweden.

Contactless terahertz (THz) cavity-enhanced (CE) optical Hall effect (OHE) measure-
ments were performed for the determination of graphene-free charge carrier properties
using the custom-built ellipsometry instrumentation at the THz Materials Analysis Cen-
ter [37]. The OHE describes the magnetic field induced optical birefringence generated
by free charge carriers under the influence of the Lorentz force, and can be measured by
Mueller matrix ellipsometry [38]. The CE-OHE measurements were performed at room
temperature by placing the sample on either of the two sides of a permanent neodymium
magnet with a field strength of B = 0.548 T and an external cavity of ~100 um [39]. In-
situ environmental control gas cell was employed to measure the samples in different
gases and relative humidity (RH) [37,40]. Mueller Matrix data collected at magnetic fields
B = 40548 T and B = —0.548 T and their differences were simultaneously analyzed using
a stratified optical model with parameterized model dielectric functions (MDFs) assigned
to each layer, following the methodology described in Ref. [38]. The model consists of a
perfect mirror (magnet), air gap, 4H-SiC substrate and an MLG or a QFS-MLG layer. The di-
electric function of 4H-SiC was first determined from measurements of a bare substrate.
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The substrate MDF parameters were then kept fixed during the analysis of the graphene
samples. The MDF of graphene was described by Drude contribution in the presence of
magnetic field [37,38]. The free charge carrier mobility u and sheet density Ns of graphene
were determined by non-linear least-squares fit of the calculated Mueller matrix data to

the experimental data. The effective mass m* was parametrized as m* = |/ (h2Ns) / (470%)

following Ref. [41], where vp = 1.02 x 10° ms~! is the Fermi velocity and N is the carrier
sheet density.

3. Results and Discussion
3.1. Buffer Layer Formation

Figure 2 shows p-Raman spectra of buffer layers on n-type 4H-SiC, for which the Ar
gas was introduced at Ta, =800 °C, 900 °C, 1150 °C and 1300 °C, respectively (BL1-BL4,
Table 1). The Raman spectra reveal features in the range of 1200-1700 cm ™!, typical for
the buffer layer [31,33,42]. The band around 1330 cem~! appears to be on par in terms
of intensity with the band around 1580 cm™! for all samples. It has been argued that
the buffer layer Raman spectrum is not composed of discrete peaks but rather reflects
the vibrational density of states [42]. The integrated intensity ratio of the D-band around
1330 cm ™! (Dpgp.) and the G-band 1580 cm ! (Ggr) can be used to evaluate the content of sp3
hybridization [31] or discuss correlations associated with buffer structure in general [33].
We will come back to this question when comparing buffer layers grown on n-type and SI
4H-SiC. However, what is important to the present discussion is the observation that the
intensities of the two bands scale down with increasing T, (see Figure 2). The analysis
of the Raman scattering maps shows that the areas with lower reflectivity are associated
with lower intensity of the Dgy, and Ggr, bands, which we attribute to lower buffer layer
coverage. Furthermore, we estimate that the difference of the reflectance between regions
that are barely covered with buffer and those with full coverage is ~1%. Hence, reflectance
mapping can also be employed to obtain information on the buffer layer uniformity on
a large-scale.

0.8 T T T T

[ Ta= 800C —

r Ta= 900.C ----

F Ta=1150 C — - 1
0.6F Ta=1300 C —--

Normalized intensity
o
N
T

1000 1200 1400 1600 1800
Raman shift [cm™]

Figure 2. Normalized average pi-Raman scattering spectra obtained over 3 pm x 3 pm maps for the
buffer layer samples with different Ty, indicated in the inset.

The p-LEED patterns and the respective 30 um x 30 pm reflectance maps of the
buffer layer samples from Figure 2 are shown in Figure 3. The u-LEED pattern of the
sample with T, =800 °C (Figure 3a) displays well resolved (6v/3 x 61/3)-R30° surface
reconstruction [11]. The uniform buffer layer coverage, for this sample, is corroborated
by LEEM I(V) (not shown) and the reflectance map (Figure 3e), which reveals uniform
intensity distribution. A clear buffer layer can also be inferred from the u-LEED pattern of
the buffer layer with Ta, =900 °C (Figure 3b), however, some charging on the surface is
observed. The latter could be associated with oxidized SiC areas not covered by the buffer

9



Appl. Sci. 2021, 11, 1891

layer. For Ta,=1150 °C even stronger charging is observed in pu-LEED and patches of
oxidized Si are identified by XPEEM (Figure 4). A mixture of the buffer layer and oxidized
Si is inferred for this sample. Further confirmation of the suppressed buffer layer formation
in the case of Ta, =900 °C and Ta, =1150 °C comes from the respective reflectance maps
(Figure 3f,d), which show nonuniform intensity distribution with dark and bright areas.
The size of the dark areas with suppressed buffer layer formation increases with increasing
Tar up to 1150 °C. This sample also shows the highest RMS of 0.7 nm as compared to 0.35
nm and 0.5 nm for the buffer layers with T, =800 °C and Ta, =900 °C, respectively. Note
the resemblance between the XPEEM image (Figure 4) and the reflectance map (Figure 3g).
We have previously reported a decrease in the relative reflectance of MLG with respect
to the SiC substrate due to the presence of the oxide layer at the interface [43]. Finally,
the sample with T, =1300 °C is severely charging and consists mostly of SiC substrate
with the buffer layer just beginning to form, as revealed by u-LEED (Figure 3d). In this
case, the reflectance map (Figure 3h) appears quasi-uniform as the buffer layer nuclei are
significantly smaller in comparison with the laser spot size.

1300°C

0.995

0.990

Figure 3. (a—d) Microprobe low-energy electron diffraction (u-LEED) patterns taken at electron
energy of 50 eV (a,b) and 40 eV (c,d) and (e-h) 30 um x 30 um normalized reflectance maps of
buffer layer samples with Ta, = 800 °C (a,e),Ta, = 900 °C (b,f), Ta, = 1150 °C (¢,g) and Tx, = 1300 °C
(d,h). Ta, are indicated in the up right corner of the respective images. The difference in reflectance
between bare substrate and fully covered with buffer layer is ~0.01.

Based on the Raman scattering spectroscopy, reflectance mapping as well as u-LEED
results, we can conclude that with the increasing temperature at which Ar is introduced,
the formation of the buffer layer is suppressed and shifted to a higher temperature.
The same trend is also consistently observed when the buffer layers are formed on SI
4H-SiC substrates. Our investigations further indicate that the SiC substrate areas not cov-
ered by the buffer layer are oxidized. There are three possible scenarios: (i) oxidation occurs
after the buffer layer formation due to ambient exposure when the samples are removed
from the reactor; (ii) oxidation occurs after the buffer layer formation during cooling down
and (iii) oxidation occurs during the annealing process. Scenario (ii) and (iii) necessitate
residual oxygen in the growth system. Oxidation of buffer and MLG samples as a result of
residual oxygen has been previously observed for both conventional and high-temperature
sublimation growth [44,45]. It has been suggested that since the graphitization process
does not take place in ultra-high vacuum (oxygen-free) conditions, oxygen may be present
as a result of oxygen-containing adsorbates on graphite parts and/or inner walls of the
reactor. Different growth strategies to obtain high-quality MLG and/or bulffer layer (e.g.,
for QFS-MLG applications) should be employed depending on whether scenario (i), (ii) or
(iii) transpires.
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Figure 4. Si 2p oxide X-ray photoelectron emission microscopy (XPEEM) image taken at photon
energy of 133 eV and electron energy of 26 eV with 40-pm field-of-view for the buffer layer sample
with T, = 1150 °C. The bright areas correspond to higher content of SiOx but even the dark areas of
the image have some oxide component.

In order to elucidate which of the above scenarios takes place, we will discuss in the
following the structural evolution of SiC during the sublimation process in Ar atmosphere.
Both SiC restructuring and surface reconstruction are expected to be affected by the pres-
ence of Ar, which influences the gas pressure at the crystal-vapor interface and the mean
free path length. Ar atmosphere effectively enhances the Si pressure since it leads to a
reduced Si evaporation rate. The stability of steps on the SiC surface at a given temperature
is also affected by Si pressure since the surface Si is in equilibrium with the gas phase Si
as well as the bulk SiC. At higher Si pressures higher temperatures are needed to initiate
Si decomposition from the terrace [30] and decomposition proceeds rather from the step
resulting in smoother surface morphology as compared to ultrahigh vacuum [1,2]. Ar atmo-
sphere also influences the mass transport of various species. Another consequence of the
enhanced Si pressure in Ar is that Si depletion close to the SiC is slowed down and a higher
temperature is needed to trigger and complete the buffer layer formation (consequently
graphene formation). Indeed, it has been demonstrated that the phase transformation tem-
peratures associated with different surface reconstructions on the Si-face SiC can be shifted
by several hundred degrees Celsius by balancing the rate of Si evaporation with an external
flux of Si [26]. In our experiments, when Ar is introduced at 800 °C the entire surface
reconstruction process up to 1600 °C proceeds under enhanced Si pressure, which should
shift the formation of the buffer layer to higher temperatures. In contrast, for Ta, =1300 °C
the reconstruction occurs in vacuum up to this temperature and the formation of buffer
layer should already take place [29]. We have previously shown that no etching by Ar
occurs in the sublimation process in closed crucible [45] as confirmed here by step height
distribution (See supplementary information Figure S1). Therefore, one would expect a
better developed buffer layer for T, =1300 °C compared to T, =800 °C. Surprisingly,
we find the opposite trend from the Raman scattering spectroscopy, reflectance mapping
and p-LEED results. These findings are not compatible with scenarios (i) and (ii) in which
oxidation of uncovered areas occurs after buffer layer formation. A potential explanation
for the observed suppression of buffer layer formation at higher Ty, is provided by scenario
(iif) in which the observed oxidation occurs during the annealing process.

It has been shown that intermediate SiOx on the Si-face of SiC is stable up to a
temperature of 1200 °C and it is difficult to be fully eliminated even at 1400 °C [46]. Thus,
if oxidation occurs during annealing and Ar is introduced at temperatures higher than
1200 °C the oxide layer will prevent the buffer layer formation. As the oxide layer starts to
gradually be removed above 1200-1400 °C Ar effectively enhances the Si gas pressure and
suppresses the phase transformation to (6v/3 x 61/3)-R30° surface reconstruction. As a
results after heating up to 1600 °C, the sample with T, =1300 °C (BL4) shows only the
initial stage of the buffer layer and is mostly uncovered SiC (Figure 3d). At T, lower
than 1200 °C (BL1, BL2, BL3), Ar reduces the mean free path of oxygen suppressing oxide
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formation and allowing complete (partial) buffer layer formation for T, = 800 °C (900 °C-
1150 °C.) We note that no charging or any indication of oxidation is observed in the buffer
layer sample with Ta, =800 °C, which may be understood in view of the reduced mean
free path of oxygen at lower temperatures.

Scenario (iii) has several important implications for the growth strategies to obtain
high-quality graphene by high-temperature sublimation. As the buffer layer becomes the
first graphene layer upon annealing, forming the buffer layer and, consequently, graphene
at higher temperatures should be favorable in terms of surface roughness and uniform
restructuring as they affect positively free charge carrier mobility. At the same time, one
can argue that if the buffer layer forms at lower temperatures it can be conditioned during
the annealing process until the temperature of graphene formation is reached, reducing the
density of defects such as vacancies or/and sp>-defects. Another interesting question is to
compare the properties of QFS-MLG obtained from buffer layers grown using different T,
and understand which mechanism has a decisive role. To address these questions we have
investigated the free charge carrier properties of MLG and QFS-MLG samples for which
the Ar was introduced at different Ty, (Table 1). The MLG and QFS-MLG were grown on
SI substrates in order to reliably measure the free charge carrier properties. Interestingly,
a difference between the Raman scattering spectra grown at the same conditions on n-type
and SI 4H-SiC is observed.

3.2. Comparison between Buffer Layers Grown on n-Type and SI 4H-SiC

A comparison of the Raman spectra of buffer layers on n-type and SI 4H-SiC obtained
at Ta, = 800 °C is presented in Figure 5a. The Raman spectrum of the buffer layer grown
on n-type substrate displays Dpy, (around 1330 cm~1) and Gg; (around 1580 cm™~!) bands
with similar intensities. The latter is slightly asymmetric due to a band at around 1530 cm ™!
(see also Figure 2). Such Raman spectrum is typical for carbon-rich graphitic clusters
bonded to SiC [27] and can be associated with a large degree of disorder [47]. On the
other hand, the buffer layer grown at the same conditions but on SI substrates exhibits
blue shift of the Dg;_ and the Gg; bands, and the band at around 1530 cm~! becomes more
pronounced. These are typical vibrational characteristics of a well-connected buffer layer
domains [4]. Further information about disorder and the content of sp® hybridization can
be obtained from the histograms of the Ggj, band position (Figure 6a,c) and the ratios of
the Dpr, and Gp, bands areas, Ap,, / Ag,, , (Figure 6b,d). The Gpr, band energy changes
from 1583 cm ™! to 1606 cm ! and the Ap,, /Ag,, changes from 2.0 to 1.3 comparing the
buffer layers grown on n-type and SI substrates, respectively. A similar trend is also found
for the case of Ta, = 1300 °C (Figure 6e,g). According to the amorphization trajectory
presented for nano-crystalline graphite in Ref. [48], these changes can be associated with
a significant reduction of the sp® hybridization content for the case of the SI 4H-SiC.
The Apy, /Agy, is further related to the degree of disorder introduced by the presence
of sp3 defects, which is proportional to the average distance between the defects [47].
Accordingly, the density of defects in the buffer layer grown on the SI substrate is 46%
lower and the crystallite size is 35% larger. Again, very similar trend is found for the buffer
layer with Ta, = 1300 °C (Figure 6fh). The observed differences between the two types of
substrates could be understood considering the fact that electron concentration generally
enhances thermal conductivity. Hence, temperature variations should occur slower for
the SI substrates during the heating up, bringing the graphitization process closer to
thermodynamic equilibrium and allowing the formation of a well-connected buffer layer
with a lower density of defects. It is interesting to note that the vibrational features of the
buffer layer formed underneath MLG, grown at Ty, = 2000 °C for 0 s, (Figure 5b) become
even finer and bear closer resemblance with the buffer vibrational density of states [42].
Note that the spectral features are identical for the buffer layers on conductive and SI
substrates. This further highlights the important roles of the carbon-rich environment and
the high temperature for the formation of high-quality buffer layer.
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Figure 5. A comparison between the average p-Raman scattering spectra for buffer layer samples
with Ta, = 800 °C: (a) on n-type and SI 4H-SiC, and (b) the buffer layer features in fully-formed MLG
at T, = 2000 °C for 0 s on n-type and SI 4H-SiC.
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Figure 6. Histograms of the Ggy, band position and the ratio of the Dg; and Ggy, band areas,
Apy, / Ag,, . for the buffer layers grown with Ta, = 800 °C (a—d) on n-type (a,b) and SI (c,d) 4H-
SiC; and for the buffer layers grown with Ty, = 1300 °C (e-h) on n-type (e,f) and SI (g,h) 4H-SiC.
The histograms are obtained over Raman maps of 3 pum x 3 um. Three Lorentzian lineshapes
centered around Ggy, of 1585-1600 cm !, Dp;, of 1330-1530 cm ! and a band centered at 1340 cm ™!
were used for the fitting.

Comparing the buffer layers grown on n-type substrates and different Ta,, a moderate
blue-shift of the G-like band position for Ta, = 1300 °C to 1593 cem~! with respect to the
sample with Ty, = 800 °C (1583 cm™1) can be seen (Figure 6a,e). This can be explained by
a reduced sp® hybridization content as expected due to the higher temperature at which
the reconstruction occurs. At the same time, the Ap, /Ag, increases from 2.0 to 2.7
(Figure 6b,f), which could be related to a reduced crystallite size with 30%. This finding is
in accordance with our pu-LEED results showing that the buffer layer with Ty, = 1300 °C
has just begun to form. We now turn our attention to the buffer layers grown with different
Tar on SI 4H-SiC substrates. The same trend of suppressed reconstruction with increasing
T, is found. In fact, for the case of T, = 1300 °C heating up to 1600 °C did not result
into a buffer layer formation and heating up to 1800 °C was needed for a clear buffer
layer Raman spectrum to be obtained. Interestingly, the buffer layers grown with Ta, =
800 °C and T, = 1300 °C exhibit very similar Gp, positions (Figure 6¢,g) and Apy, /Agy,
ratios (Figure 6d,h), indicating similar sp hybridization contents and densities of defects.
A slightly broader distribution is observed for the case of Ta, = 1300 °C for both n-type
and SI 4H-SiC substrates, reflecting a slightly larger variation of the crystallite size.
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Based on these results we can conclude that the temperature at which Ar is introduced
has a determining role in the formation of the buffer layer in high-temperature sublimation
in closed crucible independently of the 4H-SiC substrate conductivity. As a result of an
interplay between oxidation and restructuring in Ar atmosphere, the formation of the
buffer layer is shifted to higher temperatures for increased T, of 1300 °C. Increasing Ta,
also leads to reduction of sp® hybridization contents and densities of defects on n-type
4H-SiC. However, Tx, has a less pronounced effect for SI substrates, where ordered buffer
layers form with similar structural properties.

3.3. Free Charge Carrier Properties of MLG and QFS-MLG

It is well-known that MLG on SiC is intrinsically n-type doped [49-51]. However,
exposure to ambient can cause environmental doping of graphene via an acceptor redox
reaction at the surface of the graphene involving various environmental gases (O, H,O,
and CO,), which results in electron withdrawal [52]. Consequently, MLG can exhibit
p-type conductivity depending on sample history [24,53]. We have previously shown that
the THz OHE is an excellent tool to precisely determine free charge carrier density and
mobility parameters of graphene and monitor their in-situ variation under the influence
of different gases [24,37,40,54]. In order to determine the intrinsic properties of MLG
and QFS-MLG, prior to the measurements they were annealed in vacuum (10~® mbar)
at 1000 °C and 500 °C, respectively. The annealing temperature was confirmed to not
cause deintercalation or any changes in the QFS-MLG structural properties by LEEM, AFM,
and p-LEED. The samples were kept in dry N; during the measurements and storage.
In addition, we have performed measurements after purging with dry N for several days
and air with RH of 45% for several hours. Both transient and static measurements were
carried out. Finally, the samples were measured after being stored in ambient conditions for
several months. We have selected for these investigations samples with the following Ta,:
(i) Tar = 800 °C, for which the surface reconstruction happens entirely in Ar atmosphere
and that shows completed buffer layer after heating to Ty = 1600 °C (0 s); (ii) Tar =
1300 °C, for which the surface reconstruction happens entirely in vacuum, and which
needed heating to Tgy = 1800 °C for the buffer layer to form. Although no indications of
surface oxidation were observed for the buffer layer sample with Ta, = 800 °C, a nano-
scale oxidation cannot be excluded. Furthermore, the graphitization process is shifted
to higher temperatures in comparison to n-type substrate as pointed out above. We,
therefore, included in our investigation MLG and QFS-MLG samples, for which the Ar
was introduced at (iii) Ta, = 640 °C. Growth temperature Ty = 1600 °C was employed to
produce the buffer layer sample in this case. The QFS-MLG samples were obtained by
hydrogen intercalation of the respective buffer layers as described in Ref. [28]. The MLG
samples were fabricated using our optimized conditions of Ty, = 2000 °C for 0 s growth
time, which results in less than 1% BLG inclusions. The sample with Ta, = 1300 °C required
a longer growth time of 5 min for a homogeneous MLG to form leading to increased BLG
inclusions of 8%.

Figure 7 shows the free charge carrier density (left panel) and mobility (right panel)
of MLG (filled symbols) and QFS-MLG (open symbols) with different T, for different
environmental conditions. The mobility parameters were found to be slightly anisotropic
in accordance with our recent study [24]. The anisotropy, which is caused by the sub-
strate step edges, does not have any bearing on the results discussed in the current work.
Consequently, for brevity we present here the averaged mobility between the parameters
determined along and perpendicular to the step edge. The freshly annealed MLG samples
show n-type conductivity, as expected, with values in the range of 3.9 x 10 1> cm~2 t0 6.6 x
102 cm 2. Due to the semi-insulating nature of the substrates, the MLG doping should be
entirely governed by charge transfer due to surface donor states [55]. All three free electron
density values are below the saturation density of n-type doping of MLG of 10'3 em~2 [55],
indicating successful efficient annealing of donors on and near the SiC surface. The ob-
served differences with Th,, albeit small, are significantly below the error bar of 0.3 x

14



Appl. Sci. 2021, 11, 1891

10'2 em™2. Since the MLG with Ta, = 1300 °C was obtained for a considerably longer time
(5 min as compared to 0 s) it is tempting to speculate that the longer annealing may have a
positive effect on reducing the interface dangling bonds effectively reducing the density of
the surface state and leading to a lower free electron density. We have previously shown
that purging with Ny (or inert gases) effectively removes the ambient acceptor dopant,
which may require up to several days of purging [37,40]. The free electron densities in the
MLG samples with Ta, = 640 °C and T, = 800 °C after purging in dry N, for 9-10 days
increased slightly to 5.1 x 10'? cm~2 and 7.0 x 10'2 cm ™2, respectively, remaining below
the the saturation density of n-type doping. The electron mobility parameters in these two
cases slightly decreased in comparison to the freshly annealed samples, most likely as a
result of the slightly increased charge density. The MLG with T4, = 1300 °C shows the
opposite behavior with slightly decreased charge density and slightly increased mobility
parameter. Overall the purging with dry Nj led to very small changes in the MLG electron
density and mobility, which can be considered as the intrinsic free-electron parameters
of MLG.
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Figure 7. Free charge carrier density (left panel) and mobility (right panel) of MLG (filled symbols)
and QFS-MLG (open symbols) with T, = 640 °C (black circles), Ta, = 800 °C (red squares) and
Tar = 1300 °C (blue triangles) for different environmental conditions: after annealing in vacuum
(Annealed), after being purged with dry N for several days (N, RH 0%), after being purged with
moist air (RH 45%) for several hours (Air RH 45%), and after being exposed to the ambient for several
months (Ambient).

As expected after purging with moist air (RH of 45%) the electron density in the MLG
samples decreased due to the acceptor redox reaction at the graphene surface. The samples
with different T, show very similar electron density of ~2 x 10'> cm~2 after ~20 h of
purging. We have measured the in-situ variations of free charge carrier properties and
found that approximately 45 h purging in moist air are needed to flip the conductivity of
MLG from n-type to p-type with free hole density of 1.4 x 10'> cm~2. Long-term exposure
in ambient conditions (several months) leads to only a very small increase of free hole
density to ~2 x 10'? cm~?2 indicating saturation of p-type ambient doping in MLG. Again,
very similar free hole densities are found for the samples with different Ta, = 1300°. On the
other hand, the free charge carrier mobility of the ambient doped MLG with T, = 1300 °Cis
more than 50% larger than the respective values of MLG with T, =800 °C and T, = 640 °C.
This is true for both the cases of free electrons and free holes (see Figure 7 right panel
results for Air RH 45% and Ambient). This finding is very interesting considering that the
samples with Ty, = 640 °C and Ta, = 800 °C have better MLG coverage of 99% and lower
RMS =~ 0.4 nm, compared with the T, = 1300 °C sample, which has 92% MLG coverage
and RMS =~ 0.75 nm. It was previously suggested that dominant scattering mechanisms
at room temperature in graphene on SiC are the remote interface phonon scattering, as a
result of coupling to the polar modes in the substrate, and scattering by impurities [56-58].
Since the MLG samples are grown at the same Ty, and have a similar history we do not
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anticipate a difference in impurity levels. It is thus plausible to suggest that in the MLG
with Ta, = 1300 °C the interface phonon scattering is reduced as a result of different
interface properties. We recall that the buffer layers grown at different T, on SI substrates
exhibit very similar sp® contents and defect densities (Figure 6). Furthermore, the Raman
scattering spectral features associated with the buffer layer in the respective MLG samples
with different T, are practically identical. Hence, the reduced interface phonon scattering
is likely a result of a different interface between MLG and the buffer layer rather than
between buffer layer and SiC substrate. This suggestion is further supported by the similar
free charge carrier density in the ambient doped MLG with different Ty, indicating similar
surface state densities. To gain further insight into the origin of the different interface
properties between MLG and the buffer layers we turn now our attention to the free charge
carrier properties of the QFS-MLG samples.

In QFS-MLG the intercalated hydrogen saturates the Si dangling bonds passivating
the interface donor states. Consequently, QFS-MLG exhibits p-type doping induced by the
spontaneous polarization of the SiC substrate [28,59,60]. The resulting free hole density
in QFS-MLG on SI 4H-SiC was reported to be 8.6 x 10'2 cm~2 as determined by angular
resolved photo-electron spectroscopy (ARPES) [60]. As expected our freshly annealed
QFS-MLG samples show p-type conductivity (see Figure 7 left panel). We find very similar
free hole densities in the QFS-MLG with Ta, = 640 °C and Ta, = 800 °C of 1.2 x 10'% cm 2
and 1.5 x 10'® em~2, respectively. These values are slightly higher than the free hole
density expected from pure polarization doping [60]. It is possible that some residual
ambient doping is present as the annealing temperature for the QFS-MLG samples was
relatively low in order to prevent deintercalation. Purging in dry Ny for several days lead
to a small reduction of the free hole density in these two samples to ~1.0 x 10'® em~2,
which is suggested to be the intrinsic value for our QFS-MLG resulting from polarization
doping. We consider this to be a good agreement with the previously reported value of 8.6
x 10'2 em~2 [60] given the different experimental techniques used in the two works and
the various fitting parameters employed to deduce the free hole concentration from ARPES.
Both the freshly annealed and the dry N, purged QFS-MLG with Ta, = 1300 °C show
significantly lower free hole density of 4.4 x 102 cm 2 and 2.1 x 102 em ™2, respectively.
According to the polarization doping model, the negative pseudo-polarization charge,
which is a constant parameter for the 4H-SiC, is balanced by the free holes in the QFS-MLG
and the positive space charge in the substrate depletion layer [60]. Since the bulk doping in
the SI substrate is the same for all three samples leading to a similar positive space charge
in the substrate depletion layer, the observed lower free hole density in QFS-MLG with
Tar = 1300 °C indicates the presence of donor surface states. As noted earlier, the buffer
layers grown at different T, on SI substrates exhibit very similar sp® contents and defect
densities (Figure 6). We also confirmed by p-Raman scattering spectroscopy mapping
that no structural changes occur as a result of the intercalation process. Recall that in
comparison to lower T, the buffer layer with T, = 1300 °C is incomplete. We speculate
that this incomplete buffer layer formation may be the cause of the surface donor states,
likely dangling bonds. Interestingly, purging with moist air (RH 45%) for ~18 h leads to
small increase of free hole density in QFS-MLG with Ta, = 800 °C and Ta, = 640 °C while
for Ta, = 1300 °C the hole density remains unchanged. This can be potentially explained
by the above-mentioned scenario since the purge with moist air has different effects: for
the polarization doped QFS-MLG it leads to chemical acceptor doping of graphene while
for the sample with T, = 1300 °C it leads to passivation of surface donor states. The two
processes will naturally have different dynamics. This proposal is also consistent with
the results for prolonged exposure to ambient. The free hole density in QFS-MLG with
Tar = 1300 °C increases to 9.2 x 1012 cm—2 nearing the intrinsic polarization doping since
most (all) surface donor states have been passivated. For Ty, = 640 °C and T, = 800 °C
the free hole densities increase to 2.3 x 10'® cm™2 and 1.9 x 10'® cm~2, respectively, as a
result of chemical acceptor doping. In all cases, except for the freshly annealed samples,
the largest hole mobility parameters are found for the QFS-MLG with Ta, = 1300 °C . This
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is most likely related to the generally lower free hole density parameters. Note that the free
charge mobility (and density) parameters represent average parameters obtained over the
entire sample area of 10 mm x 10 mm.

4. Conclusions

We have critically reviewed the processes in high-temperature sublimation growth of
graphene in Ar atmosphere using closed graphite crucible with emphasis on buffer layer
formation and free charge carrier properties of MLG and QFS-MLG on 4H-SiC. We have
explored the effect of introducing Ar at different temperatures, Ta,. We have found that the
buffer layer coverage decreases with increasing Ta, with well-developed buffer layer for
Tar =800 °C, while for Ta, = 1300 °C the buffer layer is just beginning to form. The observed
suppression of buffer layer formation at higher Ty, is accompanied by surface oxidation of
the uncovered regions of the SiC substrates. A scenario in which oxidation occurs during
the annealing process is proposed to explain the peculiar shift of the buffer layer formation
to higher temperatures. The latter leads to reduced sp® hybridization content and defect
densities in the buffer layer when grown on n-type conductive substrates. Growth on SI
substrates results in significantly improved structural properties of the buffer layers, which
is attributed to a slower graphitization process closer to equilibrium due to the reduced
thermal conductivity of the substrate. For SI substrate T, plays a minor role for the sp®
hybridization content and defect densities in the buffer layer. A comprehensive study of the
free charge density and mobility parameters of MLG and QFS-MLG with Ta, = 640 °C, T,
=800 °C and Ty, = 1300 °C and four different environmental conditions: freshly annealed
in vacuum, after purging with dry N, (RH 0%) for ~20 h, after purging with moist air
(RH 45%) for ~18 h and after ambient exposure for several months, allows us to draw the
following conclusions:

(i) successful efficient annealing of donors on and near the SiC surface can be inferred
for MLG grown at 2000 °C independent of Tx,;

(ii) approximately 45 h purging with moist air (RH 45%) is needed to flip the con-
ductivity of MLG from n-type to p-type and long term exposure to ambient leads to a
saturation of the free hole density at ~2 x 10'? ecm~%;

(iii) the highest mobility of MLG is determined for Ta, = 1300 °C in both intrinsically
n-type and ambient p-type doped situations. It is suggested that this is a result of reduced
interface phonon scattering due to improved interface between MLG and the buffer layer
rather than between the buffer layer and the SiC substrate;

(iv) a free hole density of ~1.0 x 10'® cm~2 is suggested to be the intrinsic value for
our QFS-MLG resulting from polarization doping in good agreement with the previously
reported value of 8.6 x 102 em~2 [60];

(v) Tar is found to have a profound effect on the free hole parameters of QFS-MLG.
A significantly lower free hole density of ~2 x 102 cm 2 is found in intrinsic QFS-MLG
with Ta, = 1300 °C, which is attributed to additional surface donor states associated with
incomplete buffer formation.

Our findings contribute to establishing a comprehensive picture of high-temperature
sublimation growth and provide guidance for growth parameters optimization depending
on the targeted application of QFS-MLG and MLG on SiC.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-3
417/11/4/1891/s1, Figure S1: Representative AFM images and step height distributions of buffer
layers grown on SI 4H-SiC with Ty, = 800 °C and T, = 1300 °C.
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Abstract: We measured a 2D peak line shape of epitaxial graphene grown on SiC in high vacuum,
argon and graphene prepared by hydrogen intercalation from the so called buffer layer on a silicon
face of SiC. We fitted the 2D peaks by Lorentzian and Voigt line shapes. The detailed analysis revealed
that the Voigt line shape describes the 2D peak line shape better. We have determined the contribution
of the homogeneous and inhomogeneous broadening. The homogeneous broadening is attributed
to the intrinsic lifetime. Although the inhomogeneous broadening can be attributed to the spatial
variations of the charge density, strain and overgrown graphene ribbons on the sub-micrometer
length scales, we found dominant contribution of the strain fluctuations. The quasi free-standing
graphene grown by hydrogen intercalation is shown to have the narrowest linewidth due to both
homogeneous and inhomogeneous broadening.

Keywords: epitaxial graphene; silicon carbide; Raman spectroscopy; 2D peak line shape; G peak;
charge density; strain

1. Introduction

The Raman spectroscopy of graphene is a well-established technique [1-3] to determine number of
graphene layers [4], strain [5,6], charge density [6-9], grain size [10-14], graphene functionalization [15],
misorientation of graphene layers [16] or degree of hydrogen intercalation of epitaxial graphene on
SiC [17,18]. The graphene’s most prominent Raman spectral features are the D peak, G peak and 2D
peak. The D peak reflects the amount of defects, or the graphene grain size. The G peak is related
to the in-plane bond-stretching optical vibrations of sp? hybridized carbon atoms in the graphene
lattice [19,20]. The 2D peak is recognized as a combination mode of lattice and electronic excitations.
The predicted unique property of the 2D peak is its line shape. The 2D peak is predicted to have a
Lorentzian line shape in the case of the single layer graphene (SLG) [21]. The 2D peak is predicted to
have four components in the case of bilayer graphene. The single and four-component nature of the
2D peak was proved experimentally [22,23]. It is also known that the spectral position of the 2D peak
is determined by the uniaxial [24-27] and biaxial [5,6,26] mechanical strain and charge density [7,8] of
the graphene layer. The scaling of the 2D peak position with charge and strain was studied extensively.
The 2D peak line shape is influenced by the strain uniformity [28] and strain fluctuations on the
nanometer scale [29]. Also, different line shape was identified for graphene on SiC terraces and step
edges [30].

However, beside the known spectral line shape and parameters determining the position of the
2D peak, there is little known about the combined effect of the homogeneous and inhomogeneous
broadening. The knowledge of the mutual effects of the homogeneous and inhomogeneous broadening
can provide deeper insight into the formation of the graphene layers and it can be used to further
optimize graphene growth. Hence, we propose here to analyze in detail the spectral line shape of the
2D peak. Instead of describing the 2D peak line shape only by the Lorentzian broadening, we assume
also the contribution by the inhomogeneous broadening. The homogeneous and inhomogeneous
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broadening have to be taken into account simultaneously. As the inhomogeneous broadening describes
the random nature of the parameters determining the position of 2D peak, it is described by the normal
(Gaussian) distribution. The mutual effect of the homogeneous and inhomogeneous broadening thus
leads to the convolution of the Lorentzian and Gaussian broadening, also called the Voigt broadening.
We show here that the Voigt profile describes the 2D peak line shape better than the Lorentzian profile.
We show that the Voigt broadening, though it has one more fitting parameter, it does not show any
signatures of over-parametrized model. We test the better fit quality by the F-test and the results are
compared for three different samples and four different locations on each sample.

2. Materials and Methods

The epitaxial graphene was grown on a Si-face of 6H-SiC by thermal decomposition [31-34].
We grew three samples, each under different growth conditions. The sample grown in vacuum [31,32]
at 10~° mbar was heated to 1600 °C for 5 min. The sample grown in argon [33] at 1050 mbar was
heated at 1650 °C for 5 min. The quasi free-standing monolayer graphene (QFMLG) [35,36] was grown
in two steps. First, the graphene buffer layer was grown in 1050 mbar of argon at 1550 °C for 5 min.
The second growth step was the hydrogen intercalation at 1120 °C for 5 min followed by a 2 hours long
cooling to 600 °C. The growth temperature was adjusted with respect to the sublimation rate of silicon
from the heated SiC wafer. The growth in high vacuum allows high silicon sublimation rates, hence,
the temperature is reduced to 1600 °C in contrast to growth in 1050 mbar of argon, where the growth
temperature has to be increased by 50 °C to 1650 °C to promote silicon sublimation comparable to
the sublimation rate in high vacuum. The growth of QFMLG requires to grow so called buffer layer
first. The buffer layer grows at even lower temperature than the single layer graphene. For this reason,
the first growth step is performed at 1050 mbar of argon at 1550 °C for 5 min. The buffer layer is
the graphene lattice, where about 30% carbons are sp3 bonded to the underlying SiC substrate [37].
This sp® bonding was switched into sp? bonding by hydrogen intercalation [17,38]. More details on
graphene growth and hydrogen intercalation can be found in our previous works [17,18,39].

Raman spectra were measured by WITec alpha300 (WITec, Ulm, Germany) micro-Raman confocal
microscope. The Raman spectra were excited by 532 nm laser light. We used 25 mW laser power
and the laser spot diameter was 1 pum in the focal plane. The spectra were acquired in two 30 s
accumulations to achieve low level of noise in the tails of the 2D peak. The spatial Raman maps were
measured on the area 4 x 4 pm? and we accumulated Raman spectra twice 5 s to optimize lateral
resolution, noise level and the total measurement time. The Atomic Force Microscopy (AFM) and
Lateral Force Microscopy (LFM) were measured by WITec alpha300 (WITec, Ulm, Germany) AFM.
We measured AFM and LEM in the contact mode, and, the scanned area was 20 x 20 pm?.

The 2D peak was fitted by Lorentzian and Voigt line shapes. The Lorentzian line shape was taken
in the form of Equation (1)

i
oL A v
where x is the spectral position of the peak, v determines the width of the 2D peak. The Equation (1)
is scaled by a factor Iy describing the intensity of the Lorentzian peak. Parameter v is related to the
more experimentally accessible Full Width at Half Maximum (FWHM) of the Lorentzian peak f by
Equation (2).
fu=2y @

The Voigt line shape is given by the convolution of the Lorentzian Equation (1) and Gaussian
Equation (3) line shape

Gg = e AR, 3)
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The Gaussian broadening ¢ relates to the FWHM f; by Equation (4)

fo =20\/21n(2). @)

As the convolution of the Gaussian and Lorentzian function is numerically demanding, we used
a common approximation of the Voigt line shape [40,41] given by Equation (5)

GV = Io [1’]GL + (1 - i])GG] ’ (5)

where 7 is a function of the total FWHM f, f; and f;

n= 1.36603% —0.47719 <%>2 +0.11116 <J;—L>3 (6)

The total Voigt broadening f is given by Equation (7)

f=(f2 +2.69269f4 f1 +2.42843f2 f2 + 4.47163f2 f2 + 0.07842fc f1 + f7) /5. @)

3. Results

We show in Figure 1 the typical Raman spectra of graphene grown in high vacuum, argon and
the intercalated buffer, so called QFMLG. All spectra show the typical graphene characteristics
as the D peak, G peak and 2D peak. The Raman spectra also show typical characteristics of the
single-layer graphene. These are the ratio of the integrated 2D peak to G peak intensity larger than
2, and, the single-component line shape of the 2D peak. The characteristic distinction between the
hydrogen intercalated and non-intercalated samples can be also found by the absence/presence of
the peaks labeled (1), (2) and (3) in inset of Figure 1. These peaks were attributed to the buffer
layer [18,42]. The hydrogenated (QFMLG) and non-hydrogenated (SLG-vac, SLG-Ar) samples can be
also distinguished by a low intensity background in the spectral range of the D peak. This background
was assigned to the buffer layer, too [42]. We observe rather similar Raman spectra of graphene grown
in argon and high vacuum. Their differences are discussed in the following detailed analysis.
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Figure 1. Raman spectra of quasi free-standing monolayer graphene (QFMLG), single layer graphene
grown in vacuum (SLG-vac) and single layer graphene grown in argon (SLG-Ar). Graphene related D,
G and 2D peaks are labeled by arrows. Inset shows details of Raman spectra including three buffer
related Raman modes, labeled by arrows (1), (2) and (3).

The 2D peaks of the three samples are shown in Figure 2 by black circles. We obtained the spectra
by two 30 s integration periods. The 30 s integration reduced the noise level and the two accumulations
allowed us to remove spikes in recorded spectra. The low level of the noise is essential to fit the 2D
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peak line shape at low-energy and high-energy tails from the central peak position. Before we analyzed
the 2D peak line shape, we subtracted a linear background. The background was determined using
five experimental points at 2530 and at 2870 cm~!. The 2D peaks are fitted by the Lorentzian (green
curves) and Voigt (red curves) line shapes in Figure 2. The residuals are displayed in the top insets and
the corresponding histograms of the residuals are shown in the bottom insets of Figure 2.
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Figure 2. Line shape of the 2D peak in (a) QFMLG, (b) SLG-Ar and (c) SLG-vac. The black dots are the

experimental data, green curve is a Lorentzian fit and red curve is the Voigt fit to the experimental data.

The upper insets show the residuals for the (green point) Lorentzian and (red points) Voigt line shape.

The bottom insets show the histograms of thee residuals.

The fit improvement by the Voigt line shape is tested by the F-test. The Degrees of Freedom
(DOF) and Residual Sum of Squares of the Lorentzian (model 1) and Voigt (model 2) line shape are
summarized in Table 1. The null hypothesis for the F-test is: the Lorentzian and Voigt line shapes are
the same. The F-number in Table 1 results from the comparison of the two models. The p-number
determines the cumulative probability that the expected F number is lower than the experimentally
determined F-number.

Table 1. Parameters used to perform the F-test. Degrees of freedom (DOF), Residual Sum of Squares
(RSS;) of the Lorentzian model and RSS; of the Voigt model. F is the value of the F-statistics. Number
p is the p-number to reject the null hypothesis.

Sample DOF RSS; RSS, F

QFMLG 163 3.6 x 10° 4.9 x10° 1000
SLG-Ar 162 58x10° 84 x10* 932
SLG-vac 163 8.0x10° 15x10° 675

= o -]

The F-test shows that the Voigt line shape describes the 2D peak line shape better. As the Voigt
line shape has four fitting parameters (one more with respect to the Lorentzian broadening), we need to
verify that the Voigt line shape model is not overparametrized. We verify the overparametrization by
determining the )(2 statistics of the fitted models. The )(2 statistics requires the experimental error o,yp.
We determine the experimental error from the high-energy tails of the 2D peak, as depicted in Figure 3.
The high-energy tail is fitted by the second order polynomial to describe the trend of the experimental
data. The residuals are considered as a random experimental error. The normality of these residuals is
tested by the Kolmogorov-Smirnov test, as depicted by the cumulative distribution function in the
inset of Figure 3. The normality is verified at the 95% confidence level. The experimental error is
estimated to be oeyp ~ 10 cm~ L. The centered and normalized x? for the Lorentzian and Voigt model
is 1000 and 260, respectively.
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Figure 3. The high-energy tail of the 2D peak (black points) was fitted to the polynomial of the 2nd
order (red curve) to determine the experimental error. The normality of the residuals is tested by the
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Kolmogorov-Smirnov test (inset).

We fitted the 2D peak spectra at four different positions on each sample. The statistics for the
three samples is shown in Figure 4 and summarized in Table 2. The FWHM was obtained directly
from the experimental data without using any fitting procedure. The parameters 7y and ¢ are the fitting
parameters of the Voigt line shape. We observe that the QFMLG shows the narrowest broadening.
The QFMLG also shows the smallest contribution of the homogeneous and inhomogeneous broadening.
It can be seen in Figure 4 that the homogeneous and inhomogeneous broadening are similar in QFMLG.
However, the inhomogeneous broadening is larger by 2-3 cm ™! with respect to the homogeneous
broadening in SLG-Ar and SLG-vac. The role of inhomogeneous broadening is thus larger in SLG-Ar

and SLG-vac than in the QFMLG.
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Figure 4. The (a) FWHM and (b,c) Voigt fitting parameters of (b) homogeneous () and (c)
inhomogeneous () broadening are compared for the three samples (QFMLG, SLG-Ar, SLG-vac).

Table 2. Fitted parameters 7 and ¢ of Voigt line shape and FWHMs for three samples (QFMLG, SLG-Ar,

Vac

QFMLG

Ar Vac

QFMLG

Ar Vac

SLG-vac). The line shape was determined at four different positions on each sample.

Sample Sample Position FWHM (cm™) 4 (cm™!) o (em™1)
QFMLG 1 21.1 10.53 +£0.12  10.13 £0.12
2 21.1 10.56 £0.13  10.06 £ 0.13
3 253 1116 £0.16  11.24 £0.15
4 23.2 10.94 +£0.17 11.06 £0.16
Argon grown 1 33.6 14.8 £0.4 16.3 £0.3
2 31.5 13.7+0.3 154+0.3
3 29.4 139+0.2 147 £ 0.2
4 33.6 121+ 0.6 17.6 £ 0.5
Vacuum grown 1 35.7 149 £0.5 175+ 04
2 31.5 135+0.3 155+0.2
3 35.6 148+ 04 177 £ 0.4
4 31.4 13.7+0.3 16.4+0.2
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We study sources of inhomogeneous broadening by measuring spatial Raman maps. We show the
Raman maps of the 2D peak position and FWHM of 2D peak in Figure 5. We select three representative
points (marked by black, red and blue circles in Figure 5a—f) and Raman spectra taken at these points
are plotted in Figure 5g—i. The SLG-vac sample is the least homogeneous. The broad and blue-shifted
2D peak (red spectrum in Figure 5g) is a fingerprint of bilayer graphene. We observe similar small
areas of broad and blue-shifted 2D peak in QFMLG, too (red spectrum in Figure 5i). Though SLG-Ar
sample appears to be more homogeneous than SLG-vac and QFMLG, this could be due to the larger
steps of SiC, or, due to the specific area chosen for the Raman map. To verify further the origin of
these inhomogeneities, we measured also AFM and LEM, see Figure 6. The topography of SLG-vac
shows circular-like SiC terraces of 1-4 pm in diameter. The SLG-Ar and QFMLG show regular SiC step
bunching. The regular terraces are 1-4 um broad in SLG-Ar, and, they are 6-7 um broad in QFMLG.
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Figure 5. Maps of Raman scattering. The map of (a—c) 2D peak position and (d—f) 2D peak FWHM
measured in (a,d,g) SLG-vac, (b,e,h) SLG-Ar and (c,f,i) QFMLG. We also show 2D peak line shape at
three locations marked by black, red and blue circles. The spectra are plotted using corresponding
black, red and blue curves in (g—i).

To identify these different areas in topography, we measured also LEM. The LFM can distinguish
different materials if their friction with an AFM tip is different. The LFM images are shown in
Figure 6d—f. We also plot friction force profiles in Figure 6g—i. We observe reduction of the friction
force at the edges of homogeneous SiC areas in SLG-vac. Some edges show similar reduction of the
friction force in SLG-Ar, too. In both cases, the friction force is reduced ~ 2 x. Such reduction of the
friction force was shown between single and bilayer graphene [43]. The friction force is increased in the
step edge areas in QFMLG. The increase of friction force was related to the buffer layer [43], however;
we observe increase by only ~ 2.5x. The expected increase is ~ 10x for buffer layer. We note, that the
step edge, or, sidewall area does not have the same structure as buffer, as shown in literature [44,45].
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We interpret the graphene at the SiC step edges as the sidewall graphene ribbons [46,47]. We also
observe in LFM that the friction displays large homogeneous areas, and, it also shows considerable
amount of sub-micrometer sized inhomogeneities. These patches of different friction/material can
contribute to the overall line shape of the 2D peak, too.
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Figure 6. The topographies (20 x 20 um?) of investigated samples are depicted in graphs (a—c) and
corresponding friction force maps are shown in graphs (d-f). The profiles (g—i) of friction force maps
(green lines) demonstrate the SLG, BLG, QFMLG and sidewall area.

Another contribution to the 2D peak broadening is the charge density and strain variation on
the sub-micrometer length scale. We analyzed the positions of the G and 2D peaks measured by
Raman mapping. The correlation of the G and 2D peak positions are plotted in the inset of Figure 7.
We describe the relation between the G and 2D peak position w¢, wyp and mechanical strain and
charge density by the following set of two equations.

wg = wgo + ag|nap| — 2vcweoe (8)

wyp = wapo — X2pN2p — 272DW2D0E, )

where proportionality constants are g = 6.8 cm~!/10'® cm™2 and ap = 2.7 cm~1/10'3 cm~2.

The effective Griineisen parameters are y; = 1.8 and 7,p = 3.5. The G and 2D peak positions in the
charge neutral unstrained graphene are wgy = 1582 cm™!, and wypg = 2680 cm 1. We chose the linear
dependence of G and 2D peak position on strain in agreement with previous experimental works
studying the G peak [7,26] and 2D peak [24-27]. We chose the functional dependence of the G peak
position on the charge density as an approximation to the theoretically predicted dependence [7-9,48].
The expected charge density dependence of G peak position is smoothed at room temperature [48] in
comparison to T = 0 K. The measured dependence can be clearly approximated by absolute-value
function, when compared to theory [48] and experiment [5,7-9]. Our fitting parameters lead to 2.5x
stronger charge density sensitivity of G peak than the sensitivity of 2D peak. The absolute values
and relative strength of G to 2D peak charge sensitivity is in agreement with previous works [7,9].
Other fitting parameters lead to the sensitivity of G peak position to strain Awg = —57 cm~!/%,
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and, to the sensitivity of 2D peak position to strain Aw,p = —188 cm™!/%. These G and 2D peak
sensitivities are in very good agreement with work of Mohiuddin [26], where authors found the G peak
sensitivity to the biaxial strain Awg = —63 cm ™! /% (page 4 in Ref. [26], 2nd column, 1st paragraph).
The 2D peak sensitivity to the biaxial strain was found Awg = —191 cm ™1 /%, see Ref. [26], page 5,
1st column, 4th paragraph. These parameters are also in good agreement with an experimental results
of Schmidt [5] (Awg = —63 cm ™1 /%, Aw,p = —149 cm™1 /%), and, Density Functional Calculations
(DFT) Awg = —58 em™1/% and Aw,p = —144 cm~1 /%, see Ref. [26], page 5, 2nd column.
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Figure 7. The variation of the charge density and strain as determined from the spectral position of
the G and 2D peaks in the three samples (QFMLG, SLG-Ar, SLG-vac). The inset shows the correlation
between the G and 2D peak positions. The left and bottom histograms depict the distribution of the
charge density and strain, respectively.

We solve the set of Equations (8) and (9) numerically for each point of the Raman map and we
obtain the correlation between the charge density and strain, as depicted in Figure 7. We observe
that QFMLG shows the largest variation of the charge density. At the same time, the QFMLG sample
shows the smallest inhomogeneous broadening, as we showed in spectral analysis of the 2D peak
line shape fitted by the Voigt function. The anticorrelation between the observed charge density
and inhomogeneous broadening in QFMLG led us to conclude that the main contribution to the
sub-micrometer inhomogeneous broadening is the strain variation.

4. Discussion

The detailed analysis of 2D peak line shape shows that the Voigt line shape describes the 2D
peak better than the Lorentzian line shape. Although the improvement is significant, the x? statistics
suggests that further corrections are needed. These deviations from the Voigt model are probably due
to the larger areas of non-normally distributed strain, or, due to the patches of side wall graphene at
the SiC step edges. Such areas cause side bands or local extrema in the normal distribution of the strain.
We propose these deviations from the normal strain distribution can be reduced by defocusing the laser
spot. However, defocusing will also reduce the Raman signal, and, it will also cause broader 2D peak.
We assumed only biaxial strain contributing the total broadening of 2D peak. Though the uniaxial
strain was neglected, it could contribute to the 2D peak broadening, too. The uniaxial strain splits the
2D peak [24-27]. If the 2D peak splitting is smaller or comparable to the spectral resolution (2 cm™1),
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the 2D peak could be misinterpreted as a single-component peak. We assume that the uniaxial strain
would effectively contribute to the 2D peak broadening only. Also, since the 2D peak splitting also
leads to unequal intensities of the two split components, we expect contribution to the asymmetry of
the 2D peak.

Another contribution to the inhomogeneity of epitaxial graphene on SiC is the stacking alignment
between graphene and underlying SiC substrate [49]. These stacking domains can lead to strain
inhomogeneity. However, since the size of these domains is well below the laser spot size (1 um) we
assume these stacking domains will mainly contribute to the Gaussian broadening, and, they could be
studied by the Voigt line shape fitting.

We note it is necessary to fit the data of the 2D peak in the large enough spectral range. We used a

~1 can not be used due to

300 cm~! broad spectral window. The spectral window broader than 300 cm
the presence of the combination Raman mode at ~2450 cm~!. The narrower spectral range can lead to
better fit [17,50], however, the fitting parameters might not be as reliable. As the Raman signal is low
in the low and high energy tails, the signal might become weaker than the noise level. For the reason
of high signal-to-noise ratio the Raman spectra have to be collected with a high numerical aperture
objective and the data have to be integrated for at least 60 s.

Our analysis also shows a promise for growth improvements of the epitaxial graphene.
The correlation between the width of the 2D peak and carrier mobility has been demonstrated [22].
Hence, we assume, if the strain inhomogeneity is reduced, the graphene carrier mobility could be
improved, too.

Contrary to improving graphene, the effect of inhomogeneous broadening can also result in large
deviations from the here presented line shapes. We have studied samples where the inhomogeneous
broadening is comparable to the homogeneous broadening. However, if the inhomogeneous
broadening dominates, the Gaussian component is expected to be prevalent in the 2D peak line shape.

5. Conclusions

We show the 2D peak line shape is given by a convolution of the inhomogeneous and
homogeneous broadening, so called Voigt broadening, rather than just by a single Lorentzian line shape.
We interpreted the inhomogeneous broadening to be mostly given by a sub-micrometer length scale
strain variations. The hydrogen intercalated buffer layer is shown to have the smallest homogeneous
and inhomogeneous 2D peak broadening.
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Abbreviations

The following abbreviations are used in this manuscript:
SLG single layer graphene

QFMLG  Quasi free-standing monolayer graphene

SLG-Ar  Single layer graphene grown in argon
SLG-vac  Single layer graphene grown in vacuum

29



Appl. Sci. 2020, 10, 2354

AFM
LFM
DOF
RSS

Atomic Force Microscopy
Lateral Force Microscopy
Degrees of freedom
Residual Sum of Squares

FWHM  Full Width at Half Maximum

CDF

Cumulative distribution function
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Abstract: Modification of epitaxial graphene on silicon carbide (EG/SiC) was explored by ion
implantation using 10 keV nitrogen ions. Fragments of monolayer graphene along with nanostructures
were observed following nitrogen ion implantation. At the initial fluence, sp® defects appeared in EG;
higher fluences resulted in vacancy defects as well as in an increased defect density. The increased
fluence created a decrease in the intensity of the prominent peak of SiC as well as of the overall
relative Raman intensity. The X-ray photoelectron spectroscopy (XPS) showed a reduction of the
peak intensity of graphitic carbon and silicon carbide as a result of ion implantation. The dopant
concentration and level of defects could be controlled both in EG and SiC by the fluence. This provided
an opportunity to explore EG/SiC as a platform using ion implantation to control defects, and to be
applied for fabricating sensitive sensors and nanoelectronics devices with high performance.

Keywords: ion implantation; Raman; AFM; XPS; graphene

1. Introduction

Graphene is well known as a two-dimensional material with several remarkable properties like
high electrical conductivity, high flexibility, low electric noise and high mechanical strength [1]. The lack
of bandgap limits its application potential. Graphene based digital devices cannot be “switched-off”
due to a constant flow of electrons. Switching is a necessity in electronic devices such as switches
and transistors. Efforts are made to control the bandgap in growth and post processing, but it is a
big challenge.

Modification of surfaces functionalizes graphene and has demonstrated a band gap [2], which
makes possible its usage in digital electronics, nanoelectronics, spintronics, magnetronics and much
more. The structural changes also alter its optical, electrical, mechanical and magnetic properties,
thus offers its applicability for biosensors, gas sensors, optoelectronic devices, solar cells, detectors,
batteries, pressure sensors, etc. The structure of graphene has been altered using various methods
such as chemical doping, covalent functionalization and electron/ion beam irradiation [3-5].

The ion beam technology is a high precision and high reproducibility process. Structural
modifications introduced using ion irradiation are much more effective due to the reason that there is
an efficient transfer of energy from energetic incident ions to the atoms of graphene. Impurity doping
can be done by ion irradiation (both by insertion of atoms from primary ion beam or via backscattered
atoms from the substrate) and various atoms, molecules or ions can be explored. This range of options
is not offered by any other technology. Both dopant and defects introduction in the material at the
same time up to a desired depth can be also tailored.

Appl. Sci. 2020, 10, 4013; doi:10.3390/app10114013 33 www.mdpi.com/journal/applsci
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The low energy ion implantation has been shown to modify the different types of graphene,
such as produced by mechanical exfoliation, chemical vapor deposition (CVD) and sublimation epitaxy
(epitaxial graphene) process. Experimental and theoretical studies showed an array of nanodots and
nanowires on graphene on SiO, using 30 keV Ga ion irradiation [6]. The structural modification in
mechanically exfoliated multilayer graphene on SiO, substrate caused an increase in defects with
the increase in dwell time of ion irradiation, along with an increase in the compressive strain using
focused ion beam (FIB) with Ga ions [7]. It was also shown that multilayered graphene is p-type
doped due to defects thereby resulting in increasing the work function [7]. Modified single layer
CVD graphene showed metal-insulator transition at larger doses of Ga ion irradiation using FIB [8].
There was a change of work function of graphene with an increase in defect density with increasing Ga
irradiation dose [8]. Argon ion irradiation in the energy range of 0-200 eV with time of 0-10 s was
applied on few layers of graphene. The study optimized beam energy and irradiation time to remove
surface contaminants and to flatten the surface damage [9]. Nanopores were formed (size of two
nanometers) following the treatment of exfoliated graphene on SiO, with hydrogen plasma etching [10].
Single layers of graphene nanopatterning were obtained by using helium ions and nanostructures
and nanoribbons appeared at a dose of 2.0 X 10 jons/cm? [11]. Nanopores were also obtained in
exfoliated graphene using 35 keV Ga ion irradiation [12].

Different types of ions create different levels of defects. Xu et al. used B, N and F ion irradiation
on CVD grown monolayer graphene at 35 eV and 20 eV energy between 1 x 10 ions/cm? to
6 x 105 ions/cm? fluence [13]. Willke and co-workers observed that 25 eV N ion implantation at
5 x 10'* ions/cm? fluence resulted in doping of epitaxial graphene (EG) with N concentration of around
1% [14]. Ion implantation on EG with 25 eV B and N ions showed an increase in resistance and a
change in magnetoresistance from positive to negative [15]. Defect differences appeared at 200 keV N
and Ar ion irradiation of epitaxial graphene, along with a decrease in corrugation [16]. Previously we
showed that ion beam implantation (30 keV) and ion beam irradiation (100 MeV) using silver ions acts
as a tool to increase sensing capacity of EG on SiC [17,18].

Earlier studies explored defect generation in graphene and SiC independently [19-22]. Only some
studies are about defect generation in both graphene and SiC. The substrate plays a crucial role in defect
generation in EG on SiC, which shows the importance to study defect generation in both EG and SiC as
defect generation in both graphene and SiC enhances their applicability in various interdisciplinary
areas [6]. This study presents the effects of ion implantation using N ions on structural properties of
EG and SiC. The EG/SiC was irradiated with 10 keV N* ions at 1 x 10’2 ions/cm? to 1 x 10™ ions/cm?
fluences. This range of energy of incident ions create defects both in graphene and SiC while other
energy ranges (eV and MeV) influence either graphene or the SiC substrate. Further, doping of graphene
with N is advantageous as it results in n-type doping of graphene due to the reason that C and N
have comparable atomic radii and chemical bond lengths, which causes substitution of C atom by N
atom [23]. Theory revealed that different N dopant configurations result in affecting the local density
of states and local charge distribution, and thus changes of the electronic and sensing properties of
graphene [24]. The N doping is a way to have n-type graphene material, and is an excellent platform
for Li batteries, fuel cells, supercapacitors. This plays a critical role for developing graphene-based
nanoelectronics and optronics. Although chemical methods also produce n-type graphene, but they have
many disadvantages comparatively to ion implantation like lack of precise control on the concentration
of the dopant, contamination and inferred secondary impurities and site selectivity. The ion implantation
has revolutionized the semiconductor technology to have a significant economic and societal impact.
Integration of ion implantation with EG/SiC will be a further and major step-up into technological
progress. lon implantation of graphene with trivalent and pentavalent impurities presents huge prospect
for industrial scale, non-chemistry reliant functionalization and processing of 2D materials.

2. Materials and Methods

Substrates of 4H-SiC (0001) was used for the growth of EG. The graphene was grown inside
an inductively heated furnace by thermal decomposition of SiC substate at 2000 °C having an argon
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pressure at 1 atm [25]. Nitrogen ion (N*) implantation was carried out at Inter University Accelerator
Center (IUAC), New Delhi, India employing 30 kV tabletop accelerator. N* ions with 10 keV energy
were used for ion implantation at varying fluences between 1 x 10'? ions/cm? to 1 x 10! ions/cm?.
Stopping and range of ions in matter (SRIM) software was exploited for calculating various parameters
like projected range of ions and different types of energy losses [26].

The atomic force microscopy (AFM) by Veeco instruments with 3100 dimensions was done in the
tapping mode on both as grown and ion-implanted samples. Raman-AFM WITEC model alpha 300
instrument with excitation laser of 532 nm was used for measuring Raman spectra. An axis Ultra DLD
instrument having monochromatic Al (Kx) radiation (hv = 1486.6 eV) was used for doing the XPS
measurements. The base pressure in analysis chamber was <1.5 x 10~/ Pa when the XPS spectra were
recorded. The C 1s, Si 2p and O 1s core level spectra obtained from XPS further were deconvoluted
using Casa XPS software package [27].

3. Results

3.1. AFM

The pristine and nitrogen ion-implanted EG at 1 x 1014 ions/cm2 fluence is shown in Figure 1a,b
which are Atomic Force Microscopy (AFM) phase images obtained at scan areas of 10 pm X 10 pm.
The pristine graphene is dominantly covered with monolayer graphene (ML) and bilayer (BL) graphene
(darker areas) as depicted in Figure 1a. The thickness of graphene was obtained using optical reflectance
mapping. Figure 1b shows changes in the surface morphology following ion implantation which
resulted in fragmentation of the ML graphene shown by white arrows. Figure 1c is the phase image
and Fig 1d is height image of the sample implanted at the highest fluence (1 x 10'* ions/cm?) showing
presence of dot like structures (shown with black arrows) referred as “nanostructures”. Their diameters
are estimated from software Nanoscope III (V5.3) (Digital Instruments/Vecco Metrology group,
Plainview, NY, USA) to be between 40-70 nm and the heights of around 0.8-1.2 nm.

Figure 1. Atomic force microscopy (AFM) phase images of (a) pristine and (b) N* ion-implanted
epitaxial graphene (EG) on SiC at 1 x 10™ jons/cm? fluence over a scan area of 10 um x 10 um with
white arrows showing fragmentation of Monolayer (ML) graphene; (c) phase and (d) height image
of N* ion-implanted EG on SiC at 1 x 10 jons/cm? fluence over scan area 2 m x 2 pm with black
arrows showing presence of nanostructures.
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At the elastic impact of the energetic ions on the atoms of the material, i.e., in case of nuclear
energy loss, the atoms of the material are dislocated from their initial sites in the lattice when the
transmitted energy is higher than the displacement threshold energy. The minimum energy required
for displacing a single C atom in graphene is 22.2 eV [28]. The minimum lattice displacement energy for
the C atom is 20 eV and the Si atom is 35 eV in SiC [29]. In this case, the energy of the incident energetic
ions (nitrogen ions) is much more than the energy required for displacing C atoms in graphene and Si
and C atoms in the SiC lattice. This resulted in creation of C and Si Frenkel defects. Further, if the
surface binding energy required by the atom to bind to the solid surface is lower than the incident
energy of the ions, then the atom can be sputtered. In SiC, the surface binding energy was reported to
be 7.4 eV for C and 4.7 eV for Si [30].

As the transferred energy is greater than the surface binding energy and the displacement
threshold energy of Si and C atoms, it likely results in both displacement and sputtering of target
atoms. We estimated the electronic energy loss (Se) and the nuclear energy loss (Sn) by the SRIM
software for N* ion implantation in EG on SiC, and the results are tabulated in Table 1. It was found
that in N* ion implantation, Sn dominates as compared to Se.

Table 1. Electronic and nuclear energy loss, longitudinal straggling and lateral straggling calculated
from stopping and range of ions in matter (SRIM) simulations.

Ion Elg;t;omc lzzzlrear Projected  Longitudinal Lateral
Ion Type Energy 8y 8y Range Straggling Straggling  Sp/Se
(keV) Loss (Se) Loss (Sp) (am) (am) (o)
(eV/nm) (eV/nm)
N* 10 0.1013 0.3104 10.4 3.0 1.9 3

The projected range for N* jon implantation is 10.4 nm along with a longitudinal straggling of
3 nm. This shows that most of the damages are generated due to the ion implantation are settled not
in the graphene layer, but into the SiC substrate. In this work, defects in graphene are recognized as
direct and indirect defects. Direct defects are referred to as defects that arise by the direct impact of the
incident ions with C atoms of graphene. Indirect defects are the defects that are created by the impact
of the substrate atoms on the C atom of graphene. During the process of collision of incident ions with
the substrate atoms, the substrate atoms are sputtered. The sputtered substrate atoms further undergo
collision with the C atom of graphene and remove the C atom from the graphene lattice. This process
of defect generation in graphene is referred to as indirect defects [6]. It was reported previously that
sputtered C atoms undergo agglomeration into small clusters due to their high structural fluidity
during the process of ion irradiation [31,32]. Direct and indirect defects cause agglomeration of
sputtered atoms which presumably resulted in the formation of nanostructures that are observed in
this study on ion-implanted EG/SiC in Figure 1c,d. The Monte Carlo simulation of defect generation
upon 0.1 to 1000 keV energy range in ML graphene supported by SiO, substrate showed that C Frenkel
pairs are primary defect than Si Frenkel pairs [6]. Defect generation in 0.25-50 keV ion-implanted SiC
using molecular dynamics simulation reported that most defects are carbon vacancies and carbon
interstitials with small fraction of antisite defects (atoms of different type exchanged position) [29].
It was proposed that the substrate plays a major role in enhancing the sputtering yield [6] when
C sputtering yield was presented to be higher in graphene supported by SiO, substrate than in
suspended graphene. Sputtering following ion implantation breaks graphitic carbon bonds and causes
graphene fragmentation as observed in Figure 1b. AFM results showed that ion implantation provides
a single step process for nano-pattering of EG/SiC in controlled manner which can be further used for
developing optoelectronic, electronic and magnetronic devices of high performance.

36



Appl. Sci. 2020, 10, 4013

3.2. Raman Spectroscopy

Raman spectroscopy provides structural fingerprints of the molecules in a material and is a
nondestructive method. Figure 2 presents spectra obtained from Raman spectroscopy of pristine and
10 keV N* ion-implanted EG at varying fluences. The Raman spectra of graphene are characterized by
the G peak located around ~1580 cm ™! and a 2D peak present at 2730 cm™! wavenumbers. The G peak
is the only first order peak and is a result of bond stretching both by aromatic ring atoms and chain
atoms [33]. The 2D peak indicates defect free graphene and is related to a two phonons process. D
peak which occurs at ~1350 cm~! wavenumber is related to defects in graphene and is not observed
for pristine graphene [34]. Additionally, the presence of D+D’ at 2950 cm~! and D’ at 1620 cm™},
also demonstrate defects in EG [35].
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Figure 2. Raman spectra of pristine and N* ion-implanted EG on SiC obtained at different fluences.

Figure 2 shows the absence of the D peak in pristine graphene, thus showing as grown graphene
is of high quality. Figure 2 shows the presence of the D peak in all ion-implanted samples. The D’ peak
is clearly visible up to 5 x 10'® ions/cm? fluence, however, at the highest fluence (1 x 10'* ions/cm?)
the D’ peak is not visible as it merged with the G peak. The D+D’ peak appeared in all ion-implanted
samples, reflecting a significant amount of defects [35]. The intensity ratio of D peak and G peak is
represented as I(D)/I(G) and the intensity ratio of 2D peak and G peak is represented as I(2D)/I(G).
They were calculated using Figure 2 for all ion-implanted samples. Defects are generated following
ion implantation which resulted in the decrease in I(2D)/I(G) and an increase I(D)/I(G) which was
also evident from a previous study [36]. Figure 2 also shows the fluence dependent rise in the
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intensity of D peak and fall in the intensity of the 2D peak. This signifying increase in defects with the
increase in fluence. This is similar to a previous study following ion implantation on graphene sheets.
The graphene sheets were prepared by the direct liquid exfoliation of graphite layers which then were
deposited on a Si—substrate [37]. There is an increment in the full width half maxima (FWHM) of the
2D peak with increasing fluence.

In graphene, the sp3 defects dominate when I(2D)/I(G) > 1 and I(D)/I(G) < 1, while domination
by vacancy defects is observed when I(2D)/I(G) < 1 and I(D)/I(G) > 1 [38]. Another study reported
domination of sp® defects when I(D)/[(D’) is in the range of 7 to 13, and domination of vacancy defects
when I(D)/I(D’) is in the range of 3.5 to 7 [35]. The authors referred to sp3 defects as “hopping defects”.
These defects distort the bonds between the carbon atoms, retaining the general sp? configuration,
while vacancy defects arise due to missing of atoms from its lattice site. Ata fluence of 1 x 10'2 ions/cm?,
sp® defects dominate as I(2D)/I(G) > 1, (D)/I(G) < 1 and I(D)/I(D’) is higher than 7 and at a fluence
5 x 10'2 ions/cm? and higher, vacancy defects dominate as I(2D)/I(G) < 1 and I(D)/I(G) > 1, and I(D)/I(D’)
is in the range of 3.5 to 7.

Cancado et al., based on the intensity ratio between D peak and G peak, classified graphene defect
generation into two stages, stage I and stage II. In Stage I, there is a rise in the I(D)/I(G) ratio, but in
stage II there is a fall in the I(D)/I(G) ratio. The stage II is also marked by a broadening of FWHM of D
and 2D peaks [36]. The two stages are discussed in detail by Kaushik et al. for ion implantation using
Ag~ ion in epitaxial graphene [17]. Figure 2 shows an increase of the FWHM of the 2D peak in N*
ion-implanted EG at varying fluences. At fluence of 1 x 1014 ions/cm?, there is a significant broadening
of FWHM of D and 2D peaks. This marks a clear indication of the onset of stage II [36]. Luchesse et al.
simulated phenomenological model and gave the relation between I(D)/I(G) and the average distance
between defects represented as Lp as shown below [39].

1(D) Ca M [e—rrré/L%) _ e—n(r,z,—fé)/LzD] )
He (rn-n)

where rp = 3.1 nm and rg = 1 nm are the radii of the activated area and the structurally disordered area.
Details of activated and disordered area are mentioned further by Kaushik et al. [17]. The constant
Ca = 4.2 which depends on the laser excitation energy (in this work it is 2.33 eV) and the maximum
possible value of I(D)/I(G). The I(D)/I(G) were estimated from the results obtained by Raman
spectroscopy (Figure 2) and Lp was calculated in graphene using the above equation. The Equation (2)
below shows the relation between L and defect density represented as np.

np = 10"/ Lp? )

The np was estimated using Equation (2). Table 2 tabulates the values of I(D)/I(G), Lp and np at
different fluences in the ion-implanted samples of EG/SiC.

Table 2. Intensity ratios of D and G peaks (I(D)/I(G)), mean distance between defects in graphene (Lp)
and defect density (np) in N* ion-implanted EG/SiC.

N* Ion Implantation (10 keV)

Samples
I(D)/I(G) Lp (nm) np x 101 (cm~2)

Pristine 0.27 22.47 6.31
Fluence

1 x 10'2 jons/cm? 0.85 10.85 27.05

5 x 10'2 jons/cm? 1.25 8.68 4226

1 % 103 jons/cm? 2.10 5.96 89.65

5 % 10'3 jons/cm? 3.00 3.05 342

1 x 10 ions/cm? 2.70 2.85 393
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Table 2 shows the rise in the defect density with the increase of fluence. Figure 2 shows that the
2D peak is positioned at ~2730 cm ™ in the pristine sample. Besides reduction in the 2D peak intensity
with the increasing fluence, we also observed a red shift of the 2D peak (Figure 2) in the ion-implanted
samples. The 2D peak is fitted with a Lorentzian curve and we observed that the 2D peak centered at
2730 cm ™! in the pristine sample shifted to 2680 cm™! in the highest implanted fluence. This red shift of
the 2D peak is because of relaxation of compressive strain following ion implantation as pristine EG is
initially under compressive strain. Earlier studies showed that following electron beam implantation a
red shift in the 2D peak is due to tensile strain or due to relaxation of compressive strain [40].

The structural modifications in the 4H-SiC substrate was explored using Raman spectroscopy.
Defects in graphene appear due to a combination of direct collision of the incident ions with graphene
atoms and due to the impact of indirect collision of the substrate atoms [6]. Thus, it is essential to
investigate defects generated in SiC as well. Two prominent peaks in SiC Raman spectra are FTO
(2/4) at 776 cm~! and LO at 965 cm™ [41]. Figure 3a shows the presence of these prominent SiC peaks
in the Raman spectra. Figure 3a indicates a decrement in the intensity of FTO (2/4) and LO with the
rise in fluence, which is similar to that reported earlier in ion irradiated SiC [42]. C sub lattices has
displacement energy of 20 eV and Si has of 35 eV in the SiC lattice. Since the transmitted energy in
this study is higher than the threshold energy required for C and Si atom, the displacement of Si and
C atoms from its lattice site occurs and which causes breaking of the SiC bonds. This results in a
reduction of the intensity of the FTO (2/4) peak along with the LO peak, which can be observed in
Figure 3. At the highest fluence (1 X 10'# ions/cm?), a shift and narrowing of the FTO (2/4) peak along
with the LO peak is observed (Figure 3a). This is in agreement with a previous study, which reported
that this could be due to the fact that point defects trap the free carriers. The LO phonon loses the
plasmonic coupling as a result of defects causing a shift in the LO peak [43]. Figure 3b illustrates newly
formed Raman bands in the range around ~500-550 cm™! at the highest fluence. This is due to the
formation of Si-Si bonds in the samples implanted at a fluence 1 X 10 ions/cm? [44]. In addition
to that there also occur less intense bands in the region of 650-800 cm ™! in the Raman spectra of the
sample with the highest fluence. This could be due to the formation of a new vibrational modes of Si—C
following the ion implantation. Sorieul and co-workers reported that defects generated in SiC by ion
irradiation result in breakdown of Raman selection rules, which leads to generation of Si-Si and C-C
and new Si-C vibrational modes [44]. Further, Figure 3b shows a bump in the region 815-950 cm™!
which is due to the superposition of three transverse optical phonons which are 2TO (X), 2TO (W) and
2TO (L) of silicon [45].

The relative Raman intensity which is denoted as RRI is the ratio between the average intensity
of the first order Raman modes in the ion-implanted sample and that of the pristine sample [46].
Figure 4a shows a decrease in RRI from its maximum value of 1 in the non-implanted sample to the
value of 0.30 in the sample implanted at fluence of 1 x 10'* ions/cm?. Increased amount of defects with
increasing fluence is the reason behind the reduction in the value of RRI, which is in agreement with a
previous study [46]. The total disorder, which quantifies the damage of the crystallinity of materials
is defined as 1-Aporm. The Aporm is the ratio between the total area under the principal first order
Raman band in the implanted material and the area under the principal first order Raman band of the
crystalline material [47]. The ranges used for estimating the area under principal first order bands
(FTO (2/4) and LO) are ~760 cm~'-800 cm™" and 955 cm™1-990 cm™. Following ion implantation
total area under principal first order bands of implanted sample reduces which results in rise in total
disorder in implanted samples. The rise in the value of the total disorder with increasing the fluence
signifies the decreased crystallinity of the material with increasing fluence [47]. Figure 4b shows the
change in the total disorder at varying fluences following the ion implantation, with increment in the
value of the total disorder to 0.73 in the highest fluence implanted sample (1 x 10'* jons/cm?). Raman
results suggest that one can introduce different levels of defects into both EG and SiC by just tuning
the fluence which forms a platform for developing high performance supercapacitors, sensors, etc.
as defects in controlled manner enhance storage capacity and sensing capacity of EG/SiC.
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Figure 4. Variation in (a) relative Raman intensity, (b) total disorder following 10 keV N*
ion implantation.

3.3. XPS

Figure 5a shows the C 1s spectra of as grown EG/SiC and implanted EG/SiC at 1 x 10'2,1 x 1013
and 1 x 10 jons/cm? fluences obtained from XPS at takeoff angle of 90°. The C 1s spectra of EG/SiC
are characterized by a graphitic carbon (C=C) peak around 284.8 eV and a silicon carbide (Si-C) peak
around ~283.8 eV. Additionally, due to the graphitization process, a minor contribution around 289.0 eV
is due to the formation of O-C=0 bonds [48] in the pristine sample. Following N* ion implantation,
C 1s spectra show a reduction of the intensity of both graphitic carbon (C=C) and silicon carbide peak
(Si-C) than the pristine sample. This is indicative of irradiation-induced damages scaling with an
increasing fluence, as revealed by the fact that the overall C 1s and Si 2p spectra intensity decreases
when going from 1 X 102 to 1 x 10™ jons/cm?2.
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There was a broadening of the Cls spectra in the region between 284.5 eV to 287.5 eV in all
ion-implanted samples, Figure 5a It may have been due to the presence of the C=N bond at 285.7 eV
following the nitrogen ion implantation in graphene [49]. Figure 5d shows the corresponding N 1s
spectra which reveal two components at 397.9 eV and 400.3 eV, that can be assigned to pyridinic
and quaternary type N-functionalities, respectively [49,50]. The overall N 1s intensity increased with
increasing ion fluence which was indicative of an effective N implantation.

Figure 5b shows Si 2p spectra with the SiC peak at ~101.6 eV in as grown EG/SiC sample in
agreement with earlier study [51]. The Si 2p spectra of N* ion-implanted samples reveal a decreased
intensity of the SiC peak with increasing fluence, in agreement with Raman results (Figure 3). In addition,
Si 2p spectra shift towards a lower binding energy approaching BE values which is characteristic of
pure Si. [52]. These changes can be interpreted as resulting from breakdown of the Si—C bonds and an
increased generation of homonuclear bonds of the sp> C-C and Si-Si type (Figure 5b).

Figure 5c presents the O 1s spectra which clearly depict a fluence dependent rise in the O
1s peak intensity. There appears two peaks at ~532.1 and 533.2 eV in the O 1s spectra obtained
after deconvolution of the O 1s spectra (data not shown) in the as grown EG/SiC sample, peaks are
attributed to C=0 and C-OH peak, respectively [53]. The high binding energy component increases
by the ion implantation which is indicative of C-OH formation. The XPS showed that dopant
concentration can be precisely controlled by controlling the fluence which provides a simple method
for developing nitrogenated graphene at varying concentrations and enhances the applicability of
EG/SiC in nanoelectronics.

4. Conclusions

There was a structural modification of monolayer/bilayer graphene and the SiC substrate using 10
keV Nion implantation. This works shows that at this energy both dopant and defects can be introduced
simultaneously in graphene and SiC, while other studies have investigated defect generation in either
graphene or SiC. The AFM investigation show a fragmentation of the single and bilayer graphene
accompanied by a formation of nanostructures. The ion implantation caused breaking of graphitic
carbon bonds which results in the fragmentation of monolayer and bilayer graphene at many places.
There was an agglomeration of sputtered carbon atoms into small clusters due to their high structural
fluidity which results in formation of nanostructures. The corresponding Raman spectra showed an
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increase in the D peak intensity up to the fluence of 5 x 10'® ions/cm? and a decrease in the D peak
intensity at 1 x 10 jons/cm? fluence. Stage I type of defects dominated up to 5 x 10" ions/cm? fluence
while stage-IT defects were present at the highest fluence. There were sp® defects at 1 x 10'2 ions/cm?
fluence and vacancy defects at the higher fluences, as well as an increase in defect density with increase
in the fluence. With increasing fluence there was a fall in intensity of the prominent peaks of SiC
along with an increase in the value of the total disorder and a decrease in the value of the relative
Raman intensity. This was interpreted as the SiC interface with graphene is affected by the N ion
bombardment and should be considered when there is device processing. The XPS reveals C=N
formation and a fluence dependent decrease in the SiC peak intensity from the Si 2p XPS spectra.
A rise in Ols spectra with increase in fluence was observed due to an increase of C=0 and C-O-H bond
intensity with increasing fluence. Altogether, this work illustrates the possibility that nitrogen doping
and different levels of defects may be introduced in both graphene and SiC by N ion implantation
on EG/SiC, which implies process control as well as consideration of careful selection of the process
conditions for modifying graphene and SiC or both.
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Abstract: Understanding the mechanism of metal electrodeposition on graphene as the simplest
building block of all graphitic materials is important for electrocatalysis and the creation of metal
contacts in electronics. The present work investigates copper electrodeposition onto epitaxial graphene
on 4H-SiC by experimental and computational techniques. The two subsequent single-electron transfer
steps were coherently quantified by electrochemistry and density functional theory (DFT). The kinetic
measurements revealed the instantaneous nucleation mechanism of copper (Cu) electrodeposition,
controlled by the convergent diffusion of reactant to the limited number of nucleation sites. Cu can
freely migrate across the electrode surface. These findings provide fundamental insights into the
nature of copper reduction and nucleation mechanisms and can be used as a starting point for
performing more sophisticated investigations and developing real applications.

Keywords: epitaxial graphene; copper; redox reaction; electrodeposition; voltammetry;
chronoamperometry; DFT

1. Introduction

Copper (Cu) deposition is one of the key processes in the electronic industry for circuit
interconnections, increasingly replacing aluminum [1]. The electrodeposition of copper has the
advantages over physical and chemical vapor deposition methods since it seems to be cheapest and
best method to fill vias and trenches. Moreover, copper is one of the most-investigated metal catalysts,
stipulating studies of electrodeposition on a variety of carbon materials, especially graphite [2—-4].

The electronic conductivity of graphite is established due to the planar conjugation of the sp?
bonds in a single graphene sheet as a primary building block of all graphitic materials. This defines a
significant anisotropy of the density of states (DOS) for in-plane and out-of-plane (edge and basal planes,
correspondingly) electronic conduction, which is the origin of the duality in the general properties of all
graphitic materials [5,6]. The use of macroscale defect-free graphene sheets [7] allows for the avoidance
of contributions from the reactive edge plane of high DOS. In the past decade, huge efforts have
been made to conceptualize graphene-copper material hybridization for practical applications [8-13].
Particularly, it was discovered that the addition of graphene to the copper matrix can improve the
mechanical and electrical properties of Cu, causing a significant increase in the electrical conductivity,
Young’s modulus, shear modulus, and Vickers hardness as well as a reduction in the thermal expansion
coefficient [8-11]. The aforementioned advantages create excellent prerequisites for copper—graphene
(Cu—Gr) composites to be used as reliable interconnection materials, electrical contact materials for
ultrahigh-voltage circuit breakers and printed electronics. The enhanced conductivity of the Cu-Gr
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composite also determines its exploitation as a high-performance counter electrode in solar cells [12,13].
Furthermore, due to the larger heat transfer coefficient and higher corrosion resistance of Cu-Gr hybrids
in 3.5% NaCl medium when compared to pure copper [14-18], these materials are very promising
for engineering applications (for instance, anti-corrosion coatings) in sea water and for heat transfer
applications, respectively. Copper-graphene nanohybrids were, however, recognized and appreciated
mainly for their role in the development of efficient catalytic and ultrasensitive detection technologies.
The benefits gained from the interaction between graphene-based materials and copper have been
used for reduction of 4-nitrophenol (4-NP) to 4-aminophenol [19,20], oxidation of hydrazine [21,22],
electro-oxidation of methanol [23], hydrogen evolution reaction (HER) [24,25], the electrochemical
reduction of CO, to ethanol [26], oxidative carbonylation of methanol [27], CO, cycloaddition to
propylene oxide (PO) [28], formic acid synthesis by CO, hydrogenation [29] and CO, electroreduction
for methane and methanol production [30]. Beyond the issue of high-performance catalysts, it is worth
mentioning that Cu—Gr composites have also been applied to the electrochemical detection of ascorbic
acid and dopamine [31], organophosphorus pesticide [32], heavy metals [33,34], glucose [35-39],
chlorophenol pollutants in wastewater [40], hydroquinone and catechol [41], nitrite [42,43], nitrogen
dioxide (NO,) [44] and hydrogen peroxide (H,O;) [45]. Numerous density functional theory (DFT)
calculations shed light on the adsorption of different gases (H,S [46,47], CO [48], CO; [49], N,O [50],
H; [51-53]) and organic molecules [54-56] onto Cu-decorated/doped/anchored graphene, thereby
providing the solid theoretical background that is required to design efficient sensing devices.

Until now we have been giving an overview of most relevant applications of copper-graphene
composite materials. However, there is another aspect of mutual interplay between graphene and copper
that needs to be addressed: the detection and removal of Cu?* ions in/from potable water. Even though
Cu is the third most abundant transition metal in the human body and it is vitally important for human
health, an excess of copper ions can cause cirrhosis of the liver in children, Wilson’s disease, Alzheimer’s
disease, etc. [57,58]. For this reason, the development of ultra-sensitive and selective methods for
the monitoring and determination of trace Cu?* ions in water is highly demanded. Since graphene
enables the detection of single molecules accommodated on its surface [59], it attracts a lot of attention
as a highly sensitive and biofriendly material for environmental sensorics [60], including the fast and
real-time detection of Copper ions [61]. Two strategies in such a direction have been implemented so
far: (i) electrochemical sensing by electrodes covered with functionalized graphene-based materials
(reduced graphene oxide, graphene oxide, graphene quantum dots) [62-65] and (ii) optical sensing
using colorimetric and fluorescent probes based on graphene derivatives [66-74]. Both approaches
present some limitations, mainly linked to the instability and complicated preparation procedure of
the working electrode or fluorescence probe, which typically involves surface functionalization and
multistage chemical reactions. In most cases, such a functionalization can increase the toxicity of a
sensitive component and is, therefore, less desired.

Exploiting epitaxial graphene grown on SiC (epitaxial graphene (EG)/SiC) using the high-
temperature sublimation technique is regarded as an alternative strategy for sensing platform
development. Due to evident advantages over other graphene family materials (namely, its large surface
area free of functional groups, high quality of monolayer graphene, thickness uniformity, wide potential
window, high signal-to-noise ratio, transfer-free technology, and direct sublimation growth without
precursors [75-77]), epitaxial graphene has been tested with promising results for the real-time
detection of Pb?* ions in aqueous solutions (with a detection limit far below the WHO’s permissible
level for lead in drinking water) through performing square-wave anodic stripping voltammetry and
response-recovery measurements [78,79]. Inspired by this, we have recently extended our activities
beyond lead detection to include the investigation of the electrochemical behavior of the Hg?*/Hg?
redox couple at the epitaxial graphene working electrode [80]; now, we are aiming to elucidate the
nature of the copper electroreduction at the epitaxial graphene surface. Since this issue is very poorly
investigated in the literature, in-depth investigations at an atomistic level are still needed to deal with
the problem. In this regard, complementary electrochemical and theoretical studies of the graphene-Cu
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system presented here may provide critical information on the Cu kinetics, diffusion, adsorption and
sensing mechanisms, thereby facilitating the development of a real-time detection platform. Leaving
aside the Cu®* detection by using graphene, it should be recalled that a holistic understanding of
the interplay between epitaxial graphene and copper is essential not only for sensing applications,
but also for catalytic and electrical applications, due to the mutually reinforcing character of the
graphene—-Cu pair.

In this report, the electrodeposition of copper on epitaxial graphene has been investigated in acidic
environment. The electrodeposition of copper occurs by instantaneous nucleation at a limited number
of sites, via a bi-electronic reduction bypassing of Cu'* intermediates at a significant overpotential
with respect to the process in graphitic materials. The computational methods showed coherence with
the experimental observations.

2. Materials and Methods

2.1. Reagents

Copper (II) sulfate and perchloric acid were purchased from Sigma (Stockholm, Sweden) and
used as received. Experiments were carried out with Milli-Q water from a Millipore Milli-Q system.

2.2. Samples and Processes

An Autolab type III potentiostat (Autolab, EcoChemie, Utrecht, Netherlands) was used for the
electrochemical measurements. An Ag/AgCl electrode in 3 M KCl and a platinum wire were employed
as reference and counter electrodes, respectively, for all measurements.

The samples of nominally monolayer epitaxial graphene (EG) on SiC (substrate area 7 X 7 mm?
and thickness 0.4 mm) were obtained from Graphensic AB and produced by the high temperature
thermal decomposition of the Si-face (0001) 4H-SiC substrate (7 x 7 mm?) in an argon atmosphere
using an inductively heated graphite container with a well-controlled temperature profile [81]. Most of
the substrate surface is coated with monolayer graphene after graphenization, while the fraction of
bilayer graphene islands is negligibly small, which is evidenced by optical reflectance mapping [82].
The samples of epitaxial graphene were used as a working electrode in the open electrochemical cell
obtained from Redoxme AB [83]. The cell consisted of a cup of 300 pL with a 2 mm diameter hole and
a Vitron o-ring on the bottom. The EG sample was fixed under the hole with the o-ring using screws
on the lid. A dry contact for the EG was formed by an aluminum adhesive. The mounted EG sample
was kept inside the cell during all wet measurements and procedures in order to avoid sample drift.

The electrolyte solution was prepared from ultrapure 0.1 mol-L~! HCIOy, 0.1 mM Cu?* (the purity
of copper sulfate, CuSOy4, was higher than 99%), and Milli-Q water. The non-complexing character
of the perchlorate ions (CIO*"), with respect to metal cations in aqueous solutions [84-86], suggests
that the cyclic voltammetry (CV) measurements will enable us to gain insights into Cu-involved
oxidation-reduction reactions, rather than reactions involving more complicated chemical complexes.
To explore the Cu redox behavior and kinetics at the working electrode, we exploited the quite
concentrated aqueous solution of Cu salt to ensure an intense electrochemical signal. The scan rate
was 20 mV/s. The electrochemical reactions are expected to occur at the nominal electrode area of
3.1 mm?. To elucidate the nature of the Cu kinetics, current-time transients were recorded during the
early stages of Cu electrodeposition on Gr/SiC.

2.3. Computational Methods

The Scharifker-Hills approach [87] has been applied to shed light on the nucleation mechanism.
The electrochemistry of Cu at the graphene surface was also investigated through in-depth functional
theory (DFT) calculations performed by using the Gaussian 16 Rev. B.01 package [88]. The C;50H3
structure was chosen as a model of graphene. Since, in aqueous solution, the water molecules
demonstrate a strong tendency to attach to the metal cation and to form the first coordination sphere
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(primary solvation shell), in the present paper, we consider the interaction of the [Cu(H,0)s]**
complexes with graphene, and their reduction to [Cu(H,0)¢]° species. All calculations were carried
out using the PBE1PBE level of theory, with empirical dispersion corrections [89,90]. The 6-31G(d,p)
basis set was used for carbon, oxygen, and hydrogen atoms, while the basis set developed by the
Stuttgart-Dresden-Bonn group (SDD) was utilized for the Cu [91]. Noncovalent interaction (NCI)
analysis was performed using the Multiwfn program to better understand the Cu—carbon bonding
characteristics [92].

3. Results and Discussion

The voltammetry of epitaxial graphene (Figure 1) in the pure supporting electrolyte does not show
any faradaic current in the double layer region of potentials (between +0.5 and —0.4 V). The larger
negative potentials (below —0.6 V) applied on epitaxial graphene in pure acidic electrolytes were
characterized by the appearance of faradaic currents due to the appearance of a hydrogen evolution
reaction. The addition of copper ions to the thousand-times excess of background electrolytes led
to the increase in capacitive currents (ca. 2.5 times at 0.5 V). This manifests the strong adsorption
of di-cations on epitaxial graphene [77,78,93]. In parallel, the redox phenomena associated with the
electrodeposition and dissolution of the metal species became explicit. The voltammetry scan in the
negative direction shows the appearance of an intensive cathodic process at potentials below —0.2 V.
Being a poor complexing ion, perchlorate disables the stabilization and appearance of Cu'*-based
intermediates, which is illustrated by the absence of any redox processes at the higher potentials [94,95].
This implies that the copper electrodeposition on epitaxial graphene proceeds via single, irreversible
bi-electronic reduction. The nucleation loop observed for the cathodic process is assigned to the new
phase formation [96]. Taking into account the differences in the concentration of copper ions as well
as the irreversible (non-Nernstian) character of the deposition process [3], the current density of the
nucleation loop reaches values comparable with copper electrodeposition on glassy carbon [3] and
pyrolytic graphite [4] at the potentials shifted on ca. 400 mV in a negative direction. This overpotential
illustrates the typically slower kinetics of the generalized faradaic process on an epitaxial graphene
monolayer in comparison with the common bulk graphitic interfaces [97] contributed by reactive
graphene edges.
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Figure 1. Cyclic voltammograms related to the electrodeposition and stripping of copper on the
epitaxial graphene (in absence and in presence 0.1 mM Cu?*, as dashed black and solid red curves,
respectively; 0.1 M HCIOy, scan rate 20 mV-s’l).
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The voltammetry scan in the positive direction showed the appearance of discrete steps of
dissolution (stripping) of the copper deposits. The direction-dependent voltammetry response
illustrates the difference between the pristine and copper-modified epitaxial graphene monolayer
presented at potentials higher than 0.5 and lower than —0.5 V, respectively. The oxidation peak current
(O1), located at —0.03 V. corresponds to the single-electron oxidation of metallic copper to Cu'*. Further
increases in the applied potential in a positive direction led to the unusual appearance of the negative
current (R1) at 0.1 V. In contrast to the kinetically slow electrochemical deposition of copper on the
epitaxial graphene monolayer, the aforementioned instability of Cu!* might enable an exergonic
(non-faradaic) route towards the metallic copper at the surface via fast disproportionation. Here,
the state of the surface is not pristine yet. As soon as the copper ions undergo the faster reduction in
metallic copper in comparison with bare carbon [96], the metallic copper might act as an electrocatalyst
for the reduction, in comparison with epitaxial graphene originating the appearance of the negative
currents. Further increases in potential in a positive direction showed the appearance of the sharp
peak current typical in complete oxidation to Cu?* ions. The scenario of the electrode processes was
repeated with continuous voltammetry cycling.

We performed DFT calculations in order to assay the reduction thermodynamics. The Cu?* ion
was considered, when coordinated with six water molecules [98], energetically, the most favorable
complex (Figure 2a). All calculations were performed using the aquo complexes of copper species,
because the intrinsic or extrinsic solvent models did not give satisfactory results.

red(g)
Cu* (g) —— Cu’(g)

AGsal(cu1+) AGsor(cuD)

Cu'* (aq) =———>Cu%(aq)
AGred aq

(b)

Figure 2. (a) Structures of the copper (Cu) complexes: [Cu(H,0)6]%*, [Cu(HyO)6]'*, [Cu(H,0),1°.
The numbers are bond lengths in A. Light pink, blue and red spheres represent H, Cu and O atoms,
respectively. (b) The Born—Haber cycle for the calculation of the potential reductions in [Cu(H,0)6]**
to [Cu(H,0)61°.

The sequential additions of water molecules yielded the stabilization of all considered particles,
computed as a decrease in the electron acceptor reactivity (Figure S1, Supporting Information) and
the Hirshfeld charge on the Cu species (Figure S2, Supporting Information). The aquo complex has
disordered octahedral geometry (Jahn-Teller distortion) with four short (2.02 A) and two elongated
Cu-Obonds (2.26 A). According to the Hirshfeld charge population analysis, the charge located on the
copper atom is equal to +0.601e~. The addition of a first electron yielded the aquo Cu* complex with a
smaller Hirshfeld charge on the copper atom (+0.216) and all elongated Cu-O bonds. The addition
of the second electron led to the formation of metallic copper, confirmed by the negligibly small
Hirshfeld charge on the copper atom (+0.005¢7) and the destruction of the octahedral geometry.
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The equilibrium potential of the mono-electronic redox couple [Cu(H,0)6]1*/[Cu(Hy0)4]°, estimated
by applying the Born-Haber methodology (Figure 2b) [99], was —0.59 V, which agrees well with the
experimental position of the metallic copper deposition. On the contrary, the computed value of the
equilibrium potential of the bi-electronic redox couple [Cu(H,0)6]%*/[Cu(H,0)6]° was —0.93 V, which is
too low in comparison with the observed potential. This might imply that the copper deposition
proceeds via mono-electronic reduction, followed by the fast exergonic disproportionation of unstable
Cult intermediates.

The irreversible process of copper deposition was quantified by the dynamic electrochemical
measurements employing Scharifker-Hills formalism [87]. Current transients recorded at different
deposition potentials (Figure 3a) are contingent on the applied potential pulse. The short-elapsed
times (ca. 0.2 s) are characterized with the equilibration of the electrical double layer at the epitaxial
graphene-electrolyte interface. The longer times are characterized with a faradaic process of copper
electrodeposition (Inset in Figure 3a). Specifically, the potential pulses of —0.39 and —0.4 V are featured
with non-monotonous current transients indicative of the three-dimensional (3D) nucleation process
with diffusion-controlled growth [100] which enable analysis of the nucleation mechanism at the early
stages of the electrodeposition [87]. The behavior of the active sites available for the formation and
growth of the metal nuclei differentiates the two distinctive cases of the nucleation process. Accordingly,
the instantaneous nucleation implies the maintenance of the convergent diffusion of the reactant on the
limited number of nuclei. On the contrary, progressive nucleation relies on the increase in the number
of nuclei yielding the quick establishment of overlapped planar reactant diffusion. The theoretical
current transients obey the following equations:

o e e,
(e | = 1.2254( 7 )_1{1—exp[—2.3367( f )2]}

Jmax Emax Emax

where t and t;,,; are the elapsed and maximum times, respectively; jiust, jprog and jmax are the current
densities for instantaneous and progressive nucleation, and maximum current density, respectively.
The initial kinetics of the copper electrodeposition obeys the three-dimensional instantaneous nucleation
model (Figure 3b), which is likely the general mechanism for the metal’s electrodeposition on epitaxial
graphene monolayer, since the same growth kinetics was observed during electrodeposition of
lead [101] and mercury [80]. This implies that metal electrodeposition on epitaxial graphene happens
on a limited number of active sites.

The diffusion coefficient of copper ions as a reactant can be estimated from the current transients
using the following relationship [102]:

2
Jimax tmax

— _ Jmaxmax 2
0.1629-(z-F-C)? @

where the t,; is maximum time, corresponding to the maximum current jyy, z is the valency of
the metal ion (+2 in the case of divalent species), F is the Faraday constant (96 485 C/mol), C is the
reactant concentration (1077 mol/cm?). The values of the diffusion coefficient were 4.97 x 10~ cm?/s
and 5.32 x 1075 ecm?/s (at —0.39 and —0.40 V, respectively), which is higher than reported for glassy
carbon (~0.4-0.8 x 1075 cm?/s) [3]. The nuclei population density on epitaxial graphene monolayer
was determined by using the following formula:

1 )1/ 2 ( nFC )2

@)

Imax tmax

where 7 is the number of electrons involved, V, is the molar volume. N, was estimated to be as high
asa 1.55 x 10° em™ and 1.38 x 10° cm™2 (at —0.39 and —0.40 V, respectively), which is comparable
with data from the literature [3].
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Figure 3. (a) Potentiostatic current transients recorded on epitaxial graphene recorded at the cathodic
potential pulses of different amplitudes (resting potential 0.5 V; 0.1 M HCIOy, 0.1 mM Cu?*). Insert:
zoomed current transients; (b) comparison of the dimensionless experimental (open symbols) and
theoretical transients for instantaneous (bold solid black curve) and progressive (bold dashed-dotted
curve black curve) nucleation; (c) experimental current transient recorded at —0.45 V (red circles) and
Elovich fitting curve (blue solid curve), respectively.

The change of the deposition potential towards more negative values led to the appearance
of monotonous current transients (Figure 3a) assigned to the loss of the diffusion control and the
appearance of chemisorption phenomena due to the double-layer effect at the electrode surface [103],
which can be well described by the modified Elovich equation [103]:

] +jL 4)

T Bt
where A, B and j; are fitting parameters. It was revealed that that the best fit can be achieved by using
the following parameters as follows: A = —0.027 mC/cm?, B = 0.3 s and jL =-0.05 mA/cm? (Figure 3c).

To better understand the nature of the interaction between electro-reduced species with graphene
under realistic conditions, we then simulated the two-stage reduction process by (i) adding one electron
directly to the Cu?* ion in the [Cu(H,O)g]?* complex adsorbed on graphene to form [Cu(H,O)s]'*
and (ii) adding one more electron to the resulting [Cu(H,0)6] complex in order to form the neutral
complex [Cu(H,0)6]°. The result of the structural optimization is shown in Figure 4a. As a direct
consequence of the reduction process, the six-coordinated water complex is broken, and all complex’s
components become weakly bonded to each other. Having a positive charge (according to Hirshfeld
population analysis) of +0.29¢~, the Cu atom tends to occupy the top site (directly above the C atom) of
the graphene, with an adsorption height of 2.7 A. The results of the energy decomposition analysis,
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based on forcefield (EDA-FF), presented in Table 1 showed that the interaction between copper and
graphene was very weak and was dominated by dispersion forces, while a strong repulsion is expected
between the water molecules and the Cu atom because these two fragments both have a positive charge.

(b)
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Figure 4. (a) Top and side view plots of the noncovalent interaction (NCI) iso-surface (reduced
density gradient, RDG = 0.5) for reduced [Cu(H,0)]° complex on graphene and (b) corresponding
NCI diagram (RDG vs. sign(A)p). The iso-surfaces are colored according to sign(A;)p in the range
—0.035-0.02 a.u. Red indicates the steric repulsion region; green (light brown) indicates the van der
Waals interaction region, and blue implies the strong attractive interaction. Note: the optimization of
the [Cu(H,0)s]° complex on graphene has been performed with consideration of solvent effect (water
in our case) by using polarizable continuum model.

Table 1. Results of energy decomposition analysis.

Interaction between Electrostatic, Repulsion, Dispersion, Total Energy,
Fragments kJ/mol kJ/mol kJ/mol kJ/mol
Graphene-Cu 0.00 1.33 -2.59 -1.26
Graphene-water -3.58 42.38 —-86.01 —47.21
Cu-water 0.00 420.21 -20.10 400.11

Noncovalent interaction (NCI) analysis enabled us to visualize the weak interaction between
[Cu(H,0)4]° and graphene, which manifests itself as the green and light brown-colored nonbonding
interaction areas located between copper and graphene in the vicinity of the top site (Figure 4a) and in
the presence of two spikes within the sign(A;)p region ranging from —0.01 to 0.01 a.u. (Figure 4b).

As was estimated by our DFT calculations, whenever the electro-reduced Cu species reach the
graphene surface, they can freely diffuse along both considered diffusion paths with a small energy
barrier of 35 meV (Figure 5a,b). Copper atoms tend to avoid occupation of the unfavorable hollow
sites. It is interesting to note that the presence of the second copper atom (the already reduced and
adsorbed Cu species) at the graphene surface significantly modifies the diffusion path due to the
attractive interatomic interaction between neutral Cu species, making the Cu migration energetically
favorable and promoting Cu clusterization. From a practical point of view, this means that, due to the
favorable mass transfer and nucleation rate, the discrete diffusion zones of individual Cu nuclei will
overlap very fast with time. For this reason, the cathodic current reaches a peak current maximum
during the first two seconds and then decays slowly (as was demonstrated in Figure 3a).
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Figure 5. Potential energy curves for the movement of metallic copper atoms along the path #1 (a) and
path #2 (b) in the presence and in the absence (marked by cross) of another copper atom. The height of
the Cu atom was set to 2.723 A. Note: the potential energy curve was normalized to the total energy of
the system with a copper atom located at the top site of the graphene (energetically the most favorable
site for copper adsorption); f;, b; and /; designate the possible sites (top, bridge and hollow, respectively)
that are available for copper atom adsorption.

4. Conclusions

In this work, we have clarified the fundamental mechanisms behind the Cu electroreduction and
kinetics at the epitaxial graphene/4H-SiC (0001) working electrode. We demonstrated and discussed
the results of cyclic voltammetry, chronoamperometry, and DFT calculations in order to unravel the
behavior of copper. The significant overpotential, typical of general faradaic phenomena, on epitaxial
graphene yielded a bi-electronic reduction in copper ions bypassing Cu'* intermediates. The dynamic
electrochemical measurements revealed an instantaneous nucleation mechanism, implying a limited
number of active sites available for the deposit’s growth, which seems to be akin to other metal
(e.g., Pb, Hg and Li) electrodeposition on epitaxial graphene. In particular, it was revealed that
the electrodeposition of metallic copper was possible only at two potentials (-0.39 and -0.4 V),
as evidenced by the shape of the corresponding current transients. The estimated diffusion coefficient
(~4.97-5.32 x 1075 cm?/s) from the electrolyte to the EG electrode and the nuclei population density
(~1.38-1.55 x 10° cm™2) is consistent with data from the literature and indicates that the epitaxial
graphene electrode is suitable for fast and Cu electroplating. By performing DFT calculations,
we modelled the diffusion of the Cu on graphene and showed that, independently of the diffusion
paths, there is a small barrier (35 meV) for the surface migration of Cu, which disappears in the
presence of another Cu atom in close proximity to the first one. This favors the mass transfer within
the diffusion zones and a fast nucleation process. The obtained results shed light on the nature of the
copper electroreduction process at the epitaxial graphene and may facilitate the development of real
applications based on copper—graphene nanohybrid materials.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/4/1405/s1,
Figure S1: The decrease of the computed electron acceptor reactivity with the addition of the water molecules into
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the aquo complexes. Figure S2: The change in Hirshfeld charge on Cu species with the addition of the water
molecules into the aquo complexes.
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Abstract: Due to its excellent physical properties and availability directly on a semiconductor
substrate, epitaxial graphene (EG) grown on the (0001) face of hexagonal silicon carbide is a material
of choice for advanced applications in electronics, metrology and sensing. The deposition of ultrathin
high-k insulators on its surface is a key requirement for the fabrication of EG-based devices, and, in
this context, atomic layer deposition (ALD) is the most suitable candidate to achieve uniform coating
with nanometric thickness control. This paper presents an overview of the research on ALD of high-k
insulators on EG, with a special emphasis on the role played by the peculiar electrical/structural
properties of the EG/SiC (0001) interface in the nucleation step of the ALD process. The direct
deposition of Al,O3 thin films on the pristine EG surface will be first discussed, demonstrating the
critical role of monolayer EG uniformity to achieve a homogeneous Al,O3 coverage. Furthermore,
the ALD of several high-k materials on EG coated with different seeding layers (oxidized metal films,
directly deposited metal-oxides and self-assembled organic monolayers) or subjected to various
prefunctionalization treatments (e.g., ozone or fluorine treatments) will be presented. The impact of
the pretreatments and of thermal ALD growth on the defectivity and electrical properties (doping
and carrier mobility) of the underlying EG will be discussed.

Keywords: epitaxial graphene; atomic layer deposition; high-k insulators

1. Introduction

Graphene, the two-dimensional (2D) sp? allotropic form of carbon, has been the object of
continuously increasing scientific and technological interest, starting from its first isolation in 2004 [1].
Among the different types of graphene materials considered so far, the epitaxial graphene (EG) grown
by controlled high temperature graphitization of the (0001) face of hexagonal silicon carbide (6H-
or 4H-5iC) [2—4] is a material of choice for advanced applications in electronics [5,6], high precision
metrology [7] and environmental sensing [8]. The main advantage of this growth method over other
commonly used approaches (such as chemical vapor deposition, CVD, on catalytic metals [9]) is
the availability of high quality graphene directly on a semiconducting or semi-insulating substrate,
i.e., ready for electronic devices fabrication, without the need of transfer processes [10,11] typically
responsible for contaminations and damages [12,13].

Deposition of uniform ultra-thin insulators (especially high-k dielectrics) on graphene is a key
step for the fabrication of graphene-based electronic devices [6,14-17]. In this context, the atomic layer
deposition (ALD), owing to its sequential layer-by-layer growth mechanism [18], is the most suitable
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candidate to achieve a conformal growth with subnanometric control on the thickness. However, the
lack of out-of-plane bonds or surface groups in the sp? lattice of graphene typically represents the
main obstacle to films nucleation in the early stage of the ALD growth. This typically results in an
inhomogeneous coverage of graphene surface, although the quality of the deposited films strongly
depends on the graphene synthesis method, the graphene substrate and eventual transfer processes
of graphene from the native substrate to foreign ones. As an example, for defect-free graphene
flakes exfoliated from graphite, ALD growth was found to occur preferentially at the edges of the
flakes [19], whereas, in the case of polycrystalline graphene grown by CVD on metals and transferred to
insulating substrates, the ALD nucleation typically occurs at the grain boundaries and on wrinkles [20].
Interestingly, in the specific case of EG grown by thermal decomposition of SiC (0001), uniform ALD
coverage has been observed on the monolayer (1 L) EG areas, whereas inhomogeneous growth has
been found on the bilayer (2 L) of few layer regions [21]. These ALD nucleation issues common
to all the graphene materials are typically circumvent by adopting surface preparation protocols,
consisting of chemical prefunctionalization of graphene surface to introduce reactive (sp3) sites, or by
the predeposition of seed layers [22-32]. However, proper optimization of these processes is necessary
in order to avoid structural damages and a degradation of graphene electronic properties.

Although the research on ALD for graphene devices integration has been recently the object of
comprehensive review articles [33], to the best of our knowledge, a focused paper reviewing ALD of
high-k insulators on the EG/SiC(0001) system is currently missing. This article aims to provide an
overview on this topic, highlighting the specific approaches adopted to achieve uniform ALD growth
in the case of EG. Section 2 provides an introduction to the peculiar structural and electrical properties
of EG and its interface with the (0001) SiC substrate. Section 3 presents recent results on the direct
deposition of ALO5 thin films on the pristine EG, elucidating the key role played by the sp® hybridized
buffer layer to obtain a homogeneous Al,O3 coverage on monolayer EG. Furthermore, the ALD on
EG coated with different seeding layers, including oxidized metal films [34], high-k metal oxide thin
films [35], self-assembled organic monolayers [36] or spin coated graphene oxide [37], will be presented
in Section 4. Different prefunctionalization treatments of EG surface by exposure to reactive gases such
as ozone [38] or XeF; [39] will be described in the Section 5. The impact of these surface preparation
processes and of thermal ALD growth on the defectivity and electrical properties of the underlying
graphene will be discussed. Finally, open research issues and perspectives in the field of ALD on
graphene are presented in the Section 6.

2. Morphology and Interface Structure of Epitaxial Graphene on SiC (0001)

Graphene growth by thermal decomposition of hexagonal SiC relies on the interplay of three
mechanisms: (i) the preferential Si sublimation from the topmost SiC layers, leaving an excess of
carbon, (ii) the diffusion of these C atoms on the SiC surface and (iii) their reorganization in the 2D
hexagonal graphene lattice. These mechanisms depend both on the annealing conditions (sample
temperature and gas partial pressures in the chamber) and on the SiC surface termination. To date most
of the studies on graphene growth have been carried out on the Si terminated (0001) face [40-43] and
on the C terminated (000-1) face [40-43], due to the availability of large area SiC substrates with these
orientations. Some experiments on the non-polar faces (1-100) and (11-20) have been recently reported
as well [44]. Graphene films with very different structural and electronic properties (defectivity,
thickness homogeneity, doping and mobility) have been obtained on these different crystal orientations,
as a result of the different surface reconstructions during thermal decomposition. Multilayers of
graphene rotationally disordered to each other and with respect to the substrate are typically obtained
on the (000-1) face. On the contrary, monolayer or Bernal stacked few layers of graphene showing
single crystalline epitaxial alignment with the SiC substrate are normally achieved on the (0001) face.
This is due to the specific growth mechanism, mediated by the formation of an interfacial carbon
layer, the so-called buffer layer (BL), with partial sp3 hybridization with the Si face [45]. Figure 1
schematically depicts the structure of the BL, which is covalently bonded to Si atoms of the substrate
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with a large density of dangling bonds, and to the topmost monolayer of graphene with Van der
Walls forces. This peculiar interface structure makes EG compressively strained, and the electrostatic
interaction with the dangling bonds at the BL/SiC interface is responsible for a high n-type doping
(approx. 1013 cm™2) of the overlying EG [46,47].

1% Graphene Layer

335A
2.6 A

Buffer layer
Dangling bonds

Figure 1. Illustration of the structure of monolayer EG grown on SiC (0001), showing the buffer layer
partially bond to the Si face, with unsaturated dangling bonds at the interface.

Although thermal decomposition of the (0001) face allows a good control of the number of
layers, achieving uniform 1 L graphene coverage on the entire SiC surface remains one of the main
challenges in this research field. Besides having an impact on the EG electronic properties, thickness
inhomogeneities of EG have also a critical impact on the nucleation of insulating films grown by ALD,
as discussed in the Section 3.

The EG thickness uniformity on the (0001) face depends on the growth conditions (temperature
and pressure) and on the substrate morphology, in particular the miscut angle, with better uniformity
achieved for low miscut angle (nominally “on-axis”) SiC. Under the ultra-high-vacuum (UHV) condition,
EG formation has been achieved at temperatures as low as 1280 °C [3], but the topography and thickness
distribution of the EG film was typically very inhomogeneous (composed of submicrometer 0L, 1L
and 2 L patches) as shown by the atomic force microscopy (AFM) and low energy electron microscopy
(LEEM) maps in Figure 2a,b. On the other hand, growth in inert gas (Ar) ambient at atmospheric
pressure (approx. 900 mbar) allows it to greatly reduce the Si sublimation rate, raising the EG formation
temperature at values as high as T = 1650 °C [3]. As shown in Figure 2¢,d, the EG grown on “nominally”
on-axis SiC(0001) is commonly composed of 1 L domains on the planar (0001) SiC terraces, separated
by long and narrow 2 L or 3 L EG stripes at SiC step edges. Such steps are inherent of SiC crystal and
their spacing is related to the miscut angle [48]. The preferential formation of 2 L and 3 L EG at their
edges is related to the enhanced Si-desorption from these locations due to the weaker bonding in the
SiC matrix. Although the EG grown under these atmospheric pressure/high temperature conditions
is more homogeneous than EG grown under UHYV, the presence of nanometric steps in the substrate
morphology and of 1 L/2 L lateral junctions localized at these steps have been shown to cause a
reduction of local electrical conductivity of EG [49,50].

Further improvement in the EG thickness homogeneity have been achieved by performing thermal
decomposition of nominally on-axis 4H-SiC (0001) at a temperature of 2000 °C in inert gas (Ar) at
atmospheric pressure in a radio frequency (RF) heated sublimation growth reactor [4]. By using specific
well-controlled growth conditions (temperature distribution in the growth cell, temperature ramping
up, and base pressure) monolayer EG coverage on most of the SiC surface has been obtained [21].
Figure 3a reports a reflectance map collected on a large area (30 um x 30 pm) of EG grown under these
optimized conditions. Reflectance mapping is a straightforward method to evaluate the number of
layers distribution on large area EG samples by comparing the graphene thickness dependent reflected
power with that of a bare 4H-SiC substrate [51]. Here the small yellow patches, corresponding to 2 L
EG regions, covered only 1.3% surface and were surrounded by 1 L EG background on the 98.7% the
area. Figure 3b,c shows the AFM morphology and the corresponding phase map on a 30 um X 30 pm
sample area. The morphological image shows the typical stepped surface of 4H-SiC (0001), and the
variable contrast in the phase image provides information on the variation in the number of EG layers
at different positions. In particular, the small elongated patches with higher phase contrast in Figure 3¢
correspond to the 2 L regions in the reflectance maps in Figure 3a.
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EG by sublimation in UHV at T=1280 °C

oM My 2wy
EG by sublimation in Ar (p=900 mbar) at T=1650°C

Figure 2. (a) Atomic force microscopy (AFM) morphology and (b) low energy electron microscopy
(LEEM) map of EG grown on 6H-SiC(0001) by sublimation in ultra-high-vacuum (UHV) at a temperature
T =1280 °C. (c) AFM morphology and (d) LEEM map of EG on 6H-SiC(0001) obtained by sublimation
in Ar ambient at atmospheric pressure (p = 900 mbar) and at a temperature T = 1650 °C. Darker LEEM
contrast corresponds to a larger number of graphene layers. Images adapted with permission from
Ref. [21], Copyright Nature Publishing Group 2009.
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Figure 3. (a) Reflectance map of as-grown EG collected on a 30 um x 30 um sample area. The red
contrast background is associated with 1 L graphene (98.7% of the total area) and the yellow elongated
patches to 2 L graphene (1.3% of the total area). (b) AFM morphology and (c) phase contrast map on a
30 um x 30 um sample area. The small elongated patches with higher phase contrast correspond to 2 L
EG. Images adapted with permission from Ref. [21], copyright Wiley 2019.

After introducing the peculiar structural and morphological properties of EG/SiC(0001),
an overview of recent literature results in the ALD of high-k insulators on this material system
would be provided in the next sections. Table 1 is a synoptic table including data from selected
reference papers, including the specs of the EG material, the type of EG surface preparation adopted
for the subsequent ALD process, the ALD growth details (precursors, temperature and number of
cycles), the properties of the deposited dielectric material (thickness and uniformity), as well as the
effect of the surface preparation/ALD process on the structural properties of EG.
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3. Direct ALD on Pristine Epitaxial Graphene

Early studies on thermal ALD of high-k insulators (like Al;O3 or HfO,) on pristine EG samples
typically resulted in a non-uniform coverage, with poor or no oxide nucleation in the vicinity of the
step edges [34,38]. As an example, Speck. et al. [38] investigated direct thermal ALD of Al,O3 on EG
grown at 1650 °C in Ar (p = 900 mbar) [3]. Figure 4 illustrates the morphologies of the Al,O3 films
obtained after 500 ALD cycles (corresponding to 50 nm Al,Os) at different deposition temperatures
of 200 °C (a), 300 °C (b) and 350 °C (c), using trimethylaluminum (TMA) as the aluminum source,
and water as the oxidant.
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Figure 4. AFM images of Al;O3 grown directly on the pristine EG surface by 500 thermal ALD cycles of
TMA/water (i.e., 50 nm Al,O3) at different temperatures: (a) 200 °C, (b) 300 °C and (c) 350 °C. Images
adapted with permission from Ref. [38], copyright Wiley 2010.

Poor or no oxide nucleation was observed in the vicinity of the step edges. As discussed in the
Section 2, samples with 1 L EG on the (0001) terraces typically exhibit 2 L or few layers EG stripes at
the step edges between terraces [3]. Hence, the Al,O3 uncovered areas were associated by the authors
to the presence of 2 L or few layer EG underneath. However, no clear explanation of the different
ALD nucleation and growth behavior on 1 L and 2 L EG was provided. Similarly, Robinson et al. [34]
reported that the direct thermal ALD of Ta,Os, and TiO, results in non-uniform coverage of EG up
to a maximum deposition temperature (300 °C). More recently, Schiliro et al. [21] employed highly
uniform 1 L EG samples (>98% monolayer coverage) as substrates for direct thermal ALD of Al,O3
at a temperature of 250 °C with TMA and H,O precursors. Figure 5 shows the morphological and
structural characterization of an Al,Oj3 film obtained after 190 deposition cycles, corresponding to
a nominal film thickness of 15 nm, evaluated from the 0.08 nm/cycle deposition rate on a reference
silicon substrate. Figure 5a depicts a representative morphological image by AFM on a 20 um X 20 pm
scan area. The Al,Oj film is conformal with the topography of the EG/4H-SiC surface, except for some
small depressions showing the same elongated shape of the 2L graphene patches (see, for comparison,
Figure 3). A high resolution cross-sectional TEM image of the as-deposited Al,Oj3 film is reported in
Figure 5b, where the 1 L EG plus the underlying BL can be clearly identified, and the amorphous Al,O3
layer shows uniform contrast, indicating a uniform Al,O3 density. The measured Al,O3 thickness was
12 nm, which is thinner than the nominal one and was ascribed to a lower growth rate of Al,O3 on EG
surface in the early stages of the deposition process.

Raman spectroscopy measurements were carried out both on the virgin EG sample and after the
AlyO5 deposition, in order to evaluate the changes induced by the thermal ALD process at 250 °C on
the structural quality and doping/strain of the underlying EG. Two representative Raman spectra for
the two cases, respectively, are reported in Figure 5¢c. The characteristic G and 2D peaks of graphene
exhibit single Lorentzian shape, and the FWHM of the 2D peaks in these representative spectra are
consistent with the 1 L nature of EG [52]. The small changes in the positions of the G and 2D peaks
after the Al,O3 deposition indicate that the ALD process did not significantly affect the doping and
strain of the EG. The features in the 1200-1500 cm ™! range were related to the interfacial BL, whereas
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no significant increase of the the intensity of the disorder-related D peak (1300 cm~!) was observed,
indicating that no defects were introduced by the ALD process.

i
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Figure 5. (a) AFM morphology (20 um X 20 um scan area) of Al,O3 directly grown on 1 L EG on SiC
by 190 water/TMA ALD cycles. (b) Cross-sectional TEM image of the Al,O3 layer. (c) Representative
Raman spectra of virgin EG and after the Al,O3 deposition. Images adapted with permission from
Ref. [21], copyright Wiley 2019.

The electrical quality of the insulating layer was also evaluated by conductive atomic force
microscopy (C-AFM) for current mapping and local current-voltage (I-V) analyses [21]. A morphology
map of the scanned area is reported in Figure 6a, which includes both uniform Al,O3 on 1 L EG and
AlyO3 on a 2 L EG patch. Figure 6b shows a current map collected on this area with a positive value of
the tip bias Vi, = 6 V with respect to EG. While uniform low current values were detected through
the 12 nm AL, Os film onto 1 L EG, the presence of high current spots was observed in the 2 L EG
region. Figure 6c illustrates two representative local current—voltage characteristics collected by the
C-AFM probe on Al,O3 in the 1 L and 2 L EG regions. While current smoothly increased with the
bias for ALO; on 1 L EG, an abrupt rise of current was observed for Vi, > 6 V in the case of Al,O3 on
2 L EG. This locally enhanced conduction in the 2 L EG area was justified by the less compact Al,O3
structure and the lower Al,O5 thickness detected in these regions. By adopting a simplified planar
capacitor model for the tip/Al,O3/EG system, a breakdown field > 8 MV cm ! was estimated for the
12 nm Al,O3 on 1 L EG.

The superior homogeneity of Al,O3 deposition on 1 L EG areas indicates a higher reactivity of 1 L
EG with respect to 2 L or few layers EG, which was explained in terms of the higher n-type doping
and strain caused by the interfacial BL on a single graphene overlayer with respect to 2 L [21]. Recent
experimental and theoretical investigations demonstrated that the interaction of polar water molecules
with graphene depends on the Fermi level of graphene, i.e., its doping [53]. In particular, ab-initio
calculations of the adsorption energy (E,) for water molecules (the co-reactant of the ALD growth) on
1 L graphene as a function of doping predicted an increase of E, from 127 meV for neutral graphene to
210 meV for highly n-type doped (10'3 cm~2) graphene [21]. The time of residence of a water molecule
on graphene at a temperature T depends on E, as exp(E,/kgT), where kg is the Boltzmann constant.
As a result, for the ALD process temperature (T = 250 °C), the residence time of physisorbed water
molecules on the highly n-type doped EG was approximately six times higher than in the case of
neutral graphene. The longer residence time provides, in turns, a larger number of reactive sites for
Al,Oj3 formation during subsequent pulses of the Al precursor.
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Figure 6. Conductive atomic force microscopy (C-AFM) local current mapping through an Al,Oj thin
film deposited onto EG on axis 4H-5iC(0001). (a) Morphology of the probed sample area, including
both uniform Al,O3 on 1 L EG and Al;O3 on a 2 L EG patch. (b) Current map collected on this area
with a tip bias Vi, = 6 V. (c) Two representative local current-voltage characteristics collected by the
C-AFM probe on Al,O3 in the 1 L and 2 L EG regions. Images adapted with permission from Ref. [21],
copyright Wiley 2019.

4. ALD on EG With a Seeding-Layer

The above discussed literature results show that uniform and conformal high-k dielectrics could
be obtained by direct ALD on monolayer EG areas. However, the availability of 100% 1 L EG coverage
by thermal decomposition of SiC still represents a major challenge. For this reason, in many cases,
the use of an intermediate seeding layer is the preferred solution to promote homogeneous ALD
nucleation on the EG surface. In the following, the main seeding layer processes adopted so far will be
presented, discussing the advantages and disadvantages in terms of their impact on the EG structural
and electrical properties.

4.1. Oxidized Metal Seed Layer

Physical vapor deposition (PVD) of ultrathin metal films followed by oxidation is one of the
most straightforward ways to create a seeding layer on the graphene surface [22]. Robinson et al. [34]
investigated thermal ALD of different insulators (Al,O3, TiO; and Ta;O3) using oxidized metal films
as seeding layers in the specific case of few layers EG/SiC(0001). Figure 7a,b shows the morphology
of Al,O3 grown at 150 and 300 °C, respectively, with an oxidized Al (AlOx) seed layer. The Al,O3
film uniformity and coverage was found to be significantly improved by increasing the deposition
temperature. Deposition of TiO, on EG with an oxidized Ti (TiOx) seed layer resulted in conformal
and continuous films both at 120 °C (Figure 7c) and 250 °C (Figure 7d). Finally, ALD grown Ta;Os
films with an oxidized Ta (TaOx) seed layer showed a high roughness for deposition temperatures
of 150 °C (Figure 7e) and 300 °C and (Figure 7f). The impact of the seeded thermal ALD on the EG
structural properties (i.e., the defects density) was also qualified by Raman spectroscopy. Figure 7g
shows typical Raman spectra of the D and G peaks for AIOx/Al,O3 deposited at 300 °C, TiOx/TiO,
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deposited at 250 °C, and TaOx/TayOs deposited at 300 °C. These results show that ALD of high-k
dielectric materials with an oxidized metal seed layer generally have little impact on the structural
integrity of EG, with the highest EG defectivity obtained in the case of TaOx/Ta,Os, probably generated
during oxidation of the Ta seed layer.
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Figure 7. AFM morphology of Al,Oj3 thin films grown by ALD at 150 °C (a) and 300 °C (b) on EG/SiC
with an oxidized Al seed layer. Morphology of TiO, grown by ALD at 120 °C (c) and 250 °C (d) on
EG/SiC with an oxidized Ti seed layer. Morphology of Ta,Os grown by ALD at 150 °C (e) and 300 °C (f)
on EG/SiC with an oxidized Ta seed layer. (g) Raman spectra of as-grown EG and after ALD deposition
of Al,O3, TiO, and Ta,Os5 with different seed layers. Al,O3 and TiO, deposition introduces only a
small amount of disorder in EG, whereas Ta,O5 deposition appears to significantly degrade the quality
of the underlying EG. Images adapted with permission from Ref. [34], Copyright American Chemical
Society 2010.

In spite of the limited increase in the EG defectivity, a reduction of the electron mobility has
been reported in most of the cases after ALD of high-k dielectrics seeded by an oxidized metal [34].
This was ascribed to the poor structural quality and substoichiometric composition of the seed layer
(typically due to an incomplete oxidation), leading to charge trapping phenomena and increased
electron scattering by charged impurities.

4.2. Deposited High-k Metal-Oxide Seed Layers

As discussed above, the metal to metal-oxide phase transition occurring in the case of the oxidized
metal seeding layers can be a source of mobility degradation in EG. To avoid these issues, the deposition
of the seed-layer directly on EG from a high-purity oxide source has been also considered.

As an example, Hollander et al. [35] employed 2-3 nm seed layers of SiO,, Al,O3 or HfO,
deposited via nonreactive electron beam physical vapor deposition (EBPVD) at a pressure <10~ Torr.
Immediately following the seed-layer evaporation, 8-10 nm of Al,O3 or HfO, were deposited by ALD
to complete the dielectric stack.
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Figure 8a shows Raman spectra acquired on as-grown EG samples, after EBPVD oxide deposition
and after the complete oxide-seeded ALD process. Minimal changes in the D/G ratio were observed
among the different samples, whereas the blue-shift of the G peak after seed-layer and ALD was
ascribed to an increase of EG doping.
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Figure 8. (a) Raman spectra of as-grown EG, after physical vapor deposition (PVD) of 5 nm HfO,
and after HfO,-seeded (or Al,O3-seeded) ALD of HfO, and Al,O3. (b) Hall mobility pyy, vs. carrier
density ng measured on as-grown EG, after electron beam physical vapor deposition (EBPVD) of oxide
seed-layers and the complete oxide-seeded ALD (O-ALD) process. Images adapted with permission
from Ref. [35], Copyright American Chemical Society 2010.

Hall effect measurements under high vacuum at 300 K were also carried out on EG prior to and
following the metal-oxide seeded ALD in order to evaluate the effect of the deposited dielectrics on
carrier transport properties, i.e., the carrier density (ns) and Hall mobility (upan) [35]-

Figure 8b shows the correlation between i1y, and ng measured on as-grown EG, after EBPVD of
oxides and the complete oxide-seeded ALD (O-ALD). As-grown EG samples presented py, values
of 700-1100 cm?V~'s™! and ns values of (5-8) x 10'2 cm™2 (n-type), typical of Si-face EG. Figure 8
demonstrates that the high-k seeded dielectrics deposited by PVD and O-ALD resulted in an increase
in ng and an increase in py,y. Conversely, HfO, seeded by a low-k insulator (5iO;) resulted in a
decrease of i1,y and the increase in ng. The measured increase of (i, With deposition of high-k seed
was attributed to dielectric screening, i.e., a reduction in scattering by remote charged impurities [54].
In particular, HfO, seeded O-ALD dielectrics enhance carrier mobility by an estimated 57%-73%,
while Al,O3 seeded O-ALD dielectrics increase mobility by 43%-52%.

4.3. Self-Assembled Organic Monolayer

Alaboson et al. [36] demonstrated an alternative ALD seeding layer based on organic monolayers
of perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA). EG on SiC(0001) grown by sublimation
in UHV conditions at 1350 °C was used in this study. PTCDA was deposited on the EG surface
via gas-phase sublimation in ultrahigh vacuum (UHV), resulting in a highly uniform and ordered
self-assembled monolayer. Two typical AFM images of the bare EG and PTCDA/EG surfaces are
presented in Figure 9a,c, respectively, showing nearly identical roughness. Figure 9b,d shows two
representative AFM images of Al,O3 deposited on the bare EG (b) and on PTCDA/EG (d) using
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25 cycles of TMA and H,O at a temperature of 100 °C. While a discontinuous Al,O3 film was observed
on the bare EG, the use of the PTCDA seeding layer resulted in a uniform Al,Oj3 film, conformal with
the underlying terraces of the EG surface. Figure 9e shows the evolution of the Al,Oj film thickness as
a function of ALD growth cycle evaluated by spectroscopic ellipsometry on the bare EG, on PTCDA/EG
and on a reference SiO; surface. The Al,O3 ALD on the bare EG surface was initially inhibited for 3-4
ALD cycles, indicating a lack of reactive sites for the ALD precursors, as compared to the case of the
SiO, surface. On the other hand, nucleation on the PTCDA-seeded EG surface was more efficient with

ALD growth showing a linear behavior after only 1-2 ALD cycles, similarly to the case of the SiO,
surface with a high density of reactive sites.
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Figure 9. (a) Representative AFM image of an EG surface prepared by UHV graphitization. (b) AFM
images of EG surface after ALD of 25 cycles of Al;O3. (¢) AFM images of EG surface immediately after
PTCDA deposition and (d) following ALD of 25 cycles of Al;O3. (e) Al,O5 film thickness as a function
of ALD growth cycle evaluated by spectroscopic ellipsometry on the bare EG, on PTCDA/EG and on a

reference SiO, surface. Images adapted with permission from Ref. [36], Copyright American Chemical
Society 2011.

To probe the adhesion and the insulating properties of the deposited ALD films, C-AFM imaging
was employed. The morphology and current maps in Figure 10a,b show that for a thin Al,O3 film
(25 ALD cycles) on bare EG, conductive defects were produced after only one C-AFM scan in contact
mode (contact force 20 nN, tip/sample voltage V = 0.3 V), resulting in localized conduction spots in
the current map. This defect density was further increased after multiple C-AFM scans. Figure 10c,d
shows the C-AFM morphology and current maps acquired under the same measurement conditions on
the Al,Os film grown using the same number of ALD cycles on PTCDA/EG. These maps demonstrate

the excellent morphological and uniform insulating properties of AlO3 on PTCDA seeded EG, which
are maintained even after multiple C-AFM scans.
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Figure 10. C-AFM morphology (a) and current map (b) of Al,O3 deposited by 25 ALD cycles on the
bare EG surface. Morphology (c) and current map (d) of Al,O5 deposited with the same number of
cycles on the PTCDA/EG surface. Images adapted with permission from Ref. [36], copyright American
Chemical Society 2011.

5. ALD on Prefunctionalized EG

Different prefunctionalization processes of the EG surface by direct exposure to reactive gas
species have been reported so far.

5.1. Ozone Prefunctionalization

Speck et al. [38] evaluated the effect of in-situ ozone (O3) pretreatment on the uniformity of
ALD grown Al,O3z onto EG. Firstly, a preliminary study of the influence of different O3 dosing
conditions (i.e., number of O3 pulses and temperature) on the structural properties of EG was carried
out. Figure 11a shows the comparison between two Cls core level X-ray photoelectron spectroscopy
(XPS) measurements on as-grown EG and after exposure to 20 O3 pulses at a temperature of 250 °C,
respectively. The two spectra show two prominent peaks associated to the EG and to the SiC substrate
(covered by EG), respectively, and a shoulder associated to the interfacial BL. The two spectra are almost
perfectly overlapped, indicating a negligible effect of the O treatment at 250 °C on EG structural and
chemical properties. Figure 11b shows a Cls core level spectrum acquired on EG after 20 O3 pulses at
a higher temperature of 350 °C, with a deconvolution of the different spectral contributions, associated
to the SiC substrate, to EG and to the BL. In addition to the components present in the pristine EG
sample and in the O3 -functionalized one at 250 °C (Figure 11a), another peak at lower binding energy,
associated to SiC uncovered by EG, was observed in the EG sample subjected to the 20 O3 pulses at
350 °C. From the XPS peaks intensity ratio, these bare SiC regions due to partial etching of EG by O3,
were found to correspond to 45% of EG surface. The degradation of the structural integrity of EG
after this O3 pretreatment (20 pulses at 350 °C) was also confirmed by Raman spectroscopy, showing
a strong increase of the defects-related D peak and a large broadening of the G peak. Noteworthy,
further experiments showed that EG damage can be mitigated by properly reducing the number of O3
pulses [38]. As an example, the percentage of etched EG at 350 °C was found to be reduced to 2.5% by
using only 2 O3 pulses. Figure 11c shows a representative AFM image of a 50 nm thick Al,Oj3 film
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obtained by 500 TMA/water cycles on the EG sample prefunctionalized using 20 O3 pulses at 250 °C,
i.e., the non-destructive conditions illustrated in Figure 11a. Although a uniform Al,O3 coating was
obtained on the entire EG surface, the higher roughness of the oxide film in the 2 L EG region close to
the SiC steps indicated a limit for further reduction of O3 exposure and temperature.
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Figure 11. (a) XPS spectra from Cls core-level for pristine EG on SiC(0001) (solid line) and after 20 O3
pulses at 250 °C. The two spectra are overlapped indicating negligible etching of graphene by the O3
treatment. (b) C 1s core level spectrum of EG after 20 O3 pulses at 350 °C, showing the appearance of
an additional peak associated to uncovered SiC, which indicates partial etching of EG. (c) AFM image
of a 50 nm thick Al,O3 film grown by 500 TMA/water cycles on EG pretreated with 20 O3 pulses at
250 °C. Figures adapted with permission from Ref [38], copyright Wiley 2010.

5.2. Fluorine Prefunctionalization

Wheeler et al. [39] investigated fluorine prefunctionalization of EG for uniform deposition of thin
high-k dielectrics. Due to its high electronegativity (4.0) and its ability to adhere to carbon surfaces [55],
fluorine is a suitable reactive species to enhance graphene surface reactions with ALD precursors.
Fluorination of the EG grown onto on-axis 6H-5iC (0001) was carried out at room temperature exposing
the EG surface to XeF; gas pulses, with the total fluorine dosing time varied in the range from 0 to
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200 s. Core level XPS was used to preliminary determine the bonding characteristics of fluorine with
the EG surface with increasing XeF, exposure time. Figure 12a,d shows the Cls XPS spectra acquired
on as-grown EG (a) and on EG subjected to 40 s (b), 120 s (c) and 200 s (d) XeF, exposure times. For
as-grown EG (a), the contributions associated to the SiC substrate, to EG and to the interfacial buffer
layer were visible. A very similar XPS spectrum was found after 40 s XeF, exposure (b), whereas
the appearance of a feature at 288.5 eV, associated to C-F bonds, could be observed after 120 s (c)
and 200 s (d) XeF, exposure times. Such bonds are created by breaking the sp? symmetry of the EG
lattice resulting in carbon sp® bonds with fluorine. A decrease in the EG peak intensity was observed
corresponding to the appearance of C-F bonds, which further supports the transition from sp? to sp®
bonded carbon on the surface. For the largest exposure time (d), an additional small peak associated
to C-F, bonds was detected at 290 eV. The formation of C-F, was accompanied by a significant
deformation of the EG lattice, leading to a degradation of EG electrical properties. Hence, it was chosen
to work in a fluorination regime where C-F bonding only occurred. The C-F sp3 bond configuration
was found to provide additional reaction sites of oxide nucleation and growth during the subsequent
ALD process. After the initial assessment of the effect of XeF, exposure on EG chemical properties,
Al O3 films (15 nm thickness) were deposited by thermal ALD at 225 °C using TMA/H,O precursors.
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Figure 12. XPS Cls spectra on as-grown EG (a) and after XeF, exposure for 40 s (b), 120 s (c) and 200 s
(d). AFM images of Al,O3 morphology for samples treated with varying amounts of fluorine: (e) no
pretreatment and (f) 40 s XeF; exposure results in large areas of no oxide deposition; (g) 120 s XeF,
exposure yields a conformal, uniform film and (h) 200 s XeF, exposure shows pinholes throughout the
oxide. Figures adapted with permission from Ref. [39], Copyright Elsevier 2012.
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AFM characterization of the Al,O3 uniformity was carried out for all the fluorine
prefunctionalization conditions. Figure 12e,h shows four representative AFM images of Al,Os
deposited on pristine EG (c) and after fluorine prefunctionalization at 40 s (f), 120 s (g) and 200 s (h),
respectively. An inhomogeneous Al,O3 coverage, especially close to the SiC step edges, was observed
on the untreated EG (e) and after 40 s XeF, exposure (f). Highly uniform and conformal coverage by
the 15 nm Al,Oj5 film was obtained on the fluorine prefunctionalized sample by 120 s XeF, exposure,
as shown in Figure 12g. This indicated the need of C-F bonding, as observed by XPS (Figure 12c) to
promote adhesion of the ALD oxide to the EG film. A slight degradation of Al,O3 uniformity with the
appearance of small pinholes in the oxide was observed in the sample prefunctionalized by 200 s XeF,
exposure (Figure 12h). Hence, based on morphological characterization, an optimal window of XeF;
exposure times from 60 to 180 s was identified to functionalize the EG surface with C-F bonds, resulting
in uniform ALD of high-k dielectric films. Noteworthy, an almost unchanged surface roughness was
observed comparing the morphology of EG before and after the prefunctionalization under these
optimal conditions, indicating that the formation of C-F bonds does not substantially disrupt the EG
lattice and planarity. Raman spectroscopy was also performed after the XeF, pretreatment and ALD to
evaluate the effect of these processes on the underlying EG. In spite of the formation of sp> C-F bonds
due to the XeF; pretreatment, no significant increase in the D/G peaks intensity ratio was observed
with increasing the XeF, exposure time (i.e., the fluorine percentage on EG surface), suggesting the EG
lattice was relatively unperturbed throughout the XeF, and ALD process.

6. Open Research Issues and Perspectives

Deposition of ultra-thin and conformal insulators represents a key requirement for the fabrication
of devices based on different kinds of graphene. Besides ALD, also physical deposition methods (e.g.,
evaporation or sputtering) have been explored to this purpose. Although the presence of active sites
on graphene surface is not required for these approaches, physical deposition of insulators typically
results in graphene damage and/or a reduction of the carrier mobility [56,57]. For this reason, ALD
became the preferred approach for insulators deposition on graphene, in spite of the nucleation issues.

Thermal ALD of high-k dielectrics on EG presents some peculiar aspects related to the unique
electrical/structural properties of the EG/SiC(0001) system, i.e., the presence of the sp® hybridized
interfacial BL, responsible for a high n-type doping and compressive strain of the overlying graphene.
These properties were shown to be beneficial in enhancing the Al,O3 nucleation on 1 L EG, whereas
a poorer nucleation was observed on 2 L or few layers EG. Hence, the availability of 100% 1L EG
coverage by thermal decomposition of SiC still represents a major challenge for direct ALD on EG.

CVD grown graphene on catalytic metals is another type of graphene widely used for
electronics/optoelectronic applications. Typically, this material is transferred on insulating substrate
and subsequently processed for devices fabrication. As the thermal ALD process commonly results
in an inhomogeneous coverage, seeding layers or prefunctionalization treatments with reactive gas
species are commonly employed to promote the ALD growth. However, these processes need to be
carefully optimized to minimize structural damage and/or a degradation of the electrical properties
(doping and mobility) of underlying graphene.

Recently, Dlubak et al. [58] demonstrated the direct thermal ALD of uniform Al,O; films on
monolayer CVD graphene laying on the native metal substrates (Cu and Ni-Au). The enhanced
nucleation was ascribed to the wetting transparency of monolayer graphene [59] and to the presence of
peculiar polar traps at the graphene/metal interface, which promote the adsorption of water molecules
(i.e., the oxygen precursor for the ALD process) on the graphene surface. Clearly, the number of
graphene layers is a crucial aspect for this growth mechanism. In fact, the strength of the electrostatic
interaction between the water precursor and the polar traps is weakened for multilayer graphene due
to a decreased transparency, resulting in an inhomogeneous Al,O3 coverage [58]. The direct growth of
Al O3 or HfO, on CVD graphene residing on the native metal substrate has the advantage of providing
a protective layer for graphene, avoiding the direct contact of Gr with the polymeric films typically
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used for the transfer process [60]. Furthermore, after transfer to an insulating substrate, the oxide
layer on graphene can work a gate dielectric for graphene field effect transistors [60]. Although the
ALD grown protective layer is beneficial to solve the problems related to polymeric contaminations on
graphene surface, the transfer of the oxide/graphene stack from the native metal substrate to the target
substrate still remains a critical step.

Most studies reported so far for ALD on graphene concern the deposition of metal-oxides.
However, the integration of ultra-thin films of other materials, such as nitrides (including SiNy, AIN,
etc.), hexagonal boron nitride, and transition metal dichalcogenides, TMDs, (such as MoS;, WS;, MoSe;
and WSe;,) with graphene (and specifically with the EG/SiC(0001) system) is attracting an increasing
interest for novel electronics/optoelectronics applications [61,62], and ALD can play a key role in this
field. To date, MOCVD and MBE are mainly employed for the integration of nitrides with graphene.
Although plasma assisted-ALD allows a superior control on the uniformity of SiNx [63] and AIN [64]
thin films, the main issue is the plasma-induced damage or doping in graphene. Optimized ALD
approaches for the growth of these materials on graphene are envisaged for the next years.

Hexagonal boron nitride (h-BN) is an insulating layered material with lattice structure similar to
graphite. Due to the atomically sharp interface formed between h-BN and graphene, it is considered as
the ideal insulator to achieve the intrinsic graphene mobility [65]. However, due to its low dielectric
constant (k ~ 4), the h-BN interfacial layer must be combined with a high-k dielectric overlayer in
order to reduce the effective oxide thickness (EOT) for realistic integration in graphene field effect
transistors. Recently, the direct ALD growth of a high-k insulator (Y,O3) on the sp? h-BN surface has
been demonstrated, and the deposition mechanism was explained by enhanced adsorption of the Y
precursor on h-BN due to the polarization [66]. The challenge in this research field is the large area
growth of h-BN on graphene by scalable approaches.

The growth of MoS; and other TMDs on EG is currently explored for the realization of 2D materials
Van-der Waals heterojunctions on large area [67]. In this context, ALD can represent a valid alternative
to the most employed CVD approaches. Dedicated studies on the selection of the precursors and on
ALD deposition conditions are expected in the forthcoming years in this emerging research field.

7. Conclusions

In conclusion, the research on ALD of high-k insulators on EG was reviewed, with a focus on
the role played by the peculiar electrical/structural properties of the EG/SiC(0001) interface in the
nucleation step of the ALD process. Direct thermal ALD of uniform Al,Oj3 thin films on monolayer EG
areas was demonstrated to be possible, but achieving monolayer graphene on the entire SiC surface
still remains a major challenge. An overview of seeding layers approaches (oxidized metal films,
directly deposited metal-oxides and self-assembled organic monolayers) and prefunctionalization
treatments (e.g., ozone or fluorine treatments) for the ALD of different high-k materials on EG was
provided, considering the impact of these surface preparation processes on the defectivity and electrical
properties (doping and carrier mobility) of the underlying EG. Finally, the open scientific issues and
the perspectives for ALD growth of alternative insulator/semiconductor films (including AIN, SiN,
h-BN and TMDs) on graphene were discussed.
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Abstract: The electronic and transport properties of epitaxial graphene are dominated by the
interactions the material makes with its surroundings. Based on the transport properties of epitaxial
graphene on SiC and 3C-SiC/Si substrates reported in the literature, we emphasize that the graphene
interfaces formed between the active material and its environment are of paramount importance,
and how interface modifications enable the fine-tuning of the transport properties of graphene.
This review provides a renewed attention on the understanding and engineering of epitaxial graphene
interfaces for integrated electronics and photonics applications.
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1. Introduction

The properties of graphene as well as other members of the two-dimensional (2D) class of materials
differ fundamentally from those of typical electronic materials, which makes this class very attractive
for future device applications [1]. A particular appealing property of graphene and other 2D materials
is the possibility of dynamically tuning their electrical/electronic properties.

Yet, no matter the application under consideration, which range from light detectors to signal
modulators and switches, Hall standards, or chemical sensors, control of transport properties is
paramount, and the achievement of the sought-after tunability is not always trivial. The very attractive
physical nature of the class (i.e., the large surface to volume ratio [2]) is a double-edged sword as
interfaces between the material and its surrounding environment, e.g., substrate, interfaces, adsorbents,
and metallization, have a significant effect on conductivity [2-5]. Graphene and 2D materials are made
out of surfaces. The accurate control of surfaces and interfaces has historically always been a critical
and challenging aspect of semiconductor technology [6,7]. Hence, in order to harness the properties of
graphene in electronics, a significant shift in the technological approach needs to be made.

In this review, we explore recent advancements made in the charge transport research on epitaxial
graphene (EG) synthesized on SiC and Si substrates as these are necessary ingredients for technological
applications. Yet, the properties of EG on these substrates are very different.

For EG on 6H-SiC(0001) (the so-called silicon-terminated surface, Si-face), silicon sublimation
results in the formation of EG [8] and the properties are dominated by the 6+/3 X 6+/3 rotated 30°
reconstruction [9] of the SiC surface. The modification of this reconstruction at the interface after
graphene synthesis, often termed the buffer layer, has a profound effect on EG conductivity. In addition,
for two or more layers, this reconstruction naturally leads to Bernal stacking [10,11]. For graphene on
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SiC(0001) (aka the carbon-terminated, C-face), the surface reconstructs [9] as (1 X 1), which relaxes
the stacking constraint and likely contributes to the observed rotational disorder of the layers [12]
and weaker substrate interaction. Moreover, the enhanced Si sublimation rate at screw dislocations
likely results in some non-uniformity of thickness [13]. The transport properties of these multilayer
graphenes (sometimes termed multilayer epitaxial graphenes, MEG) are complex with at least three
conduction channels present [14]. Yet, careful control of nucleation has resulted in one to two layers of
EG on the C-face with more easily characterized properties [15].

For graphene on 3C-SiC films on Si surfaces, the synthesis route traditionally employs a modified
sublimation approach [16-20] or, more recently, a precipitation method using a metal catalyst alloy
with evidence pointing to an epitaxial ordering [21]. For the case of EG on 3C-5iC(100)/Si, no buffer
layer is formed, but the current state-of-the-art results in interface oxidation/silicates, which contribute
to the conductivity [21]. This is in contrast to EG on 3C-SiC(111)/Si, which does appear to form a
buffer layer [17,21] with similarity to that of the buffer layer formed on SiC(0001). However, silicates
formation at the EG/3C-SiC interface competes to determine the conductivity.

In the following sections, we begin with a discussion of some basic graphene properties, given in
Section 2. The main transport measurements methods are discussed in Section 3. Section 4 provides
a focus upon the properties of EG on the SiC and Si substrate components since these dominate the
charge transport. Then, we discuss the impact of various situations that modify the conductivity of EG
such as ambient adsorbents and metals contacts. Section 5 describes the fine-tuning of the impacts
from various surrounding interactions via intercalation, functionalization, and gate control.

2. Electronic Band Structure

2.1. Monolayer Graphene

The electronic properties of graphene were first described by P.R. Wallace in 1947 [22] who used
the nearest neighbour tight-binding model (involving only p, electrons perpendicular to the plane of
graphene, i.e., p, orbitals—hich result in 7t bands) to approximate the low energy electronic structure
of an infinite graphene lattice, which demonstrates the linear dispersion.

E(k) = +1 \/1 + 4cos($akx)cos(%aky) + 4c052(%aky) (1)

The linear dispersion relation of electrons in single-layer graphene can be written using the
strong-coupling approximation by taking into account only the nearest-neighbor interaction (low-energy
approximation) as follows.

E(Ak) = crhog Ak (2)

where crh is the reduced Planck’s constant, the proportionality or slope is the Fermi velocity, vr is
approximately equal to 10° m s~!, and Ak is the momentum relative to the K points of the hexagonal
reciprocal unit cell [23]. The band structure of a monolayer graphene (MLG), shown in Figure 1,
exhibits the gapless linear dispersion (in k-space known as the Dirac cone) of the 7t bands at the K-point.
This has two important implications. The first is the charge carriers, Dirac fermions, which are massless.
The second is semi-metallic behaviour [22,24] because when the Fermi energy, Ef, is located where
the dispersion converges to a point (the Dirac point, Ep), the density of states is zero, and electronic
conduction is possible only through thermally excited electrons [25]. The linear dispersion of monolayer
graphene results in several extraordinary electronic properties such as an anomalous quantum Hall
effect with Berry’s phase of 7 [8,26-29].
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Figure 1. Band structure for a monolayer graphene (dotted line), a bilayer graphene with AB stacking
(dashed line), and R30/R2* rotational fault pair (single line). Band structure at the K-point is given in the
inset. Reprinted with permission from Reference [23]. Copyright (2008) by American Physical Society.

The tight-binding model oversimplifies the situation of EG on SiC(0001) as a buffer layer exists
between SiC and EG. Mattausch and Pankratov [30] and Varchon et al. [31] performed a first-principles
calculation, which included the buffer layer and determined the Er was about 450 meV above the Ep
due to doping of the graphene layer by charge transfer from the buffer layer. This is in agreement
with angle-resolved photoelectron spectroscopy (ARPES) measurements [26,32-34]. Sprinkle et al. [35]
found the average Fermi velocity, obtained from the slope of E(Ak) as vf = 1.0 (20.05) x 10° ms™! for
energies down to ~500 meV above Ep [19,36,37]. This value of v is larger than the vf for bulk graphite
(v = 0.86 x 10° ms~1) [38].

Ouerghi et al. measured the band structure of the monolayer EG/3C-5iC(111) using ARPES at
room temperature [19] (see Figure 2) and found the Eg. Using the linear dispersion, the charge carrier
concentration, 1, of monolayer graphene can be obtained as:

n = (Ep — Ep)/(m)(hvg)? @)

where & is the Planck’s constant, vg = 1.1 x 10° m s}, and Ef is 500 meV. This resulted in
n~2x101 ecm™2.

7 bands

K’ I K
Figure 2. Electronic structure of monolayer EG on 3C-5iC(111) by ARPES. Reprinted with permission
from Reference [19]. Copyright (2010) by American Physical Society.

The influence of graphene-substrate interaction on v of monolayer epitaxial graphene was
estimated by Davydov [39] in which the substrate interaction reduces the v of electrons.

2.2. Bilayer Graphene

Bilayer graphene (BLG) synthesized on SiC(0001) are generally reported to be AB (Bernal) stacked
with a 30° rotation with respect to the substrate [11]. In BLG, the charge carriers tunnel quantum
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mechanically between the two layers, which causes a band dispersion that is nearly parabolic [40]
(Figure 1) with an effective mass (m*) of about 0.033 m, (electron mass) [41].

Eis = +0p2k?t™! )

Ey+ describes the two bands with energies E and E_ that lies at the K point, £ ~ 3 eV is the energy
of electron transition between the nearest neighbors spaced by a = 0.142 nm (lattice constant).

In this case, the vr depends on the Fermi momentum (pg) divided by m* as pg/m* [42].
For higher energies corresponding to doping above 5 x 102 cm™2, the linear dependence is a
good approximation [41]. Ohta et al. performed an early investigation of the band structure properties
of BLG on SiC(0001) using ARPES, and found Ef to be 400 meV [34]. De Heer et al. reports vf to be
0.7-0.8 x 10° ms~! for BLG, which is 20% to 30% smaller than that of MLG with an Ef at ~300 meV
above the Dirac point [31]. However, recent measurements put vr of MLG closer to 1.2 X 10° ms™! [43]
with an Ef of ~350 meV. Bernal stacked layers exhibit Berry’s phase of 27t [40] as confirmed by the
quantum Hall effect [44].

Charge transport in BLG, thus, involves massive chiral and parabolic dispersion carriers [42]
(see Figure 1 with a zero band gap). The effect of the buffer layer is not included in contrast to the
massless chiral, linear-dispersion carrier system for MLG.

The band structure of BLG is sensitive to the lattice symmetry [34]. When the graphene layers of
a BLG are made asymmetric, a band gap forms between the low-energy bands at the former Dirac
point [34,40] (see Figure 3). This means the band gap can be varied by means of an external transverse
electrical field to control the density of electrons. The gap can be varied from 0 to 0.3 eV by changing the
doping level between the two layers or by an external gate control [34,45]. Thus, the BLG transitions
from a semi-metal to an insulator [34]. An externally controlled symmetry breaking also changes the
electronic conductivity and forms a BLG switch [34]. For this reason, digital electronic applications
have been envisioned [25].

02 \\//
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Figure 3. Band structure of BLG on SiC(0001) from ARPES and theoretical (solid lines). Reprinted
with permission from Reference [34]. Copyright (2006) American Association for the Advancement
of Science.

2.3. Turbostratic Multilayer Graphene

Turbostratic multilayer graphene layers are rotationally disordered and, thus, electrically
decoupled. Epitaxial graphene formed on SiC(0001) by thermal decomposition on both (0001)
and SiC(0001) by solid-phase epitaxy and on 3C-SiC/Si via the alloy mediated graphitization is reported
to be turbostratic [21,46,47]. The rotational disorder in EG/SiC(0001) was shown by low-energy
electron diffraction (LEED) investigations in which an azimuthal diffraction pattern was found, and the
strong intensity modulation in the bands denoted the rotational orientation [10,12,48]. In the case
of EG/3C-5iC, the presence of turbostratic in-plane modes in the Raman spectroscopy indicated the
rotational disorder [21]. With rotational disorder, the linear dispersion is recovered in the vicinity of
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the K-points. The ab initio calculations show that the dispersion is nearly identical to that of an isolated
MLG linear dispersion (see Figure 1), and predicts v to be the same as that of MLG [12,22,31].

Sprinkle et al. measured the linear dispersion using ARPES, as shown in Figure 4 [35]. In the
ARPES data, the linear dispersions of adjacent decoupled layers can be readily seen as well as the
n-type conductivity, where Ef is as low as ~14 meV, and the carrier density is ~10"! cm~2. Furthermore,
the vg of MLG is close to the vg of MEG formed by thermal decomposition of the SiC(0001) obtained
from infra-red measurements (1.02 (+0.01) x 10° ms™') [49] and scanning tunneling spectroscopy
(1.07 (£0.01) x 10° ms™!) [50].
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Figure 4. Band structure of EG on (0001) 6H-SiC with 11 epi-layers obtained from ARPES. Two linear
Dirac cones are observed. Reprinted with permission from Reference [35]. Copyright (2009) by
American Physical Society.

In the next sections, we will discuss the electronic and transport properties of EG on SiC and
3C-SiC substrates with respect to the substrate, ambient, and metal contact interactions. Section 3 will
discuss the different measurement methods used for the charge carrier transport study.

3. Transport Measurement Methods

Knowledge of the transport properties of graphene such as sheet carrier concentration, mobility,
and sheet resistance and the factors affecting them are crucial for any applications of the graphene
into practical devices. These include Hall effect measurements using Hall bar devices and van der
Pauw (vdP) structures, Field-effect measurements using gated devices, Raman spectroscopy (carrier
concentration from G peak shift), and ARPES (discussed in Section 2.1).

3.1. Hall Bar Devices

The first transport measurements were performed using Hall bar structures patterned on
6H-5iC(0001) by Berger et al. [4]. In this case, low mobility values were obtained in most of the samples,
which may have been limited by the substrate step edges. Yet, the samples clearly demonstrated 2D
electron gas properties and most of the important transport features of epitaxial graphene [4].

At the step edges, a second graphene layer is often formed, which is associated with step
bunching and results in non-uniform graphene thickness [17] and unreliable transport measurement
results [51]. S-H Ji et al. demonstrated that a strong impact of substrate steps degrades the transport
properties of epitaxial graphene on SiC using scanning tunneling microscopy-based localized transport
measurements [51]. Yakes et al. reported somewhat similar results noting that conductivity anisotropy
in graphene was associated with substrate steps. The observed results were explained using a model
where a charge build-up at the substrate steps leads to scattering [52]. For these reasons, Hall bar
structures are often patterned to be parallel or perpendicular to steps (see Figure 5) to mitigate the
effects of steps, and this approach was used for quantum Hall effect [53] devices. We note that Kruskopf
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and co-workers developed an approach to form EG on SiC(0001) that is essentially free of steps [54]
and demonstrated excellent quantum Hall effect results.
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Figure 5. Scanning electron microscopy images of Hall bars fabricated on MLG (a) on a flat terrace
and (b) perpendicular to the step edges on 6H-SiC. Reprinted with permission from Reference [55].
Copyright (2011) Elsevier Ltd.

3.2. Van der Pauw and Hall Bar Structures

Transport measurements from the van der Pauw method deliver large scale measurements [21,55,56]
and provide complete information on carrier transport in EG. vdP and Hall bar-based measurements
are limited by thickness inhomogeneities and discontinuities in the epitaxial films [21,57]. Jobst et al.
demonstrated that the transport properties obtained from Hall bar measurements are almost the same
as those from van der Pauw measurements, as shown in Figure 6 [55].
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Figure 6. Resistivity, p, and mobility, u, as a function of temperature, T for MLG on SiC, indicating
that the measured properties are almost similar for vdP (squares) and Hall bar (circles) structures.
Reprinted with permission from Reference [55]. Copyright (2011) Elsevier Ltd.

3.3. Field-Effect Measurements

The electric field-effect from an externally applied voltage to a gate enables the study of the
extraordinary electrical properties of graphene [29,58]. The first observation of the electric field-effect
in graphene (using mechanically exfoliated graphene onto SiO,/Si) was reported by K.S. Novoselov
and A.K. Geim [29], where the charge transport was switched between electron and hole gases via the
gate voltage. Berger et al. performed the first transport studies of EG on SiC(0001) and modulated
the electron density via electrostatic gating, which demonstrated the 2D electron gas properties [4].
The deleterious anisotropy effects of step bunching on SiC(0001) on gated devices has been discussed
by Lin et al. [59]. In the case of graphene on SiC(0001), the non-uniform thickness limits gate device
applications [60].
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In addition, the transport properties from field-effect measurement are dependent on geometry
and electrostatics and are affected by the substrate [61]. This transport measurement method does not
permit a systematic analysis of charge scattering within the system [21].

3.4. Raman Spectroscopy

The values of phonon frequencies of EG on SiC depend on the mechanical strain and charge
transfer between SiC and graphene [62]. The Raman G-band and the 2D band involve phonons at the
K + AK points in the Brillouin zone [62-64]. The influence of the doping on the Raman bands has been
studied by Das et al. [65] and Rohrl et al. [62] using a gate voltage controlled graphene transferred
onto Si0,/Si. G-peak frequency showed an upshift up to 20 cm~! when the graphene is n-type doped
at 4 x 1013 cm~2. The influence of doping on the 2D-peak shift was shown to be weak and is ~10-30%
compared to the G-peak shift (3-5 em™1) [66] (see Figure 7). The value of 2D to G peak intensity was
determined by the carrier concentration [65] and indicates the graphene doping level. Mueller et al. [67]
reported a method to extract the value of doping from the Raman G and 2D modes of graphene formed
on any arbitrary substrates. Furthermore, Verhagen et al. [68] estimated the temperature dependent
doping of monolayer and bilayer graphene on SiO,/Si using Raman spectral mapping between 10 K
and 300 K. More recently, in Reference [69], Shtepliuk et al. estimated the thickness dependent electron
doping of EG/SiC by silver films from the red-shift and broadening of the 2D band. The same research
group studied the temperature and time dependency of the H-intercalation on the p-type doping of
quasi-free standing monolayer graphene on EG/SiC via micro-Raman spectroscopy in Reference [70].
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Figure 7. Position of the (a) G peak and (b) 2D peak as a function of electron and hole doping in
graphene on SiO,. The solid blue line in (a) is the predicted non-adiabatic trend from Reference [71].
The solid line in (b) is from density functional theory calculation. Reprinted with permission from
Reference [65]. Copyright (2008) Springer Nature.

4. Electronic and Transport Properties: Effect of Interactions with the Surroundings

Table 1 shows a summary of electronic and transport properties of as-grown EG on SiC(0001),
SiC(0001), and 3C-SiC/Si substrates showing the effect of EG-substrate and EG-ambient interactions as
well as the properties fine-tuned via intercalation, functionalization, and gate control. These properties
are discussed throughout the following sections.
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4.1. Epitaxial Graphene-Substrate Interaction

4.1.1. Induced Pseudo-Charge Due to Substrate Polarization Effect

As described by the ARPES results summarized in Section 2, EG on SiC(0001) exhibits an EF is
quite large, which indicates considerable n-type doping. Although some density functional theory
(DFT) calculations imply this result, the physical reasons have been clarified by the experimental work
of Ristein et al. and Mammadov et al. [75,81]. The doping originates from three effects and, in some
cases, existing simultaneously: (i) polarization induced pseudo-charge due to the hexagonal nature of
6H-SiC and 4H-SiC substrates, (ii) surface states associated with C and Si dangling bonds overlaid on
the broad density of states (DOS) of the buffer layer, which act as donor states (part of the Kopylov
model [82]), and (iii) the effect of space-charge layer in (doped) SiC or Si substrates due to band
bending at the interface. Figure 8 illustrates these effects. The referenced works [75,81] demonstrate
these reasons are in reasonable agreement with the experiment, especially for hydrogen intercalated
graphene (see Section 5.1).
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Figure 8. Sketch and band diagram for monolayer EG on SiC(0001). Blue and red circles indicate
Si and C atoms, respectively. The polarization is shown at the bottom. The negative polarization
related to the discontinuity of the interface polarization is a pseudo charge (marked in circles).
D indicates the electrostatic potential between the EG and SiC. The band bending details have been
taken from Reference [83]. Adapted with permission from Reference [81]. Copyright (2012) American
Physical Society.

The implications of this understanding are significant. (1) Preparing EG on a defect-free interface
of SiC (0001) should result in n-type doping. (2) EG on 3C-SiC should lead to n-doped graphene
layers—modified only by the induced effects of substrate donor states. (3) Varying the hexagonality of
the substrate will change the doping. This has been successfully tested using 4H-SiC and 6H-SiC [75].

The spontaneous polarization has been reported as a bulk property of hexagonal semiconductor
compounds, which leads to a polarization charge on the polar surface of SiC, independent to any
interface formation [75,81]. This is induced at the inversion of the stacking sequence of the hexagonal
double layers while it is absent in the 3C-5iC polytype due to the symmetry [75]. The spontaneous
polarization generates a pseudo acceptor layer with a pseudo charge density (Figure 8) depending on
the hexagonal polytype [75]. Ristein et al. demonstrated that the sign and magnitude of SiC polarization
agree with the charge concentration of H-intercalated graphene on SiC(0001) [81]. The hexagonality of
the SiC affects the polarization proportionally, i.e., for the 4H-5iC(0001) the polarization is 6/4 times
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larger than that for the 6H-SiC(0001) [75,81] and, as mentioned above, has been shown experimentally
via the H-intercalation (Section 5.1).

4.1.2. Impact of Growth on SiC (0001)

Thermal decomposition of SiC in vacuum or argon atmosphere is the well-established process for
producing graphene on SiC [5,56,75,84]. Electronic and transport properties of EG on SiC depends
upon the type of surface termination of SiC (Si-face or C-face). Although both Si and C sublimate,
the Si flux is dominant. The differences between the graphitic layer grown on the Si-face (0001) and the
C-face (OOOT) were first reported by Bommel et al. [85]

Graphene grown on SiC(0001) possesses a carbon-rich amorphous interfacial layer (6+/3 X 6v/3)
rotated 30° [86] known as the buffer layer in between the SiC and graphene [31]. The buffer layer
forms strong covalent bonds with the SiC. The electronic structure of the buffer layer shows a large gap
and an Ef pinned by a state with a small dispersion close to the conduction band (see Figure 9) [31].
These states are related to the dangling bonds in the buffer layer. When more than one carbon layer is
present, the graphene-related dispersions are recovered.

Figure 9. Dispersion curves for a buffer layer. Adapted with permission from Reference [31]. Copyright
(2007) American Physical Society.

Emtsev et al. used ARPES measurements to study the band structure changes starting from the
6+/3 surface of SiC. The interaction of the buffer layer with the 6+/3 surface results in a o-band instead
of a m-band. Continued sublimation converts the buffer layer into graphene with 7-band [86] and
simultaneously creates a new buffer layer underneath. As-grown MLG on Si-face SiC is generally
reported to be electron-doped with a carrier concentration of ~1 x 1013 cm~2 [26,37,82], 300 K mobility
of ~1000 cm?-V~1:s71, and a 25 K mobility of ~2000 cm?-V~1.s71 [26] [55]. The n-type conductivity
is due to the charge transfer from donor-like states at the EG/SiC interface, i.e., the buffer layer,
that overcompensates the spontaneous polarization of SiC [81], as discussed in Section 4.1.1.

The band structure for BLG on SiC(0001) was calculated using DFT by Varchon et al. [31] and is in
agreement with the ARPES results by Ohta et al. [33,34]. Additional details are in Section 2.2. The Ef is
~250-400 meV above the Dirac point (n-type conductivity), which is slightly lower than that for epitaxial
monolayers. This is likely due to charge transfer from the buffer layer [31], whose cause likely has some
similarity with the effects discussed in Section 4.1.1. The carrier concentration ~ 5 X 102 cm~2 [65]
and the mobility is ~1000 cm?-V~1.s7! [45]. The lower Er and doping level of BLG may indicate a
weaker substrate interaction as reported by Ohta et al. [34]

4.1.3. Impact of Growth on SiC (0007)

Unlike the graphene on SiC (0001), graphene formation on SiC (0001) does not involve a buffer
layer at the EG-SiC interface. This is because a different surface reconstruction occurs. Seurbet et al. [87]
analyzed the atomic structure of the (2 X 2) reconstruction on (0001) SiC using an in situ prepared
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samples and quantitative LEED intensity analysis. In this case, % of the carbon atoms on the (0001)
surface plane are bonded to a silicon adatom in a hollow site with two dangling bonds (Si adatom and
C rest atom) [5].

Using first-principles, Varchon et al. calculated the band structure incorporating the (2 x 2) surface
reconstruction (see Figure 10a) [5] and claimed that the electronegativity difference between silicon
and carbon induces a charge transfer from the Si adatom to the C rest atom that forms surface states in
the electronic band structure EG on SiC(OOOT) (see Figure 10b) [31]. This results in pinning of the Fermi
energy, which makes the samples n-type. Yet, Ristein et al. and Mammadov et al. argue the situation
is more complex due to the hexagonal nature of the substrate (see Section 4.1.1) even though n-type
behaviour is still predicted. This situation is clarified by detailed experimental work, which will be
described below.
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Figure 10. (a) EG/SiC(0001) interface with the (2 x 2) C surface reconstruction. Si adatoms and C rest
atoms are marked. Adapted with permission from Reference [5]. Copyright (2012) AIP Publishing.
(b) Electronic band structure of EG on SiC(0001 ). Adapted with permission from Reference [31].
Copyright (2007) American Physical Society.

The graphene layers on the C-face are thicker and randomly rotated against each other as well as
with respect to the substrate [86,88] and, thus, exhibit weaker interactions with the substrate [48,86].
This unusual rotational stacking causes multilayers of graphene on the C-face to have an electronic
structure similar to that of the monolayer graphene [8,35,88] with a well-defined Dirac cone (linear
dispersion) near the charge neutrality point [22]. Shubnikov-de Haas oscillations were observed
using Hall bars, which indicated that the transport layer has a Berry phase of 7, similar to that
of a single layer graphene. This signified that it is electronically decoupled from the layer above
it [89]. Additional evidence for the decoupling is found in ARPES data of the multilayer EG (MEG)
stack, which reveals the decoupled nature of the layers [35,48] in contrast to ARPES results on Bernal
BLG on Si-face, where Dirac cones remain unperturbed and distinct from one another [90]. Infrared
spectroscopy measurements shows Ep ~8 meV, doping ~101 cm~2, and low magnetic field mobility
~100 em2-V-1.s71 [91].

Room temperature transport measurements reported on these MEG on C-face SiC samples are
typically p-type [5] with sheet density of ~1013-10"* em~2 and mobility of ~1000-3000 cm?V-Ls™1 even
though a wide range of values and even n-type measurements have been reported [14,56,72-74,92].
This seems to run counter to the n-type predictions noted in Section 4.1.1, which we will address next.

This difficulty of measured p-type properties vs. the n-type prediction situation is explained by
considering the work of Lin et al. [14] who performed variable magnetic field Hall measurements on a
series of samples. The data was best fit to a model where three types of transport regions exist in the
layers of the sample: the layers closest to the substrate (substrate interaction), the interior layers (nearly
neutral), and then the outer layers (ambient interaction). Each region has distinct sheet density and
mobility. The epitaxial layer that lies closest to the SiC is highly electron-doped with high conductivity
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(1012 cm™2, 12,400 cm2-V~1.s71). This is consistent with the models of Ristein and Mammadov [75,81].
The model is also supported by an ultrafast optical spectroscopy measurement that resulted in a doping
density of 9 x 10!2 cm™2 corresponding to a Fermi level of ~350 meV above the Dirac point for the
layer close to the substrate [72].

The second transport region is nearly intrinsic (p-type, 5 x 10! ecm™2, 20,000 cm?-V~1s71)
due to charge screening. Additional support for this can be found, for example, from Landau
level spectroscopy where the results are expected to be dominated by sample regions having high
mobility [90]. Measurements of MEG have resulted in exceptionally high room temperature mobilities
(>200,000 cmz-V‘l-s‘l) consistent with nearly intrinsic doping [48,50,93,94].

The third transport region is the heavily p-doped outermost layers (10’3 cm~2, 1500 cm?-V~1-s71)
likely due to environmental dopants [14] related to the ambient temperature [90]. Sidorov et al.
determined that the environmental factors cause a p-type behaviour in ambient exposed monolayer
and multilayer EG on SiC(OOOT) [5] (a detailed discussion on the influence of ambient temperature on
the transport of EG is given in Section 4.2). Lebedev et al. remarked that the outer layers of graphene,
which are p-type, play a protecting role for the interior graphene layers, preventing influence from the
atmosphere [92]. Sidorov et al. also reported that the natural conductivity state of MEG without the
influence of ambient is n-type [5,84], which is also consistent with the substrate hexagonality argument.
The difficulty in understanding the range of doping types reported by others is clarified by Lin since
many samples analyzed using a simple one-layer model will tend to be p-type even though n-type
results can occur depending upon overall thickness and uniformity. Hence, the variations in reported
results are likely due to researchers assuming a simple model of uniform charge density and mobility
when analyzing Hall data coupled with sample-to-sample variability.

Asignificantadvancement in the transport of EG on 4H-SiC(0001) was achieved when Wu et al. [15]
synthesized a monolayer EG on the C-face, which was p-doped ~1.27 x 10'> cm~2 (likely due to
environmental doping) with mobility of 20,000 cm?-V~!:s7! at 4 K and ~15,000 cm?-V~1s~1 at 300 K [95].
The same group has also demonstrated that the scattering effects due to the substrate (i.e., charge
impurity, electron-phonon) are weak. This is related to the absence of a buffer layer, a weak EG-substrate
interaction, and no induced charges into the graphene or scattering centres [56,96]. The values of
MLG on 4H-SiC(0001) are an order of magnitude larger than MLG on SiC(0001) and are in line with
the values from exfoliated graphene on SiO; [97,98], even though later studies reported two-fold
larger mobility of ~10° cm?-V~1.s7! at a carrier concentration of ~10% cm~2 and Ef within 1 meV for
suspended graphene devices [99-101].

4.1.4. Impact of Growth on (100) and (111) 3C-SiC/Si

Synthesis of EG on Si substrates received attention primarily due to its compatibility with
current micromachining technology and processes, low production cost, and ability to synthesize
on large areas of substrates [21,66]. Thermal decomposition of 3C-SiC was widely adopted to form
graphene on silicon substrates using 3C-SiC(111) and 3C-SiC(100) pseudo-substrates [16,18,20,66,80].
Yet, the formation EG on 3C-SiC via thermal decomposition has a limitation of inconsistent graphene
coverage [102]. Pradeepkumar et al. [21] have overcome the coverage issue of graphene on 3C-SiC by
using a liquid-phase Ni/Cu alloy-mediated graphene synthesis approach.

Similar to EG formed on SiC(0001), graphitization of (111) type 3C-SiC involves a buffer layer
at the EG/3C-SiC interface [18]. Figure 11 shows the presence of the buffer layer in EG/3C-SiC(111)
using X-ray photoelectron spectroscopy (XPS) measurements [21], which is also demonstrated in
References [103] and [17]. The existence of the buffer layer in the EG/3C-SiC(111) substrate has also
been proven by the transmission electron microscopy (TEM) measurements by Fukidome et al. [104].
Figure 11 also indicates that the EG formed on 3C-5iC(100) does not possess a buffer layer [21].
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Figure 11. XPS C 1s core-level spectrum for (a) EG/3C-SiC (100) and (b) EG/3C-SiC (111). Buffer layer
components are visible for EG/3C-SiC (111). Reprinted with permission from Reference [21]. Copyright
(2020) American Chemical Society.

Graphene layers formed by thermal decomposition on 3C-SiC(111) are Bernal stacked as observed
from scanning tunneling microscopy (STM) with a (6+/3 X 6+/3) rotated 30° construction at the interface
similar to the EG on SiC(0001) [86]. On the other hand, the epi-layers on 3C-5iC(100) are rotated +15°
with respect to the substrate from LEED measurements by Ouerghi et al. [105]. Graphene formed
by alloy-mediated graphitization on 3C-5iC(100) and 3C-SiC(111) are turbostratic, as observed from
Raman spectroscopy [21].

The band structure and electronic properties of EG/3C-SiC(111) determined using ARPES showed
linear band dispersion K point of the Brillouin zone with the Er ~500 meV above the Ep indicating n-type
monolayer graphene with doping of 1013 cm~2 [19,66]. The n-type doping is also in agreement with
the DFT calculations [21]. Aristov et al. [16] determined the linear band dispersion for EG/3C-5iC(100)
using ARPES with the Er ~250 meV above Ep, which indicated n-type doping. The absence of the
buffer layer in EG on 3C-5iC(100) resulted in a weak interaction with the substrate, as evident from Er
closer to Ep compared to EG on 3C-SiC(111) [16].

Transport measurements of EG/3C-SiC were first obtained using field-effect transistor (FET) -based
measurements by Moon et al. [80] and Kang et al. using EG formed by thermal decomposition [20].
However, as mentioned in Section 3.3, these measurements are dependent on geometry and electrostatics,
and are influenced by the substrate as well as the graphene that has an issue of inconsistent coverage
over the substrate [61,102]. In addition, Pradeepkumar et al. reported that the EG grown on 3C-SiC on
Si wafers are prone to severe 3C-SiC/Si interface degradation and the lack of large scale continuity of
EG over 3C-5iC [106,107]. The prior attempts by Moon et al. and Kang et al. did not address these
limitations. The alloy-mediated graphitization using 3C-SiC synthesized on highly-resistive Si wafers
from Reference [21] overcame the interface degradation and continuous graphene coverage issues and
enabled the large scale transport properties of EG using vdP Hall effect measurements, as given below.

The vdP transport measurements on EG from Reference [21] indicated that the EG-substrate
interaction dominates the charge transport within EG. The graphene is strongly p-type doped (carrier
concentration ~1013 cm~2, mobility ~80 em?2-V~L.s71 in EG/3C-5iC(100)) as a result of the EG-substrate
interaction, which comprises of silicates (charge transfer from EG into the silicates) produced at the
interface by the alloy-mediated synthesis. The buffer layer presence in EG/3C-SiC (111) reduces the
charge transfer and improve the mobility almost five times compared to EG/3C-SiC (100) at a value of
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330 cm?-V~1:s71 and carrier concentration of 10’2 cm™2 (p-type). The effect of interface silicates on the
charge transport of EG on (100) and (111) 3C-SiC are in agreement with DFT calculations [21].

The transport measurements on EG also indicated that, within the observed diffusion regime
(mean free path 3-10 nm), the grain sizes (<100 nm) and the number of graphene layers has no
effect on the charge transport of EG. Further support to the lack of correlation of the grain sizes
with the EG charge transport characteristics can also be found in the work by Ouerghi et al. [9,10].
A domain size of about 1 um for EG/3C-SiC(111) was reported for the EG at a sheet carrier concentration
of ~2 x 10" ecm™2 via the linear dispersion of DOS [66]—a value in line with the carrier concentration
of EG/3C-5iC(111) from Reference [21] with grain sizes <100 nm.

4.2. Effect of Epitaxial Graphene-Ambient Interaction

The surface of EG is sensitive to a range of gases present in the ambient air [7-12]. Early on,
researchers realized that adsorbed atoms or molecules on a graphene device could modify the channel
conductivity. Schedin et al. [108] utilized this property to create a detector with sensitivity to very
low concentrations of NH3z, NO,, H,O,, and CO,. Yet, graphene is relatively sensitive to all adsorbed
molecules, and, hence, a requirement on building any sensor requires the ability to discriminate the
target molecule from the background. An additional implication is that the surface of a graphene
sample must be prepared to mitigate the effects of adsorbed molecules on transport properties.
For example, heating the sample to temperatures ~400 °C in ultra-high vacuum (UHV) results in a
clean, usable surface [109].

In a similar vein, Panchal et al. prepared a reproducible graphene surface to study the effects
of adsorbed gases on work function and electrical properties. This led to several important findings.
First, there are a range of molecules in the ambient (O,, H>O, and NO;), which act as p-type dopants
and reduces the n-type sheet charge density of graphene. Yet, there are other unidentified atmospheric
contaminants, which also act as p-type dopants. It was suggested that some candidates are N;Oy4, CO;,
and various hydrocarbons. Lastly, it was shown that, for more than one graphene layer, the effect on
conductivity was less, and it was proposed this was due to charge screening of the outermost layer.
First-principles modeling indicates that the physical mechanism of the doping compensation (for H,O,
NHj3, CO, NO,, and NO) and is due to charge transfer [110] from graphene to the molecule when the
lowest unoccupied molecular orbital is below the Dirac point.

The polarity of the Si-face SiC gives rise to high hydrophilicity, which is relatively unchanged
with the addition of a graphene monolayer [111]. Graphene’s response to water and changes in the
environment are strongly thickness dependent with a monolayer on Si-face being most sensitive to
water adsorption than the bilayer or tri-layer graphene [5,112,113].

Yet, the understanding of the exact H,O doping mechanism is not as well-understood since
chemical processes may be involved. Sidorov et al. noted that, upon ambient exposure at 300 K,
both the MEG and MLG on SiC(0001) typically exhibit p-type conduction, 4.5 x 10'* cm~2 (Figure 12).
The p-type doping is due to the ambient adsorbed film containing water vapour (H,O), O,, and NO,
on the exposed surface [5,114]. The Dirac energy of the graphene lies near the redox potential of
dissolved oxygen, which causes the surface charge transfer from graphene into the film (water/oxygen
redox couple) and results in compensation of the n-type sheet density [2,5,46,114,115]. In addition,
the conductivity state of vacuum annealed EG on SiC(0001) is n-type (Figure 10b) [112,114]. This n-type
conductivity was related to the work function considerations and Er pinning at the state related to
dangling bonds, as discussed in Section 4.1.3 [5]. Yet, we now know that the pseudo charge effect
induced by substrate hexagonality dominates the graphene charge state.
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Figure 12. P-type doping of graphene upon the ambient exposure at 300 K. The p-type doping
correspond to depletion of 4.5 x 104
Copyright (2012) AIP Publishing.

electrons/cm 2. Adapted with permission from Reference [5].

Knight et al. exposed monolayer EG on SiC(0001) to different inert gases and performed in-situ,
contactless majority free charge carrier determination using terahertz-frequency optical Hall effect
measurements [2]. The transport properties of graphene are also sensitive to other adsorbed gas
molecules N,Oy, CO;, and hydrocarbons [2,5,114,116-118]. The mechanism of ambient doping is
described as ambient-exposed graphene forms a thin film of water containing dissolved CO, that reacts
with water forming H* ions. The oxygen in the water film reacts with H* ions to form additional water
molecules, and electrons are removed from the graphene by p-doping the graphene. This doping is
reversible and does not depend on the type of inert gas [2].

4.3. Effect of Epitaxial Graphene-Contact Metal Interaction

Since electronic transport measurements involve making metal contacts, understanding the
influence of metal contacts on the transport of EG is also a concern [3]. The work function difference
between graphene and a metal induces doping in graphene since the Fermi levels must equilibrate [3].

Since the EF of freestanding graphene meets the Ep, the adsorption of metal can significantly
alter its electronic properties [3], as the DOS of graphene at Dirac point is much lower than that of
the metal. A tiny amount of charge transfer shifts the Ef significantly [25,33,34] as it is reported that
0.01 electrons per carbon atom would shift the Er by 470 meV. The charge transfer creates a dipole
layer at the graphene-metal interface with AV potential. The value of AV depends on the strength of
the metal-graphene interaction. Even a weak interaction can cause a large shift in the Er away from
the Ep [3,119].

Khomyakov et al. [119] used DFT to characterize the adsorption of graphene on various metals
and found graphene interacts more strongly to Ni, Co, Ti, and Pd (chemisorption). The chemisorption
involves hybridization between graphene p, and metal d-states that cause an opening of a band gap in
the graphene. In the case of chemisorption, the band structure is disturbed, and the doping is estimated
from the difference of work function between the graphene covered with metal and metal-free graphene.
In the case of Ni, Co, Ti, and Pd, the graphene is n-type doped [119]. Physisorption, e.g., interaction
with metals such as Ag, Al, Cu, Au, and Pt, involves only weak binding to graphene. Therefore,
the electronic structure is preserved. In the case of physisorption, the electrons transfer from the

96



Appl. Sci. 2020, 10, 4350

graphene to the metal, which causes the Er to move closer to the Ep—and the hole doping is estimated
from the change. At an equilibrium distance from the metal, the graphene is reported to be p-doped
on Au and Pt and n-doped on Al, Ag, and Cu. Khomyakov et al. also reported that the graphene is
doped n-type when the metal work function <5.4 eV, while it is p-type when the work function is
>5.4 eV [119].

Using femtosecond laser-patterned microstructures (resist free, defect-free method), Nath et al. [120]
studied the graphene-metal interactions on EG synthesized on 6H-5iC(0001) via thermal decomposition.
They found that the nickel does not form bonds with EG on SiC in contrast to the Ni-C formation in
chemical vapour deposition (CVD) grown graphene on metals due to the absence of defect sites [119].
However, it was shown that the contact resistance (R¢) of Ni to EG with resistance residue under the
contact is an order of magnitude greater than the intrinsic quantum-limited R, which proposes the
requirement for both end-contacts as well as a residue-free graphene—-metal interface (which can form
resistive NiCO3) as requirements to obtain quantum-limited contact resistance [120].

DeJarld et al. [121] calculated the work functions of a number of high purity noble metals such
as Cr, Cu, Rh, Ni, and Pt, and rare earth metals such as Pr, Eu, Er, Yb, and Y, in contact with MLG,
using Kelvin Probe Force Microscopy. The metals were deposited under manufacturing-like conditions
and Au (and its published work function) was used as the standard. The work functions were compared
to published values for the other metals measured under careful, i.e., UHV, conditions. For the noble
metals, a comparison showed Cr, Cu, and Rh had higher work functions (~0.5 eV) than expected
and Ni and Pt were lower than expected (also ~0.5 eV). The low work function rare earth metal set
were all affected, to various extents, by oxygen in the ambient and/or reactions to graphene rendering
most unusable. The most stable rare earth was Yb, even though protection from the ambient was
strongly recommended.

Yang et al. [122] demonstrated that the e-beam evaporated Ni on CVD graphene caused the
EG work function to be 0.34 eV below the Ni work function. This resulted in electron transfer from
graphene to Ni, which makes the graphene underneath the metal contact p-type.

4.4. Mobility and Sheet Carrier Concentration: Power-Law Relationship

A power-law relationship of mobility and sheet carrier concentration was demonstrated by several
research groups for both EG on SiC and EG on 3C-5iC [4,21,25,57,59,123]. Tedesco et al. [56] described
the functional power-law relationship between increasing mobility and decreasing carrier density as an
intrinsic property of EG. The general power-law behaviour of mobility and sheet carrier concentration
indicate that the tunability of graphene transport properties is constrained.

In Reference [21], the authors of this review demonstrate that the mobility versus sheet carrier
concentration values for EG/SiC(0001) from Reference [56], and EG/3C-SiC can be fitted with good
confidence using the same power law, which demonstrates a common conductivity of ~3 + 1 (e*/h)
close to the minimum quantum conductivity of graphene (Figure 13). Note that the grain sizes of
EG/SiC(0001) are at least 100 nm and more [124-126] whereas the EG/3C-SiC is smaller, which indicates
that grain sizes do not determine the transport properties of EG [21].

In addition, Reference [21] demonstrated that the charge transport in EG/3C-SiC is dominated by
the EG-substrate interaction resulting in p-type graphene due to a charge transfer from the EG into the
interface silicates. The substrate interaction is stronger in EG/3C-SiC (100) and smaller in the case of
EG/3C-SiC(111) due to the presence of a buffer layer in between EG and the substrate, which screens
the charge transfer up to an extent. Figure 13 also indicates the different power-law nature of C-face EG
from that of the Si-face EG and EG on 3C-SiC, which is due to distinct levels of EG-substrate interaction,
according to Norimatsu et al. [11]. This was confirmed by Pradeepkumar et al. [21].

97



Appl. Sci. 2020, 10, 4350

10° v
EG/3C-SiC(111).

10° = EGI/3C-SiC(100) 1 A Si-face with electrons
o= v Si-face with holes
e @ C-face with electrons
.? 10 va m C-face with holes
g LA Si-face with electrons at 77K
> 10° v Si-face with holes at 77K
3 O C-face with electrons at 77K
§ 10° [0 C-face with holes at 77K

10‘ 10 11 12 13 - ;1‘ 15

10 10 10 10 10 10

Sheet Carrier Density (cm™)

Figure 13. Mobility and sheet carrier density for EG on 3C-SiC/Si combined with those of monolayer
EG on the Si-face of 4H-SiC and 6H-SiC substrates at 300 and 77 K from Tedesco et al. [36]. Reprinted
with permission from Reference [21]. Copyright (2020) American Chemical Society.

4.5. Temperature-Dependent Transport: Scattering Mechanisms

Temperature-dependent Hall effect measurements in EG/SiC and 3C-SiC are crucial to investigate
the charge transport as it provides information on the scattering mechanisms. This section summarizes
the temperature-dependent transport properties of EG on Si-face SiC, EG on C-face SiC, and EG
on 3C-SiC.

In general, Hwang et al. [93] reported that the carrier scattering mechanism dominant in MLG
(on SiO;,) is Coulomb scattering by randomly charged impurities at the graphene-substrate interface,
as also reported by Chen et al. [127]. The same group determined the typical random charged
impurity concentration to be ~10'> cm? and suggested that, by reducing this impurity concentration
to ~10'0 cm? range, it should lead to a significant increase in the EG mobility. The charge transport
in graphene dominated by the charged impurities in the substrate can be theoretically described by
the Drude-Boltzmann model [93], which is valid only in the high-density regime [128]. The Fermi
temperature of graphene is about 1300 K for n~10'2 cm?, which indicates no temperature dependence
of the MLG conductivity arising from charged impurity scattering within a 0-300 K temperature range
in agreement with the experimental observation of graphene flakes [93].

In contrast to the graphene flake results, MLG on Si-face SiC shows a strong temperature
dependence of mobility and resistivity, as shown in Figure 14 [83,123,129]. At carrier concentrations
away from the charge neutrality point (above 10!! cm~2), the mobility decreases with increasing the
temperature and the resistivity increases [123]. A remote phonon scattering originating from the SiC
substrate including the buffer layer and the C-Si bonds at the interface was reported as the reason for
the strong temperature dependence of mobility and resistivity, and the limitation of both properties at
high temperatures [26,123,130,131]. Tedesco et al. [56] reported that the suppression of conductivity in
high temperatures in the case of monolayer or bilayer Si-face EG is due to the scattering from the point
defects present in the interfacial layer.
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Figure 14. (a) Temperature dependent mobility of MLG on SiC (0001). Reprinted with permission from
Reference [26]. Copyright (2009) Springer Nature. (b) Temperature dependent resistivity of MLG on
SiC (0001). Reprinted with permission from Reference [123].
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Figure 15 indicates the sheet resistance of rotationally disordered MEG (~10 layers) formed on
SiC(OOOT) [132], which indicates that the sheet resistance remains nearly stable within 0-300 K. This has
been related to the weak substrate interaction of EG on the C-face SiC [11]. The mobility, in this
case, does not significantly depend on temperature [8]. The phonon scattering is suppressed, and the
scattering from impurities is weak.
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Figure 15. Temperature dependent sheet resistance of EG on SiC(0001) and nitrophenyl functionalized
graphene (NP-EG). Reprinted with permission from Reference [132]. Copyright (2009) American
Chemical Society.

Figure 16 shows mobility versus temperature for EG/3C-SiC substrates [21]. The mobility of
EG/3C-SiC (100) shows only a weak temperature dependence, slowly increasing after 200 K and
reaching a value of ~30 cm?-V~1.s7! at 300 K. This indicates charge impurity scattering. The weak
temperature dependence of the mobility of EG/3C-SiC(100) is consistent with Reference [83] for EG on
SiC, and is attributed to the absence of the buffer layer. In the case of EG/3C-SiC(111), the mobility
shows a sharp increase after 200 K up to a value of ~375 cem?-V-1s71 at 250 K, which, again, indicates
charge impurity scattering, and then a decrease to ~330 cm?-V~1:s7! at 300 K. The negative temperature
dependence of mobility for the EG/3C-S5iC(111) above 250 K has been related to scattering at the buffer
layer in EG on 6H-SiC [133]. Atlow temperatures, the charge impurity scattering is dominated [56,127]
and, since the temperature is increased, the scattering decreases [25]. In addition, the constant value of
conductivity (~3 + 1 (e*/h)) obtained for EG/3C-SiC also indicates that the charge impurity scattering
at the interface dominates the transport [21].
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Figure 16. Temperature dependent mobility between 80 and 300 K for (100) and (111) EG/3C-SiC.
Reprinted from Reference [21]. Copyright (2020) American Chemical Society.
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5. Fine-Tuning of Transport Properties

Epitaxial graphene on SiC and 3C-SiC suffers from strong intrinsic n-type doping. The substrate-
induced n-type doping in EG/SiC and EG/3C-SiC translates into the shift in the Er, away from the Ep,
such that the ambipolar properties of graphene cannot be exploited [79]. The substrate interaction
causes larger charge density and lower mobility with strong temperature dependence when compared
to freestanding graphene. Some of these issues can be compensated by tuning of the transport properties
using different methods discussed in the following section.

5.1. Intercalation

Intercalation has been performed via different elements such as hydrogen [21,75,77,81,134],
oxygen [78], fluorine [135], gold [136], and magnesium [43]. The monolayer graphene formed after
intercalation of buffer layer on SiC (0001) is called quasi-free-standing monolayer graphene (QFMLG).
Riedl et al. [134] produced QFMLG by annealing the buffer layer on Si-face SiC(0001) in atmospheric
pressure Hy. The XPS C 1s and Si 2p spectra demonstrated that H saturate the Si dangling bonds and
decouples the buffer layer by forming a monolayer graphene [134]. Buffer layer decoupling in EG on
3C-SiC (111) via H-intercalation has also been demonstrated [21,76].

The QFMLG on SiC (0001) films measured by ARPES are generally p-type doped [75] (see Figure 17).
As discussed in Section 4.1.1, Mammadov et al. and Ristein et al. determined that the p-type conduction
of QFMLG is caused by the spontaneous polarization of the SiC [75,81]. QFMLG layers formed on
semi-insulating 4H-SiC (0001) indicated a hole concentration of 8.6 x 1012 cm~2 (stronger spontaneous
polarization of 4H-SiC) extracted from the Fermi surface measurement [75] at Er 340 meV below the
Ep, whereas the QFMLG on 6H-5iC (0001) exhibits a p-type carrier concentration of 5.5 X 10'2 cm™2
with Er 300 meV below the Ep. The Fermi velocity was measured to be 0.98 X 10 ms~! [33,75].
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Figure 17. ARPES band structure of QFMLG formed on (a) 6H SiC, (b) 4H-SiC, and (c) 3C-SiC.
Reprinted with permission from Reference [75]. Copyright (2014) IOP Publishing Ltd.

Speck et al. demonstrated that the mobility of QFMLG showed reduced temperature dependence
compared with an as-grown MLG, which indicates reduced scattering from the underlying SiC
(see Figure 18). The mobility of MLG falls by more than 50% when the temperature is increased
from 25 K to 300 K whereas the change in mobility is only ~ 10% for the QFMLG across the same
temperature range (samples indicated constant carrier concentration across the entire temperature
range). The weak temperature dependence of mobility, approaching the behavior exhibited by flakes
(see Section 4.5) signifies QFMLG is effectively decoupled from substrate compared to MLG [129].
Furthermore, for T greater than 290 K, the mobility of QFMLG are generally 3-5 times larger than
EG before H-intercalation (Figure 18). The production of quasi-free-standing bilayer graphene by
H-intercalation of MLG has also been achieved [77,137]. Reference [77] reported H-intercalated BLG
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with a p-type carrier concentration of 10'2 cm~2 with Eg 230 meV below the Ep. The Fermi velocity

was measured to be 1.04 x 10° ms~!.
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Figure 18. Temperature dependent mobility of QFMLG (p = 5.7 X 10'> cm~2) and MLG (10" cm~2).
Reprinted with permission from Reference [129]. Copyright (2011) AIP Publishing.

In contrast to the p-type polarization doping of QFMLG on bulk SiC substrates, the ARPES
data of QFMLG on 3C-SiC (111) by H-intercalation reported slight n-type doping (see Figure 17c).
This is due to the absence of spontaneous polarization in 3C-SiC [75]. The n-type doping density
of about 102 cm~2 was estimated, which was related to the residual defects at the interface [76].
Pradeepkumar et al. reported that the p-type transport properties of EG on 3C-SiC (111) did not
improve after decoupling the buffer layer, which confirms that the interface silicates dominate the
transport properties in this instance.

The intercalation process has also attempted via an oxidation process for EG on SiC (0001). Mathieu
et al. [78] demonstrated that, through an oxidation process, the oxygen saturates Si dangling bonds and
breaks some Si—C bonds of the buffer layer. In this case, the buffer layer is only partially decoupled,
and the resulting sample had molecular oxygen intercalated between carbon layers with a (v/3 x /3)
rotated 30° pattern as observed with pLEED. The same group also demonstrated the possibility to tune
the charge density modulation in the graphene by controlling the oxidation parameters. The starting
sample had an n-type sheet charge of 1.4 x 10'3 cm~2 corresponding to Ef of 500 meV below Ep.
After the first O-intercalation step, the sheet density changed to 4.6 x 10'> cm™2 (n-type) and Ef
of 300 meV. The second O-intercalation step yielded 1.9 x 102 cm~? (n-type) and Ef of 200 meV.
Quasi-free-standing bilayer graphene (QFSBLG) with p-type doping of 10'® cm~2 was achieved by
Oliveira Jr et al. via oxygen intercalation by annealing the monolayer graphene on SiC(0001) at 600 °C
in the air [138].

The most advanced intercalation may be magnesium intercalation of monolayer EG on SiC
(0001) creating QFSBLG [43]. For this case, ARPES measurements demonstrate a very high n-type
concentration of 2 x 10'* cm™2 at an Ef of 720 meV above Ep and the creation of a band gap of 0.36 eV.
The Fermi velocity was measured to be 0.97 x 10° ms™!, which is only slightly different from MLG.
This may indicate that the graphene lattice is only slightly perturbed by the magnesium intercalant.

Wong et al. [135] obtained a charge-neutral QFSG on SiC (0001) using fluorine from a fluorinated
fullerene source, which was stable under ambient conditions, whereas resistant to temperatures up to
1200 °C. Gierz et al. [136] demonstrated buffer-layer decoupling using gold intercalation of EG on SiC
(0001). The formation of an n-doped or a p-doped graphene layer can be controlled by varying the
gold coverage about one-third or one monolayer, respectively.

5.2. Functionalization of EG

Controlling the transport properties via surface functionalization makes use of charge compensation
from surface adsorption or attachments [139]. Coletti et al. demonstrated that the intrinsic n-type doping
of EG on SiC (0001) can be compensated by functionalizing graphene (non-covalent) with an electron
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acceptor called as tetrafluorotetracyanoquinodimethane (F4-TCNQ) [79]. Surface transfer doping results
in charge transfer from graphene into the doping molecule reducing the sheet density. A 0.8-nm-thick
layer of F4-TCNQ on monolayer EG resulted in near charge neutrality, i.e., Eg = Ep, Figure 19. For a
bilayer sample, the band gap more than doubled, moving from about 100 meV to 250 meV [79] with
the Ef shifted into the band gap. Yet, both the compensation and band gap widening saturated near
0.8 nm, which indicated that there may be limitations with this approach. An increase of mobility
with decreasing carrier density was seen in the F4-TCNQ doped samples by Jobst et al. [55]. When the
carrier density is decreased, the mobility limited by the electron interaction with substrate phonons
rises substantially (up to 29,000 cm?-V~1:s7! at 25 K), and Shubnikov-de Haas oscillations and the
graphene-like quantum Hall effect are observed [55]. The F4-TCNQ experiments demonstrate that the
effects of the substrate interaction can be mitigated by reducing the sheet density, and the quantum Hall
effect and pseudo-relativistic physics and linear band structure are possible in the epitaxial graphene.
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Figure 19. ARPES measured 7 bands for around K point for the Brillouin zone for (a) as-grown
graphene monolayer on SiC (0001) (b—e) increasing amount of F4-TCNQ. Reprinted with permission

from Reference [79].

Bekyarova et al. [132] studied the transport properties of nitrophenylfunctionalized EG (NP-EG
formed on the C-face SiC) and suggested that it changes the graphene from near-metallic to
semiconducting (see Figure 15) [132].

Other interesting work by Lartsev et al. [140] demonstrate charge neutrality (10" em™?) and
p-doping (5 x 10'2 cm~2) by reversible tuning of carrier density via high electrostatic potential gating
with ions produced by corona discharge in initially strongly n-doped EG/SiC devices. In this case,
the ions deposited on the dielectric layer induce a surface charge density on the graphene. The corona
effect is reversible and, depending on the ionic charge, both p-doping and n-doping are possible.
The method is utilized in graphene applications such as quantum resistance metrology where specific
fixed doping is required.

Peles-Lemli et al. [141] used DFT calculations to investigate the graphene interactions with the
adsorbed alkali metal ions such as Li*, Na*, and K* for the applications of graphene-based chemical
sensors. In the presence of an external electric field, the positively charged ions get closer to the
graphene inducing excess charge transfer from the graphene surface to the metal ions, causing negative
charges on the ions and removal of the ions from the surface. Ludbrook et al. [142] demonstrated
first direct observation of superconductivity (critical temperature of 5.9 K) for monolayer graphene
formed on 6H-SiC (0001) decorated with a layer of lithium atoms at a low temperature, which caused
an enhanced electron-phonon coupling.

5.3. Top-Gate Graphene Field-Effect Transistors

The ability to control the graphene transport properties via an external voltage is the heart
of future electronics [29]. Graphene field-effect transistors show ambipolar field-effect due to its
unique electronic band structure with a zero band gap [58]. Under a gate voltage control, charge
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carriers in graphene can be tuned continuously between electrons and holes with the Fermi level
crossing the Dirac point [143]. Charge carriers can be tuned up to 10'*> cm~2 with mobilities over
15,000 cm?-V~1-s71 at 300 K [29]. The mobilities depend on temperature weakly, which indicates charge
impurity scattering and, therefore, the gate control may be able to improve those numbers further,
even up to 100,000 cm?-V~1.s71 [58].

The first report of epitaxial graphene field-effect transistors (EG FETs) patterned on a single
epitaxial graphene chip both on the SiC (0001) and SiC (OOOT) was made in 2008 [60]. Figure 20
demonstrates the Id-Vg characteristics of the C-face and Si-face transistors. The results from this
work show that the gate-controlled tuning can lead to mobility as high as 5000 cm?-V~!s7! on the
C-face, and an on/off ratio up to 7 on the Si-face SiC. Moon et al. [144] measured the first small-signal
radio-frequency (RF) performance of EG FETs on 6H-5iC(0001). Lin et al. [145] fabricated high-speed
graphene RF FETs on 4H-SiC (0001) and obtained a cutoff frequency of 100 GHz for a gate length of
240 nm. He et al. [146] revealed the RF performance of bilayer GFETs up to 200 °C. Yu et al. [147]
formed a QFSBLG FET on 4H-SiC (0001), (100-nm gate length) with an intrinsic current gain cutoff
frequency 407 GHz. Hwang et al. [148] demonstrated the first top-gated graphene nanoribbon FETs
of 10 nm width on 6H-SiC (0001). The results exhibited exceptionally high drive currents (for fast
switching) and opening of a substantial band gap of 0.14 eV. Bianco et al. [149] determined the detection
of terahertz radiation at room temperature using antenna-coupled EG FETs on SiC, which introduced
the potential of plasmonic detectors using epitaxial graphene on silicon carbide.
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Figure 20. Id—Vg characteristics for FET fabricated on (a) MEG on SiC (0001) transistor for 0.5 V and
1.5V drain voltages, (b) EG on SiC (0001) transistor for two drain voltages. Reprinted with permission
from Reference [60]. Copyright (2008) Institute of Electrical and Electronics Engineers.

Additionally, the gate control in FET fabricated on bilayer EG enables us to selectively adjust the
carrier concentration in each layer and induce a band gap in bilayer graphene. Ohta et al. demonstrated
that, by doping the bilayer of graphene, the band gap of 200 meV could be achieved [34]. Alternatively,
Zhang et al. showed the band gap of up to 250 meV is achievable by varying the electric field and by
using an external gate control. Zhou et al. [45] reported a substrate-induced energy gap of 260 meV [37].

Moon et al. demonstrated the first ambipolar behavior of wafer-scale EG FET on 3C-SiC(111)/Si
substrates formed via thermal decomposition (see Figure 21) [80]. A comparison of the graphene
FETs fabricated on Si(110) and Si(111) substrates were reported by Kang et al. [20]. The graphene
FETs on Si(111) exhibited higher channel currents, which is an order of magnitude larger than those
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on Si(110) substrates. However, the measurements indicated the presence of a large amount of
gate-leakage current.

100

lgg (MA/um)

Figure 21. Ambipolar field-effect transistor on Si (111) substrates. Reprinted with permission from
Reference [80]. Copyright (2010) Institute of Electrical and Electronics Engineers.

Fabrication of graphene FETs involves the challenges of selecting an appropriate gate insulator and
controlling its thickness [150]. Generally, the oxides such as SiO,, HfO,, Al,O3, and Y,0Oj3 are used as the
gate dielectrics, but these tend to become amorphous with scaling and interactions with the graphene
can occur, which makes the high-quality defect-free interface formation difficult [150-152]. Hexagonal
boron nitride (h-BN) forms a weak van der Waals interaction with the graphene (lattice mismatch only
2% [153]) and has been utilized as an ideal insulator for the graphene FET formation [151]. Due to the
lower value of a dielectric constant (k~4), h-BN is usually combined with a high k-dielectric layer such
as Y,Oj3 formed via atomic layer deposition on h-BN [154]. The scaling (~1.3 nm) of h-BN results in
excessive gate leakage current within the FET. To overcome this, Illarionov et al. [150] utilized epitaxial
calcium fluoride of ~2 nm thickness as a gate insulator with low leakage current and on/off ratio up to
107. Furthermore, the epitaxial growth of graphene-h-BN heterostructures on copper via chemical
vapor deposition has been demonstrated by Geng et al. [155].

6. Conclusions

Epitaxial graphene is a practical approach for electronics and photonic applications thanks to its
wafer-scale integration compatibility [5]. The knowledge and the control of electronic and transport
properties of epitaxial graphene are crucial for graphene-based electronic and photonics applications.

This work has reviewed the impact of different interactions the epitaxial graphene makes with its
surroundings, such as substrate, ambient, and metal contacts. The review concluded that the electronic
and charge transport properties of EG on both SiC and Si substrates are always dominated by the
interfaces between graphene and its environment. Within the diffusion regime, the grain sizes do not
affect carrier transport in EG. The sheet carrier concentration and the mobility of graphene follow a
power-law dependence, which is universal for the substrate-supported graphene. Lastly, different
methods to tune the electronic and transport properties of EG are discussed, which points out that the
control of the charge transfer/doping in EG is directly linked for engineering the graphene interfaces.
Hence, itis critical for the integration of graphene into future micro-electronic or nano-electronic devices.
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Abstract: The twistronics, which is arising from the moiré superlattice of the small angle between
twisted bilayers of 2D materials like graphene, has attracted much attention in the field of 2D materials
and condensed matter physics. The novel physical properties in such systems, like unconventional
superconductivity, come from the dispersionless flat band that appears when the twist reaches some
magic angles. By tuning the filling of the fourfold degeneracy flat bands, the desired effects are
induced due to the strong correlation of the degenerated Bloch electrons. In this article, we review
the twistronics in twisted bi- and multi-layer graphene (TBG and TMG), which is formed both by
transfer assembly of exfoliated monolayer graphene and epitaxial growth of multilayer graphene
on SiC substrates. Starting from a brief history, we then introduce the theory of flat band in TBG.
In the following, we focus on the major achievements in this field: (a) van Hove singularities and
charge order; (b) superconductivity and Mott insulator in TBG and (c) transport properties in TBG.
In the end, we give the perspective of the rising materials system of twistronics, epitaxial multilayer
graphene on the SiC.

Keywords: twistronics; twisted bilayer graphene; flat band; SiC

1. Introduction

Since the year 2004, graphene [1] has been a focus of condensed matter physics and materials
science due to their superior physical properties, especially those showing potential applications in
next generation electronics and optoelectronics. Recently, the twistronics, which refers to the studies of
the electronic properties of two-dimensional layered structures with particular twist angles between
the layers, has become a fast rising new branch of the field in regard to two dimensional (2D) material.

The fascinating research on 2D materials experienced three sequential stages in its development,
each represented by a new degree of freedom in the sense of material structure. Stage 1 is represented
by a real 2D system, e.g., freestanding graphene, which allows the discovery of various properties
superior to the 3D or quasi-2D systems; stage 2 is represented by tailor-made 2D heterojunctions,
which give rise to a variety of van der Waals stacking systems and stage 3 is represented by a twist
angle between the neighboring layers, which facilitates the fine tuning of electronics structures and
magically induces strong correlation phenomenon at “magic” twist angles, e.g., twistronics.

The concept “twistronics” was first introduced by S. Carr et al. in a theory paper [2] to discuss
general approaches to calculate the electronic structure of arbitrarily twisted bilayer 2D materials. Prior
to that, researchers had already worked on this topic and discovered or predicted a number of interesting
properties of twisted bilayer graphene (TBG), for example, van Hove singularity [3-6], a possible
flat band at “magic” angles [7-11]. The rise of twistronics was boosted in 2018, by Jarillo-Herrero’s
group’s experimental discovery of superconductivity [12] and Mott insulator [13] on the graphene
device with almost the exact “magic” twist angle, which was fabricated by the so called “tear and stack”
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transfer assembly technique, as demonstrated in Figure 1a. Many other interesting properties, like a
topological Chern insulator [14-16], local charge order [17-20], as well as those of twisted multilayer
2D heterostructures [11,21-23], have been reported soon after. Currently this field has become one of
the hottest in the frontier. However, if the twistronics would one day come to practical electronics
devices, it is worth putting effort into realizing such a material system by more feasible methods, like
epitaxial growth.

(2]
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Figure 1. Schematic structure of twisted bilayer graphene (TBG) formed by transfer assembly (a) and
epitaxial growth on SiC (b). The calculated band structure of TBG with 6 = 3.9° (¢) and 6 = 1.05° (d),
where flat bands (moiré) close to the Dirac point appears. (e) The density of states corresponding to
6 =1.05°. Panel (c) adapted with permission from Ref. [24], Copyright American Physical Society 2007.
Panels (d,e) are adapted with permission from Ref. [8], Copyright PNAS 2011.

In this paper, we review the advances of this field, in the aspects of its band structure theory,
transport properties and local electronic properties. Additionally, we will discuss the perspective of
twistronics on epitaxial material systems, particularly epitaxial graphene on wide band semiconductor
SiC (as in Figure 1b), aiming at promoting the application of twistronics in electronic devices based
on the strong correlation effects, potentially useful in the next generation integrated circuits for
quantum computing.

2. Electronic Structure of Twist Bilayer Graphene

When two layers of graphene are stacked up, they are in Bernal (AB) stacking or AA stacking
when the crystal orientations of both layers are aligned, which is usually the case for grown crystals due
to thermodynamics. However, when the bilayer structure is fabricated by transferring the exfoliated
monolayers, the crystal orientations are mostly misaligned with a twist angle 8, which could be well

controlled to the accuracy of 0.1° recently [25,26]. Such a twisted bilayer forms a super structure called
the moiré pattern, with lattice constant d = a(2sin (%))_1, where a = 0.246 nm, i.e., the lattice constant
of graphene. In each moiré unit cell, there are three high symmetry spots, AA, AB and BA, named
after the local stacking geometry.

A. H. Castro Neto and coworkers [24] studied the electronic structure of the such unique geometry
of the bilayer graphene as early as in 2007. Within the framework of the continuum approximation on
a small twist angle model, they found that the linear dispersion at low energy and the Dirac cones
structure remain in the twisted bilayer, as shown in Figure 1c, but with a significant reduction of the
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Fermi velocity for very small twist angles. Such results imply the twist angle could be a significant
parameter that has a profound effect on the electronic structure of the bilayer graphene.

A theoretical breakthrough was made by R. Bistritzer and A. H. MacDonald in 2011 [8].
They unambiguously pointed out that the Fermi velocity at the Dirac point vanishes at a series
of magic twist angles, e.g., 0 = 1.05°, when the dispersionless flat bands (also called moiré bands)
are formed around the charge neutrality point, as shown in Figure 1d. Such a flat band contributes
to a sharp peak to the density of state, which is shown in Figure le. They also remarked that the
electron—electron interaction in the magic twist angle systems could give rise to strong correlation
effects. E. Sudrez Morell et al. [7] mentioned the link between superconductivity and the flat bands
of twisted graphene, although they give the critical angle of 1.5° that is a little deviated from the
magic angle.

From the view of the band structure, comparing with gapless monolayer graphene, it is two
superlattice bandgaps that are next to the upper and bottom sub flat band due to the effect of interlayer
hybridization in TBG. According to theoretical calculation [7,9,27], when the twist angle is increasing,
and away from the first magic angle, the position of the gap would shift to higher energy until being
disappeared as the two sub minibands become wider. Such twist angle tuned gaps are valuable for the
application in the optoelectronic device, for example, B. Deng, et al. [28] demonstrated the gate-tunable
photoresponse in the mid-infrared wavelength range of 5-12 um in 1.81° TBG. Additionally, a number
of recent optoelectronic works based on bigger twist angle TBG were done [29-32].

Another interesting feature in the electronic structure of the TBG is the doubled van Hove
singularity in the density of states that generally exists at arbitrary angles TBG as a consequence of
the saddle points at two emerging Dirac cones [6,9]. Additionally, a number of theory works have
investigated the band topology [27,33-38] in the magic angle TBG system recently.

Although many of the interesting predicted properties are yet to be verified or investigated in
detail by experiments, the flat bands have been directly observed in experiments, e.g., angle-resolved
photoemission spectroscopy (ARPES) [39]. And the flat band related unconventional superconductivity
and Mott insulating states have been discovered by Pablo Jarillo-Herrero’s group [12,13] in 2018. In the
following sections the major experimental achievements on TBG will be discussed.

3. Van Hove Singularities

Van Hove singularities (VHS) in the density of states are attractive properties of TBG, since strong
correlation effects like superconductivity, ferromagnetism and the charge density wave could be
induced when the system Fermi level is tuned to van Hove singularities energy levels. The VHS of
TBG at low energy come from the saddle points formed when the Dirac cones of each graphene layer
cross and merge together, as shown in Figure 2a [40]. Obviously, the VHS are always in a pair and are
symmetric to the charge neutral point (CNP) in energy levels.

Actually, van Hove singularities are the first unique and well-studied phenomenon in TBG.
The experimental studies on the moiré flat band, superconductivity, etc., are later inspired by the
discovery of van Hove singularities. The earliest experimental work of the van Hove singularity in
TBG are carried out by E. Y. Andrei’s group, with scanning tunneling microscopy (STM) [3]. They have
found a pair of sharp peaks symmetrical to the charge neutrality point in the scanning tunneling
spectroscopy (STS) taken on the highly oriented pyrolytic graphite (HOPG) surface with the moiré
pattern, as shown in Figure 2b,c. With the help of the theory, they could assign these peaks to the
saddle points of the merged two Dirac cones, e.g., VHS levels. Later, they investigated the influence of
the twist angle to the van Hove singularity energy levels by investigating chemical vapor deposition
(CVD) grown TBG samples with various twist angles [4]. By measuring the Landau level positions
under a high magnetic field, the Fermi velocity vr could be deduced. It is found that the v of large
twist angle TBG is similar to monolayer graphene, while the vr of the small angle TBG is significantly
lower, for example, vp = 0.87 X 10° m/s when 0 = 1.16°%; v = 1.1 X 10° m/s for monolayer graphene [41],
as shown in Figure 2d.
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Figure 2. Van Hove singularities on the electronic structure of TBG. (a) Emergence of van Hove
singularities (VHS) as a consequence of the rotation in reciprocal space. (b) Scanning tunneling
microscopy (STM) image of the boundary of the moiré pattern. (c) Corresponding spatial dependence
of tunneling spectra along a line connecting point M2 to G in (b). (d) Angle dependence of the Fermi
velocity renormalization. Inset, Dirac cones of twisted layers. (e) VHS separation as a function of
rotation angle 0. (f) u-ARPES spectra of TBG. Red arrows indicate the minigap band topology arising
from interlayer coupling. Panels (a,e) adapted with permission from Ref. [40], Copyright American
Physical Society 2012; Panels (b,c) adapted with permission from Ref. [3], Copyright Nature Publishing
Group 2010; Panel d adapted with permission from Ref. [4], Copyright American Physical Society 2011
and Panel (f) adapted with permission from Ref. [30], Copyright Nature Publishing Group 2016.

On the twisted multilayer graphene epitaxial grown on 6H-5iC(0001), J.-Y. Veuillen’s group
systematically investigated the VHS levels by measuring the STS on samples with varying twist
angles [40], as shown in Figure 2e. They have found that AEyys = 2hvrT'ksin(0/2) — 2tg, where vp
is the Fermi velocity, I'x is the wave vector of the Dirac point in monolayer graphene and t is the
modulus of the amplitude of the main Fourier components of the interlayer potential for monolayer
graphene. L. He’s group [5] reported similar results on TBG samples grown on Rh foil, and reveal
the coupling between epitaxial graphene and substrate could also influence the energy levels of VHS.
These results are verified again by J. Yin et al. [30] on epitaxial 19.1° TBG on Cu foil by direct observation
of the saddle point on the valance band of TBG by n-ARPES, as shown in Figure 2f.

4. Mott Insulator and Superconductivity

The superconductivity in TBG with the magic angle was firstly reported by Y. Cao et al. in 2018 [12],
and confirmed by many other researchers soon after [14,42,43]. The superconducting behavior of
TBG is largely similar to the doped Mott insulator, similar to unconventional high T¢ superconductor.
Although it is well known that the monolayer graphene is a zero gap semiconductor with the highest
mobility [44-46] among all the materials, Y. Cao et al. surprisingly discovered the insulating behavior
in the TBG in 2016 [26]. They had successfully fabricated dual-gate hall bar devices (Figure 3a)
with two TBG of different twist angles. The one with a twist angle > 3° shows a normal V-shape
dip in the conductivity-carrier density curve, as shown in Figure 3b, which indicates the normal
behavior of conductivity increases with carrier density around the zero density (charge neutral) point.
However, in the small angle sample 0 = (2.0 + 0.5) °, they observe two insulating states, which are
symmetric on both sides of the charge neutrality point. Such insulating states are suppressed when the
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temperature increases. Interestingly, the total density of the states required to fill up the insulating gaps,
n=7.5x 102 cm2, is 4 times of the mini Brillouin zone area, indicating two fold valley degeneracy
and two fold spin degeneracy. Therefore, they could derive the unit cell area of the moiré superlattice
to be 4/n = 53.3 nm?, which correspond to the twist angle of 0 = 1.8°, matching the target value of
0=(20+05)°.
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Figure 3. Mott insulator and superconductivity verified by the transport measurement in magic angle
TBG. (a) Schematic of a typical TBG device and the four-probe measurement. (b) Comparison of
the conductivity of two TBG devices. (c¢) Measured conductance of the TBG device D1 at T = 0.3 K.
Inset, the carries density locations of half-filling states in the four different devices. (d) Longitudinal
resistance measured in two devices respectively. Inset: an optical image of device M1. (e) Longitudinal
resistance versus temperature and carries density for device M2. Panel (a,d,e) adapted with permission
from Ref. [12], Copyright Nature Publishing Group 2018. Panel (b) adapted with permission from
Ref. [26], Copyright American Physical Society 2016. Panel (c) adapted with permission from Ref. [13],
Copyright Nature Publishing Group 2018.

The insulating behavior could be well explained by the flat band in magic angle TBG, as introduced
in Section 1. Basically, when the Fermi level crosses the flat band, the dynamic energy of electron
is limited by the width of the flat band. The Bloch electron in flat band would have a very large
effective mass, and thus the Coulomb interaction between electrons would dominate their behavior,
i.e., Mott insulator at low temperature. Additionally, due to the combination of valley degeneracy and
spin degeneracy, the flat band is fourfold degeneracy.

In 2018, Y. Cao et al. [13] verified the Mott insulating states of TBG by measuring devices with
twist angles carefully controlled to 1.1°, close to the first magic angle. The full filling condition is four
electrons per moiré unit cell, corresponding to a carrier density ns (in this work ns = 2.7 x 10'> cm~2).
It was found that the insulating states not only appear at the charge neutral point (n = 0) and the
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full filling condition (1 = 1), but also at the half filling condition (1 = +n/2), as shown in Figure 3c.
Additionally, by measuring the Shubnikov—-de Haas oscillation frequency fsgp, they deduced that
the degeneracy was to be 4 at charge neutrality and 2 at the half-filling states, and suggested the
halved degeneracy of the Fermi pockets is related to the spin—charge separation. These results are
unambiguous proof of Mott-like correlated behavior at half-filling. In a back to back paper on the
same journal, Y. Cao et al. reported unconventional superconductivity in the same material system,
as shown in Figure 3d, which was realized by back gate tuned electrostatic doping into the TBG
slightly away from the correlated insulating state [12]. They observed tunable zero-resistance states,
i.e., superconductivity, in two TBG devices with critical temperature of 1.7 K and 0.5 K respectively.
Both devices show a maximum critical field of about 70 mT. The temperature and magnetic field—carrier
density phase diagram demonstrate two dome-shaped superconducting phase regions approximate to
both sides of the half-filling Mott-insulator region, as in Figure 3e. Such behavior of magic angle TBG
is very similar to that of cuprates superconductors.

These works immediately inspired enormous attention to the TBG systems, both experimental
and theoretical [14,42,47-59]. Due to the fourfold degeneracy of the moiré flat band, one can define
a filling factor v = n/ny = 4n/n; (ng is the carrier density for one electron per moiré unit cell). It is
expected that insulating states appears when v is the integer and superconducting exists between
them. Indeed, X. Lu et al. reported that on a more accurate (0 = 1.1 + 0.02°) magic angle TBG
device, the insulating state appears at the integer filling factor positions, as shown in Figure 4a [14].
The temperature—carrier density phase diagram shows superconductivity up to 3 K around v = -2.
Surprisingly, there are also three new superconducting domes at much lower temperatures, close to the
v =0and v = +1 insulating states. Moreover, at v = —1, when the perpendicular magnetic field is higher
than 3.6 T, the insulating state exhibits a sharp hysteretic resistance and the longitudinal resistance
saturated at about 13 k() (Figure 4b). These details imply orbital magnetism and a non-zero Chern
number induced by a possible field-driven phase transition at low temperature. E. Codecido et al. [42]
reported an insulating state at a filling factor as high as 12 in the TBG with a twist angle of 0.93°,
as shown in Figure 4c,d, which is surprising since at such a high filling condition the Fermi level has
reached the dispersing bands. M. Yankowitz et al. [56] induced superconductivity in TBG with twist
angle 0 = 1.27°, larger than the first magic angle, by varying the interlayer spacing with hydrostatic
pressure [60]. These superconducting (5C) domes are almost next to the correlated insulate states
region in the B-T phase diagram, similar to the effect of the doping of the Mott insulator and implying
the strong correlation effect between the electrons on the flat band in special filling. However,
some theoretical works attributed the superconductivity in TBG to phonon driven [48,51].

In the above cases, the “tear and stack” technique were adopted by most of the groups to the
fabricated magic angle twisted bilayer graphene device. This method [25,26] utilizes the van der Waals
force between different materials to transfer graphene on different substrates. Precisely controlling the
twist angle in the method is the key to realize the desired magic angle twisted bilayer graphene device.
This is controlled by an accurate micro-manipulation stage and monitored by optical microscopy for
confirming the twist angle in situ. Besides, in Y. Cao and X. Lu’s case, they both rotated the separated
graphene pieces purposefully by an angle slightly larger than the desired twist angle, owing to the
high risk of relaxation of the twist angle to random lower values. Furthermore, X. Lu, et al. further
carried out a mechanical cleaning process for squeezing the trapped blister out and releasing the local
strain. More details and other different synthetic methods of twisted graphene can refer to this review
paper [61], which introduced the method more comprehensively.

Moreover, in the early transport measurement of TBG devices, the filling is mainly tuned by the
back gate, as shown in Figure 3a. One should note that the back gate not only changes the carrier
density, but also changes the electric displacement field. Theory suggests the vertical electrical field
would influence the band structure of the bilayer graphene. To eliminate this effect, researchers
normally employ a symmetric due gate design for the devices. More details of the physics in such
systems are still yet to be further investigated on more sophisticated devices.
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Figure 4. Tunable superconducting and insulate state in TBG. (a) Color plot of longitudinal
resistance versus carrier density and temperature. SC: Superconducting state; CS: correlated state;
BI: band insulator. (b) Longitudinal resistance plotted versus magnetic field at various temperatures.

(¢) Longitudinal resistance versus magnetic field and filling factor up to +12. (d) Longitudinal resistance
versus back gate voltage at various temperatures. Inset: an optical image of the TBG device with a
scale bar of 10 um. Panel (a,b) adapted with permission from Ref. [14], Copyright Nature Publishing
Group 2019. Panel (c,d) adapted with permission from Ref. [42], Copyright AAAS 2019.

5. Ferromagnetism and Quantum Anomalous Hall Effect

The ferromagnetic state in TBG has been predicted by L. A. Gonzalez-Arraga et al. [62] in
2017 and antiferromagnetism was suggested as well [63]. Basically, fine tuning of the band filling
would lift the degeneracy, and thus induce ferromagnetism in the system. For example, the spin
symmetry and valley symmetry could be partially or completely broken in the 1/4, 1/2 and 3/4 filling.
A. L. Sharpe et al. reported that the transport measurement shows hysteretic behavior with respect
to an applied out-of-plane magnetic field B below 3.9 K, near the 3/4 filling of the moiré band in
a TBG Hall bar device [64], as shown in Figure 5a. Considering the absence of transition metal
and other heavy elements, the large amorous hall signal in TBG is surprising. This suggests spin
and valley symmetries in the correlated insulated states are spontaneously broken. M. Serlin et al.
also found the ferromagnetic state near the 3/4 filling in TBG devices [16]. The Hall resistivity is
hysteretic, with a critical field of several tens of mT. At low temperature, lateral resistance Ryx quickly
saturated at quantum resistivity h/e? along with a low longitudinal resistivity Ry < 1k, as shown
in Figure 5b, which reveals a topological insulating state with Chern number = 1, similarly to the
result by X. Lu et al. [14]. These results again indicate a quantum anomalous Hall (QAH) state by
spontaneously broken time-reversal symmetry of the moiré band. Additionally, they both found the
quantum anomalous Hall state can be switched on/off by a low direct current [16,64], as shown in
Figure 5c¢,d, providing a possibility for functional devices.

This unusual magnetism in TBG, revealed by the anomalous Hall effect, cannot be explained
by a trivial reason like adsorbed impurities or defects. Due to the absence of the d electron or f
electron, the unusual magnetism at the 1/4 filling can be attributed to a field stabilized orbital magnetic
state [14,65]. Additionally, the certainly potential ferromagnetic topological insulator, found at the 3/4
filling, is explained by spin or valley symmetry broken from the flat band. A series of theoretical works
have attempted to find the reason of the electrically controllable magnetism [58,66-69] and the origin of
the Chern number in TBG by calculating the topology of the flat band [34,35,37]. To better understand
the magnetism experimentally, these spin or valley polarized states, which are around the AA region as
suggested by the theory, need to be verified by performing more detailed local probe characterization.
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Figure 5. Ferromagnetism and quantum anomalous Hall effect (QAHE) in TBG. (a) Magnetic
field dependence of the longitudinal resistance (upper panel) and Hall resistance (lower panel)
with n/ng = 0.746 at 30 mK. (b) Hall resistance as a function of magnetic field at various temperatures
with n/ns ~ 3/4. (c) Differential Hall resistance tuned by a DC bias with n/ns = 0.746 at 2.1 K.
(d) Nonvolatile electrical writing and reading of a magnetic bit at T = 6.5 K and B = 0. Panel (a,c)
adapted with permission from Ref. [64], Copyright AAAS 2019. Panel (c,d) adapted with permission
from Ref. [16], Copyright AAAS 2020.

6. Local Probe Measurement of TBG

Although the transport measurement already revealed many fascinating properties of TBG systems,
one should note that the published results sometime are puzzling or contradicting to each other,
for example, different determination to the insulating states at a certain filling to the band [13,42,64];
disagreed positions of the superconducting states in the phase diagram [12,14] and different critical
magnetic field or critical temperature values [12,56]. These contradictions are mainly attributed to the
unavoidable variation in device fabrication, local inhomogeneity or twist angle disorder. To avoid these
deviations in the measurement that are carried out on a relatively large area, a local probe measurement
that could zoom in to the individual moiré unit cell would be very helpful.

Due to the atomic resolution STM measurements on TBG, L. Yin et al. [70] observed the
one-dimensional conducting channels locating at the edges of the domain wall between the AB
and BA regions; S. Huang et al. [71] observed a double-line network of enhanced density of states on
TBG with the moiré unit cell lattice constant of about 50 nm, as shown in Figure 6a. The density of
the state is enhanced only when the gap was opened by applying a positive electric field, suggesting
topologically protected helical edge states on the network. On the TBG samples with varying twist
angles from 0.79° to 3.48°, A. Kerelsky et al. [19] detected the VHS features in STS spectra. They also
found that the half-width of each individual VHS is minimized at the magic angle, as shown in
Figure 6b, which means the electron correlations are maximized.
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Figure 6. Local probe measurements of TBG. (a) STM density of states (DOS) mapping of the moiré
pattern with period —50 nm. Inset: scheme of the band structure. (b) Experimental conduction and
valence VHS half-widths and tight-binding half-widths versus twist angle. (c) Superimposed STM
DOS map showing the stripe net charge order. (d) Evolution of the TBG point spectrum with back-gate
voltage. Right panel: schematic of the TBG band structure. (e) Schematic of SQUID on tip scanning
over magic angle TBG. Panel (a) adapted with permission from Ref. [71], Copyright American Physical
Society 2018. Panel (b) adapted with permission from Ref. [19], Panel (c) adapted with permission from
Ref. [18] and Panel (d) adapted with permission from Ref. [17], Copyright Nature Publishing Group
2019. Panels (e) adapted with permission from Ref. [72], Copyright Nature Publishing Group 2020.

The influences of the electron—electron correlation interaction to the local electronic structure
and local charge ordering are also very suitable for scanning probe measurement. By taking STS on
the AA region of the moiré unit cell in TBG with the magic angle, Y. Xie et al. [20] studied the flat
band peak position under different filling conditions. It was found that in the fully filled or empty
condition, the shift of the flat band peak is proportional to the density of states (DOS) at the Fermi
level, as shown in Figure 6d, indicating that the electron correlation is weak; while in the partial
filling condition, an abrupt distortion of the spectra that cannot be explained by the mean-field model
has been observed, indicating that a strong correlation effect is indeed playing a crucial role. Such
a conclusion is also supported by the STS measurement on a similar system by Y. Choi et al. [17].
In addition, Y. Choi et al. observed an enhanced flat band peak splitting, which was attributed to
exchange interactions. Furthermore, the strong correlation effect could also induce a stripe charge
order, as reported by Y. Jiang et al. [18], as shown in Figure 6c.

Besides the scanning tunneling microscope, the nanoscale on-tip scanning superconducting
quantum interference device (SQUID-on-tip) [73] is a powerful tool to study the local magnetic
properties at high spatial resolution. Recently, A. Uri et al. [72] investigated the influence of local
0 variation on the Landau levels in the quantum Hall states in magic angle TBG, at an ultra-high
precision of 0.002° with SQUID-on-tip, as shown in Figure 6e. It was found that the correlated states
being fragile with the twist-angle disorder, and the in-plane electron fields generated by the gradients
of 6 would affect the phase diagram of correlated superconducting states.

7. Twisted Multilayer Graphene

Apart from the gating as a major tool to tune the correlated states in TBG, the number of layers
is also a knob for tuning. Actually, correlation effects also exist in the multilayer graphene with or
without the twist angle, for example, the twisted double-bilayer graphene (TDBG) [21,74-77] formed
between twisted AB stacking bilayer graphene. It is well known that the AB stacking bilayer graphene
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has parabolic bands touching at low energies close to the K point, and the gap opening at the charge
neutral point could be induced under electric displacement fields, as shown in Figure 7a. Theory
suggests that strong electron—electron interaction may occur in such a TDBG system at the 1/2 and1/4
filling of the flat band [78].
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Figure 7. The correlated insulated and potential spin-polarized state in TBG. (a) Schematics of a moiré
unit cell in TBG and the band structure with and without tuning by the displaced field. (b) Longitudinal
resistance Ryy plot versus the displaced field and carrier density for the TDBG device in magnetic
fields of B, = 8 T. The dashed blue line denoted the original center of the insulated state with the 1/4
and 1/2 filling at B = 0. (c) Thermal activation gap A of the 15/2 insulated state as a function of By.
Top inset: the single-particle flat band is split into upper and lower spin-polarized many-body bands
by electron—electron interactions. Bottom inset: the fitting of R-T by R ~ exp(A/2kT) for extracting
the gap. Panel (a,c) adapted with permission from Ref. [74], Copyright Nature Publishing Group 2020.
Panel (b) adapted with permission from Ref. [75], Copyright Nature Publishing Group 2020.

Indeed, a number of experimental works show evidence that the correlated insulate states exist
in TDBG. Y. Cao et al. recently investigated the response of the correlated states to magnetic fields,
perpendicular or in-plane [75]. At B, = 8T, the correlated insulate state at 1/2 1, shifts to a bigger D
region in the n-D map, and the 1/4 n; insulate state shifts to a lower D region, as shown in Figure 7b.
At the paralleled magnetic field, no such strong shift is observed at all fractional filling. In the evolution
of the thermally activated gap of the 1/2 n; state, they find a g-factor of g = 1.5 for the in-plane magnetic
field, closer to g = 2 that corresponds to electron spin contribution, rather than g, = 3.5 for the out of
plane magnetic field. These results suggest that the correlated states are spin-polarized. C. Shen et al.
obtained an effective g factor of 2.12 by fitting the thermal activation gap according to the Zeeman effect
in in-plane magnetic field [74], as shown in Figure 7c, which indicates spin polarization at half-filling.
X. Liu et al. also reported the ferromagnetic order and superconductivity at 1/2 filling in TDBG [77].
Additionally, they surprisingly observed that the superconductivity is enhanced in the low in-plane
magnetic field region, revealed by a 50% increase of critical temperature as B increases from 0 to about
0.3 T, again suggesting unusual spin-polarized electron pairing [77].

On an ABC stacking trilayer graphene with the 1/4 or 1/2 filling of the flat band, G. Chen et al.
observed the Mott-insulating state [79], superconductivity [80], ferromagnetism and Chern
insulator [15], as shown in Figure 8a—c. By applying the vertical field, they observed splitting
of the low energy band and suppressing of the high energy flat band, indicating correlation due to
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Coulomb repulsion. L. Yin et al. reported Landau level spectroscopy measurements of ABC-stacked
twisted trilayer graphene on graphite, and observed an approximately linear magnetic-field scaling of
valley splitting and spin splitting, as shown in Figure 8d, which is attributed to a strong many-body
correlation effect [81]. Additionally, by increasing the number of layers and complexity of the stack
order, more twisted multilayer graphene come up in experiment [22,82,83] and theory [23,65,84-86],
thus more fascinating properties are yet to be explored.
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Figure 8. Correlated insulating, superconducting state and quantum anomalous hall effect (QAHE) in
ABC-trilayer graphene. (a) Longitudinal resistance versus bottom gate voltage and tap gate voltage.
(b) pxx and pyx versus the magnetic field with D = 0.5 V nm~!. Inset: a zoomed-in plot of pyx at a small
magnetic field. (c) Color plot of the normalized resistance versus carrier density and temperature at
D =-0.54V nm™. (d) Valley splitting versus the magnetic field for partially filled at a low Landau level
(LL) factor n = 0, 1, 2. Panel (a) adapted with permission from Ref. [79], Copyright Nature Publishing
Group 2019. Panel (b) adapted with permission from Ref. [80], Copyright Nature Publishing Group
2019. Panel (c) adapted with permission from Ref. [15], Copyright Nature Publishing Group 2020.
Panel (d) adapted with permission from Ref. [81], Copyright American Physical Society 2019.

8. Twistronics in Epitaxial Graphene on SiC

So far, the materials for twistronics studies are dominated by transfer assembly of exfoliated
graphene, mono- and bi-layer. Due to its great precision, the tear and stack method [25,87,88] of
transfer assembly enables the successful fabrication of desired magic angle TBG devices. On the
other hand, future application of twistronics would demand mass production of TBG based devices,
and thus require more efficient and economically available method for the production of TBG materials.
The epitaxial graphene on wide band semiconductor SiC stands out as a very promising candidate,
due to its natural compatibility with the semiconductor industry. Therefore, more attention should be
paid to SiC supported epitaxial graphene. (See Figure 9)
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Figure 9. Twisted epitaxial graphene on SiC. (a) LEED image acquired at 67.9 eV from 4H-SiC(0001)
with 10 layers of graphene, showing only graphene spots and diffuse arcs. (b) Auger peak intensity ratio
versus number of graphene layers on SiC(0001) substrates. Inset: Auger spectra obtained after different
process. (c) Atomic force microscope (AFM) image of graphene on 6H-SiC(0001) with a nominal
thickness of 1.2 ML formed by annealing in Ar. (d) STM image showing three domains with different
thicknesses and twist angles. Zone A: bilayer, 6 = 14°; zone B: 2-3 layers, 0 = 6.0°; zone C: 3 layers,
0 = 6.0°. Panel (a) adapted with permission from Ref. [89], Copyright American Physical Society 2008.
Panel (b) adapted with permission from Ref. [90], Copyright Elsevier 2007. Panel (c) adapted with
permission from Ref. [91], Copyright AAAS 2006. Panel (d) adapted with permission from Ref. [92],
American Physical Society 2015.

As early as in 1974, A.]. Van Bommel, et al. already reported the ring shape Low Energy Electron
Diffraction (LEED) pattern on graphitized SiC(0001) [93], which now we know is multi-layer graphene
with rotational domains of varying orientations. M. Naitoh et al. also observed many large and small
domains with various periodicities at 6H-SiC(0001) surfaces [94], which can be explained as moiré
patterns formed on two graphene layers with different twist angles. On the 4H-SiC(0001) substrate,
J. Hass, et al. reported that multilayer graphene grown on the carbon terminated SiC surface contains
three rotational domains, rotated by the 30 + 2.2° direction, characterized by LEED as shown in
Figure 9a, and these rotational stacking faults could be largely tuned by the annealing temperature [89].

Since the pioneer work by the W. A. de Heer group in 2004 [95], lots of attention has been focused
on the 5iC(0001), i.e., Si terminated face, due to the high quality of the self-limited epitaxial graphene
up to two layers. Meanwhile, many surface science studies, by means of auger electron spectroscopy
(AES) [90,96], XPS [97-99], LEEM [100], STM [101], etc., were carried out on the epitaxial graphene
on the SiC(OOOT), i.e., C terminated face. It was confirmed that the C-face could provide multilayer
epitaxial graphene with a thickness up to 10 s of nanometers, as shown in Figure 9b. The precise
number of layers could be determined in situ [102]. Additionally, the technique to control the thickness
and domain size of C-face graphene has also been developed. K.V. Emtsev et al. [91], J. L. Tedesco et
al. [103] and G. R. Yazdi et al. [104] reported the Ar atmosphere annealing method that could provide
micrometer sized single domains, as shown in Figure 9c. The epitaxial graphene on C-face SiC tends to
exhibit a variety of domain with various twist angles, as shown in Figure 9d, which could provide rich
research objects simultaneously.

In recent years, the physics regarding twisted epitaxial graphene on SiC started to attract interest.
Since 2012, the VHS has been systematically studied on the twisted multilayer epitaxial graphene
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grown on the C-face SiC [40,92,105]. In 2018, D. Marchenko, et al. [106] observed a very intense and
very flat band on bilayer graphene on graphene epitaxial on 6H-SiC. W. Wang et al. also verified the
existence of a nearly dispersionless electronic band near the Fermi level on 3C-SiC by angle resolved
photoelectron spectroscopy [107].

Although the precision control of the twist angle of epitaxial graphene remains a technique
problem yet to be solved, the epitaxial graphene on SiC already becomes a promising platform for the
study as well as application of twistronics in graphene. We suggest more twistronics studies on this
system in the aspects including but not limited to the transport measurement, local electronic structure
and functional devices.

9. Conclusions and Outlooks

In conclusion, the twist angle, as a new degree of freedom to tune the electronic structure of bi-
and multi-layer 2D materials, has opened up a door to the zoo of twistronics, i.e., various intriguing
physical properties of magic twist angle systems, especially the magic angle bilayer graphene that
give rise to strong electron—electron correlation effects. The origin of them are the moiré flat bands
formed above and below the charge neutrality point when the twist angles are in a series of “magic”
numbers, 1.08°, 0.5°, 0.35°, etc. Indeed, the existence of flat bands and van Hove singularity has
been confirmed by the momentum space and real spaces electronic structure measurements. Strong
correlation effects, like Mott insulator states, unconventional superconductivity, ferromagnetism and
charge/spin order, has been reported by many groups via sophisticated band filling tuning in transport
or local probe measurements.

On the other hand, since such a new field is still in its early stage, more works are still highly
desired for both fundamental research and applications. A virgin land is the twistronics on other magic
angle twisted 2D material beyond graphene, especially the various 2D semiconductors, like transition
metal dichalcogenides, phosphorene, etc. For the future application of twistronics in single devices
and integrated circuits, graphene family materials are the most promising candidates so far, due to its
quantum effects that might be valuable for quantum information technology.

The epitaxial graphene on SiC substrates would become a major platform for twistronics due to
the advantage of both the twist angle tenability and compatibility to industrial semiconductor
technology. Transfer assembly technology has enabled the tremendous physics discoveries in
twistronics, while epitaxial growth would open the way for its application.
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