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a b s t r a c t

In this work, we demonstrate the application of terahertz-optical Hall effect (THz-OHE) to determine
directionally dependent free charge carrier properties of ambient-doped monolayer and quasi-free-
standing-bilayer epitaxial graphene on 4HeSiC(0001). Directionally independent free hole mobility
parameters are found for the monolayer graphene. In contrast, anisotropic hole mobility parameters with
a lower mobility in direction perpendicular to the SiC surface steps and higher along the steps in quasi-
free-standing-bilayer graphene are determined for the first time. A combination of THz-OHE, nanoscale
microscopy and optical spectroscopy techniques are used to investigate the origin of the anisotropy.
Different defect densities and different number of graphene layers on the step edges and terraces are
ruled out as possible causes. Scattering mechanisms related to doping variations at the step edges and
terraces as a result of different interaction with the substrate and environment are discussed and also
excluded. It is suggested that the step edges introduce intrinsic scattering in quasi-free-standing-bilayer
graphene, that is manifested as a result of the higher ratio between mean free path and average terrace
width parameters. The suggested scenario allows to reconcile existing differences in the literature
regarding the anisotropic electrical transport in epitaxial graphene.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Since its first experimental demonstration, graphene continues
to attract vast attention as a consequence of its exceptional prop-
erties and rich physics that arise from the reduced dimensionality
[1,2]. Growth of epitaxial graphene (EG) on the Si-face (0001) of
silicon carbide (SiC) provides homogeneous monolayer (ML) and
bilayer (BL) graphene at a wafer scale [3e6]. The technology has
(N. Armakavicius), vanya.
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high potential for future electronic device applications and proto-
type electronic devices using EG on semi-insulating (SI) SiC sub-
strates have already been demonstrated [7e10]. However, the
absence of an energy band gap in ML EG was shown to result in
severe shortcomings for logic devices. Another major challenge
limiting widespread application of EG is the interaction of graphene
with the substrate and ambient [11], which significantly affects its
free charge carrier properties. It was shown that as-grown EG on Si-
face SiC is typically electron doped as a result of donor surface
states at the graphene/SiC interface [12,13]. This doping translates
into a displacement of the Fermi energy away from the Dirac point
so that the ambipolar properties of graphene cannot be exploited.
Furthermore, Si-face ML EG typically exhibits significantly lower
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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free charge carrier mobility parameters as compared to exfoliated
graphene [14,15]. The interaction with the underlying substrate
renders SiC surface morphology to be an important factor for the
electronic and transport properties of EG. We have shown earlier
that there exists a range of optimal terrace widths which should be
kept in order to maintain formation of ML EG and to avoid increase
of carrier concentration [16]. It was also reported that the step-like
surface morphology of SiC can cause anisotropic carrier scattering
in ML EG [17]. Such anisotropic transport in EG may significantly
limit its applications in electronic devices.

Interaction with the substrate can be mitigated via hydrogen
intercalation which decouples ML EG from the substrate by rear-
ranging the ð6
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(buffer layer) into an additional graphene layer [18]. The resulting
BL graphene has higher carrier mobility parameters due to reduced
interaction with the substrate and is commonly regarded as quasi-
free-standing-bilayer (QFS-BL) EG. Moreover, it was shown that an
external electric field can induce a tunable bandgap in BL graphene
[19].

Free charge carrier properties and scattering mechanisms,
including anisotropic transport in ML EG have been extensively
studied. Several potential mechanisms accounting for the step edge
induced scattering in ML EG have been discussed in the literature.
Most commonly it is assigned to a higher concentration of defects
and presence of an additional graphene layer at the step edge re-
gions [3,20e24]. In addition, it was shown that for ML EG free of BL
inclusions, there is no difference between the Hall mobility in de-
vices oriented parallel and perpendicular to the SiC steps (few
nanometer high) [3]. The authors further showed that BL inclusions
lead to a decrease in carrier mobility which can be directly linked to
the amount of BL contained in Hall devices [3]. Inhomogeneities in
the number of graphene layers can cause a mismatch between
electron wavefunctions that results in a backscattering of carriers
[17]. On the other hand, local conductance mapping indicates that
the local resistance in ML EG over SiC steps increases with
increasing step height showing �55% enhancement of resistance
over a 1.5 nm-high step [25]. Considering that no change in
mobility has been observed across and parallel to the step edges [3]
the reported increase in resistance might thus be expected to
follow from a respective decrease of carrier density in EG across
step edges. It should be noted that the resistance enhancement
over the 1.5 nm high step is comparable to that observed at the ML/
BL planar junction [25].

Hoon-bae et al. have shown that the resistivity for ML EG on
4HeSiC (0001) is much higher at the 10 nm-high single step than
the resistivity caused by BL stripes on ML EG transferred onto flat
SiO2/Si surface [26]. They further showed that the distribution of
defects does not change at the step edge and within the terrace
regions [26]. The authors attributed the substantial step edge re-
sistivity observed for EG to a mechanical deformation of the gra-
phene sheets, which causes p� s bonds hybridization [26].
However, other authors claim that the curvature radius of the
graphene sheets over the steps is too high to cause any significant
modification of the band structure [15,22]. Low et al. have
employed Slater-Koster parameterized sp3 tight-binding model
calculations to show that mechanical deformation and strain
induce only weak electron scattering [27]. They have demonstrated
through calculations that increased separation of the EG from SiC at
the step edge regions can create an abrupt variation in doping due
to varying interactions with the substrate [27]. For optimized BL-
free ML EG with surface steps height lower than the unit lattice of
the 4H- and 6HeSiC resistivity anisotropy was reported to diminish
down to 3e4% [28]. More recently, it was shown that the local
resistance of BL-free ML EG varies up to 30% at room temperature
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and up to 270% at 8 K [29]. The latter was attributed to a local
variation in the distance to the substrate resulting in reduced
resistance in ML EG for a larger distance to the SiC substrate. Both
theory [27] and experiment [29] indicate that interaction with the
substrate is in the core of the observed spread of experimentally
determined resistances in ML EG, while different specific mecha-
nisms explaining the origin of anisotropic transport in ML EG
continue to emerge and persists to attract significant scientific
interest.

Since the removal of the buffer layer changes the interaction
with the substrate, it can also significantly affect the anisotropic
scattering of carriers induced by the step-like surface morphology.
However, in contrast to the case of ML EG, anisotropic carrier
scattering has not been investigated in QFS-BL EG. There is one
report, where a strong anisotropy in electrical resistivity has been
detected for QFS-BL EG [22]. However, this is attributed to the
presence of an additional graphene layer at the step edges [22]. D.
Momeni Pakdehi et al. have studied trilayer (TL)-free QFS-BL EG
and detected anisotropy in resistance induced by step-like surface
morphology [30]. The authors speculated that the observed
anisotropy could be related to intercalation-related effects, how-
ever, no further focus on the origin of the anisotropy was imposed
[30]. At this stage, it remains unknown whether the anisotropy is
induced by the variation in doping or anisotropic carrier mobility of
QFS-BL EG and what are the scattering mechanisms. The answer to
these questions may determine towhat extent the high potential of
QFS EG for application in electronic devices can be realized.

Anisotropic transport can rise from anisotropic dispersion
relation resulting in anisotropic carrier effective mass along the in-
plane directions; anisotropic deformation potential constants and
elastic modulus, structural anisotropy, and anisotropic scattering of
free charge carriers. Resolving individual anisotropic transport
properties presents a significant challenge to currently available
contact-based techniques although many insights in the physics of
graphene have been gained. For instance, four-probe measure-
ments provides only electrical resistivity, while nanoscale scanning
probe techniques such as Kelvin probe microscopy or conductive
atomic force microscopy provide maps of local work function and
current, respectively. Standard electrical Hall effect measurements
provide free charge carrier mobility and density but may be ge-
ometry and size dependent and require contacts and Hall bar
fabrication. The latter involves multiple processing steps that may
modify the material properties. Recently, we have demonstrated
the contactless long-wavelength optical Hall effect to measure
independently free and quantized charge carrier type, density,
effective mass and mobility in graphene [31e39] and 2D electron
gases [40e42]. This technique, previously identified as the optical
analog of the electrical Hall effect, measures the Lorentz force-
induced birefringence at mid-infrared (MIR) to terahertz (THz)
frequencies in magnetic fields [43]. Here, we show for the first time
the use of THz-cavity-enhanced (CE)-optical Hall effect (OHE) to
determine directional dependent mobility and study the aniso-
tropic scattering mechanisms in ML and QFS-BL EG. In case of QFS-
BL EG, we observe in-plane anisotropy of the carrier (hole) mobility
parameter, with lower (higher) mobility across (along) the step
edges of the substrate. Isotropic carrier mobility within the
experimental error bars is determined for ML EG. The results from
THz-CE-OHE, atomic force microscopy (AFM), scanning Kelvin
probe microscopy (SKPM), micro-Raman spectroscopy imaging (m-
RSI), low-energy electron microscopy (LEEM) and low-energy
electron diffraction (LEED) allow us to draw conclusions that step
edges introduce an intrinsic scattering and anisotropy of the charge
carriers in QFS-BL EG, not related to the presence of any additional
graphene layers, defects, effective mass anisotropy, substrate
induced doping or ambient adsorbates. For ML EGwithmuch lower
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mobility and mean free path parameters, the mobility anisotropy
remains hidden as a result of the higher ratio between mean free
path and average terrace size parameters.
Fig. 1. Representative thickness maps of ML (a) and QFS-BL (b) EG samples obtained by
reflectivity mapping. (A colour version of this figure can be viewed online.)
2. Method

Three sets of EG samples were grown on Si-face (0001) of
4HeSiC SI substrates by high temperature sublimation in an argon
(Ar) atmosphere. The growth conditions were tuned to achieve
homogeneous ML coverage [44]. The growth temperature was
2000 �C using Ar pressure of 900 mbar for all sets of samples, and
only the temperature, at which Ar was introduced was different for
each set in order to shift the temperature at which the buffer layer
forms. The latter has been predicted to affect the quality of gra-
phene [45]. To produce QFS-BL EG, one of the ML EG samples from
each set was annealed in hydrogen environment as described in
Ref. [18]. Each of the three sample sets consists of ML and corre-
sponding QFS-BL EG. All samples have been stored and transported
in between the measurements at ambient conditions.

The number of graphene layers and their distribution across the
samples were determined using reflectance mapping [46]. Details
about the reflectivity mapping and thickness determination can be
found in Ref. [46]. LEEM andmicro-LEED studies were performed at
aberration corrected low energy electron microscope (Elmitec
GmbH) installed at MAXPEEM beamline (MAXIV synchrotron,
Lund, Sweden). Before LEEM and micro-LEED measurements, the
samples were annealed in ultrahigh vacuum at first at 450 �C for
half an hour and then at 500 �C for 1 h.

THz-CE-OHE measurements were performed at ambient con-
ditions for all sets of samples using the custom-built THz ellips-
ometer and OHE instrument at the THz Materials Analysis Center
[37]. The OHE is the high frequency analog of the classical electrical
Hall effect, and describes the magnetic field induced optical bire-
fringence generated by free charge carriers under the influence of
the Lorentz force and can be measured by Mueller matrix ellips-
ometry [43,47]. In CE-OHE a backside cavity between the sample
and a highly reflective surface is employed to enhance the OHE
signatures in the ellipsometry spectra [39,42]. The THz-CE-OHE
measurements were carried out at room temperature in the fre-
quency range of 720e960 GHz using a neodymium permanent

magnet (j B!j ¼ 0:55 T) at 45� angle of incidence and three different
values for the magnetic field of � 0.55 T, þ 0.55 T and 0 T. The THz-
CE-OHE data were analyzed using a three-layer optical model
consisting of SI 4HeSiC substrate, graphene layer and cavity. A bare
SI 4HeSiC substrate prior to graphene growth was measured and
analyzed with a parameterized model dielectric function (MDF)
accounting for phononmode contributions [43]. The resulting best-
match MDF of SiC was used without any changes in the subsequent
data analysis. The dielectric function of the graphene layer is
modeled accounting for the contributions of free charge carriers
using a classical Drude term as described in Ref. [43]. For more
details about the THz-CE-OHE non-linear least-squares data anal-
ysis, we refer the reader to the Supplementary information.

The micro-Raman spectroscopy imaging (m-RSI) measurements
were performed using an Acton spectrometer equipped with a
Pylon CCD detector at ambient conditions. The samples were
excited with a 532 nm continuous wave frequency doubled Nd:Yag
laser through a �100 objective (N.A. 0.9). The samples were
mounted on a three-axis piezoelectric stage to ensure an optimized
positioning and focusing of the laser spot. The FWHM of the
focused laser spot was around 400 nm. The m-RSI spectra of EG
were obtained by subtracting the Raman 4HeSiC reference spec-
trum from the collected spectra.

Scanning Kelvin probe microscopy (SKPM) measurements were
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performed using AFM (Dimension 3100, Digital Instruments),
which uses an interleave lift mode to record the surface potential.
The measurements were performed using conductive, platinum/
iridium coated Si tips (Nanosensors PPP-EFM-20) with resonance
frequencies between 45 kHz and 115 kHz. To record the surface
potential, the tip follows a stored surface topography at a constant
lift height of 10e20 nm above the sample, while an AC voltage of
3000 mV was applied to the tip at the resonance frequency of the
tip cantilever (u). The tip DC bias is adjusted to nullify the tip
oscillation at u, which is caused by the contact potential difference
(dVCPD) between the tip and the sample surface. The resulting im-
age is a map of the variations in the dVCPD between the tip and the
graphene, with the variations in the dVCPD assumed here to be due
to changes in the surface work function fs. All the SKPM mea-
surements were performed in ambient conditions.
3. Results and discussion

Reflectivity mapping and LEEM confirmed a homogeneous
number of layers for all samples with single layer for ML EG and BL
graphene for the QFS-BL EG samples, respectively (Fig. 1 and
Suppl. Inf. Fig. S3). Only small inclusions of thicker graphene - BL
and TL, respectively, were observed. The typical layer homogeneity
is 99%, with the exception for one sets of the samples, where the
growth time was increased, resulting in 92% layer homogeneity.

For brevity, we present results for single set of ML and QFS-BL EG
samples, because similar results on the free-charge carrier properties
are obtained for all sets from the THz-CE-OHE. Fig. 2 shows repre-
sentative AFM images (a), (f), and the experimental and the best-
match-calculated THz-CE-OHE Mueller matrix spectra for different
in-plane (azimuth) orientations (b) - (e), (g) - (j), for one of the sets of
ML [(a) - (e)] andQFS-BL [(f) - (j)] EG samples. The angles40,40 þ 30+,
40 þ 60+ and 40 þ 90+ indicate the in-plane rotation of the samples
with respect to the plane of incidence (Suppl. Inf. Fig. S1). The
magneto-optic birefringence, causing THz polarization mode con-
version, due to magneto-optical response of the free charge carriers
within the EG layers is reflected in the off-diagonal-block Mueller
matrix spectra (Mij where ij ¼ 13;23;31;32; see Fig. 2 and Suppl. Inf.
Fig. S2). The amplitudes and lineshapes of the spectral features
observed in the spectra at a givenmagnetic field are determined only
by the free charge carrier properties of graphene and are highly
sensitive to their in-plane anisotropy [43]. TheMuellermatrix spectra
of theoff-diagonal-blockM23 andM32 elements for theMLEG sample
[Fig. 2(b)e(e)] are nearly identical (M23zM32) for a given azimuth
angle and remain similar for all in-plane orientations. This is a direct
consequence of the electric permittivity tensor of ML EG being
completely symmetric as a result of equal free charge carrier pa-
rameters along themain in-plane directions [43]. Thus, ML EG clearly
exhibits an isotropic free charge carrier response. In contrast, a



Fig. 2. Representative THz-CE-OHE Mueller matrix M23 and M32 elements spectra of the ML (bee) and QFS-BL (gei) EG samples at different in-plane (azimuth) orientations with
30� rotation in between the measurements. The 40, 40 þ 30+ , 40 þ 60+ and 40 þ 90+ indicates the in-plane orientation of the high mobility axis with respect to the plane of
incidence (Suppl. Inf. Fig. S1). Respective AFM images depict the specific orientations of the ML (a) and QFS-BL (f) EG samples at the initial azimuth positions 40. The arrows in the
AFM images indicate the absolute orientations of the high and lowmobility axis determined from the THz-CE-OHE data analysis (40 ¼ �20+ for the ML and 40 ¼ 51+ for the QFS-BL
EG. (A colour version of this figure can be viewed online.)

Table 1
Free charge carrier parameters determined from the THz-CE-OHE data analysis for the representative set of ML and QFS-BLEG samples from Fig. 2.
Error bars correspond to the 90% confidence interval obtained from the regression algorithm-based data analysis.

ML QFS-BL

Carrier density N, 1012 cm-2 2:96±0:15 10:14±0:25
Effective mass m* , m0 [9:11� 10�31 kg] 0:035y 0:067±0:002
Carrier type p-type p-type
Mobility mx (along steps), cm2/(V,s) 1133±48 2412±56

my (across steps), cm2/(V,s) 1016±43 1927±44
Mean free path lx (along steps), nm 23±1 90±2

ly (across steps), nm 20±1 72±2

y The m* was coupled to the N using the relation reported in Ref. [52].

1 The use of anisotropic mobility model to fit the data for the ML graphene is
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completely different picture is observed for the QFS-BL sample. First,
for a given azimuth, theM23 andM32 spectra are different in most of
the cases. MijsMji for ij ¼ 13;23;31;32 can only be observed if the
diagonal elementsof theQFS-BLpermittivity tensoraredifferent [43],
i.e. the free chargeparameters along the twomain in-planedirections
are different. As expected in the case of such an anisotropy, a strong
variation of theM23 andM32 spectra with the in-plane orientation is

observed. Note that M40
23zM40þ90+

32 andM40
32zM40þ90+

23 (Fig. 2 (g) and
(j)). Such behavior of theMueller matrix spectra for the off-diagonal-
block elements (Mij, where ij ¼ 13;23;31;32) further confirms the
in-plane anisotropy of the free charge carrier properties of QFS-BL
(Suppl. Inf.).

The results on the free charge carrier type, sheet density, mobility
and effectivemass parameters, determined by the best-matchmodel
analysis for the two samples in Fig. 2, are summarized in Table 1. The
free charge carrier type is determined to be holes in both samples,
with sheet density parameters of NML ¼ ð2:96±0:15Þ � 1012 cm�2

and NQFS�BL ¼ ð1:014±0:025Þ � 1013 cm�2 for ML and QFS-BL EG,
respectively (Table 1). The p-type doping was also confirmed by
electrical Hall effectmeasurements (results not shown).We attribute
the observed p-type conductivity in ML EG to an ambient acceptor
doping redox reaction at the graphene surface involving O2, H2O and
CO2due to long-termexposureof samples toair [35,48]. Previously, p-
type conductivity in EGML, grownby similar sublimation techniques,
has also been reported [14,31]. The observed increase in hole density
in our QFS-BL by � 7� 1012 cm�2 is consistent with p-type doping
induced by the spontaneous polarization of the SiC substrate
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[18,49,50]. Hydrogen intercalation results in termination of the SiC
surface by hydrogen atoms transforming the buffer layer into the
additional graphene layer. Consequently, the interface donor states
associated with the buffer layer [51], acting as n-type dopants, are
removed leading to further enhancement of the p-type conductivity
in the QFS-BL.

The THz-CE-OHE data analysis further revealed a nearly
isotropic hole mobility1 for the ML EG and a strong in-plane
anisotropy of the hole mobility parameters in the QFS-BL EG.
Note that this mobility values represents an ensemble average of
local mobility parameters over the entire sample area of 15 mm �
15 mm. The ML EG sample exhibit mobility parameters of
mML
x ¼ 1133±48 cm2V-1s-1 and mML

y ¼ 1016±43 cm2V-1s-1, which
within the experimental error bars may be considered isotropic
(Table 1). This result is in excellent agreement with previously re-
ported isotropic mobility parameters along and across the step
edges as determined by electrical Hall effect measurements in very
similar type of ML EG samples grown by high-temperature subli-
mation [3]. The hole mobility in our QFS-BL EG increases by a factor
of �2 with respect to the ML EG with strongly anisotropic param-

eters of mQFS�BL
x ¼ 2412±56 cm2V-1s-1 and mQFS�BL

y ¼ 1927±44
cm2V-1s-1 (Table 1). The THz-CE-OHE data analysis further provided
the absolute orientations of the high and lowmobility axes for each
measurement. A comparison between the orientations of the
done only for consistency and delivers isotropic values within the error bars.



Fig. 3. Representative LEEM and micro-LEED images of QFS-BL EG. Light and dark grey
regions2 (indicated with arrows) correspond to BL, while bright region corresponds to
a TL graphene inclusion. Insets 1 and 2 on the right side depict micro-LEED patterns
obtained from the terrace (1) and the step edge (2) regions, respectively. Before the
measurements sample was annealed at 500+C for 1 h in ultra-high vacuum.

Fig. 4. Averaged Raman scattering spectra for ML [blue] and QFS-BL [red] EG. The
spectra are normalized to the respective G-band peaks. The positions of the D, G and
2D-bands of free-standing graphene are indicated by vertical dashed lines. (A colour
version of this figure can be viewed online.)
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samples in the AFM and the THz-CE-OHEmeasurements allowed us
to determine the relative orientations of the mobility axes with
respect to the surface steps of SiC substrate for the case of QFS-BL
EG as exemplified in Fig. 2 (f). The high mobility axes mx are
determined to be along the surface steps of SiC and the low
mobility my axes are perpendicular to the steps, respectively. For the
ML EG sample, the angle 4 is set according to the orientation
determined in the AFM images following the same notations as for
QFS-BL EG in the THz-CE-OHE data analysis.

Free charge carriermobility depends on the effectivemassm* and
scattering time t parameters through the relation m ¼ et=m* (e is the
elementarycharge).Therefore, anisotropicmobilitycanbe inducedby
directionally dependent scattering time t or anisotropic electronic
band structure resulting in anisotropic effective mass parameter m*

[53]. The band structure of graphene iswell known to have rotational
symmetryaroundtheKpoint andhence theeffectivemass is isotropic
However, anisotropic effective mass in QFS-BL EG may arise from
rotational disorder of the two graphene sheets, but this can be ruled
out by ourmicro-LEED investigation indicating no rotational disorder
(see Sec. 3.1). In addition, it has been argued that the curvature radius
of the graphene sheets over the steps is too high to cause any
measurable modification of the band structure [15,22]. Hence, we
suggest that the observed mobility anisotropy is caused mainly by
directionally dependent carrier scattering time. Any potential
contribution from anisotropic effective mass parameter should be
negligible and thus, the effective mass parameter was treated as
isotropic in our data analysis.We also note that the use of anisotropic
effective mass parameter in the model does not improve noticeably
the fit to the data compared to the isotropic effective mass model (as
reflected by very similar mean square error values for both models).
This indicates that no distinguishable anisotropy could be inferred
within the experimental uncertainties of the current THz-CE-OHE
experiment.

The effective mass parameter for the QFS-BL EG sample deter-
mined from THz-CE-OHE data analysis is 0:067ð±0:002Þ m0 and it is
in excellent agreementwith theeffectivemass of 0:065 m0 computed
from the carrier density using a relation derived from the band cur-
vature in Ref. [54] assuming intermediate energies and band pa-
rameters from Ref. [55]. The carrier mobility in the ML EG sample is
significantly lower than in the QFS-BL EG and as a consequence the
data model analysis is less sensitive to the effective mass parameter.
Therefore, in the best-matchmodel forML EGused to extract the free
carrier parameters, shown in Table 1, the effective mass was coupled
to the carrier density using the relation reported by Novoselov et al.
[52]. In the following subsections, we discuss the potential mecha-
nisms that may cause anisotropic scattering of carriers at the step
edges.
3.1. Number of layers and intercalation process

The growth of EG on SiC is enabled by the sublimation of Si at high
temperatureswitha rate faster thanCdueto itshighervaporpressure.
As the Si atoms leave the surface, the C atoms coalesce and nucleate
into graphene layer [56]. However, the sublimation process of Si
atoms from the terraces and step edges proceedswith different rates,
since the atoms are bondedmoreweakly in the vicinity of step edges
as compared to the terraces. Consequently, Si desorbs from these
areas faster and often an extra graphene layer forms at the step edge
regions [22]. The larger the step height the larger the number of the C
atoms, and thus the higher the probability to form an extra layer. In
addition, for the QFS-BL EG case, differences in graphene thickness
can also result from inhomogeneous hydrogen intercalation process,
since it transforms carbon rich buffer layer into additional graphene
layer.
252
In general, the step edge and the presence of an extra graphene
layer represent two different causes of carrier scattering. However,
in reality, their effect is often intertwined and hard to disentangle.
For all our three sets of samples the step height is typically below
1.5 nm. Reflectivity mapping and LEEM confirmed a homogeneous
coverage of SiC with single layer graphene for the ML EG, and BL
graphene for the QFS-BL EG samples, respectively (Fig. 1 and
Suppl. Inf. Fig. S3). Representative thickness maps obtained from
the respective reflectivity maps are presented for the ML and QFS-
BL EG samples in Fig. 1 (a) and (b), respectively. Although isolated
patches of BL and TL graphene occur in the ML and QFS-BL samples,
respectively, the uniformity in graphene coverage for the two
samples is 99%. The 1% inhomogeneity in layer thickness cannot
account for the observed anisotropy in free hole mobility param-
eters mx

my
¼ 1:25 of the QFS-BL EG sample. Note that similar 1% in-

homogeneity in number of layers is observed for the ML EG sample
(Fig. 1 (a)) but no detectable anisotropy in the mobility parameter
can be resolved within the experimental error bars (Table 1).
Furthermore, in a QFS-BL sample from a different set with layer
homogeneity of 92%, a very similar anisotropy in free hole mobility



Fig. 5. Representative SKPM images: topography (a) and (b), and surface potential (c) and (d) maps of ML EG (a) and (c), and QFS-BL EG (b) and (d). White dashed lines indicate the
height and surface potential profiles taken at the identical positions from the corresponding maps: (g) and (h) at the terraces, and (e) and (f) regions crossing several steps and
terraces. The topography profiles are indicated as black solid lines, while the surface potential profiles are indicated as blue solid lines. For height profiles, a terrace flattening
procedure was applied. (A colour version of this figure can be viewed online.)
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parameters mx
my

¼ 1:23, as for the sample with 99% layer homoge-

neity, is determined.
In order to further evaluate the uniformity of the intercalation

process, we probed different terrace and step edge regions in the
QFS-BL EG sample by micro-LEED. Representative LEEM image and
micro-LEED diffraction patterns are shown in Fig. 3. The LEEM
confirmed that the sample contains BL graphene (grey and dark
grey regions2) with occasional small TL inclusions (bright white
patches). There is no indication of different number of graphene
layers at the terraces and step edges. The micro-LEED from the
terrace and step edge (regions 1 and 2 in Fig. 3) show identical
diffraction patterns with sixfold symmetry typical for EG without a
buffer layer below. Moreover, the single sixfold diffraction pattern
for BL graphene occurs only when there is no rotational disorder
2 The dark grey color could be associated with physisorbed adsorbates, likely
carbon-containing gases, on the BL regions (see Suppl. Inf.).
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between the graphene layers in the stack. Thus, a uniform hydrogen
intercalation process at the step edges and terraces is realized,
resulting in ordered layers of the QFS-BL graphene.

3.2. Defects

To get further insight into defect distribution of the ML and QFS-
BL EG samples, we have performed meRSI. The Raman spectra
normalized to the G-peak and averaged over the measured 5� 5
mm and 7� 7 mm m-RSI maps for ML and QFS-BL EG, respectively,
are shown in Fig. 4. The spot size of the probing laser beam is
�400 nm and thus averaged information over the terrace and step
regions is obtained. Nonetheless, important parameters of gra-
phene crystallite size and defects can be deduced by analyzing the
D-band at around 1340e1375 cm-1[57e59]. We note that the D-
bands of our ML and QFS-BL EG are very weak indicating a high
crystalline quality of both EG samples. Ramanmaps of the 2D-band
FWHM and the G peak position indicate highly uniform QFS-BL EG
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with respect to doping and strain (Suppl. Inf. Fig. S5). It is worth
mentioning that very similar results are obtained for all sample
sets. Using the ratio between integrated intensities of the D-band
IðDÞ and G-band IðGÞ [57], we have estimated an in-plane crystallite
size of 430 nm for the QFS-BL EG, which is significantly larger than
the average spacing between steps of 340 nm as obtained from the
AFM analysis. These results indicate that defects cannot be themain
source of the observed anisotropy of free hole mobility parameters
for QFS-BL EG. This finding is also in agreement with previous re-
sults, showing that EG at the step edges is pristine [26]. For the ML
EG, estimation of the crystallites size was not possible since the D-
band overlaps with the bands at 1200e1550 cm-1 associated with
the buffer layer (Fig. 4). Nevertheless, the weak contribution of D-
band indicates that defect density is similar to QFS-BL EG sample.

3.3. Interaction with the substrate and ambient

Another potential reason for anisotropic free charge carrier
scattering is different interaction between EG and SiC substrate at
the terrace and step edge regions. It has been argued that at the
step edge the spacing between graphene and the substrate is
increased as compared to the respective spacing at the terrace [27].
It was suggested that this leads to almost full depletion of free
electrons in the graphene over the step edges and is responsible for
the experimentally observed increase in resistance over the step
edge [27]. Such a strong variation of doping within the terrace and
step edge regions should be manifested in the surface potential
maps of ML EG but has not been reported so far. This is mostly due
to the fact that there is often a second layer on the step edge, which
makes it difficult to discern the effect of the step edge alone. Most
often the graphene over the step edge has higher n-type doping
(not lower as expected in the above scenario) and the observed
difference of surface potential is attributed entirely to the presence
of the extra layer [60]. There is only one report showing anisotropic
resistance of TL-free QFS-BL EG [30], but no information whether
the resistance anisotropy is induced by anisotropic carrier mobility
or substrate induced doping variation.

Fig. 5 shows representative SKPM images of the topography
(a,b), and the surface potential (c,d) for the ML (a,c) and QFS-BL
(b,d) EG samples, respectively. The surface potential and height
profiles across the step edges (e,f) and along (g,h) the terrace are
also shown in Fig. 5 for both samples. By comparing surface
topography and potential maps one can see a clear correlation
between the stepped surface morphology and the surface potential
variation. This correlation is also manifested in the cross section
profiles depicted in Fig. 5 (e), (f) for ML and QFS-BL EG samples,
respectively. For the ML EG sample a brighter contrast, i.e. higher
surface potential, can be clearly associated with the step edges
while the terrace regions show darker contrast, i.e., lower surface
potential (Fig. 5 (c)). In contrast, the QFS-BL EG shows the opposite
behavior - the surface potential at the step edges is lower (dark
contrast) compared to the terrace regions (bright contrast) (Fig. 5
(d)). The average change in surface potential between the step
edge and terrace regions is 12 mV and 18 mV for the ML and QFS BL
EG, respectively [Fig. 5 (e,f)].

If one assumes that the work-function of the tip is unchanged
during themeasurement, then the observed variation of the surface
potential can be associated with the variation of the graphene
work-function. Hence, a higher surface potential can be associated
with a lower work-function of the graphene sample [Fig. 5 (c) and
(d)]. The work function of a material can be changed by either i)
doping through withdrawing (donating) electrons, which lowers
(raises) the Fermi level or ii) by the presence of strong dipoles at the
surface, e.g., adsorbed species such as water vapor by changing the
electron affinity of the material [61]. Considering the first scenario
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i) and taking into account that both ML and QFS-BL EG are p-type
doped, a lowerwork-function indicates a lower doping of graphene.
Hence, a lower free hole concentration in graphene at the step
edges in comparison to the terrace regions of ML EG can be
deduced. Vice versa, a higher free hole concentration of QFS-BL EG
at the step edges in comparison to the terrace regions may be
implied. As mentioned earlier in both ML and QFS-BL EG, envi-
ronmental doping is the cause for the observed p-type conductivity
and thus the scenario with the adsorbed species ii) may also play a
role. Indeed, the topography images [Fig. 5 (a) and (b)] reveal the
presence of small bright features concentrated at the terrace re-
gions for ML EG and along the step edges for QFS-BL EG, correlating
with the dark contrast in the respective surface potential maps
[Fig. 5 (c) and (d)]. Since the SKPM measurements were performed
at ambient conditions, it is plausible to suggest that the bright
features in the topography images are likely to be water vapor
adsorbed at the surface. This is further supported by ambient SKPM
experiments, in which EG samples, freshly annealed at 500�C in
ultra high vacuum conditions, are monitored over time (Suppl. Inf.
Fig. S4). Although the graphene surface adsorbs water instantly,
tracing the topography and surface potential in clean areas of the
sample shows that as the clean surface is gradually covered with
the topography features, the bright surface potential contrast dis-
appears (Suppl. Inf. Fig. S4). Our suggestion of adsorbed water
causing the bright features in the topography images in Fig. 5 (a)
and (b) is also consistent with a much more hydrophilic ML gra-
phene as compared to multilayer graphene [34,62,63]. Hence, we
observe here the higher surface coverage with water vapor for our
ML than for the QFS-BL EG.

We compared the profile lines of the surface potential maps
crossing several terraces containing water film and step edges
[Fig. 5 (e), (f)] and profile lines taken at the terraces containing the
water film but not crossing any step edges [Fig. 5 (g), (h)]. The
terraces contain a water filmwith varying thickness from 0.5 nm to
1.1 nm for both EG systems. Surface potential variations at the
corresponding cross sectional regions of terraces are 7 mV and
13 mV for ML and QFS-BL EG samples, respectively. The observed
variation of the surface potential profiles on terraces tend to be
lower than variations of profiles taken from step edge and terrace
regions (Fig. 5 (e), (f), 12 mV and 18 mV for ML and QFS-BL EG,
respectively). This suggests that some variation of the surface po-
tential of 5 mV, associated with step-edge-induced doping, could
be present. Assuming that this variation in the surface potential is
solely caused by the changes in the graphene work function due to
different doping, the variation of p-type doping for QFS-BL EG of
2:8� 1011 cm-2 can be calculated using the relation reported in Ref.
[61].

Interestingly, interaction with the substrate is expected to lead
to an opposite trend in doping compared to the observed variations
in the SKPM in Fig. 5 (c), (d). That is, at the step edges of ML EG,
where depletion of free electrons occurs [27], a higher p-type
doping may be expected after graphene is being exposed to air,
because there are less donor states to be compensated by the
ambient acceptor doping. In contrast to this, a lower p-type doping
of graphene at the step edges is deduced (bright contrast, i.e., lower
work function of graphene, see Fig. 5 (c)). For QFS-BL EG, the p-type
doping due to ambient is further enhanced by the substrate
spontaneous polarization induced doping. Since the step edges
correspond to semi-polar lattice planes (112n) with reduced
spontaneous polarization as compared with terraces which have
(0001) orientation, a lower p-type dopingmay be expected for QFS-
BL EG on the step edges. Again, our SKPM results show the opposite
behavior - a higher p-type doping in graphene is inferred (dark
contrast i.e. higher work function of graphene, see Fig. 5 (d)).
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Therefore, it is less likely that doping caused by substrate interac-
tion is the main reason for the observed variation of the surface
potential. Based on our results, it is plausible to suggest that
adsorbed water, which aggregates predominantly at the terrace
regions for ML EG and along the step edges for QFS-BL EG is mainly
responsible for the observed surface potential differences via
forming dipoles at the surface and possibly via contributing to
small extra doping of graphene. However, additional factors such as
different surface termination or different stacking-order-induced
doping at the step edge and the terrace can contribute to the
observed doping variations and need to be further investigated
[64].

It has been shown that adsorption of water on graphene can
provide scattering centers diminishing the free charge carrier
mobility [62]. Therefore, enhanced adsorption of water at the step
edges could be the reason for the observed anisotropy of the free
hole mobility parameters in QFS-BL EG.3 In order to evaluate
whether this is the case, we have carried out in-situ THz-CE-OHE
measurements of freshly annealed and clean QFS-BL EG sample.
For this purpose, we employed a gas flow cell with controlled inert
gases and ambient humidity conditions, which allowed to measure
changes of the free charge carrier concentration and mobility pa-
rameters [35]. The QFS-BL EG sample was annealed in ultra-high
vacuum and then placed in the in-situ gas cell for the THz-CE-
OHE measurements. Before the measurement, the sample was
kept in dry nitrogen environment, which did not show any signif-
icant effect on free charge carrier properties. Then the in-situ gas
cell environment was switched to air with relative humidity of
�80%. The observed changes in free charge carrier properties dur-
ing the exposure in time window of 260 min are shown in Fig. 6. A
p-type doping was detected for the QFS-BL EG sample with free
hole sheet density increasing from 6� 1012 cm-2 to 1:2� 1013 cm-2,
which is consistent with previously reported p-type doping caused
by ambient gas and water vapor [35]. This change is accompanied

by a decrease of free hole mobility parameters along mQFS�BL
x and

across mQFS�BL
y the steps by roughly 20%. This is in agreement with

previous results for QFS-ML EG employing electrical Hall mea-
surements [62]. Most notably, the mobility anisotropy does not
vanish or diminish for the freshly annealed QFS-BL EG, as it could be
expected if environmental doping causes the anisotropic scattering.
On the contrary, the difference between the two in-plane mobility
parameters of the freshly annealed sample is even higher compared
to the respective values at the end of our in-situ experiment (Fig. 6,
see also Sec. 3.4. for further discussion). This result indicates that
carrier scattering due to adsorbed water vapor, while responsible
for the decrease in mobility, cannot be the cause for the observed
anisotropy of the free hole mobility parameters of QFS-BL EG.
4 The difference between the terrace widths of the ML and QFS-BLEG samples is
3.4. Mean free path and intrinsic mobility anisotropy

The measured carrier mobility parameters can be expressed in
terms of surface averaged scattering times, where the scattering
time along the steps accounts for all intrinsic scattering mecha-
nisms, such as scattering induced by longitudinal acoustic phonons,
remote interface phonons, impurities and defects. The scattering
time across the steps has an additional term related to the step
edges. Assuming Matthessian’s rule, the measured mobilities can
be written as
3 In ML EG the step edges are depleted of water (Fig. 5 (a)).

255
mx ¼
e

m*
tx;

my ¼ e

m*ty ¼ e

m*

�
t�1
x þ t�1

s

��1
(1)

e and m* are unit charge and effective mass parameters, respec-
tively; tx is an intrinsic scattering time along the steps and ts is a
scattering time for the step edges induces scattering. The direc-
tional anisotropy of carrier mobility can be expressed as a ratio
between the mobility parameters along and across the steps:

mx
my

¼
�
1þ tx

ts

�
(2)

When the scattering associated with the step edges has negli-
gible contribution, ts is very long, resulting in a ratio mx=my
approaching unity and free charge carrier transport is isotropic. The
scattering time associated with the step edges, ts, can be consid-
ered to be a function of the intrinsic scattering time, tx, and the
average spacing between the steps, w [ts ¼ f ðtx;wÞ]. This can be
understood by considering the local scattering time in the direction
across the step edges. The charge carriers in the middle of the
terrace are less affected by the step-edge-induced scattering than
the carriers in the vicinity of the step edges. The extent towhich the
step edge scattering contributes to the total surface averaged
scattering time across the steps, ty, can be estimated from the ratio
lx=w, where lx is the intrinsic mean free path (lx ¼ vf tx, here vf is a
Fermi velocity). When lx=w is large, the contribution of the step
edge scattering is high, and therefore the step edge scattering time,
ts, becomes short resulting in significant mobility anisotropy
(mx=my >1). The mean-free-path parameters in direction parallel, lx,
and perpendicular, ly, to the SiC steps calculated from the experi-
mentally determined mx;my and N are given in Table 1. In both
samples, the average mean free paths are smaller than the average
terrace widths, w, determined from AFM analysis to be
wML ¼ 270 nm and wQFS�BL ¼ 340 nm for the ML and QFS-BLEG,
respectively.4 The ratio lx=w between the mean free path and the
terrace width in QFS-BL EG is about 3 times larger compared to the

respective ratio in ML EG [ðlx=wÞQFS�BLz 3.1ðlx=wÞML]. In such case,
the contribution of the step edge scattering to the total carrier
scattering time in direction across the steps, ty, is higher for the

QFS-BL EG than for the ML EG (tQFS�BL
s < tML

s and

(ðmx=myÞQFS�BL > ðmx=myÞML). One can thus hypothesize that the
anisotropy of the free hole mobility parameters in QFS-BL EG is
manifested as a result of the significantly higher intrinsic mean free
paths, lx (Table 1). The scattering time associated with the steps
edge for the QFS-BL EG sample (Table 1), calculated using Equation
(1), is ts ¼ 352 fs, while the intrinsic scattering time is tx ¼ 94 fs.
We note that similar results on lx=w and the respective scattering
times were determined for the samples from all sets.

It was previously suggested that dominant scattering mecha-
nisms at room temperature in EG on SiC are the remote interface
phonon scattering, as a result of coupling to the polar modes in the
substrate, and scattering by impurities [65e67]. Since phonons are
thermally generated, the interface phonon scattering is tempera-
ture dependent, while the scattering by impurities is considered to
be temperature independent [68]. The spacing between graphene
not related to hydrogen intercalation. The substrates were cut from different parts
of the 4HeSiC 3 inch wafer, and therefore may have a slightly different uninten-
tional off-axis angles resulting in different step spacing.



Fig. 6. In-situ THz-CE-OHE measurements of the free charge carrier sheet density and mobility parameters along and across the steps in the QFS-BL EG during the exposure to the
ambient air and water vapor. Before the measurement, the sample was annealed in ultra-high vacuum and placed in the pure nitrogen environment. (A colour version of this figure
can be viewed online.)
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and SiC, as well as the surface polarity are different at the terrace
and at the step edge regions, which can affect the interface phonon
scattering and lead to a variation of the local scattering time. Such a
variation will influence the step edge scattering term in the surface
averaged scattering time across the steps, ty (Eq. (1)), and thus will
affect the anisotropy of the measured carrier mobility. On the other
hand, at low temperatures interface phonon scattering becomes
negligible, thus any variation in local scattering time and the
resulting anisotropy, induced by interface phonon scattering,
should also become negligible. We thus performed THz-CE-OHE
measurements of QFS-BL EG at low temperature of 14 K and
room temperature to evaluate the role of interface phonon scat-
tering in the observed free hole anisotropy. The results (Suppl. Inf.
Table S1) revealed strong anisotropy of the hole mobility parameter
for both temperatures with even higher anisotropy for 14 K as
compared to room temperature. These results indicate that pho-
nons do not play a significant role for the observed mobility
anisotropy and the scattering is dominated by a temperature in-
dependent mechanism(s).

We further note that we observe mobility anisotropy in the
freshly annealed QFS-BL EG with a free hole density of 5:92�
1012 cm-2 (Suppl. Inf. Table S1), which is the intrinsic p-type doping
induced only by the spontaneous polarization of the substrate
[18,49,50]. This result is in agreement with the in-situ THz-CE-OHE
experiments in Fig. 6 and further confirms that the origin of the
observed anisotropy is not related to the ambient doping. Even
more, the mobility anisotropy is 60% for intrinsic QFS-BL EG
(Suppl. Inf. Table S1) compared to 25% for the case of ambient-
doped QFS-BL EG with free hole density of 1:014� 1013 cm-2

(Table 1). Such a variation of the anisotropy magnitude could be
explained in view of its dependence on the mean free path (see
discussion above). The latter is affected by the values of the free
hole density (i.e. also the effective mass) and thus by sample his-
tory. We also note that the resistivity anisotropy of TL-free QFS-BL
EG of 37%, reported previously [30], lies well within the range of
mobility anisotropy we find.

In summary, the step edges introduce inherent scattering (ts)
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that is not related to additional defects, presence of an extra gra-
phene layer/layers nor variation of ambient doping (see
subsections 3.1, 3.2 and 3.3) and it is virtually temperature inde-
pendent. We suggest that ts is related to the temperature inde-
pendent Coulomb scattering induced by surface charges of the
substrate or/and strain in graphene due to bending that causes
potential barrier for carrier scattering, as theoretically proposed for
ML EG [27]. Additional factors such as different surface termination
or different stacking-order-induced doping at the step edge and the
terrace [64] can contribute to the observed doping variations and
serve as a source of scattering. Such an intrinsic step-induced
scattering is expected also in the case of ML EG but remains hid-
den as a result of the reduced mean free path parameters (Table 1).
We also note that as room-temperature mobility parameters of ML
EG reported in the literature are typically in the range of
1000e1500 cm2V-1s-1, e.g. Ref. [3,29,30], the intrinsic mobility
anisotropy in homogeneous ML EG or QFS ML EGmay be difficult to
detect in general due to a reduced mean free path with respect to
terrace width. This provides potential explanation for the observed
differences between nanoscale and macroscopic techniques
reporting isotropic mobility parameters in ML EG from electrical
Hall bar measurements and the increase in resistance over the step
edge via local conductance mapping [3,17,25,28]. Based on our re-
sults, we suggest that the mean-free path should be taken into
account when considering the effect of the step height [27,29,30]. It
is important to note that although hydrogen intercalation reduces
the interaction with the substrate and increases the free charge
carrier mobility parameters in graphene, it does not amend the
step-induced scattering. This result implies that potential applica-
tions of QFS graphene on SiC may require technological de-
velopments ensuring sufficiently large terrace widths and aligning
of device structures. In this respect, it is interesting to mention the
optimization of growth conditions to suppress step bunching [30]
and the possibility to localize step bunching by employing a
capping technique [69]. The latter, in particular, allows to pin the
steps and ensures aligned step-free regions [69]. On the other hand,
the directionally dependent free hole mobility in QFS-BL graphene
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also opens opportunities for novel applications such as in-plane
anisotropic field effect transistors and neuromorphic devices [70].

4. Conclusions

The THz-CE-OHE is demonstrated to be an excellent tool to
determine directional dependent free charge carrier properties in
2D materials with ML and QFS-BL EG as examples. Both, ML and
QFS-BL EG are found to exhibit p-type conductivity as a result of an
ambient acceptor doping. The free hole density in QFS-BL EG is
shown to increase with� 7� 1012 cm-2 in comparisonwith ML EG,
which is consistent with enhanced p-type doping induced by the
spontaneous polarization of the SiC. The ML EG is found to exhibit
isotropic free hole mobility parameters. In contrast, a strong
anisotropy of free hole mobility is revealed for both freshly
annealed (substrate doped only) and ambient doped QFS-BL EG
with higher mobility parameters along the SiC steps and a lower
mobility parameters in direction perpendicular to the SiC steps.
Despite the increased free charge carrier density in QFS-BL EG, the
hole mobility parameters are larger by a factor of two compared to
those in ML EG as a result of reduced interactionwith the substrate.
We have shown that presence of defects and extra layers, interface
phonon scattering as well as substrate and ambient induced doping
can be ruled out as possible causes for the observed anisotropy of
free hole mobility in QFS-BL EG. Instead, we suggest that the step
edge introduces intrinsic scattering related to the temperature-
independent Coulomb scattering induced by charged impurities or/
and strain in graphene due to bending that causes potential barrier
for carrier scattering, and the anisotropy of the free charge mobility
parameters in QFS-BL EG is manifested as a result of the signifi-
cantly increased ratio between mean free path and average terrace
width parameters. Such an intrinsic step-induced scattering is ex-
pected also in the case of ML EG but remains hidden as a result of
the typically reported reduced mobility parameters. This scenario
provides a potential explanation for the observed differences be-
tween nanoscale and macroscopic techniques reporting isotropic
mobility parameters in ML EG from electrical Hall bar measure-
ments and the increase in resistance over the step edge via local
conductance mapping [3,17,25,28]. It is important to note that
although hydrogen intercalation reduces the interaction with the
substrate and increases the free charge carrier mobility parameters
in EG, it does not eliminate the step induced scattering. This result
has significant implications for the potential applications of QFS EG
in current and future electronic devices.
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