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Probing the electrical anisotropy of multilayer graphene on the Si face of 6 H-SiC
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We studied the in-plane magnetoresistance R(B,T) anisotropy in epitaxial multilayer graphene films grown
on the Si face of a 6H-SiC substrate that originates from steplike morphology of the SiC substrate. To enhance
the anisotropy, a combination of argon atmosphere with graphite capping was used during the film growth. The
obtained micro-Raman spectra demonstrated a complex multilayer graphene structure with the smaller film
thickness on terraces as compared to the step edges. Several Hall bars with different current/steps mutual
orientations have been measured. A clear anisotropy in the magnetoresistance has been observed, and attributed
to variations in electron mobility governed by the steplike structure. Our data also revealed that (i) the
graphene-layer stacking is mostly Bernal type, (ii) the carriers are massive, and (iii) the carriers are confined to

the first 2—4 graphene layers following the buffer layer.
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I. INTRODUCTION

The graphitization of SiC surfaces is a promising tech-
nique to design large area graphene-based devices, such as,
e.g., sensors or Hall bars (HBs) for quantum metrology.! To
this end, both Si and C faces of SiC substrates can be con-
sidered as a starting material.>> On the one hand, due to
recent developments such as the growth of few-layer
graphene (FLG) under an argon atmosphere, the growth of
FLG on the Si face appears promising. FLGs have been
grown in this way on large dimensional wafers, with mobil-
ity high enough to observe quantum Hall effects.® On the
other hand, on the C face, long uniform graphene ribbons
have been grown’ but they remain electrically isolated and
the formation of a uniform coverage on the substrate with a
homogeneous FLG remains challenging.

Whatever the growth technique, a common belief is that
for a complete graphene coverage, epitaxial graphene exhib-
its isotropic transport properties. In other words, one should
not expect any effect of the underlying surface structure, and
the FLG should behave like a uniform carpet in the direc-
tions parallel and perpendicular to the substrate steps that
usually form during the growth.

In this work, we have checked this hypothesis by enhanc-
ing the structural anisotropy. We have used a combination of
argon atmosphere with graphite capping technique and found
the following. First, there is electrical anisotropy of the trans-
port properties. Second, this anisotropy originates from the
enhanced scattering rate at the step edges, and not from a
discontinuity of the graphene film. This conclusion agrees
with the fact that the FLG coverage is continuous over the
substrate, although the film thickness is not spatially uni-
form.

II. FLG GROWTH

We used a 1 X1 cm? substrate, cutted from the (0001)
Si-terminated 6H-SiC wafer. To increase the FLG anisotropy,
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a modified growth procedure was used with respect to the
one detailed in our previous work.” After cleaning the sub-
strate in the usual way, the growth was performed under
argon*® at atmospheric pressure, at 1750 °C for 20 min, with
a graphite cap covering the sample. The resulting morphol-
ogy, observed by atomic force microscope (AFM), is shown
in Fig. 1. From this AFM scan, a pronounced steplike mor-
phology of the SiC substrate is evident. The average terrace
width is 5 um, and the steps have an average height of 10
nm. Additionally, the optical microscope sample character-
ization revealed a remarkable homogeneity of width and ori-
entation of the terraces on a large scale of 1 cm?”. It also
revealed the existence of thicker FLG stripes close to the step
edges.

III. OPTICAL AND RAMAN ANALYSIS

In Fig. 2(a), we show an optical image collected in the
reflection mode on a 40X 30 um? sample area. The dark
areas correspond to central parts of terraces. The light gray
regions correspond to thicker stripes near the edges, on
which the incident light reflects more. In what follows, for
sake of simplicity, we call the thick graphene regions
“stripes” and the thin graphene regions “terraces.”

In Fig. 2(b), we show a micro-Raman map collected on
the same area as shown in Fig. 2(a). The color of the map
corresponds to the integrated intensities of the G band and

FIG. 1. (Color online) (a) AFM color map of the FLG sample.
Notice the large step bunching, with an average step height of 10
nm. The gray line corresponds to the AFM profile shown in (b).
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FIG. 2. (Color online) (a) Optical image of the graphene surface
and (b) corresponding Raman cartography. The color gives the in-
tensity of the integrated G band, normalized by a reference (the
intensity of the G band of a HOPG). N; is an estimation of the
number of layers. The stripes at the edges of the terraces indicate a
thicker graphite in these regions. The intense red spots correspond
to carbon pits induced during the growth by stacking faults. Exclud-
ing the red spots, the Raman intensity corresponds to 3—11 mono-
layers. (c) The asymmetry in the profile of the 2D band reveals a
coupling between the graphene planes. The green, red, and dark
spectra have been obtained from the positions indicated by green,
red, and dark circles in (b), respectively.

becomes more intense (red) at the edges of terraces. This is
also the case for the integrated intensity of the two-
dimensional (2D) band. Therefore, the FLG stripes noticed
by optics are significantly thicker. From the normalized in-
tensity of the G band,” we extracted the mean thickness and
found about five layers in the center of terraces [blue areas in
Fig. 2(b)] and about 11 layers in the stripes (green areas).
The red spots are the carbon-rich graphite pits observed in
optics, induced by an increased growth rate due to the pres-
ence of defects such as dislocations or stacking faults.
Three Raman spectra collected on terraces and on a stripe
are plotted in Fig. 2(c) in green, red, and black, respectively.
The Raman bands are shifted toward higher frequencies, due
to the differential dilatation between the FLG and the sub-
strate during the cooling down of the sample after growth.
Thicker regions are less shifted, indicating a partial relax-
ation of the strain. The thickest FLG possesses most of
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FIG. 3. (Color online) Magnetoresistance of two large Hall bars,
respectively: perpendicular (R,,, red line) and parallel (R,,, black
line) to the steps. The magnetic field ranges from —1 to 12.5 T.

graphene layers well relaxed, such that the shape of the 2D
peak is similar to the shape of the 2D peak of graphite,
demonstrating a characteristic lower frequency shoulder.?
Therefore, for stripes at the edges, the asymmetry of the 2D
peak in Fig. 2(c) is a clear indication of Bernal stacking. The
asymmetry persists but is strongly reduced on the terraces,
see Fig. 2(c), red and green curves. It has already been ob-
served that even without strain, the low-frequency shoulder
of FLGs becomes usually less visible when the number of
layers decreases.”!” Moreover, an additional blurring of the
2D peak shape can occur for thin FLGs whose thickness is
comparable to the strain relaxation length. Taking all these
together, we conclude that the graphene-layer stacking at ter-
races is also Bernal type, being consistent with the results
reported in Ref. 11 and transport measurements performed in
the present work.

IV. TRANSPORT EXPERIMENTS

To verify effect of the sample structural anisotropy on the
electrical transport, we measured standard Hall bars as
shown in Fig. 3. The Hall bars were prepared by means of
optical lithography combined with oxygen plasma etching.
The typical sample length is 1.5 mm and the distance be-
tween adjacent lateral probes L=500 wm. The samples of
widths W=100, 175, and 400 um were used for measure-
ments. For each W, two similar HBs with orientations paral-
lel and perpendicular to the steps have been prepared. In the
following, we define x as the axis parallel to the stripes. The
resistance R,,(T,B) and R, (T,B) measurements performed
on Hall bars with different current/steps mutual orientation,
demonstrated a sizable anisotropy. This is shown in Fig. 3,
where we depict the longitudinal resistances measured at 4.2
K for the two large Hall bars, with a magnetic field applied
perpendicularly to the sample main plane.

At room temperature, this anisotropy persists but is re-
duced by 20%. Such results, obtained for all pairs of Hall
bars, cannot be attributed to resistance variations from one
bar to another.

In addition, Shubnikov de Haas (SdH) oscillations, ob-
served for both R, and Ry, see Fig. 3, are also sensitive to
the anisotropy. As can be seen from Fig. 3, SdH oscillations
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are clearly visible in R, (B) but they are strongly damped in
R,,(B), and can be seen only after subtraction of a large
magnetoresistance monotonic background signal. In contrast,
the Hall voltage does not depend on the orientation of the
Hall bar and is roughly linear in B up to 13 T. We conclude
then that the electron density n,=10'* c¢cm™ is uniform and
has a little variation between 4 and 300 K. Hence, one con-
cludes that terraces and thicker stripes have different mobili-
ties. In the Hall bars where the current flows parallel to ter-
races, the low mobility regions can be avoided and the SdH
oscillations reveal themselves. However, in the Hall bars
with a current flowing perpendicular to the terraces, the cur-
rent cannot avoid the low mobility regions, and the SdH
oscillations are strongly suppressed.

Starting from this assumption, we now determine which
area (terrace or stripe) corresponds to the highest mobility.
We model the resistances R,, and R, either as a sum of
conductances if the current flows parallel to the stripes or a
sum of resistances, if the current flows perpendicularly,

N+ (1N, =g+ (1-0p. (1)
R, a

where p, and p, are the sheet densities of the terraces and the
stripes, respectively, a=L/W is the geometric factor of the
Hall bar, A\=w,/(w,+w,) depends on the width of the stripes
wy, and the width of the terraces w,. On average, from optical
and Raman analysis, w; is estimated to be ten times smaller
than w, and we get A=0.1.

Solving these equations leads to a quadratic equation with
two different solutions for p, and p,. We first examine the
solution corresponding to the stripes being less resistive than
the terraces: p,<p, From Fig. 3(a) which corresponds to
Hall bars with a=1.25, we get p,~80 () and p,=900
at 4 K. From 1/p=n,eun, we obtain mobilities u,
~700 cm?/V s and u,~8000 cm?/V s. This u, value be-
ing larger than what is commonly reported for similar
samples at high electron density, we discarded this solution.
Coming to the second possibility (the stripes being more
resistive than the terraces: p,>p,) we get p,~4500 ) and
p,=400 Q at 4 K or, equivalently, u,~150 cm?/V s and
1, ~1500 cm?/V s. These values appear more comparable
to the literature.

Next, we turn our attention to the magnetoconductance
peak observed at low magnetic fields (0-1 T) and presented
in Figs. 4 and 5. In principle, this peak can be accounted for
by the weak localization (WL) (Ref. 12): (i) it is not ob-
served when the magnetic field is applied in the sample’s
plane; (ii) the peak height varies roughly as In(7) with slope
wh/e?, see Fig. 4(a); (iii) the amplitude of the peak is on the
order of e?/mh at T=4 K and decreases when T increases,
disappearing around 7=30 K. However, the WL peak has
different heights and shapes for R,, and R,,. This is because
the standard theory of weak localization assumes a homoge-
neous film and cannot be applied straightforward to our an-
isotropic samples. The conductivities of, both, terraces and
stripes at low magnetic field have to be extracted first from
Eq. (1). The results are shown in Fig. 5. The WL peak almost
disappears in the conductivity attributed to the stripes (red
squares) but remains large in the conductivity attributed to
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FIG. 4. (Color online) (a) Variations in the longitudinal conduc-
tance versus temperature collected for two similar Hall bars, respec-
tively: perpendicular (—aARyy/sz, red line) and parallel
(—aAR,,/ R)z(x, black line) to the FLG steps. The conductance shows
a logarithmic dependence on T below 30 K. (b) magnetoconduc-
tances collected at low magnetic fields between —0.5 and +0.5 T.

the terraces (black squares). This is a clear indication that the
WL-type peak originates from the high mobility part of
FLGs (terraces).

To describe the magnetic field dependence of the quantum
correction to the conductivity, at least two characteristic
fields should be introduced: B, and B, where

# _ h
" deD7’

2)

Here D=/%/27 is the diffusion coefficient, [=vpT is the
mean-free path, vy is the Fermi velocity while 7 and 7, are
the transport time and the phase-breaking time, respectively.
Assuming two-dimensional electrons with a parabolic band
(as we will argue below), B, can be calculated from the
concentration and mobility values. On terraces we expect
B,,~50 mT while, for steps, B,,=~5 T. Since, in the first
approximation, B,, gives the overall width of the localization
peak, this is a clear confirmation that the experimental WL
peak is due to the terraces and not to the stripes. To get better
values, we performed a fit of the magnetoconductance of
terrace using the formula,'?

-Apt/pf (terrace)
044 - -Aps/p: (stripes)
£ |—— WLfitof -ap/p?
°
"o 0.24
[o%
T
0.0 e
0.01 0.1
B(T)

FIG. 5. (Color online) (a) Variations in magnetoconductance for
the stripes (—Ap,/ pf, red squares) and for the terraces(—Ap,/p?,
black squares), calculated from the data of Fig. 4(b). The thin black
line is a fit of the terrace conductance according to the weak local-
ization formula [see Eq. (3)]. All parameters are given in the text.
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A e?

—’;’ = [V12+B,B) - V(12+B/B). ()
From the best fit shown in Fig. 5, we get B,~4 mT and
B, =20 mT corresponding to wu,~2500 cm~/V s, in fair
agreement with the mobility previously determined for the
terraces. On the opposite, the solution we rejected (higher
mobility in the stripes) cannot explain the WL peak. In this
case, the estimated conductance of the stripes still has a WL-
type peak but the width of this peak (if attributed to WL)
does not correspond to the high mobility, as expected. Fur-
thermore, the fit using Eq. (3) is very poor.

Here, we restrict ourselves employing the WL-based in-
terpretation of the negative magnetoresistance. However, al-
ternative approaches may be needed. For instance, the tem-
perature dependence of the resistance (even in a moderate
magnetic field of =0.5 T) has still a logarithmic depen-
dence, suggesting the presence of electron-electron
interactions.'? Also, the negative magnetoresistance peak
survives up to 30 K, in a temperature range for which the
metallic state is well established [with respect to the curve
presented in Fig. 4(a)]. It is worth to note that an orbital
negative magnetoresistance is also expected'>!* for doped
Mott insulators and may provide an interesting scenario for a
negative magnetoresistance peak well above the minimum in
R(T).

Before concluding, we demonstrate that quasiparticles we
are dealing with are two-dimensional electrons with a para-
bolic (massive) electron spectrum. To this end, we fitted the
SdH oscillations using the Lifshitz-Kosevich!'>!® formula in
which only the first harmonic is retained,

5Rxx o< DTDD COS(j’n’EF/ﬁwC - (P) . (4)

Here Dy, is the Dingle factor: Dp=exp(-7/ w,7,), Dy is tem-
perature  amplitude factor: D;=1vy/sinh(y) with vy
=21%k,T/ hw,; T, is the elastic time, E is the Fermi energy,
w.=eB/m, is the cyclotron frequency, m, is the cyclotron
mass, and ¢ is a phase factor and j an integer. The phase ¢
determines the nature of the carriers. For a graphene layer:
j=1 and ¢=0. For two-dimensional massive carriers: j=2
and ¢=r. For three-dimensional massive carriers, j=2 and
¢=0.757. Figure 6(a) shows the evolution of the SAH os-
cillations at temperatures ranging from 4 to 50 K. In Fig.
6(b), we show that the damping of these oscillations versus T
at B=11.6 T is well described by the Dy factor with a cy-
clotron mass m.=0.085 m, in which m is the free electron
mass.

In Fig. 7, we compare the SdH oscillations regime at 4.2
K with the best fit obtained from Eq. (4). The fit yields a
phase ¢=0.75m. Performing similar analysis for the SdH
oscillations in the other Hall bars confirmed that the phase is
between 0.757— and it does not depend on the Hall-bar
orientation. Since this phase value rules out monolayer
graphene or turbostratic FLG, for which the expected phase
is zero, we imposed j=2. We know that the frequency B of
the SdH oscillations is about B~ 110 T and, for a parabolic
band with spin and valley degeneracies, this gives a concen-
tration n,~2eB/hm~ 10" cm™. Once again, this is in ex-
cellent agreement with our previous conclusions obtained
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FIG. 6. (Color online) (a) SAH oscillations for various tempera-
tures ranging from 4 to 50 K; (b) SdH amplitude extracted from (a)
at B=11.6 T (solid square) and best fit (dashed line) according to
the Lifshitz-Kosevich formula, using a cyclotron mass m,
=0.085m,.

from Hall measurements. The Fermi energy and the elastic
time can next be extracted from the data. We find E
=150 meV and 7,=40 fs.!”

Such combined determinations of ¢, Ep, m,, and n,, allow
to identify how many graphene layers are involved in the
conductance mechanism. First, we notice that the cyclotron
effective mass is significantly larger than expected for highly
oriented pyrolitic graphite (HOPG) graphite,'® monolayer or
bilayer graphene with the density of 10'* cm™. We also no-
tice that any electric field perpendicular to the graphene
plane opens a gap, shifts the subbands and (at fixed carrier
concentration) increases the cyclotron effective mass
(2mm.=dAlJE| E=g, in which A is the area in k space en-
closed by the orbit). Since, on the Si face of SiC, the large

T i T 142K

Hall bar // steps
- - —fit phase= 0.75n

LL index

FFT Amplitude
(arb. unit)
o N A

o -
o)
N
o
N
N
N
S

FIG. 7. (Color online) Black line: variations in the longitudinal
resistance SR, obtained for the Hall bar parallel to the step after
subtraction of a polynomial background. Red line: best fit according
to the Lifshitz-Kosevich formula (see text). The phase was 0.757
and we assumed a cyclotron mass 0.085m,. Dotted dark line: coun-
terexample with phase 0. Upper inset: LL indexes as a function of
the position of the SdH maxima. Lower inset: amplitude of the FFT
(fast Fourier transform) showing the existence of a maximum at
B=110 T.
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FIG. 8. (Color online) Conduction-band structure of monolayer
(black line), bilayer (blue line), trilayer(cyan line), and four-layer
graphene (red lines) assuming Bernal stacking. Only the partially
occupied bands are shown. The energy reference is Er. The screen-
ing length was taken as \,=2 A. The effect of trigonal warping was
neglected.

electron concentration induced by the buffer layer results in a
strong electric field at the SiC/FLG interface (creating con-
ducting surface states®'>?0), the finite m, value is a conse-
quence of this field. To identify the number of participating
layers, we plot in Fig. 8 the band structure of monolayer,
bilayer, trilayer, and four-layer graphene, assuming a Bernal
stacking. Our calculation is based on a tight-binding model?!
which neglects trigonal warping but takes into account the
electrochemical potential variations from layer to layer. The
latter depends on the interlayer screening length A\, and, in
good agreement with angle-resolved photoemission
spectroscopy!® and scanning tunneling spectroscopy,* we
take a Fermi velocity vy=1.1X10° cm™ and a screening
length \,=2 A. Using these parameters together with ex-
perimental carrier concentration, the conduction bands for
1 to 4 layers have been reconstructed (Fig. 8). For each
stacking, the cyclotron mass can be numerically determined
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and, in this way, we get m,./my=0.06 for a monolayer and
m./my=0.08 for 2, 3, and 4 graphene layers. This is fairly
independent of the value chosen for A\, and, in our case,
taking values between 1.4 and 5 A give similar and reason-
able results and conclusions. Every time, for 2 to 4 graphene
layers the model reproduces fairly well the cyclotron mass,
ns(OCklzp/ 7) and Ep (~100 meV, see Fig. 8).

V. CONCLUSION

Raman and magnetoresistance experiments performed on
a few-layer graphene samples grown on the Si face of
6H-SiC revealed a periodic structure of terraces and stripes,
continuously covered by FLG films with an electrical con-
duction governed by the first (2-4) graphene layers above
the buffer layer. The observed in-plane electrical anisotropy
originates from the steplike sample morphology that leads to
inhomogeneous electron mobility. FLG films are character-
ized by a Bernal graphene layer stacking and electrons are
massive quasiparticles. We attribute a lower electron mobil-
ity to the steps edges characterized by a large density of
structural defects documented by various research groups.
During the preparation of this paper, we became aware on a
similar work where the in-plane anisotropy in epitaxial
graphene films has been observed and studied electrically.?
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