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Tuning the transport properties of graphene films grown by CVD on SiC(0001): Effect of in situ
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The structural, optical, and transport properties of graphene grown by chemical vapor deposition (CVD) of
propane under hydrogen on the Si face of SiC substrates have been investigated. We show that little changes
in temperature during the growth can trigger the passivation of the SiC surface by hydrogen. Depending on
the growth condition, hole or electron doping can be achieved, down to a few 10'' cm™2. When the growth
temperature is high (7" & 1500-1550 °C), we obtain electron-doped graphene monolayers lying on a buffer layer.
When the growth temperature is slightly lowered (T =~ 1450-1500 °C), hole-doped graphene layers are obtained,
lying on a hydrogen-passivated SiC surface, as confirmed by the enhancement of the mobility (of the order
of 4500 cm?/Vs) and the persistence of weak localization almost up to room temperature (250 K). The high
homogeneity of this graphene allows the observation of the half-integer quantum Hall effect, typical of graphene,
at the centimeter scale in the best cases. The influence of the SiC steps on the transport properties is discussed.

DOI: 10.1103/PhysRevB.89.085422

I. INTRODUCTION

One of the most promising techniques to produce graphene
at the industrial level is silicon sublimation of a silicon
carbide (SiC) wafer. In this way, homogeneous epitaxial
graphene layers have been obtained on the silicon face of SiC
substrates, but the graphene resides on top of the so-called
buffer layer or zero layer graphene (ZLG). The ZLG is
a (6+/3 x 6+/3)R30 reconstructed graphene-like honeycomb
lattice with covalent bonds between some of its carbon atoms
and the underlying silicon ones. The presence of the ZLG
leads to low mobility and high electron concentration in the
upper monolayer graphene (MLG). To overcome this problem,
various approaches have been developed to dissociate the
graphene film from the substrate. The most successful one
is postgrowth hydrogen intercalation [1], which drastically
decreases the carrier concentration and increases the mobility
[2,3]. Because of the reduced interaction with the substrate,
MLG on the H-passivated SiC surface has been called
“quasifreestanding monolayer graphene” (QFMLG) [1].

As an alternative to SiC sublimation, it has also been shown
that graphene can be grown on SiC from an external carbon
source [4,5]. Such a direct growth process presents several
advantages with respect to the sublimation method. First, a
lower growth temperature can be used to grow graphene on
3C-SiC templates on silicon [6] or nanoribbons on textured
surfaces [7]. Second, the use of an external carbon supply [6,8]
allows one to grow graphene on nonconventional substrates
such as sapphire [9]. Concerning SiC, demonstration of the
direct growth of graphene on SiC(0001) has been done mainly
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under ultrahigh-vacuum conditions by molecular beam epitaxy
[4,5] (MBE) or by chemical vapor deposition (CVD) with
argon as carrier gas [6,9,10] (Ar-CVD). An interesting point
to outline is that in spite of the different carbon supply
mechanisms, graphene films obtained by MBE or Ar-CVD
appear similar to those obtained by the sublimation method.
Particularly, both processes lead to the formation of a ZLG on
the Si face.

Graphene has also been grown by CVD on SiC using
either pure hydrogen or hydrogen/argon mixtures as carrier gas
[8,11]. In this case, the presence of hydrogen during the growth
has a strong influence on the carbon supply mechanism and the
graphene properties. For instance, graphene presents different
features on the Si face such as the (6\/§ X 6\/§)R30 interface
reconstruction (hereafter called 6 R3) or less conventional in-
plane rotational disorder [12]. This last feature, more generally
observed on the C face when using the sublimation method,
is surprising. In an earlier work, the formation of in-plane
rotational disorder on the Si face of SiC when using hydrogen
as a carrier gas has been attributed to the presence of hydrogen
at the graphene/SiC interface, the absence of hydrogen leading
to the formation of the 6R3 interface [8,11]. More recently,
additional work suggested that hydrogenation of the substrate
may also appear even if the typical 6R3 reconstruction is
detected by low energy electron diffraction (LEED) [12]. In
this work, we present a detailed study of graphene films grown
by CVD, using mixtures of argon and hydrogen as carrier
gas (H/Ar-CVD). The results of angle-resolved photoemission
spectroscopy (ARPES) measurements, before and after UHV
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annealing, validate clearly the in situ hydrogenation of the
graphene/SiC interface during the growth. We show that H/Ar-
CVD allows one to grow either standard epitaxial graphene
or quasifreestanding graphene [3], depending closely on the
growth conditions. The key parameters are the growth temper-
ature and the admixture of argon and hydrogen. Remarkably,
a small elevation of the growth temperature (~50°C) allows
changing the nature of the graphene film from QFMLG to
MLG on a 6R3 interface. For the sake of clarity, we will use
the terminology HT-MLG, LT-MLG, and IT-FLG for the three
samples investigated in this work. HT, IT, and LT refer to high
(1550 °C), intermediate (1500 °C), and low (1450 °C) growth
temperature, and FLG refers to few layer graphene.

We also investigate the overall homogeneity of the sam-
ples, which is a key point for electrical investigations and
applications, by performing Raman and magnetotransport
measurements. We present two samples with a well defined
half-integer quantum Hall effect (QHE). The QHE was
observed in the HT-MLG sample at the centimeter scale, which
is a unusual result of practical interest. Indeed, the observation
of QHE in very large Hall bars is crucial for electrical
resistance standards, which are based on precise resistance
measurements of the quantum Hall plateaus. The half-integer
QHE in epitaxial graphene was measured by several groups
[13-17], even with a metrological precision [18], but the size of
the devices was systematically less than the millimeter. At the
centimeter scale, QHE was only demonstrated with graphene
films grown on metals [19].

The paper is organized as follows. In Sec. II, we present the
sample growth and characterization techniques. In Sec. III, we
present the results obtained on the HI-MLG sample. AFM,
Raman, ARPES, and LEED are successively considered.
Similarly, Sec. IV presents the results obtained with the
IT-FLG and LT-MLG samples. The last part is a discussion
before the final conclusion.

II. EXPERIMENTAL DETAILS

Graphene was grown on the Si face of 6H-SiC substrates
[8]. The substrates were semi-insulating 0.16° off-axis 6H-
SiC wafers purchased from TankeBlue. We used a horizontal
hot-wall CVD reactor with propane as the carbon source and
hydrogen/argon mixtures as carrier gas [11]. The pressure was
800 mbar and the temperatures ranged from 1450 to 1550 °C.
The process began with a temperature ramp followed by a
5 minutes plateau at growth temperature. Then, a 5 cc propane
flow was added to the carrier gas, for 1 to 5 minutes. The
process ended with a rapid cooling down to room temperature.
We summarize in Table I the growth conditions used for the
three different samples presented in this work.

Raman spectra were recorded using a home-made setup in
which an Acton spectrometer was fitted with a Pylon CCD
detector and a 600 grooves/mm grating. The samples were
excited with a 532 nm (2.33 eV) continuous wave frequency
doubled Nd:Yag laser through a x100 objective (numerical
aperture 0.9). The full width at half maximum of the focused
laser spot was ~400 nm. ARPES measurements were carried
out on the Cassiopée beamline at the synchrotron radiation
facility SOLEIL. The beamline was equipped with a Scienta
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TABLE I. Growth parameters used for the three samples investi-
gated in this work: sample names, growth temperatures, proportions
of argon and hydrogen in the carrier gas, time during which the
propane was added to the carrier gas. The last column indicates the
nature of the samples as determined from the measurements. QFFLG
refers to quasifree few layer graphene.

samplename 7 (°C) %H % Ar ¢ (min) type
HT-MLG 1550 23 77 5 MLG on ZLG
IT-FLG 1500 23 77 5 QFFLG
LT-MLG 1450 28 72 1 QFMLG

R4000 electron analyzer with a £15° acceptance angle. A
photon energy of 36 eV was used with a p polarization
and the spectra were collected around the K point of the
Brillouin zone. Magnetotransport measurements were done in
He-pumped cryostats, with pulsed or constant magnetic fields.

III. HT-MLG: A MONOLAYER GRAPHENE ON ZLG

A. Structural investigation

Figure 1 summarizes the results collected by AFM on
the high-temperature sample HT-MLG. Figure 1(a) shows

Intensity (10° counts/s)

P R | P 172 T TR

1200 1400 1600 2500 3000
Raman shift (cm™)

FIG. 1. (Color online) AFM cartography and Raman spectra for
sample HT-MLG. (a) SiC terraces are revealed by AFM topography
image. (b) The AFM phase image shows no phase contrast, with
the exception of the thickest regions. Image dimensions are 5 um
X 5 pm. (c) Raman spectra collected at four different places,
with a 532 nm wavelength excitation. All four spectra are identical
within the resolution range. The Lorentzian 2D peak and the
normalized intensity of the G peak are typical of monolayer graphene.
(d) Enlargement of the Raman data at position 4 (black line), and
modelization of the Raman signature of the ZLG (red dashed line),
taken from Ref. [20]. The good agreement between these two curves
suggests the presence of ZLG.
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an AFM topography image and Fig. 1(b) the corresponding
phase shift. SiC steps are clearly visible in the topography,
with typical width 200 nm and height ~0.7 nm. Small higher
parts, close to the SiC step edges, are also visible as white
patches. They have an additional height of 0.3 nm. The same
regions are also observable in the phase image, as white regions
with an additional phase shift of ~1°. As these regions are
higher and close to the step edges, we identify them as small
patches with one additional graphene layer on top. The rest
of the sample, which covers 90% of the surface observed
by AFM, corresponds to a uniform graphene monolayer,
as demonstrated below by Raman spectroscopy. Figure 1(c)
shows four typical Raman spectra collected at four different
positions. The G peak systematically appears at 1595 cm™!
with a full width at half maximum (FWHM) ~20 cm~!. At
the millimeter scale, this confirms the excellent homogeneity
noticed by AFM. Also, the integrated intensity of the G peak
(normalized by the intensity of a reference graphite sample)
is about 0.03, which indicates that the average graphene
thickness is 1-2 graphene monolayers. The 2D peaks can also
be fitted by a single Lorentzian peak centered at 2715 cm™!
with a FWHM of 40 cm~!. This shape being incompatible
with a Bernal bilayer [21], but consistent with the observation
of a single-layer graphene [21], we conclude that the sample is
a monolayer graphene [22], with the exception of the small
patches of bilayer graphene noticed by AFM. Finally, all
spectra in Fig. 1 show alarge D peak (~1350 cm™") associated
with a large broadening at the base of the G peak. This suggests
the presence of a ZL.G [20,23]. A confirmation can be found in
the work of Tiberj et al. [20] who analyzed the Raman spectrum
of a ZLG on the Si face of a SiC substrate. They proposed a fit,
which is reproduced in Fig. 1(c). This fit reproduces quite well
the large bases of the experimental D and G peaks, as well as a
small peak observed at ~2900 cm™!, possibly a D + D’ peak.
From these results, we conclude that, with the exception of
small thicker regions at the step edges, the surface is covered
by a uniform graphene monolayer on top of a 6R3 ZLG.

To confirm the nature of the sample, we performed LEED
and ARPES measurements, which are reported in Fig. 2.
Panel (c) shows a LEED image obtained on the sample,
after a moderate annealing at 500°C. Spots corresponding
to SiC, graphene and 6R3 ZLG are clearly visible. ARPES
measurements obtained right after the LEED investigations
are shown in panel (a). The linear band structure of monolayer
graphene is evidenced. The initial position of the Dirac point
at 0.5 eV below the Fermi energy indicates a strong n-type
doping (n & 103 cm™2). All these results are very similar to
those obtained by sublimation of SiC without hydrogenation.
A small difference is that there is also a weaker band with
a maximum at ~0.1 eV below the Fermi energy, which we
attribute to graphene bilayer patches at the edges of the SiC
steps previously evidenced by AFM in Fig. 1. This weak
structure disappears after annealing at 1050 °C, where only
the well known conical dispersion of MLG is observed, see
Fig. 2, panel (b), while no significant changes can be found
in the LEED patterns, see panel (d). Si-H bonds should be
broken at temperatures above 700 °C [24]; in our case, the
disappearance of the bilayer signature at temperatures above
910 °C reveals a partial hydrogenation of the SiC surface. This
hydrogenation is only effective below the bilayers. At 1050 °C,
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FIG. 2. (Color online) ARPES spectra taken at the K point of the
graphene Brillouin zone for the HT-MLG sample presented in Fig. 2
after (a) initial outgassing at 500 °C and (b) annealing at 1050 °C. The
spectra were acquired along the direction perpendicular to the I'K
direction in reciprocal space. The photon energy was 36 eV. The light
was p polarized. The reference of the binding energy E,, is the Fermi
energy Er, indicated by a red dotted line. In (b), the binding energy at
the Dirac point is indicated by a dotted green line. The corresponding
LEED images measured at 70 eV after initial outgassing at 500 °C and
annealing at 1050 °C are also presented in (c) and (d), respectively.

the full hydrogen desorption transforms these bilayers into
monolayers on ZLG. This scenario implies a relatively high
temperature for hydrogen desorption under bilayer graphene,
which is in agreement with experimental findings for sample
IT-FLG, presented in Sec. I'V.

B. QHE at the centimeter scale

To assess the quality of MLG, magnetotransport mea-
surements were performed on several parts of the HI-MLG
sample. We label R, and R the van der Pauw configurations
which correspond to the current source connected parallel and
perpendicular to the substrate steps, respectively. Before the
annealings at 500°C and above, when only a mild heating
at 150 °C is done before the measurements, the electrical
anisotropy R, /R,, is about 4 and there is a strong n-type
doping (n ~ 6.5 x 10" cm™2) with a low carrier mobility
(400 cm?/Vs). This electron concentration, which is very
close to the one deduced from ARPES measurements, can
be drastically reduced by adequate preparation. For instance,
we outgassed a 6 mm x 6 mm square of this HI-MLG
sample for 60 min at 300 °C under vacuum in a furnace
a few hours before the measurements. Then we put it in a
wet atmosphere [25] (90% humidity) for two days before
the measurements at low temperature. Figures 3(c)-3(e) show
different resistances at T= 1.7 K: R| = Ro314, R;) = Ra3,12,
and the Hall resistance Ry = R)3 4». Here, R .4 corresponds
to aresistance measured between contacts ¢ and d when current
is injected between contacts a and b, and the connections are
sketched in Fig. 3(a). With respect to unprepared samples, the
electron concentration decreases by an order of magnitude,
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B(M

FIG. 3. (Color online) (a) Top view of a 6 mm x 6 mm sample
HT-MLG. (b) Sketch of the sample connections, with respect to the
SiC steps. Contacts are indicated by yellow circles, edge states by
a red solid line, SiC steps by horizontal lines. Edge state scattering
(dashed red line) is sketched in the vicinity of contact 2. (¢), (d), (e)
Magnetoresistances R;,(B) = Ru3,12, Ri = Ro3,14, and Ry = Ry3 42,
respectively, taken at various temperatures: 7= 1.6, 7, 15, 20, 30, 40,
and 60 K.

down to ~4-5 x 10" ¢m~2, and the mobility increases up
to 1600 cm?/Vs. Note that this low electron concentration is
not intrinsic, and is reversible. The samples retrieve their high
electron concentration when they are left a few days under
vacuum.

The half-integer quantum Hall effect is evidenced in the
Hall resistance at low temperature (T ~ 1.7 K). The plateaus
at ~+tRg /2 (where Rgx = h/ez) are associated with a cancel-
lation of the longitudinal resistance in R (B), while R,, also
strongly decreases. The Ry (B) curve is somehow asymmetric
in B, as Ry also includes a longitudinal component. Both
the anisotropy revealed by R;,, and R, at high field and
the positive magnetoresistance of R, at low field suggest
a relation to the stepped surface structure. Other works
have focused on anisotropic quantum Hall effect in epitaxial
graphene obtained by sublimation [15], where the anisotropy
and positive magnetoresistance (for a configuration equivalent
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FIG. 4. (Color online) (a) Plots of TR, / Ri, (black curves) and
TR,,/R3 (red curves) as a function of 772 at B = 44, 6, 7.5,
and 9 T (top to bottom). Open circles and squares are experimental
data, dashed lines are theoretical fits. Two parameters of the fits, the
activation energy E, and the localization length &, are reported in (b)
and (c) as a function of the filling factor v.

to R, ) were finally attributed to backscattering of edge states
by the SiC steps. In our case, the positive magnetoresistance
predominantly affects R,,. We believe this to be purely
incidental, as similar measurements, performed on another
HT-MLG sample, have shown a large magnetoresistance on
R/ and not R/, (see also Fig. 7 for sample IT-FLG). Scattering
between edge states in the vicinity of the contacts, as depicted
in Fig. 3(b), is probably at play. Besides, the anisotropy at
B =0 (R, < R}) is systematically observed in all samples
and can be more clearly attributed to the SiC steps.

The temperature dependance of the magnetoresistance can
be satisfactorily fitted by a model which takes into account
a mixing of variable range hopping (VRH), effective at
low temperature (T < 20 K), with thermal activation [26],
important at higher 7. The data and the fits are reported
in Fig. 4, panel (a). Details of the calculation can be found
in the Appendix. From the fits were extracted an activation
energy E, in panel (b) and a localization length & in panel
(c), as a function of the filling factor v. An important disorder
is evidenced by the low activation energies shown in panel
(b). The activation energy is roughly ten times smaller than
the theoretical value vp~/2heB /2, where vp is the Fermi
velocity, indicating Landau level broadening due to disorder.
The anisotropy of the activation energy strongly suggests that
the source of disorder is linked to the SiC steps. The largest
values of £ are observed at the center of a Landau level, when
v comes close to 4, as expected. £ is then comparable to the
average SiC step width and, instead of diverging, seems to
saturate. This last point needs additional measurements, but
is in agreement with results presented in Sec. IV on sample
LT-MLG.

To conclude this part, we have shown that standard MLG
can be grown by Ar/H CVD on SiC(0001) using a moderate
mixture of hydrogen and argon as carrier gas. Provided the
growth temperature is high enough to break all H bonds at
the surface of the SiC wafer faster than the formation of
the graphene, no modification of the 6R3 ZLG appears. All
graphene properties are identical to the ones of sublimation
graphene, with similar n-type doping and limited mobility.
The only advantage, inherent to the CVD deposition process,
is a sufficient homogeneity to observe the QHE on samples
at the centimeter scale. To go a step further, it is necessary to
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FIG. 5. (Color online) AFM cartography for IT-FLG. (a) SiC
terraces are revealed by a 5 um x 5 um AFM topography image.
(b) The corresponding AFM phase is bimodal, with a 1° phase shift
between the two modes. The phase difference is evidenced by white
and dark regions. Regions with a phase shift of 4+1° are indicated in
white. (c) Raman spectra at four different spots for sample IT-FLG.
(d) The positions of the G peaks differ, but the normalized intensities
of the G peaks are typical of graphene monolayer-bilayer. (e¢) The
2D bands have several components and differ from place to place.
The overall shape of the band is not compatible with homogeneous
graphene monolayer or bilayer. However, in relation with the AFM
phase, it can be interpreted as a spatial averaging of monolayer and
bilayer areas.

lower the desorption rate during the growth, i.e., to lower the
temperature.

IV. INCREASING THE HYDROGENATION LEVEL

Reducing the growth temperature by 50 °C results in a
completely different sample, named IT-FLG. Figure 5 shows
results collected by AFM mapping. Figure 5(a) shows the
topography of a5 um x 5 umregion of the sample. Figure 5(b)
shows the corresponding phase image. It is clearly bimodal,
some regions appearing white, some others appearing dark.
The phase difference is about +1° for the white regions. This
AFM phase image obviously brings new information with
respect to the AFM topography, because the phase is sensitive
to the mechanical and dissipative properties of the observed
surface. Similar observations have already been reported in the
literature [27,28]. Bolen et al. have found a phase difference
of 1°-2° between ZLG and graphene [27]. Hibino et al. [28]
have found that on annealed 4H-SiC(0001), areas of different
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FIG. 6. (Color online) ARPES spectra taken at the K point of the
graphene Brillouin zone for sample IT-FLG after (a) initial outgassing
at 500 °C, (b) annealing 1050 °C. LEED images measured at 70 eV
after each annealing are also indicated.

numbers of graphene layers can be clearly discriminated in
the AFM phase image. The situation is similar in this work,
with compelling evidences by Raman (Fig. 5), ARPES, and
LEED (Fig. 6) that the whole SiC surface has been hydrogen
passivated, with an admixture of monolayer and Bernal bilayer
graphene on top. As in Fig. 1, we attribute the regions with
higher (white) phase to Bernal graphene bilayer, and the
regions with lower (dark brown) phase to MLG.

Figures 5(c)-5(e) show Raman spectra collected at four
different positions, separated by more than 1 mm. Figures 5(d)
and 5(e) show enlargements of the Raman spectra presented
in Fig. 5(c), focusing on the G and 2D bands, respectively.
The integrated intensity of the G peak, normalized by the
intensity of a reference graphite sample, is about 0.03-0.04,
which indicates that the sample is either a monolayer, a bilayer,
or a mix of mono- and bilayer. The 2D peak is asymmetric
for all positions reported in Fig. 5(e) but the asymmetry varies
from one position to another. The complex shape of the 2D
peak is attributed to the averaging of graphene mono- and
bilayers under the Raman spot, whose diameter (400 nm) is
comparable to the sizes of the mono- and bilayer regions in
Fig. 5(b). These two areas cannot be attributed to a bare ZLG,
because in this case a much broader and intense D peak would
be observed [20,23].

The in situ hydrogenation of IT-FLG is evidenced in Fig. 6
by ARPES measurements around the K point of the graphene
Brillouin zone. For the sample outgassed at 500 °C, a complex
band structure is found; see panel (a). This band structure
is a superimposition of band structures for graphene mono-
and bilayers, which are both heavily p doped. The bands
of monolayers and the low-energy bands of the bilayers
almost coincide in Fig. 6(a), but in ARPES spectra taken
slightly outside the Dirac point (k;; > 0, where k,, is along
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FIG. 7. (Color online) Magnetoresistances of sample IT-FLG.
Black and blue lines: van der Pauw resistances R, R/, at 300 mK;
dashed black line: R, at 1.7 K; the transverse resistivity p,,(B) (red
dotted line), calculated as the asymmetric part of the Hall resistance,
shows the trace of quantum plateaus at ~6 k2, as expected for
graphene bilayer.

the T'K direction), the bands for mono- and bilayers can be
distinguished separately.

To check the stability of the hydrogenation process we
performed successive annealings under UHV. A first annealing
at 730 °C first reduces the p doping. The following annealing
at 810 °C transforms the initially p-doped sample into an
n-doped sample. After annealing at 930 °C, the MLG band
structure completely disappears, and only the BLG structure
remains. Finally, after the final annealing at 1050 °C, the single
MLG band structure is retrieved, which indicates that hydrogen
has now completely desorbed; see panel (b).

The formation of a ZLG is also evidenced by the LEED
patterns, presented in Fig. 6. It is only after annealings at
temperatures higher than 930 °C than the spots of the 6R3
reconstructed ZLG become visible.

Before the annealings at 500 °C and above, the magne-
toresistances of the sample IT-FLG have been measured and
are reported in Fig. 7. With respect to ARPES measurements,
the hole concentration is reduced to p ~ 1.6 x 10'2 cm™2 by
a simple heating at 100 °C under vacuum. We attribute the
changes in carrier concentration to desorption of molecular
species, like water or oxygen, but this point would deserve
more detailed studies. The mobility is about 1200 cm?/Vs. Be-
cause of the low concentration, the quantum regime is reached
at moderate magnetic fields, as confirmed by pronounced dips
observed in R, at B ~ 10 T. Also, the transverse resistivity
Pxy = [Ry(B) — Ry(—B)]/2 shows onsets of plateaus at
~=£6 k€2, confirming that the sample has some of the electrical
characteristics of a graphene bilayer. However, the large
B-symmetric component remaining in the Hall resistance
Ry (B) confirms the inhomogeneous nature of the sample.

To summarize, all structural characterizations show that
lowering the temperature by 50°C from 1500 to 1450°C
results in a hydrogenation of the substrate, but the graphene
of the sample IT-FLG is inhomogeneous. Therefore, a third
sample was grown with a few growth adjustments, at a
slightly reduced temperature of 1450°C; see Table I. This
resulted in a pure monolayer of graphene on top of a
hydrogenated substrate, as evidenced in Fig. 8. After a first
outgassing at 500 °C, a linear band structure is found in
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FIG. 8. (Color online) ARPES spectra taken at the K point of the
graphene Brillouin zone for hydrogenated sample LT-MLG after (a)
initial outgassing at 500 °C, (b) annealing at (b) 700 °C, (c) 750 °C.
(d) and (e) LEED images measured at 70 eV after the annealings at
500 °C and 900 °C. Yellow labels G, SiC, and ZLG point to the spots
corresponding to graphene, SiC, and the ZLG, respectively.

ARPES measurements; see panel (a). This band structure
corresponds to monolayer graphene, heavily p-type doped
(p ~ 6 x 10'2 cm~2). The following annealings up to 700 °C
reduce the p-type doping to 10! cm~2; see panel (b). After
annealing at 750 °C, the band structure of the monolayer
completely disappears; see panel (c). This behavior is closely
similar to the one already observed in Ref. [1]. Consequently,
we attribute the disappearance of the monolayer band structure
to hydrogen desorption, with formation of a ZLG.

This progressive formation of the ZLG is even better
evidenced from the LEED patterns, collected at two stages
of the annealings; see panels (d) and (e). After the initial
outgassing at 500 °C, the graphene and SiC spots are clearly
visible, but no spots corresponding to a 6R3 ZLG are visible.
The situation remains unchanged up to annealings above
750 °C or above, where the spots corresponding to the 6R3
ZLG become visible, while the spots corresponding to the
original graphene layer become very weak.

We also performed magnetotransport at low temperature,
before the annealings. The anisotropy is R, /R, ~ 2, the
mobility 4800 cm?/Vs and 4400 cm?/Vs at T =1.5 K
and 300 K, respectively, and the carrier concentration p =
7.6 x 10'2 cm~? varies by less than one percent between 1.5
and 300 K. The carrier concentration extracted from the Hall
coefficient is in agreement with ARPES measurements. The
mobility is obviously higher than in HT-MLG samples, and
decreases by only 10% between 1.5 and 300 K. A part of this
sample was processed in large Hall bar devices (100 pwm width,
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FIG. 9. (Color online) (a) Temperature dependence of the re-
sistivity of sample LT-MLG, from 7 = 1.7 K up to 290 K. The
insets show the magnetoresistance induced by weak localization
at T = 1.7 K and 250 K. (b) Coherence length as a function of
temperature, extracted from fits of the weak localization peak. (c)
Magnetoresistances at low temperature (7 = 2.3 K)upto B = 58 T,
revealing the half-integer quantum Hall effect. The measurements
have been performed with Hall bars of width 100 pm and length
500 pm. The graphene was covered by PMMA.

500 pm long) and covered by PMMA for additional protection.
Figure 9(a) shows the resistivity of one of these Hall bars, as
a function of T. The weak temperature dependence is typical
of QFMLG. Also, the persistence of a weak localization peak
almost up to room temperature (250 K) indicates a rather
weak scattering by the remote phonons of the substrate. From
the fit of the weak localization, we extract the coherence
length Ly, which is plotted in Fig. 9(b) as a function of T'.
Ly exceeds the width of the SiC steps at low temperature,
which confirms the carpet-like nature of the graphene film
over the SiC steps. In Fig. 9(c) the magnetoresistivities of the
Hall bar up to B = 58 T unambiguously show Shubnikov—de
Haas oscillations and half-integer QHE typical of graphene,
confirming the spatial homogeneity of the graphene film and
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FIG. 10. (Color online) (a) (doxy/d B)max VS 1/ T measured from
2.3t040 K. Numbers correspond to filling factors of adjacent quantum
Hall plateaus. (b) Open symbols correspond to the data of Fig. 5
from Ref. [29], and dashed line is fit to the function 7% with k =
0.42. (dpyy/d B)max data points obtained for our graphene sample
multiplied by factor 10 are given by solid symbols and related to the
transition between v = 10 and v = 14 quantum Hall plateaus.

of its carrier density. Plateaus corresponding to filling factor
v =6, 10, 14, 18, 22, 26 are visible.

In order to gain more insight on structural disorder effects
on electron transport in this sample, we measured QHE at vari-
ous temperatures and analyze the transitions between adjacent
quantum Hall (QH) plateaus. According to the scaling theory,
the maximum slope of the Hall resistivity step (doxy/d B)max
and the half width of the dp,,/dB peak scale as T~ with
k ~ 0.42 [30]. To verify this predicted scaling behavior, we
plotted in Fig. 10(a) the maximum slope (dpyy/dB)max Vs
1/T for various plateau-plateau transitions. The obtained
exponent k = 0.1 +0.02 is far too small as compared to the
value x ~ 0.4 measured for graphitic [29,31,32] and many
other QH systems. It is still too small even if compared
with k¥ ~ 0.2 observed in some spin-degenerate QH systems
[33,34]. However, as Fig. 10(b) illustrates, the apparent low
value of x has a simple explanation that results from the
saturation of x(7") at low enough temperatures. The saturation
behavior has been identified to be a finite-size effect when the
quantum phase coherence length L, (7T') reaches the sample
size or other characteristic scale at the saturation temperature
T; [32,35]. Seemingly, in our graphene sample, 7; > 40 K.
According to Fig. 9(b), L(40 K) ~ 0.25 pum, suggesting that
the cutoff length is much smaller than the sample size (100 ptm)
and can be naturally associated with the stripe or terrace width
originating from the steplike structure of epitaxial graphene.

V. DISCUSSION AND CONCLUSION

From these results we have demonstrated that the nature
of graphene grown by CVD under argon and hydrogen, on
the Si face of SiC substrate, is strongly similar to graphene
obtained by SiC sublimation, with or without postgrowth
hydrogenation. In fact, no clear differences could be evidenced
between these sublimated and CVD graphene, as far as
LEED, ARPES, Raman, and transport are concerned. We also
determined the experimental conditions which are necessary
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for the hydrogenation process to take place during the CVD
growth. When the growth temperature is high (7" > 1550 °C),
the samples are homogeneous graphene monolayers, n doped,
on top of a ZLG. When the growth temperature is slightly
decreased (T < 1500 °C), no ZLG can be found by LEED
and Raman anymore and samples are p doped. In this last
case, hydrogenation of the SiC substrate seems obvious,
when our results are compared with other results gathered
by other groups on graphene obtained by sublimation with
postgrowth hydrogenation. Finally, because of the good spatial
homogeneity, we were able to report the observation of the
half-integer quantum Hall effect for both types of samples.
Remarkably, for n-doped samples, the quantum Hall effect
can even be evidenced directly at the centimeter scale. This is
encouraging with respect to the potential of the material for
applications in electronics.
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APPENDIX

In the quantum Hall regime, on the magnetic field ranges
which correspond to the Hall plateaus, the conductivity is given

PHYSICAL REVIEW B 89, 085422 (2014)

by the Efros-Shlovskii variable range hopping (VRH) regime:

T
Tx ?0 exp(—v/To/T), (A1)
where the temperature Ty is given by
kgTy = Ce*/Ameegt (A2)

and & is the localization length; C ~ 6.2 is a numerical constant
[36]. It was recently observed, in graphene samples, that VRH
can be extended far into the regions of plateau transitions [26],
as predicted by the model of Polyakov and Shklovskii [37].
We assume that it is also the case here. Then, still following
Ref. [26], the data at high temperatures (T > 15 K) are better
fitted by including an activation energy E, and the conductivity
is given by

Toye =aexp(—yTo/T) + BT exp(Es/ksT),  (A3)
where « and g are additional parameters which correspond to
the relative influence of thermal activation and VRH. Because
of the strong anisotropy, the conductivities in the direction
parallel and perpendicular to the steps have been approximated
by R;//R3, and R, /R?, respectively, and fitted separately.
We also tested a fit of the averaged conductivity, which gives
similar results to those presented in Fig. 4. The filling factor is
approximated by v = nyh/e B and n; is chosen by pinning v =
4 at B = 4.3 T, where a maximum is detected in R, and R/,
at low temperature. Nevertheless, in view of the experimental
data, an additional variation of n; with B is possible.
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