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ARTICLE INFO ABSTRACT

Keywords: We show that the thermal decomposition of SiC (0001) surface is reversible, if carried out in near-equilibrium
Graphene conditions, with an external Si atomic beam applied to the substrate. Taking advantage of this observation we
Silicon carbide design a novel process, allowing for the growth of uniform, few-layers, ABC-stacked graphene. This process is
:i?;:::is composed of two phases; the first is a graphene film growth and the second is its reduction to the desired

thickness. We find that, when using this scheme instead of the conventional ones the heavy step bunching on the
substrate is avoided, and the step heights remain below 2.75 nm.

Since the step bunching is one of the most important factors prohibiting the use of epitaxial graphene on SiC
in certain application areas, such as analog electronics or sensing, our method has the potential to be applied in
future wafer-scale graphene technologies and processes. Moreover, the results obtained in this work exemplify
general near-equilibrium phenomena and therefore they may be also relevant for growth methods of other 2D

materials.

1. Introduction

Thermal graphitization of the Si-terminated SiC (0001) surface, is
one of the few available methods, allowing for wafer-scale production
of homogeneous, epitaxial graphene films, possibly useful for the de-
velopment of graphene electronic technology [1,2,3]. Although the SiC
graphitization process, occurring due to preferential Si sublimation
from the SiC wafer’s surface at high-temperatures, has been known for
long time [4], it was the introduction of atmospheric pressure [5] and
confinement controlled SiC graphitization [6] methods, which enabled
a production of high-quality material, able to compete with the CVD
graphene [7,8,9]. In recent years, a few new variants of the thermal SiC
graphitization have been investigated, including graphitization of the
C-terminated surface (which is less controllable, but results in the
material characterized by higher electron mobility [10,11]), graphiti-
zation of SiC vicinal surfaces [12], or thermal growth of graphene nano-
ribbons on patterned SiC [13].

Despite wide ongoing research, many phenomena, occurring during
graphene growth via surface thermal decomposition of SiC, remain only
partially understood and controlled. In particular, the formation of
macro-steps, with the height of several tens of nanometers on the gra-
phene covered SiC surface, via the step-bunching mechanism, and

* Corresponding author.
E-mail address: piotr.ciochon@doctoral.uj.edu.pl (P. Ciochonl).

https://doi.org/10.1016/j.apsusc.2020.146917

bilayer-patches on graphene film near the step edges, are especially
problematic. These issues are considered the main obstacles on the road
to the future graphene/SiC-based electronics [14]. Several counter-
measures to these unwelcomed phenomena have been studied, in-
cluding tuning the heating rate of the SiC wafer [15], or using polymer
masks, serving as a source material for buffer layer formation [16].
Here, we investigate an alternative method to control the process of
SiC thermal graphitization in UHV using Si atomic beam from an ex-
ternal source to slow down the Si loss from the surface. We find, that
the process of graphene film formation is reversible in such circum-
stances. Si atomic beam allows to increase the process temperature and
to grow uniform few-layers graphene. This graphene is crystal-
ographically highly ordered and characterized by the ABC-type stacking
of the layers. We also show that, in contrast to previous studies that did
not use the Si beam, low heating rates, which are desirable for ob-
taining good crystallographic order, do not lead to the step-bunching
and the graphene/SiC surface remains free of macro-steps. This is at-
tributed to the preferential adsorption of Si atoms at the step edges.

2. Experimental details

Prior to the graphene growth, epi-ready samples of 4H-SiC exposing
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Fig. 1. Scheme of the two variants of graphitization used in the experiments,
utilizing either: fast (solid line) or slow (dashed line) heating/cooling rate and
annealing at the graphitization temperature Tg,pn (time is not to scale); arrows
represent times when the flux of Si atoms was switched on and off (black for the
slow and grey for fast heating/cooling.

(0001) surface were rinsed with IPA, introduced into the UHV chamber,
degassed, and annealed in the Si beam with the density of
6 x 102 ecm ™~ 2571, at the temperature equal to 900 °C, to form a clean,
3 x 3-reconstructed surface. The growth was carried out in tempera-
tures of 1450-1900 °C while the SiC surface was exposed to the Si beam
of 1.8-2.5 x 10 ecm™2 s~ 1. The sample heater used for the growth
process was of electron beam type, with the electrons bombarding di-
rectly the backside of the sample. This technique allowed for precise
and quickly responding control of the process temperature. The wafer
temperature was measured using an infrared pyrometer. Heating and
cooling rates of the SiC substrate were controlled and, in most experi-
ments, they were either slow (0.35 °C/min if not stated differently) or
fast (~100 °C/s). Schemes of the two processes are shown in Fig. 1

In case of slow heating/cooling, the flux of Si atoms is applied to the
surface already at the temperature of ~900 °C (i.e. the temperature of
the formation of the 3 x 3 reconstructed surface), well below graphi-
tization temperatures, and it is not switched off until the sample cools
down to the same temperature. The complete process takes between 20
and 40 min.

Synthesized graphene was characterized with use of X-ray photo-
electron spectroscopy (XPS), angle-resolved photoelectron spectroscopy
(ARPES), low energy electron diffraction (LEED) and the intermittent-
contact (tapping) atomic force microscopy (AFM). The synthesis as well
as spectroscopic and diffraction measurements were performed in a
single UHV system, with the base pressure <1 X 10~ '° mbar. VG-
Scienta R4000 hemispherical analyzer with VUV5k UV lamp or a
PREVAC RS 40B1 X-ray source using Mg anode were used for the
photoelectron experiments and OCI MCP LPS300-D diffractometer was
used for LEED studies. AFM measurements were performed in air, using
NanoSurf EasyScan microscope, with ACL-A tips. ARPES and ARXPS
measurements were partially performed at ARPES beamline of the
National Synchrotron Radiation Centre SOLARIS, after transferring the
samples in air. XPS measurements were partially performed at the
Academic Centre for Materials and Nanotechnology, using PHI 5000
VersaProbe II spectrometer, after transferring the samples in air. Si
atomic beam was obtained with a MBE Komponenten SUSI Si sub-
limation source.

3. Results and discussion

As the first step we investigate the reversibility of graphene for-
mation on SiC (0001) surface. We prepare a partly-graphitized sample,
by annealing it using the fast scheme, in the temperature of 1352 °C and
with the Si flux of 1.8 x 10'* em~2 s~ %, for 5 min. The Cls region of
the XPS spectrum of the sample, is shown in Fig. 2a. It consists of 4
components labeled: G (Eg = 284.8 eV), related to graphene, S1
(Ez = 285.2 eV) and S2 (Eg = 285.8), related to the buffer layer and
SiC (Eg = 283.9 eV), related to bulk substrate. This spectrum is in
agreement with literature data [17]. The share of graphene-associated
component is equal to ~25%, which corresponds to ~ 0.5ML coverage.
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This partly-graphitized sample is further annealed (using the fast
scheme), in a temperature T = 1347 °C, i.e. lowered by 5 °C, and in the
same flux of Si atoms for 55 min (total annealing time equal to 60 min).
The XPS spectrum of the sample is shown Fig. 2b. While previously
described components (G, S1, S2, SiC) are still present, we observe an
emergence of an additional, pronounced component (SiC’). The new
component has a binding energy of E = 282.9 eV, which is shifted by
around 1 eV to lower binding energies, relative to the bulk SiC com-
ponent. This is accompanied by the relative decrease in the intensity of
the G, SiC, S1 and S2 signals. The same sample is annealed again for
150 min (using the fast scheme), in an unchanged temperature
(T = 1347 °C) and Si flux. The XPS spectrum for the sample after the
two annealing steps (total annealing time equal to 210 min) is shown in
Fig. 2c. As seen SiC, G, S1 and S2 are now replaced by a single com-
ponent (labeled SiC’), i.e. the bulk component is shifted due to band
bending and the surface components are not resolved. We have pre-
viously observed similar spectra for the 3 X 3-reconstructed SiC (0001)
surfaces, [13], therefore we attribute SiC’ component to the un-
graphitized, restored surface of SiC. The absence of graphene is con-
firmed by ARPES measurements for the same sample, shown in Fig. 2d.
The ARPES spectrum is measured around the K point in the reciprocal
space of the (previously present) graphene lattice and shows no pre-
sence of the Dirac cone, characteristic for graphene.

LEED diffraction pattern, characteristic for the 6R3 surface re-
construction is observed after annealing the sample for 60 min at
1347 °C (Fig. 2e), which indicates the presence of both graphitized and
ungraphitized areas on the sample. After further annealing for 150 min,
it is transformed into a complex, previously unobserved pattern
(Fig. 2f). For this surface XPS indicates prevailing chemical carbon
bonds similar to that of SiC(3 x 3), band bending similar to that ob-
served for SiC(3 x 3) and no contamination peaks. AFM images of the
sample, show that the surface is characterized by a regular terrace
structure (Fig. 2g). The terraces have the width of around 1 pm and
they are separated by steps with an average height of 2-3 nm. Detailed
imaging reveals, that the terraces are covered with meandering, elon-
gated pits (Fig. 2h), with the depth of around 0.25 nm (Fig. 2i). This
depth is equal to the height of a single SiC bilayer (0.25 nm).

As shown in our previous work [18] applying an external flux of
1.8 x 10 cm™2 s~ ! Si atoms to the SiC surface annealed at
T = 1350 °C can fully inhibit its graphitization. Thus, in a specific
temperature (or temperature range), the incoming flux of Si atoms is
equal to the Si flux emitted by the surface being annealed and the
system is in the state of a dynamic equilibrium (SiC = Si + G). This
situation is similar to one present during the high-pressure/confine-
ment graphitization, in which “the silicon atoms desorbing from the
surface have a finite probability of being reflected back to the surface”
[5].

In the present experiment, the initial graphitization of the sample is
performed in the temperature slightly above the temperature of this
dynamic equilibrium which shifts the reaction towards the products
side (Si + G). The following prolonged annealing is performed at the
temperature slightly below the equilibrium temperature, for the applied
Si flux, which shifts the reaction towards the reactant side (SiC sub-
strate). This is significantly different from the high-pressure/confine-
ment graphitization process, for which the incoming Si flux cannot be
higher then the Si flux emitted from it. Formation of silicon carbide
“islands” on a graphitized sample, annealed at temperatures of
1000-1100 °C after Si deposition, has been previously observed by Xia
et. al. [19], but has not been invesitgated thoroughly. Our results show
that the graphitization process on SiC(0001) is fully reversible, i.e. all
the C-C bonds on surface may disappear, upon annealing the graphi-
tized surface in Si flux, in the properly tuned near-equlibrium reaction
conditions.

Fig. 3 shows core-level spectra of the Si 2p region for the sample
annealed in T = 1347 °C, in Si flux of 1.8 x 10'* em ™2 s™! (graphi-
tization reversal in the temperature slightly below the equilibrium
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Fig. 2. XPS spectra of SiC sample annealed at: a) T = 1350 °C for 5 min, followed by the annealing of the same sample at 1347 °C: b) for 60 min; c) for additional
50 min (total annealing time equal to 110 min); components in the XPS spectra are assigned to: bulk SiC (SiC: light-blue), graphene (G: magenta), buffer layer (S1:
red, S2: blue) and ungraphitized SiC (SiC”: black); d) ARPES spectrum around the K point of the reciprocal lattice of graphene, of the sample annealed at 1347 °C for
the total time of 110 min, corresponding to the XPS spectrum shown in Fig. 2¢; diffraction patterns of the sample annealed at 1347 °C for e) 60 min, corresponding to
the XPS spectrum shown in Fig. 2b (incident electron energy Ei,. = 189 eV), f) 210 min, corresponding to the XPS spectrum shown in Fig. 2c. (Ej,. = 200 eV);
diffraction spots and vectors related to the lattice of graphene and (1 x 1) SiC are marked in red and blue, respectively) AFM scan of the SiC sample annealed for the
total time of 110 min (corresponding to the XPS spectrum shown in Fig. 2c and LEED pattern shown in Fig. 2f); h) detailed AFM scan of the area market by an inlet in
Fig. 2g; i) line profile, taken along the line drawn in Fig. 2h.
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Fig. 3. XPS spectra, in the Si 2p region of the SiC sample annealed in the temperature slightly below the equilibrium temperature for: (a) 150 min and (b) 210 min.
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temperature) for 150 min and 210 min.

Spectra in the Si 2p region can be fitted with a pair of 2p doublets
(corresponding to the 2p; 5 and 2p3 > energy levels, with the area ratio
of 1:2), in the case of annealing time equal to 150 min, or by with a
single doublet, in the case of annealing time equal to 210 min. The
separation between the doublets is equal to around 1 eV, which is the
same as the observed shift between the SiC and SiC’ components in the
Cls region of the spectrum. Therefore they can be assigned to the SiC
and SiC’ phases in accordance with the band bending effect recognized
as a mechanism leading to the observed XPS peak shifts. XPS data in-
dicates that there are no measurable number of Si-Si bonds on the
samples with SiC’ phase.

In order to gain an understanding of the mechanism of SiC re-
growth we have performed a soft-XPS (SXPS) measurements at the
UARPES beamline of the National Synchrotron Radiation Centre
SOLARIS on a sample, for which the graphene coverage was decreased
from around 1.5ML to around 0.7ML through graphitization reversal.
The SXPS spectra have been measured, for the photoelectron emission
angles 0° and 65°, with respect to the surface normal, and for the
photon energies (PhE) in the range 320-600 eV. It is important to note,
that for these photon energies, the inelastic mean free path of the
photoelectrons is around its minimum and corresponds to 1-2 atomic
layers at 400 eV PhE and 2-3 atomic layers at 600 PhE [20]. It makes
this method very surface sensitive, depending also on the tilt applied to
the sample. In the Fig. 4 we show data for 600 eV PhE for which the
surface sensitivity is not extreme and which illustrates our discussion
the best.

As seen the relative intensities of the components (G, S1 and S2) are
greatly enhanced (comparing them to the spectrum of Fig. 2a) and
dominate the spectrum. This becomes even more pronounced after in-
creasing the photoelectron emission angle. (S1 + S2)/G ratio changes
weakly upon sample tilting indicating that prevailing sources of these
components are located in the top atomic layer. In contrast the SiC
component changes considerably which means that its sources are lo-
cated below the top layer. At minimum probing depth, (350 eV PhE, 65°
emission angle) corresponding roughly to 1 ML of carbon, this com-
ponent is hardly observable. The rest of the collected SXPS data is fully
compatible with the above conclusions ensuring that we have properly
interpreted this results as the emitter depth-induced effect and have not
mistaken it with a photoelectron diffraction or other phenomena. The
spectra don’t show the presence of a SiC’ component which would be
observed only if the graphitization process was reversed further,
leaving the SiC surface at least partially free from the graphene and the
buffer layer. These results show that the SiC re-growth happens beneath
the surface, at the interface between graphene/buffer-layer and bulk
SiC.

a)

Intensity (a.u.)

288 287 286 285 284 283 282
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A comment is also due regarding the LEED pattern shown in Fig. 2f,
observed after converting graphene back to SiC through annealing the
surface for 210 min, corresponding to the SiC’ phase. A number of
diffraction spots, constituting the pattern is very large and they may
even seem accidentally scattered. Contrary to this first impression, the
surface is well ordered, having large coherent domains, which is clearly
indicated by the sharp diffraction spots and low incoherent background
signal, particularly at lower electron energies (not shown here). After a
careful check the pattern appears perfectly p6m symmetric, therefore it
is undoubtely a case of a hexagonal reconstruction. In general, case, the
hexagonal, reconstruction which we may describe using Wood’s nota-
tion as:

2
W2+ m? + nm x\/n2+m2+nm)R(ArcCos ntm ]

2n? + m? + nm

(€]
n,m being any integer numbers = 0, destroys the surface lattice mirror
symmetries, however, two equivalent reconstructed domains (corre-
sponding to interchanging n and m) rotated in the opposite directions
are possible, which eventually results in the mirror symmetries ob-
served in the diffraction pattern. Also, due to the inherent presence of
left and right rotated domains, each basic (1x1) spot becomes sur-
rounded with the ring of twelve closest diffraction spots, having the
radius equal to reciprocal reconstructed lattice constant (only for the
special case of 30° rotation, left and right domains are redundant and in
this case the “usual” hexagonal pattern is observed). Within the ring,
the spots are mirror-symmetrically arranged, with reference to the
symmetry axes of the basic lattice, at angles corresponding to the re-
construction angle. Thus by examination of the neighborhood of some
(1x1) spot, both the reconstruction rotation angle, and the reconstruc-
tion factor can be relatively easily identified. Such an analysis is shown
in Fig. 5. We identify three families of spots denoted in Fig. 5 by dif-
ferently colored circles and ticks. Not all the diffraction spots are seen
due to the effect of form factors, but their number is sufficient to con-
clude that we have to do with three sets of spots: (4.6 x 4.6)
R = 11.5°(red), (46 X 4.6) R = 24.5°(blue), (4.0 x 4.0)
R * 19.8°(green). The errors of the presented numbers may be con-
siderable because of the distortions of the LEED imaging (due to the
residual electric field and the projection) but we estimate them as not
more than 0.25 for the factor, and 1° for the angle (where we expect
slightly too large angles read, due to the specific distortions observed in
our diffractograms). These accuracies are, nevertheless, entirely suffi-
cient to unambiguously decode the reconstruction type. These experi-
mental data indicate the presence of the following theoretical re-
constructions: (v21 X +/21)R + 10. 89" and (v19 X +19)R =+ 23. 4',[or:
~(4,58 x 4,58)R1 = 0.9° and ~(4,36x4,36)R *+ 23.4°]. For the 19,8°

b)

0=65° G

Intensity (a.u.)

288 287 286 285 284 283 282
Binding Energy (eV)

Fig. 4. XPS spectra in the C1s region, of the sample with partly reversed graphitization, measured for the photoelectron emission angle, with respect to the normal to

the surface, equal to: a) 0° and b) 65°.
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Fig. 5. Enlarged part of the low energy electron diffractogram acquired for the
sample, for which the graphene film has been converted back to SiC (incident
electron energy is equal to 200 eV). Mirror symmetry axes of the basic lattice
are indicated by the dashed lines and the three spot families are identified by
blue, red and green circles and ticks.

rotated set, no corresponding hexagonal reconstruction is found in the
way described above, however, there exist a related re-
construction(3+/7 x 3+/7)R + 19. T'[or (7, 93x7, 93)R =+ 19. I'],having
the proper angle but a doubled reconstruction factor. Such a re-
construction might explain our green set of spots, if the ring of features
nearest to the basic spot was erased by an action of the form factor and
we were observing only the spots belonging to the second, larger ring.
This larger ring should be composed of 24 diffraction spots: 12 of them
distant from the basic spot by double reciprocal lattice constant and
rotated by the reconstruction angle and 12 other at the 2/+/3shorter
distance and rotated further by 30°. In our case we see the 12 “doubled”
spots indicated as the green set. The other 12 spots happen to coincide
with the spots of the red set. Concluding, the surface under discussion is
covered with (BJ7 X3J7)R+19, T and (V19 x +/19)
R + 23, 4reconstructed domains and the (+/21 X ~/21)R + 10, 89" do-
mains cannot be excluded without additional analysis.

Although not exactly the same the observed surface phase bears
similarity to the Si-rich phases on 6H-SiC(0001) surface reported by
Starke et al. [21] and Heinz et al. [22]. Those phases have their Si
content between that of 3 x 3 and (+/3 X /3) SiC phases. The parti-
cular sample discussed here has been taken out to air with reference to
AFM studies, however, many other samples have been graphitized in a
similar way, converted back to SiC and recycled to 3 x 3 reconstruction
for further studies.

Similar studies regarding graphitization blocking by an external Si
flux, albeit without graphitization reversal phase, were performed by
F.J. Ferrer, et. al. [23]. In their study, 4H SiC (0001) samples were
annealed at the temperatures of up to 1100 °C and Si flux of up to
2.0 x 10" em™2 s7?, resulting in an atomically flat step-terrace
structure of the final surface. Both the initial (before annealing in the Si
flux) and the final surface phase, obtained in the study, was a (V3 xV3)
R30° reconstruction; the authors didn’t detect (3 X 3) or (6V3 X 6V3)
R30° reconstructions in their experimental conditions. This makes it
different from our study, where both the initial and the final surface
phase is Si-rich (3 X 3) reconstruction. The structure of the two phases
is similar and consists of Si adatoms bound to sub-surface Si atoms,
located in either bulk SiC, in case of (V3 X V3)R30° reconstruction, or in
an additional Si adlayer positioned on top of bulk SiC, in case of (3 X 3)
reconstruction [20,24]. The key difference between the two is an ad-
ditional Si adlayer, separating topmost Si adatoms from bulk SiC.
(3 x 3) reconstruction is usually formed in Si-rich conditions, in tem-
peratures around 100 °C lower than the (V3 X V3)R30° reconstruction.
This indicates, that the Si flux used in our work, which is an order of
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magnitude higher than the flux used in Ref. 22, is sufficiently high to
significantly affect the stoichiometry of the initial and final surfaces and
induce their enrichment in silicon. The additional Si adlayer, present in
the (3 x 3) reconstruction, could have significant influence on the
graphene growth in higher temperatures, in terms of inhibiting step
flow and decreasing the erosion rate of the terrace edges.

It is clear that the growth of epitaxial graphene on silicon carbide
may benefit from using the highest attainable process temperature since
this would increase the mobility of carbon atoms on the surface and
improve the homogeneity and quality of graphene films. The same or-
dering effects could be in principle obtained with longer process times.
However, when aiming at high-quality few-layer graphene films, the
possible process temperatures/times are limited by the sublimation rate
of Si from SiC surface and they are far from being adequate. In case of Si
beam-assisted graphitization, the additional factor helping to in-
dependently regulate the process temperature and time is the Si flux
density. In our experimental setup, the maximum achievable flux is
2.5 x 10" ecm™2 s™. This is sufficiently high to inhibit SiC (0001)
graphitization up to the temperature of 1350 °C. As shown before, the
graphitization can be also reversed in this Si flux at the slightly lowered
process temperature.

Having this, we investigate a new process flow, enabling a synthesis
of the few-layers graphene. Within our slow scheme (Fig. 1) and with a
constant Si flux of 2.5 x 10 cm ™2 s~ 2, the surface is annealed to
increasingly higher temperatures. Graphene film crystallizes when the
sample is at the temperatures for which the reaction equilibrium shifts
towards the product side and then reduction of its thickness occurs
when the sample is slowly cooled down and the reaction equilibrium
shifts towards the substrate side. Using this process, we are able to
anneal SiC (0001) at the temperatures up to 1495 °C, without forming
any graphene after cooldown. As a reference, the samples treated using
the fast scheme, with the same maximal temperature and the same Si
flux, are characterized by the graphene coverage of 1.5ML, which is
setting the lower limit for the maximal graphene coverage during the
slow process. We may compare the maximal graphene coverages for the
two schemes directly, since during the slow process, any excess Si
possibly present at the beginning of the process must be lost from the
surface well below the temperature at which the graphene formation
begins [25]. The complete reduction of 1.5 ML graphene also means the
restoration of at least 6 SiC bilayers (on average, growth of a monolayer
graphene requires decomposition of 3 SiC bilayers [26]). We have
found that, the annealing temperatures, which result in a detectable
graphene coverage are 1350 °C and 1500 °C correspondingly within the
fast and the slow process scheme. It is likely that using even lower rates
(which would be impractical), or higher Si flux (which could easily be
obtained, for example from e-beam type source) would allow for further
increase of the process temperature even to values exceeding tem-
peratures commonly used in the atmospheric-pressure graphitization
(which can be as high as 2000 °C [27]).

In Fig. 6a Cls XPS peak for the sample annealed at T = 1500 °C is
shown. The peak consists of 5 main components: G (assigned to gra-
phene), SiC (assigned to silicon carbide beneath graphene and buffer
layer), S1, S2 (assigned to buffer layer) and SiC’ (assigned to the surface
of SiC restored during the cooldown (Si + G)), which were previously
described. The relative intensity of the SiC’ component is equal to
around 30%, which can be associated with the fraction of the surface
with restored SiC.

AFM maps - see Fig. 6b — show that, as already suggested by the XPS
results, the surface of the sample is inhomogeneous. The presence of
islands on terraces, elongated usually alongside the terrace edge is
observed, with the height between 0.75 and 1.5 nm, relative to the
underlying terrace - see the line profile in Fig. 6¢ taken along the line
marked in Fig. 6b. Three SiC bilayers with the height of 0.75 nm are
consumed for the creation of a single graphene layer, so it is likely that
the 0.75 nm islands are the result of the “consumption” of a single
graphene layer, while the 1.5 nm islands are a result of the
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Fig. 6. a) XPS spectrum, b) AFM scan and c) line profile, taken along the line shown in Fig. 6b, of a SiC sample processed at T = 1500 °C, using the slow scheme.

“consumption” of both graphene and buffer layer, occurring during the
reversal of the graphitization process.

Utilizing the slow process scheme we have also grown samples of:
bilayer graphene, with the maximum process temperature of
T = 1700 °C, tetralayer graphene, with T = 1750 °C and 5-layer gra-
phene with T = 1810 °C. ARPES spectra of the samples are shown in
Fig. 7:

Number of graphene layers is determined by counting the number of
electron bands visible in the ARPES spectra. In case of bi-/tetra-layer
graphene, 2/4 bands are clearly visible, while in case of 5-layer mate-
rial, the fifth band is somewhat less pronounced (it is marked by a
dashed arrow in Fig. 7d). Synthesized graphene is, in all cases, n-doped,
consistently with the expected influence of the underlying buffer layer
[28]. In case of tetralayer graphene, the band structure is characteristic
for the predicted structure of ABC-stacked graphene [29]. This is con-
sistent with observations of other groups, who found that ABC-stacked
graphene forms preferentially on SiC (0001) [30], although the growth
of up to three layers of graphene has been demonstrated [31].

All obtained dispersion map contain characteristic flat parts of the
electron band(s) located near the Fermi energy (marked by white, solid
arrows in Fig. 7), which are often referred to as “Sombrero” structures.
The presence of flat bands means also that high density of states exists
in a narrow energy range. This has been studied before for bilayer

3 3
5 5
2 i
e e
2 2
] (-]
L2 L1 00 o1 02 L3 -62 Q.1

KAy

graphene and identified as 2D-extended van Hove singularity [32]. Due
to the indications of enhanced electron-phonon coupling, it was theo-
rized that this could help achieving superconductivity of graphene.
Spectrum of tetra-layer graphene confirms the presence of two flat parts
of the electron bands, while the electronic structure of 5-layer graphene
contains an additional, third flat part, near the Fermi level, as shown in
detail in Fig. 8

Detailed spectra taken near Fermi energy, shown in Fig. 8, reveal,
that in case of tetra- and 5-layer graphene, the upper bands (located at
Eg = 0.15 eV) might show some dispersion near the K point of the
reciprocal lattice, creating a small, but detectable “kink”. Additional
flat band in 5-layer graphene is located at Eg = 0.07 eV. To our
knowledge, it is one of the first observations of multiple flat bands in a
few-layers graphene grown on 4H-SiC (0001), since most literature
examples of flat bands focus on rhombohedral graphene grown on 3C-
SiC (11 1) [33,34].

We have used AFM to investigate surface morphology of the ob-
tained samples. AFM maps of bi-, and tetra-layer graphene (Fig. 9a, b,
respectively), show that the surfaces are well ordered and homo-
geneously covered in steps of average width of around 0.25-0.5 pm, as
shown in the exemplary profile in Fig. 9d. The surface of a 5-layer
graphene (Fig. 9c¢) is more rough, containing pits, with the depth of
10-20 nm. Its step structure is scarcely visible likely because of AFM

Binding enorgy (oV)

00 o1 02 03

k)

k)

Fig. 7. ARPES spectra around the K point of the reciprocal lattice of: a) bi-, b) tetra- and c) 5-layer graphene grown using the slow scheme at: a) T = 1700 °C; b)

T = 1750 °C; and ¢) T = 1810 °C (wavevector relative to the K point).
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Fig. 8. ARPES spectra around the K point of the reciprocal lattice of: a) tetra- b) 5-layer graphene.

artefacts. The presence of such pits indicates that in temperatures above
1810 °C higher Si flux is needed to control the graphitization process.
Formation of deep pits during graphene formation has been reported,
although their depth was usually smaller then in our case and equal to
around 6 nm [35].

The steps found on the surface covered with bilayer graphene have
the height between 0.25 and 2.5 nm, i.e., between 1 and 10 SiC bilayers
(with the average of 0.7 nm, close to 3 SiC bilayers), while the steps
found on the surface covered with tetralayer graphene have the height
between 0.25 and 2.75 nm, i.e., between 1 and 11 SiC bilayers (with the
average of 1.1 nm, close to 4 SiC bilayers). Similar values are found for
all samples prepared using our slow scheme, which is somewhat sur-
prising, since other growth methods developed for G/SiC(0001) often

a) b)

26.6 nm
20.0
15.0

10.0

5.0
0.0

y (nm)

0 T v
4

X (um)

y (nm)

result in the formation of macro-steps on the surface having heights of
several tens of nanometers [5]. Macro-steps present at the surfaces of
epitaxial graphene on SiC are considered to be a major issue, hindering
its applications in useful devices. Substantial effort has been put in
recent years into understanding step-bunching phenomena occurring
during graphene growth and minimizing its effects. Bao J. et al. has
reported step heights of 0.75-1.5 nm, using sequential control of step
bunching [15], while Kruskopf M., et. al. reported step heights between
0.25 and 2.5 nm [16], utilizing polymer adsorbate for the enhanced
buffer layer nucleation. We note here, that the method of partially re-
versible graphitization in Si flux is comparable to the best literature
examples, even though its optimization potential is far from being ex-
hausted.

c)
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Fig. 9. AFM images of a: a) bi-, b) tetra- and c¢) 5-layer graphene (the same samples as in Fig. 7) grown using the slow scheme at: a) T = 1700 °C; b) T = 1750 °C; and
d) T = 1810 °C; d) line profile, taken along the line shown in Fig. 9a; e) line profile, taken along the line shown in Fig. 9b.
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Amount of the step-bunching on the G/SiC(0001) surface has been
previously linked to the heating rate of the substrate, however, previous
reports seem to be contradictory to our findings. While in our case, low
heating and cooling rate resulted in the minimal step-bunching on the
surface, Bao J., et al., have found, during their experiments concerning
graphene growth in atmospheric pressure buffer gas [15] that the low
heating rate increases step-bunching. They found also that the step
bunching occurs to the highest extent at the temperatures between
1200 °C and 1600 °C, below the temperature of graphene formation,
while the graphene film on the surface actually inhibits the step
bunching. Long annealing below graphene formation temperature in-
evitably leads to the formation of macro-steps at the surface.

The key difference between the method studied here and the at-
mospheric-pressure buffer assisted graphitization [5], is that external Si
atomic beam may shift the surface stoichiometry to the Si-rich while at
the absence of such beam it tends to be Si deficient. This should not be
understood as a formation of solid Si on surface. Fissel et al. [36] re-
ported that SiC(0001) 3 X 3 surface does not accumulate excess Si even
at temperatures as low as 900 °C. Nevertheless, the Si atoms coming on
the surface with the considerable rate of 2.5 x 10 cm ™2 s™?, (cor-
responding to growth rate of 30 A/min, if 100% condensation occurred)
have certain residence time on the surface and at step edges. Results
obtained here show that their transient presence is sufficient to inhibit
graphitization up to the temperatures 1350 °C and on the other hand it
strongly reduces the surface step flow/bunching.

4. Conclusions

We have demonstrated the reversibility of the thermal decomposi-
tion of SiC (0001) surface in the Si-rich environment. On this basis, we
have developed a new approach to the synthesis of high-quality, few-
layer graphene on the minimally step bunched SiC (0001) surface,
through very slow heating and cooling of SiC under the flux of Si atoms.
The optimization potential of the approach is far from exhausted, but it
already seems promising for future applications, as it yields high-
quality material, directly on an insulating substrate, in a simple, single-
step, UHV-compatible process. It also allows for increasing process time
and temperature, without inducing step-bunching on the surface. Multi-
layer graphene formed in this process is characterized by the appear-
ance of multiple flat-bands in the ARPES spectra, which can be parti-
cularly interesting for the future studies of its superconductivity. We
expect that this method will be relevant for the development of future
commercial, wafer-scale epitaxial graphene technologies. These results
are also relevant for other growth techniques, as they show that con-
trolling heating and cooling rates is important for process design and
optimization.
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