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Microscopic mechanism of hydrogen intercalation: On the conversion
of the buffer layer on SiC to graphene
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We report an investigation of the microscopic mechanism of hydrogen penetration and migration in the
conversion process of the buffer layer on SiC into quasi-freestanding graphene. By systematically observing the
initial stage, we found that hydrogen intercalation initiates locally and simultaneously throughout the terrace,
followed by the expansion of the intercalated area, resulting in full graphenization of the buffer layer over the
SiC surface. This suggests that hydrogen can penetrate the buffer layer. In addition, we found that the steps on the
SiC surface can act as a migration barrier, hindering the migration of hydrogen at the interface across the steps.
This series of experimental results provides important insights into the fundamental mechanism of hydrogen
intercalation and may help to pave the way toward graphene electronics.
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I. INTRODUCTION

Thermal decomposition of SiC (0001) enables us to grow
highly crystalline, single-oriented graphene at the wafer
scale directly on the semi-insulating substrate [1,2]. Epitaxial
graphene obtained in this way facilitates the development of
next-generation electronics such as high-frequency transis-
tors [3,4]. Epitaxial graphene has a so-called buffer layer at
the graphene-SiC interface, which is a carbon layer with the
(6\/3 X 6\/3) R30° reconstruction on SiC (0001) [5,6]. The
buffer layer has a graphenelike honeycomb structure, but
about 30% of its carbon atoms are covalently bound to the
Si atoms of the SiC (0001) surface, making it electrically
insulating. One prominent feature of the buffer layer is that
it modifies the electrical properties of the adjacent graphene
layer. Due to the remote phonon scattering of the buffer layer,
the carrier mobility of graphene decreases with the increasing
temperature [7]. Moreover, the buffer layer induces electron
doping (n ~ 10'3 cm™) to overlying graphene [8]. Since the
mobility degradation limits the electronic application of epi-
taxial graphene, interface modification is essential to realize
the true performance of graphene.

Among many methods for interface modification such
as nitridation [9] and rapid cooling [10], intercalation of
foreign elements is the most popular technique to remove
the buffer layer and obtain quasi-freestanding monolayer
graphene (QFMLG) on the SiC substrate. Although a wide
variety of elements (e.g., H [11], Li [12], O [13], Ga [14],
and Au [15]) has been intercalated so far, hydrogen is thought
to be the best candidate to obtain QFMLG with high quality.
In hydrogen intercalation, the buffer layer sample is annealed
in a hydrogen gas atmosphere to terminate Si atoms at the
buffer layer/SiC interface with H atoms, thereby decoupling
the buffer layer from the substrate to form QFMLG. As a
result of the hydrogen intercalation, the carrier mobility of
QFMLG shows a weak temperature dependence, since there
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is no buffer layer at the interface [16]. QFMLG obtained
in this way is very flat and homogeneous over the substrate
surface and has little graphene-substrate interaction [17]. Fur-
thermore, since H has the smallest atomic radius, the damage
to the graphene lattice caused during the intercalation process
is smaller than that of all other atomic species. Therefore, hy-
drogen intercalation is regarded as the most reliable approach
for graphene electronics.

However, in practice, it is difficult to terminate all Si atoms
at the interface with H atoms, giving rise to H deficiencies
[18-20]. Such H deficiencies act as scattering centers, de-
grading the carrier mobility of QFMLG. For the termination
of all Si atoms, a detailed understanding of the mecha-
nism of hydrogen intercalation is necessary. However, despite
the fact that the technique has been widely demonstrated
[11,16-25], its microscopic mechanism is still not clarified
sufficiently. Regarding deintercalation (i.e., desorption of hy-
drogen from the QFMLG/SiC interface), its mechanism on
where hydrogen is desorbed from has been discussed, based
on experiments [18,26,27]. On the other hand, the mecha-
nism of (original) hydrogen intercalation is not as clear. In
particular, it is not evident where hydrogen actually enters
the buffer layer/SiC interface and how intercalation proceeds,
since it is difficult for both H, molecule and H atom to
penetrate the hexagonal lattice of the buffer layer accord-
ing to theoretical calculations [28,29]. Moreover, it has been
difficult to capture the initial stage of hydrogen intercala-
tion experimentally, because the process occurs in a short
time after the start of annealing. Here, we show an ap-
proach to observe the initial stage of hydrogen intercalation
by quickly raising or lowering the temperature. To make
this approach more effective, we also performed hydrogen
intercalation in a high-pressure (5.5-atm) hydrogen gas at-
mosphere. Based on experimental results obtained by these
techniques, we will discuss the microscopic mechanism of
hydrogen intercalation, especially the hydrogen penetration
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FIG. 1. (a) Schematic illustration of the experimental setup im-
plemented in this study. The photograph below shows the cut plane of
the SUS316L tube with a sample substrate inside. (b) Raman spectra
of the samples annealed under different pressures of hydrogen gas at
600 °C for 40 min.

into the buffer layer and the hydrogen migration at the inter-
face.

II. EXPERIMENT PROCEDURE

We prepared the homogeneous buffer layer sample by the
conventional thermal decomposition method [2,30]. A nom-
inally on-axis, n-doped 4H-SiC (0001) wafer was cut into
5 x 5-mm? pieces after chemical mechanical polishing. Prior
to the growth, the substrates were cleaned by ultrasonica-
tion in ethanol and acetone, followed by a treatment in 10
wt. % of hydrofluoric acid to remove the surface oxide layers.
Buffer layer growth was carried out by annealing the substrate
at 1500°C for 3 min under an atmospheric pressure of Ar
(99.9999%) with a flow rate of 0.1 slm [10,31,32].

In order to observe the initial stage of hydrogen interca-
lation, we developed an experimental setup for annealing in
a high-pressure hydrogen gas atmosphere and for raising or
lowering the temperature quickly. Figure 1(a) schematically
illustrates the setup. We used an SUS316L stainless-steel
tube with an inner diameter of 6 mm as a sample chamber.
The following procedures were conducted to introduce hy-
drogen gas to the sample chamber before annealing. First,
we evacuated the chamber with the buffer layer sample in-
side to ~5 x 107 Pa by a turbo-molecular pump. Next, H,
gas with the purity of 99.9999%, further purified through
an Applied Energy Systems 125C-S04-H2/Ar-FP ultrahigh-
purity gas filter, was introduced to a pressure of 5.5 atm. To
maintain the inner pressure constant during the annealing, a
KOFLOC model6800B back-pressure valve was used. The
sample chamber, filled with hydrogen gas, was then inserted
into a tube furnace, which was preliminarily heated to 600 °C
and was kept at this temperature. The sample chamber was
held in the furnace for 60-2400 s, and then it was ejected
from the furnace and cooled to room temperature. In this way,

we annealed the buffer layer sample under a high-pressure
hydrogen gas atmosphere and achieved an annealing time that
was controlled in seconds to systematically observe the initial
stage of hydrogen intercalation.

The growth of the buffer layer and the occurrence of hy-
drogen intercalation were confirmed by Raman spectroscopy
at an ambient condition using a laser with an excitation
wavelength of 532 nm and with a laser spot size of about
1 um?. The Raman signal of the initial SiC substrate was
subtracted from all original Raman spectra to distinguish
between the buffer layer and graphene components. Raman
mapping was also performed over an area of 15 x 15 um?
with a scanning step size of 0.3 um. Atomic force microscopy
(AFM) measurements were carried out in the dynamic force
mode to obtain topography and phase images of the sam-
ple surfaces. The atomic-scale structure of the interface was
investigated by high-resolution transmission electron micro-
scope (HRTEM) observations using a JEM-2010F microscope
at an acceleration voltage of 200 kV. The thin specimens for
TEM observations were prepared by the conventional Ar-ion
thinning method. Details of this procedure are described in
our previous papers [5,9,10,33,34].

III. RESULTS AND DISCUSSION

The experimental results are shown in the following three
subsections. In the first subsection, the effect of the high-
pressure hydrogen gas atmosphere on the decoupling of the
buffer layer from the SiC substrate is examined. Based on the
results of the first subsection, the initial stage of hydrogen in-
tercalation is investigated in the second subsection. In the third
subsection, hydrogen migration at the interface is discussed.

A. Effects of high-pressure hydrogen atmosphere

We first investigated the effect of high-pressure on the
hydrogen intercalation. Figure 1(b) shows the Raman spectra
for the samples annealed at 600 °C for 40 min under dif-
ferent hydrogen gas pressures. The spectra are normalized
by the G-band intensity. In general, several broad peaks can
be seen around 1200-1600cm™ in the buffer layer [35]. In
monolayer graphene, G and 2D bands appear at ~1580 and
~2680cm™!, respectively, while a D band is observed at
~ 1350 cm™! in the presence of defects in the graphene lattice
[36]. In the sample annealed under the pressure of 1 atm, the
spectrum can be explained by a mixture of the buffer layer
and graphene peaks. In other words, hydrogen intercalation
was not completed in this sample. However, the buffer layer
feature decreased markedly with increasing pressure, and at
5.5 atm only graphene-derived peaks are found. At 5.5 atm,
the position and the full width at half maximum (FWHM)
of the 2D band were about 2677 and 28 cm™, respectively,
suggesting the formation of QFMLG [16]. Moreover, the
D-band intensity tends to decrease with increasing pressure.
These results suggest that increasing the hydrogen gas pres-
sure enhances the conversion of the buffer layer to QFMLG.
Sun et al. reported a similar tendency at relatively low hydro-
gen partial pressures (10~>—10% mbar) [25]. The tendency of
the D-band intensity to decrease with increasing pressure is
similar to the effect of increasing the hydrogen intercalation
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FIG. 2. (a) Raman spectra of the samples annealed for different
durations at 600 °C in hydrogen gas at 5.5 atm. (b) Spectra around
1250-1400 cm™" extracted for visibility.

temperature seen in some previous studies [21,23]. We also
examined the temperature dependence of hydrogen interca-
lation. At an annealing temperature of 400 °C, there was no
spectral change in the peak of the buffer layer, but as the tem-
perature was increased above 500 °C, the characteristic bands
of graphene gradually appeared (see Fig. S1 of Supplemental
Material [37]). Generally, it is known that hydrogen interca-
lation phenomenon sufficiently proceeds at more than 600 °C
[23,24]. These results indicate that we can lower the temper-
ature of hydrogen intercalation by raising the hydrogen gas
pressure. It is also known that at higher temperatures above
around 800 °C, deintercalation starts to take place [11]. Thus,
lower temperature and higher pressure would be desirable for
effective intercalation treatment.

Note that a detailed focus on the temperature dependence
would provide the activation energy of the whole process. It is
an important attempt to relate the four variables (temperature,
pressure, time, and activation energy) and discuss whether the
activation energy should be overcome within the experimental
condition. However, hydrogen intercalation consists of mul-
tiple elementary processes such as hydrogen impingement,
hydrogen penetration into the buffer layer/SiC interface, de-
coupling of the Si—C bonds, and termination of the Si dangling
bonds, and then it is difficult to identify which specific process
is the rate-limiting step that determines the activation energy
of the whole process. On the other hand, we believe that some
quantitative arguments for any of the variables are useful. The
unique point of our study is the achievement of the control of
annealing time in seconds. Thus, in this study, we will mainly
focus on the time evolution at fixed temperature and pressure
of 600 °C and 5.5 atm, respectively, attempting to capture the
progression of hydrogen intercalation.

B. Initial stage of hydrogen intercalation

We then focused on the initial stage of hydrogen interca-
lation by varying the annealing time. Hereafter, the annealing
temperature and pressure were fixed at the values of 600 °C
and 5.5 atm, respectively. Figure 2(a) shows the Raman spec-
tra of the samples obtained at different annealing times. In the
samples annealed for 60, 120, 180, and 240 s, typical buffer
layer spectra are observed around 1200-1600 cm™'. When we
carefully inspect the 180- and 240-s samples, a slight increase
in the D-band intensity, indicated by the arrows, can be seen.

In the 255-s sample, a distinct 2D band appears, in addition
to a further increase in D-band intensity. The 300-s sample
shows a slight decrease in D-band intensity and an increase
in 2D-band intensity. The D + D’ peaks are also observed in
the spectra of the 255- and 300-s samples, suggesting a high
defect density. At 330 s, sharper graphene peaks can be seen,
while the buffer layer feature almost disappears. In addition,
the D-band intensity is significantly reduced. At 2400 s, very
little change was observed compared to the 330-s result. To
sum up these results, the buffer layer remained unchanged un-
til about 200 s after the start of annealing at 600 °C, and hydro-
gen intercalation occurred rapidly during the next 100 s. After
330 s, the QFMLG showed no significant change. A striking
feature of the intercalation process is that a large number of
defects were introduced in the initial stage, but they almost
disappeared coincidently with the completion of intercalation.
It is also important to note that the D-band positions at 240—
300 s are slightly different from those after 330 s, as shown in
Fig. 2(b), suggesting the presence of different types of defects.

Here, the possible types of defects are carbon deficien-
cies and graphene edges. However, it is unlikely that the
restoration of a large number of carbon deficiencies would
occur at 600°C. Therefore, the origin of the D band which
became weaker after 300 s can be ascribed to the edge of
the graphene, specifically the boundary between QFMLG
and the un-decoupled buffer layer. In other words, the fact
that the D-band intensity once increased suggests that the
graphene/buffer layer boundaries are often present in the ini-
tial stage of hydrogen intercalation. The difference in the
D-band positions shown in Fig. 2(b) implies that the defects
in the graphene edge present in the initial stage and those
remaining in the QFMLG after the completion of intercalation
are intrinsically different. One candidate for the origin of the
D band after complete intercalation is the point defect induced
by hydrogen deficiency [20]. Further investigation of this D-
band difference is needed in the future.

We then conducted AFM and HRTEM observations to
investigate the relationship between the spectral changes pre-
sented above and the microscopic structure at the surface and
interface. Figure 3 shows the AFM and HRTEM images of
the samples obtained from the buffer layer, 300-, and 330-s
samples. In HRTEM observations, the electron incidence was
parallel to the [1120]s;c direction and the interlayer distances
were measured on the basis of the lattice constant of 4H-SiC
(¢ = 1.008 nm). For the buffer layer sample, one can see the
step-terrace structure of the SiC substrate surface in the AFM
topography image shown in Fig. 3(a) and dark and bright con-
trast in the phase image in Fig. 3(b). Since the feature of the
buffer layer was dominant in the Raman spectrum before hy-
drogen intercalation as shown in Fig. 2(a), the darker areas in
Fig. 3(b), which cover most of the sample surface, correspond
to the buffer layer, while the brighter areas near the step edges
correspond to partially grown monolayer graphene. This ob-
servation is consistent with the graphene nucleation at the step
edges in the SiC thermal decomposition method, as previously
reported [33]. It should be noted here that the sample annealed
for 180 s also exhibited similar surface topography. In the
HRTEM image of this sample in Fig. 3(c), layered contrasts
were observed. Although most of the area in this sample was
covered by a single layer, here we show an image where
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Before h droen intercalation

FIG. 3. AFM topography bluescale and phase grayscale images and HRTEM images of (a)—(c) the buffer layer sample before hydrogen
intercalation, (d)—(f) the sample annealed at 600 °C for 300 s, and (g)—(i) the sample annealed at 600°C for 330 s. A schematic representation
of the cross-sectional structure is shown on the right side of each HRTEM image.

two layers were observed as dark-line contrast. The interlayer
distance between the first and second layers was found to be
3.8 A, while that of the second and the underlying layer was
2.8 A. These values are in good agreement with the distances
between graphene and the buffer layer (3.5 A) and between the
buffer layer and the top SiC surface (2.9 A) in previous stud-
ies, respectively [5]. Therefore, this HRTEM image indicates
the formation of the buffer layer and a monolayer of graphene
on top of it, as schematically illustrated on the right side of
Fig. 3(c). As indicated from the Raman spectrum at 300 s,
the buffer layer and QFMLG coexisted, while after 330 s the
buffer layer disappeared and only QFMLG was present on the
SiC substrate. The AFM images of the 300-s sample presented
in Figs. 3(d) and 3(e) indicate that the surface topography has
microscopic bumps with a height of less than 1 nm in the ter-
races, and they have the corresponding phase difference. Here,
hydrogen intercalation increases the height of the graphene
sheet from the SiC substrate due to the inserted hydrogen
atoms at the interface [17,19,22,38]. Thus, the convex area
is considered to be the region where hydrogen intercalation
occurred. Figure 3(f) shows an HRTEM image of the sample
which showed the local height difference. Interestingly, as
indicated by the red and blue arrows, the line contrast shows
different distances from the top SiC surface layer, which are
2.9 and 4.3 A, respectively. Each of these values is in good
agreement with the distances of the buffer layer and QFMLG
from the top SiC surface layer determined in previous studies
using x-ray diffraction experiments [17,38]. Therefore, the
red arrow indicates the region where the buffer layer remains
locally un-decoupled, while the rest of the surface was hy-
drogen intercalated, as schematically illustrated in the right
side of Fig. 3(f). In other words, there are many boundaries
between the buffer layer and QFMLG on the terrace, which
is consistent with the high D-band intensity in the Raman
spectrum. Meanwhile, at 330 s, the terraces were smooth in
the topography image in Fig. 3(g) and there was no phase

difference within the terraces in the phase image shown in
Fig. 3(h). These suggest that QFMLG uniformly covered the
sample surface. For the HRTEM image shown in Fig. 3(i),
a dark-line contrast on the SiC substrate surface can be seen,
suggesting the presence of the uniform QFMLG. The distance
of the graphene layer from the SiC top surface was 4.1 A over
the entire observed area.

From these experimental results, it is understood that
hydrogen intercalation occurs locally and simultaneously
throughout the terraces in the initial stage, and that graph-
enization proceeds over the entire surface of the terraces by
expanding the intercalated area. We discuss the microscopic
mechanism of this initial stage more in detail. Figure 4 shows
the time evolution of QFMLG coverage estimated from the

100 r
80 r
60 |
40 |
20 r

QFMLG coverage (%)

150 200 250 300 350 400
Annealing time (sec)

FIG. 4. Time evolution of the QFMLG coverage during hydro-
gen intercalation at 600°C in a pressure of 5.5 atm. Each dot
represents the QFMLG coverage determined from the AFM phase
images at that annealing time. The solid line is the theoretical curve
based on Ref. [39].
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AFM images. Again, the annealing temperature and pressure
were 600 °C and 5.5 atm, respectively. The QFMLG coverage
at each annealing time was defined from the area ratio of the
two types of contrasts in the AFM phase image and plotted in
dots. As mentioned previously, only buffer layer is present on
the SiC surface at 180 s and only QFMLG at 330 s. In the tran-
sition between these, QFMLG coverage increases gradually in
the very early stage, but then increases drastically to complete
decoupling. In other words, the conversion of the buffer layer
to QFMLG does not proceed linearly. Here, Suemitsu ef al.
reported an interesting study on the kinetics of the initial stage
of thermal oxidation of Si surface [39]. They derived a rate
equation for the oxidation based on the dual-oxide species
model and showed that it can describe the time evolution of
the coverage of Si surface oxide. The progression of oxidation
on the Si (100) surface at 640 °C was explained by the two-
dimensional (2D)-island growth mode, and the time evolution
of the coverage was well fitted by a sigmoidlike function.
This sigmoidal time evolution reflects the nucleation-growth-
coalescence nature of the island growth. The solid line in
Fig. 4 is the theoretical curve based on their rate equation. The
time evolution of QFMLG coverage by hydrogen intercalation
was also found to be well fitted by this sigmoidlike func-
tion. Therefore, it is understood that hydrogen intercalation
proceeds through the expansion and coalescence of locally
formed 2D islands of QFMLG. The expansion of the QFMLG
island is considered to proceed by in-plane migration of inter-
facial hydrogen atoms forming Si—H bonds. This hydrogen
migration will be discussed in the next subsection. Here, at
330 s, graphenization was completed earlier than the theoret-
ical curve. According to Ref. [39], the behavior of the final
stage of this theoretical curve is related to the randomness of
the distribution of 2D islands nucleated in the very early stage.
If the homogeneity of the distribution is high, the increase of
the coverage in the final stage becomes steeper. Therefore, the
rapid completion of termination around 330 s can be attributed
to the relatively homogeneous occurrence of QFMLG islands
at the very early stage. Note that the number of data points
that can be obtained in our present experiment is not large. In
order to gain more detailed insights, experiments that can con-
tinuously follow the evolution of the coverage (e.g., in sifu ra-
diation microscopy [40]) are needed, which is our future task.

In addition, the fact that hydrogen intercalation occurred
throughout the terraces suggests that the hydrogen did not
enter the interface predominantly from the surface step, but
penetrated the buffer layer on the terrace to reach the interface.
However, in some theoretical studies based on first-principles
calculations [28,29,41], the penetration of hydrogen through
the buffer layer is a rare event due to a high-energy barrier.
Here, all of these studies pointed out that the presence of de-
fects such as vacancies facilitates the penetration. Therefore,
intrinsic defects in the buffer layer [42] may have helped the
hydrogen penetration, resulting in the local and simultaneous
intercalation throughout the terraces.

C. Hydrogen migration at the interface
1. Hydrogen migration across the step with subnanometer height

In the previous subsection, we showed that hydrogen in-
tercalation completed over the entire surface at 330 s. We
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FIG. 5. AFM topography (a) and phase (b) images of the sample
annealed for 315 s, with a schematic illustration of these AFM
images (c).

then aimed to observe the surface morphology just before the
completion. Figure 5 shows the AFM images of the sample
treated for 315 s at 600 °C and a hydrogen gas pressure of
5.5 atm. As indicated by the blue and red arrows in the
topography image in Fig. 5(a), smooth terraces and terraces
with a height difference on the surface, respectively, were
observed simultaneously. In the phase image in Fig. 5(b),
almost no phase difference was identified on the smooth
terraces, while the larger phase difference can be seen on
the terraces with the height difference. This indicates that
terraces where hydrogen intercalation was almost completed
and terraces where it was not completed coexist as illustrated
in Fig. 5(c). In other words, hydrogen intercalation completed
terrace by terrace. As mentioned in the previous subsection,
hydrogen intercalation is considered to proceed by in-plane
migration of interfacial hydrogen atoms forming Si—H bonds.
Thus, this result suggests that entered hydrogen at the in-
terface migrates easily in a direction parallel to the step,
but has difficulty hopping across the step whose height was
about 2 nm.

2. Hydrogen migration across the step of one SiC bilayer

In addition to the above result, we further discuss the hy-
drogen migration across the lower atomic step with a height
of 0.25 nm, which corresponds to one Si-C bilayer height.
Figures 6(a) and 6(b) show Raman mapping images acquired
in a 15 x 15-um? area of a sample treated for 2400 s at
a temperature of 600°C and a hydrogen gas pressure of
5.5 atm. The mapping image by FWHM of the 2D band in
Fig. 6(a) shows a contrast that clearly reflects the step-terrace
structure of the SiC surface. The FWHM at the terraces and
the step edges were 25-30 and 30-45cm™, respectively. In
general, the FWHM of the 2D band is about 30 cm™! for
monolayer graphene, and tends to increase with the number
of layers [36]. Thus, monolayer graphene covers the terraces,
while bilayer graphene partly exists near the step edges. This
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FIG. 6. Raman mapping images of (a) FWHM of the 2D band and (b) the D-band intensity of the sample annealed for 2400 s. (c) Raman
spectra extracted from the left and right sides of the boundary indicated by the arrow in (b). (d) The AFM topography image of this sample with
the height profile acquired on the red line. (e) Schematic representation of hydrogen diffusion across the step of one SiC bilayer, indicating
that it is difficult for hydrogen at the interface to diffuse beyond this atomic step.

means that the buffer layer and partly formed monolayer
graphene around the step edges were converted into QFMLG
and quasi-freestanding bilayer graphene by hydrogen interca-
lation, respectively. The mapping image of D-band intensity
shown in Fig. 6(b) shows a similar step-terrace structure to
that of Fig. 6(a). The green solid lines in Fig. 6(b) indicate
the step edges identified in Fig. 6(a) where the FWHM of the
2D band is broader. In other words, the region sandwiched
by these two solid lines corresponds to a terrace. Here, as
indicated by an arrow in Fig. 6(b), there is a boundary in
the distribution of the D-band intensity within a terrace. Fig-
ure 6(c) shows the spectra acquired on the left and right sides
of the boundary indicated by the arrow. The general shapes
of the two spectra are similar, with a slight difference in
the D-band intensity. This indicates that the QFMLG cov-
ers both sides of the arrow. The difference in the D-band
intensity is caused by the number of defects in graphene,
such as point defects induced by hydrogen deficiency. This
distribution of defects reminds us that hydrogen at the in-
terface migrated easily in a direction parallel to the step but
had difficulty in hopping over the step, which was discussed
in Fig. 5.

In order to clarify the details of this distribution of the
defect density within the same terrace, a more precise AFM
observation on the surface morphology was performed. Fig-
ure 6(d) shows the AFM topography image of this sample,
together with the height profile acquired along the red line.
As shown by the dotted circle, a height difference of about 0.3
nm was observed on a terrace. This feature was also observed
in the buffer layer sample before hydrogen intercalation (see
Fig. S2 of Supplemental Material [37]). Therefore, it can
be inferred that this height difference in the terrace is not
due to the difference in the number of graphene layers, but

comes from the atomic step of one Si-C bilayer of the 4H-SiC
substrate with a height of 0.25 nm, as shown in the inset. In
other words, there are regions with different defect density in
graphene on the upper and lower sides of the one Si-C bilayer
step. This suggests that hydrogen at the interface is hard to
migrate beyond the step of one SiC bilayer, as schematically
illustrated in Fig. 6(e).

As we discussed in Sec. III B, hydrogen intercalation is
suggested to initiate locally and simultaneously throughout
the terraces. Here, if the probability of local intercalation
occurrence is perfectly the same on all terraces, the hydrogen
migration across the steps would not matter. In practice, how-
ever, as shown in Fig. 6, QFMLG was slightly inhomogeneous
across the step, even after annealing for 2400 s. We consider
that this is due to the Ehrlich-Schwoebel (ES) barrier. In fact,
Wundrack et al. experimentally showed that the ES barrier
on the SiC steps retards the propagation of Ga atoms at the
graphene/SiC interface in Ga intercalation [43]. Our results
suggest that even the migration of the smallest H atoms can
be hindered by the ES barrier on the SiC steps, giving rise to
QFMLG with slightly different quality above and below the
steps. Therefore, in electronic application of QFMLG, it may
be necessary to selectively fabricate a device onto terraces
avoiding steps.

IV. CONCLUSIONS

We have investigated the microscopic mechanism of
hydrogen intercalation at the buffer-layer/SiC interface. Hy-
drogen intercalation was suggested to initiate locally and
simultaneously on the terrace, not at the step edge. In-
serted hydrogen then migrate in the interface, resulting in
full graphenization over the SiC surface. These experimental
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observations suggest that hydrogen can penetrate the buffer
layer, which might be due to its intrinsic defects. In addi-
tion, the steps on the SiC surface with a height even as low
as 0.25 nm acted as the hydrogen migration barrier. These
findings provide significant insights into the fundamental
mechanism of hydrogen intercalation, for which there has
been no unified view despite many investigations, and may
contribute to the development of graphene electronics.
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