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Core-level photoelectron spectroscopy study of interface structure
of hydrogen-intercalated graphene on n-type 4 H-SiC(0001)
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The interface structure of hydrogen-intercalated graphene/SiC(0001), formed by annealing SiC substrates
with the buffer layer at high temperature under atmospheric molecular hydrogen, was investigated by core-level
photoelectron spectroscopy. The investigation of C 1s spectra, captured before and after the annealing at various
temperatures in a vacuum, indicates that residual materials (hydrocarbon and hydrogen) stayed at the interface
on the as-treated sample and remained there until annealing at around 700 °C. These residual materials would
cause distortion of the graphene. The analysis of Si 2p photoelectron spectra reveals insufficient termination of
Si-dangling bonds at the interface by hydrogen and that significant interface states remained. The interface states
of Si dangling bonds are plausible origins of Fermi level pinning and would act as charged impurities. These
distortion and charged impurities should degrade the electronic performance of graphene in this system.
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I. INTRODUCTION

Large-scale integration is crucial for the application of
graphene for future electric and photonic devices. For this
purpose, wafer-scale graphene is required and several methods,
which are based on familiar phenomena'™ in the surface
science field, have been proposed. A particularly promising
method for wafer-scale graphene formation is atmospheric
pressure graphitization of silicon carbide (SiC)* because
it allows us to directly form high-quality graphene on an
insulating substrate without a transfer process. However, the
substrate, including the 6+/3 x 6+/3 teconstructed interface
layer (the so-called “buffer layer”), induces strong electron—
phonon coupling, resulting in the considerable reduction of
mobility as the temperature is increased from the cryogenic
temperature.’

Meanwhile, a quasi-free-standing (QFS) state of epitaxial
graphene has been achieved by breaking bonds between the
C atoms of buffer layer and Si atoms of the SiC substrate
below the buffer layer and by terminating Si-dangling bonds
at the interface by hydrogen.®’ Consequently, hydrogen is
intercalated between the graphene and SiC substrate. Hence,
in this paper, QFS graphene hereafter refers to the hydrogen-
intercalated graphene on SiC. Because of the decoupling
of the buffer layer from its substrate, this method was
expected to suppress the aforementioned mobility reduction
in the graphene and to achieve comparable performance
with that of the real suspended graphene.® However, the
expected performance has not been reached”'® because of
Coulomb scattering caused by charged impurities.!! The
origin of the charged impurities may be the interface.
However, the detailed interface structure has not yet been
revealed.

In Refs. 9-11, QFS graphene was formed from the buffer
layer on SiC(0001) by annealing it in molecular hydro-
gen at atmospheric pressures, which is a simple method,
basically the same as in Ref. 6. Although the formation
of Si-H bonds at the interface was observed, it was not
confirmed whether this simple method provides complete
termination. Therefore, we studied the interface structure of
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hydrogen-intercalated graphene on SiC(0001) by investigating
core-level photoelectron spectra in detail through the annealing
process in a vacuum.

II. EXPERIMENTAL

We used n-type 4H-SiC(0001) substrates, on which the
QFS monolayer (ML) and bilayer (BL) graphene were formed
by hydrogen intercalation. For the QFS ML graphene, first
the SiC substrates were annealed at 1250 °C in H, ambient of
25 Torr to clean the surface and were subsequently annealed
at 1650 °C in Ar ambient at 600 Torr to form the buffer layer
in the infrared high-temperature annealing system. Then, the
sample was annealed at 800 °C in an atmospheric H, ambient
for the hydrogen intercalation. The QFS BL graphene was
prepared by the hydrogen intercalation of the epitaxial ML
graphene on the SiC(0001) with the buffer layer, which was
formed by annealing at 1650 °C in Ar ambient at 100 Torr. In
this case, the sample was heated to 1000 °C in an atmospheric
H; ambient for the hydrogen intercalation.

After the hydrogen intercalation, the substrates were set
in an x-ray photoelectron spectroscopy (XPS) measurement
system equipped with a monochromatized Al K« source
(1486.6 eV) and a photoelectron analyzer. In this XPS
system, whose base pressure is less than 1.0 x 10~ Torr,
the substrates were annealed for 10 min from 250 to 750 °C
in increments of 100 °C and, after annealing at each elevated
temperature, photoelectrons were measured in situ after the
substrates had been cooled down to less than 100°C. The
takeoff angle of the photoelectrons was set at 25° from
the surface so that the measurements were performed under
the surface-sensitive condition. A molecular beam epitaxy
(MBE) growth system,'> whose base pressure is less than
5.0 x 107'° Torr, is connected to the XPS system. The sample
was transferred to the MBE system for the annealing from
850 to 965 °C and then transferred back to the XPS system
via ultrahigh vacuum without exposure to air to measure
photoelectron spectra. To calibrate binding energy, Fermi-edge
spectra were measured on a gold plate, and the total energy
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FIG. 1. (Color online) Typical C 1s (left) and Si 2p (right)
core-level photoelectron spectra captured from the as-received and
annealed samples for the QFS ML graphene on hydrogen-terminated
SiC(0001). Circles are experimental data, and lines indicate fitting
results. In C 1s spectra, the components are attributed, respectively,
to bulk SiC of hydrogen-terminated SiC (B,), the buffer layer (B,),
graphite/graphene (G), and the two interface states of the buffer layer
(I; and I). The component of hydrocarbon is denoted Iyc. In Si 2p
spectra, B; and B, are components corresponding, respectively, to
the same C 1s. Component Is;_y corresponds to a hydrogen-Si bond
at the interface.

resolution of photoelectron measurements was estimated to be
0.5eV.

III. RESULTS AND DISCUSSION
A. QFS ML Graphene

Figure 1 shows typical core-level photoelectron spectra of C
1s and Si 2p, captured before (as-received) and after annealing
of the QFS ML graphene at 750°C and 965 °C. For these
spectra, a peak-fit procedure was performed, and the results
are represented by lines. In the Si 2p spectra of the as-received
sample and after annealing at 750°C, only two peaks are
resolved, and they are attributed to SiC-bulk (B;) and Si-H
bonding states (Is;—g), which were also observed in a previous
study.® They indicate that the Si atoms at the surface of SiC
are terminated by hydrogen. Deriving peak intensities from
the areas of these two peaks and using the formula described
in Ref. 13 with A; = 13 A'* for the electron mean-free path
and A = 1, which indicates that the density of Si atoms for
Si-H bonds is identical to that of the SiC-bulk, we determined
the coverage of the Si-H bonds before the annealing to be
about 0.79 MLs. This suggests that a considerable number
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FIG. 2. (Color online) Summary of intensity ratios of peak areas
in C 1s spectra versus annealing temperature for QFS ML (circles)
and BL (squares) graphene on hydrogen-terminated SiC(0001).

of Si-dangling bonds still remain at the interface below the
graphene.

In the C 1s spectra, two major peaks (graphene and SiC-
bulk) are observed in all spectra, and a small peak component
(hydrocarbon'?) is resolved in the spectrum of the as-received
sample before annealing. This small peak, obtained for the first
time by the precise deconvolution of the C 1s spectra before
and after annealing at several steps, indicates that hydrocarbon
remained at the interface but disappeared after annealing at
750 °C. Furthermore, the intensity ratio of the peak areas of
the SiC bulk to that of the graphene was smaller than unity
before the annealing, whereas that after the annealing at 750 °C
was more than unity. If species adsorbed on the graphene
surface had simply desorbed because of the annealing, the
intensity ratio would not change. Consequently, this change in
the intensity ratio indicates that unidentified species remained
at the interface between the QFS ML graphene and the SiC bulk
before the annealing, and these species disappeared (probably
desorbed) afterward.

The intensity ratios of peak areas in the C 1s spectra versus
annealing temperature are summarized in Fig. 2. The ratio
increased after 250 °C annealing and remained approximately
constant until annealing at 850 °C. This increase corresponds
to the desorption of unidentified species from the interface.
Meanwhile, the decrease in the ratio for annealing above
850 °C corresponds to the appearance of the peak component
of the buffer layer6 in Si 2p (B,) and C 1s (B,, I}, and I;) and
indicates that the ML graphene on the hydrogen-terminated
SiC started to transform into a buffer layer and that its domain
area became a certain size.

Next, we discuss the possible origin of the undefined
species. In a XPS spectrum ranging in binding energy from 0
to 1350 eV (not shown here), large graphene- and SiC-related
photoelectrons and Auger peaks were observed, while a faint
photoelectron peak of O Is and Auger peak of O KLL were
observed before the annealing, which disappeared after an-
nealing at 250 °C. Since the XPS measurement cannot directly
determine whether hydrogen exists or not, the unidentified
species could also be hydrogen-related materials. From the
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FIG. 3. (Color online) Typical C 1s and Si 2p core-level photo-
electron spectra captured from the as-received and annealed samples
for the QFS BL graphene on the hydrogen terminated SiC(0001).

photoelectron intensity attenuation of Si 2p, we estimated the
thickness of the unidentified species to be nominally about
2.0 A, which corresponds to 0.6 MLs of graphene. However,
the peak intensity of the O 1s corresponds to 0.02 MLs, if
the graphene is assumed to be 1 ML in this sample, and
is negligibly small. Therefore, we presume that the possible
species is hydrocarbon from XPS spectra. However, carbon
atoms in the hydrocarbon are estimated to be 0.17 MLs using
the ratio of the component peak-area intensity of hydrocarbon
and graphene, which is too small to account for the amount of
the undefined species even if hydrogen atoms bonded to these
carbon atoms. Therefore, hydrogen molecules could also be
the undefined species because hydrogen is virtually impossible
to detect by XPS.

B. QFS BL Graphene

We performed a similar experiment for QFS BL graphene
prepared by the hydrogen intercalation of the epitaxial ML
graphene on the SiC(0001) with the buffer layer. Figure 3
shows the typical spectra of C 1s and Si 2p before and after
annealing under ultrahigh vacuum. A similar change as in
the QFS ML graphene was observed, and a hydrocarbon
component was also resolved in the C 1s spectra before
annealing, although it was observed after annealing at 450 °C.
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This hydrocarbon component disappeared after annealing at
650°C in this case. Furthermore, the intensity ratios of the
SiC bulk to the graphene peaks in the C 1s are smaller than
those in the QFS ML graphene. Because, in this case, QFS
graphene is one layer thicker than the QFS ML graphene, the
graphene peak intensities are nearly two times larger, and the
photoelectron attenuation by the thicker overlayer causes
the decrease in the SiC-bulk peak intensities. These result
in the smaller intensity ratios and are consistent with BL.

In addition, when looking at the Si 2p, the intensity ratios
of the Si-H bonding to the SiC bulk both before and after
annealing are slightly larger than those of the QFS ML
graphene. Using the intensity ratio of these two peaks, we
estimated the coverage of Si-H bonds at room temperature
to be 0.97 MLs, suggesting that the Si-dangling bonds at
the interface remained, although Si at the interface was
considerably terminated by hydrogen.

In the QFS ML graphene, the coverage was 0.79 MLs, as
mentioned above, indicating that the hydrogenation of the Si at
the interface is further insufficient. We think that this difference
in the coverage of hydrogenated Si at the interface between
the QFS BL and ML graphene was caused by difference
in hydrogenation temperatures: In the case of the QFS BL
graphene, the annealing temperature was 1000 °C, while that
of the QFS ML graphene was 800 °C. The lower annealing
temperature in the QFS ML graphene may lower the cracking
efficiency of hydrogen molecule and reduce the reaction of
hydrogen with Si atoms at the interface. In addition, the
transmission efficiency of hydrogen through graphene would
also be lower at the low temperature. Since we are afraid
of the degradation in the QFS ML graphene by higher tempera-
ture annealing, we set the temperature of the QFS ML graphene
to lower than that of QFS BL graphene. Consequently, the
coverage of hydrogenated Si should be smaller in the QFS
ML graphene. Hence, the hydrogen-intercalation condition has
to be optimized for the complete termination of Si-dangling
bonds, while there is more room for improvement for the case
of the QFS ML graphene.

The intensity ratios of peak areas in the C 1s spectra
versus annealing temperature are also summarized in Fig. 2.
This change is similar to that of the QFS ML graphene in
which the intensity ratios increase after annealing at 250 °C
and remain approximately constant at high temperatures until
annealing at 850 °C. However, the exception is the annealing
temperatures of 350 and 450 °C: there is a trough whose values
are smaller than the initial value. These results indicate that
the aforementioned unidentified species once desorbed from
the interface after annealing at 250 °C but reappeared at the
interface at the annealing temperature of around 400 °C and
finally disappeared at 650 °C.

Since the peak of the hydrocarbon appeared with similar
peak height of the two temperatures, the interface structures
were identical to those of the as-received sample. However,
when the sample was annealed at 350 and 450 °C, because the
vacuum was less than 108 Torr, it would be impossible for
hydrocarbons or hydrogen to be incorporated into the interface
between graphene and SiC if they were supplied from the
vacuum environment. Consequently, the only possible source
is the substrate. Since the diffusion of hydrocarbon gas in SiC
is unlikely to happen, we think that the gas would be supplied
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FIG. 4. (Color online) Spectra of ions with several masses
measured from the QFS BL graphene on the SiC by thermal
desorption spectroscopy. Masses 1 and 2 are related to hydrogen and
the other masses (M = 13-15, 25-28) correspond to the fragment
ions dissociated from C, hydrocarbons. Top spectrum is for the
environmental pressure.

from the other face (sides and back) of the substrate and
then diffuse to the surface through the interface between the
graphene layers and SiC. This is a plausible pathway because
the graphene formed on the other sides of the SiC substrate
is much thicker than that on the (0001)-face. Regarding
hydrogen, theoretical studies predict that its ion (proton) is
highly mobile at room temperature'® and can diffuse through
the channel of an interstitial site.!” Further, its molecule is
stable and freely mobile.'®!'® Thus, hydrogen will diffuse
through SiC bulk, although the form (ion, atomic, or molecule)
during the diffusion is not clear.

To verify the above interpretation, we estimated the amount
of desorbed molecules by measuring their ion currents with
selecting the masses using a quadrupole mass spectrometer
with increasing sample temperature [thermal desorption spec-
troscopy (TDS)]. Figure 4 shows the TDS spectra of the ions
with several masses, which were released from the sample of
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the QFS BL graphene. The masses of 1 and 2 (M = 1, 2)
are related to hydrogen and the other masses (M = 13-15,
25-28) correspond to the fragment ions dissociated from C,
hydrocarbons.!>?® These spectra indicate that hydrogen and
hydrocarbon indeed desorb. Particularly, the peaks at 400°C
indicate that the hydrogen and hydrocarbon were intensely
supplied from the substrate and that they desorbed from the
surface. In this case, when heating was suspended, the gases
stopped to desorb. Some amount of them remained at the
interface of the graphene and SiC because the BL may have
been sufficiently thick to confine the gases there, whereas
the gases were almost completely released for the QFS ML
graphene in this temperature range. This is consistent with
the trough at 400°C for the QFS BL graphene in Fig. 2.
Therefore, these TDS results support our interpretations of
the accumulation of the gases at the interface and the change
in the ratio of C 1s peak intensities.

Meanwhile, this result indicates that hydrogen diffusion
through SiC bulk is easier than that through graphene. This
trend is consistent with theoretical calculation of the diffusion
barriers of atomic hydrogen: 1.0 eV for the ¢ channel [the ¢
channel is in the (0001) direction of SiC],'® 2.55 eV for the
QFS ML graphene,?' and 3.73 eV for the graphene without
stretching.?! Since the form during the diffusion is not clear at
present, this is not direct evidence; however, we can presume
the ease of diffusion for each case from these values. In the
case of the QFS BL graphene, the top-layer of graphene
slightly relaxes, and stretching is smaller than the QFS ML
graphene. This would result in a larger diffusion barrier for
the QFS BL graphene because the value becomes closer to
that without stretching. We speculate that this larger diffusion
barrier caused the difference in the temperature dependences
of remaining species at the interface, which were observed as
the intensity ratios of C 1s in Fig. 2.

C. Band-bending and dangling bond at the interface

The Fermi level at the surface of semiconductors often
differs from that of the bulk. This is caused by electron
occupation of surface states and charge transfer from the bulk,
which results in band bending. The band bending induces a
shift of electrical potential at the surface from the bulk and can
be observed as the core-level shift of photoelectrons.

Thus, using the bulk peak position of Si 2p core level
in a different situation for this material, the value of the
band-bending and pinning position can be calculated when
the bulk-peak position of a core level is obtained. For instance,
the schematic diagram of the surface band structure of the
V3 x +/3-reconstructed n-type 4H-SiC(0001) is illustrated
in Fig. 5(a). In this case, the surface band shifts upward
by 0.65 eV?? from the bulk. When we use the band gap of
3.25 eV?* and the Fermi-level position below the conduction
band minimum of 0.1 eV,'>** which is the value for n-type
6H-SiC and would be almost identical to that for 4H-SiC
because ionization energy of the donor level is similar,> the
pinning position of the Fermi level can be calculated to be 2.5
eV above the valence band maximum (VBM) using this energy
diagram. In addition, the peak position of the bulk component
of Si 2p, 101.0 eV??? in this case, includes the upward shift
of the band bending.
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FIG. 5. (Color online) Schematic diagram of surface band struc-
tures including Si 2p of (a) /3 x +/3 reconstructed 4 H-SiC (0001),
(b) QFS ML, and (c) BL graphene on hydrogen-terminated 4H -
SiC(0001). Values of Si 2p in (b) and (c) are experimental results;
the others are calculated on the basis of those in (a) described in the
references.

Figure 5(b) shows the energy diagram for the QFS ML
graphene. In the as-received sample, the bulk peak of Si 2p is
at 100.36 eV, which is obtained from the bottom-right panel
of Fig. 1. From the difference between the values of the v/3
and the QFS ML graphene, the values of the band-bending
and Fermi level position above the VBM are, respectively,
calculated to be 1.29 and 1.86 eV. When the bulk peak position
in the bottom-right panel of Fig. 3 is used, by using the same
procedure, the values for the QFS BL graphene are 1.19 and
1.96 eV. This relationship between these values is illustrated
in Fig. 5(c).

Because these band-bending values are very large and far
from the condition in the flat band, our results regarding the
Fermi-level position, estimated by the Si 2p photoelectron
measurement, indicate that the surface Fermi level is pinned
to the significantly large interface states in the QFS ML and
BL graphene of this study. From the estimation of hydrogen
coverage at the interface using the Si-H component in the Si 2p
core-level photoelectron spectra, it is clear that a considerable
number of Si atoms at the interface are terminated by hydrogen.
However, we found that the hydrogen coverage estimated using
the intensity ratios between the components of Si-H and SiC-
bulk are less than unity. Therefore, for the interface states, the
Si-dangling bond is the most probable origin. In addition, a
theoretical investigation for the 4 H-SiC(0001) predicts that the
dangling-bond state of Si is located 1.8 eV above the VBM,?’
which is smaller but close to the aforementioned values. If
we assume the distribution of the interface states and their
occupation by electrons, as in the illustrations in Fig. 5(b) and
(c), our result is consistent with the theoretical study. Thus,
the estimation of the pinning position using core-level shifts
supports the interpretation that hydrogen termination is not
sufficient and that a high density of Si dangling bonds remains
at the interface. This is in agreement with the interpretation
that Si-dangling bonds act as charged impurities, and the QFS
ML graphene mobility is reduced by Coulomb scattering.''

Meanwhile, when the density of interface states is very
large, our result indicates that the core-level position con-
siderably shifts upward in the n-type SiC, indicating that

PHYSICAL REVIEW B 88, 085422 (2013)

/\/ Hydrocarbon

i ) Dangling bond - Hydrogen
3 6%87S 5 Q-

OQOOO

OOOOOO
‘9 @ 0 0 O

FIG. 6. (Color online) Interface structure model of QFS graphene
on SiC(0001) formed by hydrogen intercalation in the present
condition.
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the core-level shift of the bulk peak is a good index for
evaluating charge impurities at the interface. If we can optimize
the hydrogenation condition and completely eliminate the
interface states, we believe that a flat band will be achieved
because, on bare SiC(0001) without the graphene formation,
a flat band has already been realized by hydrogenation of
the surface, which was evaluated by core-level photoelectron
spectroscopy. !> Therefore, for such optimization of the hydro-
genation condition in the QFS graphene on SiC, the core-level
shift would be a useful index.

D. Interface structure

Through the above discussions, certain aspects of the
interface structure of the QFS graphene on SiC(0001) is
clarified. The changes in the peak intensity ratios of the QFS
graphene and SiC bulk in the C 1s spectra revealed that there
are unidentified materials at the interface in the as-received
sample. Then, the fitting of the C 1s spectra revealed that
hydrocarbon is one of the possible unidentified materials.
Furthermore, the other elements related to graphene, SiC-bulk,
and hydrocarbon were not detected by the photoelectron
spectroscopy, suggesting that the rest of the material, which
satisfies the change in the intensity ratio, would be hydrogen.
Meanwhile, the investigation of the band bending using a Si 2p
core level revealed that a significant number of the Si-dangling
bond remain at the interface. These results are summarized in
the illustration in Fig. 6.

Considering this interface structure, the distribution of
residual materials at the interface results in the distribution
of the distance between the QFS graphene and SiC bulk. This
would induce distortion in the QFS graphene and thereby cause
the reduction of the mobility. Hence, this residual material is
also an important factor affecting the mobility.”® Therefore,
our present work suggests that both the complete termination
of Si-dangling bonds and removal of residue at the interface are
the keys to realizing the intrinsic mobility of QFS graphene.

IV. CONCLUSIONS

We studied the interface structure of hydrogen-intercalated
graphene on n-type 4 H-SiC(0001) by core-level photoelectron
spectra through the annealing process in a vacuum. Our results
indicate that termination of Si-dangling bonds at the interface
by hydrogen is not sufficient, and significant interface states
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remain when hydrogen is intercalated by simple annealing
at high temperature from 800 to 1000°C in a hydrogen
ambient of atmospheric molecular hydrogen. The estimation
of the pinning position of the Fermi level suggests that a
plausible origin of the interface states is the large number
of Si-dangling bonds at the interface, which act as charged
impurities to reduce the QFS graphene mobility. Meanwhile,
the investigation of C 1s core-level spectra indicated that
residual materials at the interface remain on the as-treated
and low-temperature-annealed samples. Furthermore, it was
revealed that one of the residual materials is hydrocarbon and
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that hydrogen is also a possible one. These results suggest
that both the complete termination of Si-dangling bonds and
removal of residues at the interface are the keys to improving
the electronic performance of QFS graphene on SiC(0001)
formed by hydrogen intercalation.
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