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Vertical structure of Sh-intercalated quasifreestanding graphene on SiC(0001)
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Using the normal incidence x-ray standing-wave technique as well as low-energy electron microscopy we
have investigated the structure of quasifreestanding monolayer graphene (QFMLG) obtained by intercalation of
antimony under the (6+/3 x 64/3)R30° reconstructed graphitized 6H-SiC(0001) surface, also known as zeroth-
layer graphene. We found that Sb intercalation decouples the QFMLG well from the substrate. The distance from
the QFMLG to the Sb layer almost equals the expected van der Waals bonding distance of C and Sb. The Sb
intercalation layer itself is monoatomic, flat, and located much closer to the substrate, at almost the distance of
a covalent Sb-Si bond length. All data is consistent with Sb located on top of the uppermost Si atoms of the SiC

bulk.
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I. INTRODUCTION

The groundbreaking work of Novoselov et al. [1] inspired
numerous scientists to investigate the properties and poten-
tial applications of the fascinating two-dimensional material
graphene. In particular, the concept of epitaxial graphene
grown on the surfaces of hexagonal silicon carbide (SiC) poly-
types as introduced by Berger et al. [2] received considerable
attention. Since this early work, epitaxial graphene growth has
been improved by the introduction of argon-assisted subli-
mation growth [3,4] and recently by the development of the
polymer-assisted sublimation growth [5]. The electronic and
structural properties of epitaxial graphene make it a promising
material for applications such as, for example, high-frequency
transistors [6], quantum metrology [7], or terahertz detectors
[8,9].

The growth of graphitic layers on SiC(0001) has been
studied experimentally since 1975 [10,11]. It is known that
SiC decomposes at temperatures above 1150 °C, at which the
volatile Si atoms sublimate, whereas the carbon atoms arrange
in a (6+/3 x 6+/3)R30° superstructure with respect to the SiC
substrate. This carbon layer, which we denote as the zeroth-
layer graphene (ZLG), is strongly coupled to the SiC substrate
and lacks the typical mw bands of graphene [12,13] while
exhibiting the same lateral structure as monolayer graphene
(MLG).

When SiC is annealed, ZLG is formed first. At higher
preparation temperature (> 1250 °C), the ZLG transforms into
graphene, as indicated by the appearance of its characteristic
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electronic band structure, since a new ZLG is formed un-
derneath, which decouples the first one from the substrate
[13,14]. In this way, one can prepare MLG and even stacked
graphene multilayers. However, the ZLG influences the elec-
tronic properties of the graphene layers above, resulting in
an n-type doping with a Dirac point energy Ep of 450 meV
[15] and an undesirable temperature dependence of the carrier
mobility [16].

An elegant way to remove the electronic properties in-
duced by the ZLG is to decouple it from the SiC substrate
by intercalation. Thereby, a certain chemical species (inter-
calant) is brought between the SiC(0001) surface and the
ZLG, which decouples the latter from the substrate and trans-
forms it into so-called quasifreestanding monolayer graphene
(QFMLG).

A prominent example is the intercalation with hydro-
gen [17,18], which produces a decoupled QFMLG on a
H-saturated SiC(0001) surface [19]. Such a QFMLG shows
little temperature dependency in charge carrier mobility [16]
and an excess of holes due to the spontaneous polarization of
the hexagonal SiC substrate [20-22]. Several different chemi-
cal species have been used to intercalate ZLG [23]. Depending
on the type of intercalant and on its amount, it is possible to
induce interesting electronic properties of QFMLG. For ex-
ample, ambipolar doping of the graphene layer was observed
upon germanium intercalation [24], where the charge-carrier
type depends on the amount of intercalated Ge. This effect
can also be seen for gold intercalation [25]. Another example
is lithium- or calcium-doped graphene showing superconduc-
tivity [26]. For bismuth-intercalated graphene, depending on
the amount of the intercalated material, two phases of different
crystalline and electronic structures can be distinguished [27].
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Recently, a new method for intercalation using solid el-
ements with high vapor pressure was reported [28]. In this
process, intercalation under the ZLG was achieved by anneal-
ing the Sb-covered SiC(0001) sample in Ar at atmospheric
pressure [28]. X-ray photoelectron spectroscopy (XPS) ver-
ified the decoupling of the ZLG and the formation of a
QFMLG [28]. Sb 3d core-level spectra indicated a layer of
metallic Sb at the interface between SiC(0001) and QFMLG
[28]. The reported changes in the low-energy electron diffrac-
tion (LEED) pattern in Ref. [28], namely, a strong reduction of
the moiré spots associated with the ZLG, supported the decou-
pling observed in XPS. This is typical for ZLG intercalation
on SiC and was observed, for instance, for H [17], Au [25], Ge
[24], Si [29], Cu [30], and Yb [31] intercalants. Using angle-
resolved photoelectron spectroscopy (ARPES) it was shown
that QFMLG formed in this way is n doped [28]. However,
no information about the vertical structure of this system has
been reported so far, such as the thickness of the Sb layer or
its vertical distances to the graphene layer and to the substrate,
although such information would be highly relevant, because
the layer distance is a good indicator of interaction strength
[19,32-36]. The thickness of the intercalated layer can affect
the electronic properties and the possible application of the
system, as in the case of two-dimensional Ag layers on epi-
taxial graphene [23]. In this work, we unambiguously confirm
the success and homogeneity of the Sb decoupling using low-
energy electron microscopy (LEEM) and normal incidence
x-ray standing wave (NIXSW). The latter also reveals the ver-
tical structure of QFMLG—intercalated by metallic Sb—with
a precision better than £0.02 A.

II. EXPERIMENTAL METHODS

A. Sample preparation

We used nitrogen-doped 6H-SiC(0001) wafers purchased
from SiCrystal GmbH, Germany. Prior to the graphitization
process the SiC substrate was etched in hydrogen atmosphere
[37]. The ZLG growth process was then performed in a fur-
nace in Ar atmosphere at a pressure of 1000 mbar and an Ar
flow rate of 0.1 slm (standard liter per minute). By annealing
the substrate at a temperature of 1475°C for 15 min a ZLG
sample was obtained as described in Ref. [37]. Because Sb
has a high vapor pressure, a thick layer of Sb (50 nm) must be
deposited first on top of the ZLG sample. This was performed
in a separate system by molecular beam epitaxy using a cal-
ibrated Sb Knudsen cell [28]. During the deposition process,
the pressure was maintained at or below 1 x 10~ mbar. Since
annealing in UHV leads to desorption of Sb before intercala-
tion, it was necessary to perform the intercalation ex situ by
annealing the Sb-covered ZLG sample in Ar atmosphere at a
pressure of 1000 mbar and an Ar flow rate of 0.1 slm [28].
The same furnace was used for the ZLG growth [37] and Sb
intercalation. A consecutive two-step annealing at 400 °C for
30 min and at 550 °C for 60 min was used to intercalate Sb
and obtain QFMLG [28]. Note that most of the Sb originally
deposited on top of the ZLG desorbs from the surface during
this process. Only a small part of the Sb is needed to form a
homogeneous intercalation layer at the interface between SiC
and QFMLG.

After intercalation, and again after transport of the samples
to the synchrotron, LEED and ARPES (He I) measurements
were performed to confirm the quality of the QFMLG. In all
cases, the obtained data was of comparable quality as those
shown in Figs. 4(a) and 5(b) of Ref. [28].

B. LEEM

LEEM was performed with a SPECS FE-LEEM P90 in-
strument, on samples transported in air. u-LEED images are
obtained by limiting the incoming electron beam with the
help of an aperture to the desired region of interest. From a
series of LEEM images recorded as a function of electron
energy, LEEM-IV data are extracted for selected regions of
the surface [38].

C. NIXSW

NIXSW experiments were carried out at the 109 beamline
of Diamond Light Source Ltd., Didcot, UK. This beamline
is equipped with a Scienta EW4000 HAXPES hemispherical
electron analyzer. All XPS and NIXSW data presented in this
work were measured at room temperature in normal incidence
geometry. Photoelectrons with an emission angle between 60°
and 90° with respect to the surface normal were collected by
the electron analyzer.

For NIXSW [39-42], the x-ray beam energy hv is tuned in
order to fulfill the Bragg condition for a specific H = (4k/) [or
(hkil) for a hexagonal lattice] reflection of the crystalline sam-
ple substrate, the 6H-SiC(0006) in our case. A standing-wave
field is formed under these conditions by the interference of
the incoming and the back-diffracted beams. The period of
the standing wave is defined by the bulk lattice spacing dj;
(2.52 A in our case), and its phase ®(hv) varies with the
photon energy around the Bragg condition. In an NIXSW
measurement, v is scanned through the Bragg condition (in
our case within a +2 eV interval around the Bragg energy),
changing the phase ®(hv) from 7 to 0, and hence shifting
the nodes and antinodes of the standing wave by %dhkl inward
along the (hk/) direction. At each photon energy step of such
a scan, photoelectron spectra of all relevant atomic species
are recorded. The photoelectron yield curves Y (hv) are then
obtained by plotting the integrated intensities from the indi-
vidual spectra vs photon energy. Each yield curve shows a
characteristic modulation that is related to the vertical position
of the corresponding atomic species, and is fitted by

Y (hv) = 1 4 SgR(hv)
+ 21871V R(h)FH cos [®(hv) — 2P + ¢ ). (1)

Here, R(hv) is the x-ray reflectivity, and S; = |S;|e™"¥ and Sg
are parameters for the correction of nondipolar effects and
a deviation from perfect normal incidence that arises from
the experimental conditions [43,44]. The fit parameters that
are obtained from Eq. (1) are the coherent position PCH and
the coherent fraction FH, both ranging from 0 to 1. FH is a
measure of the vertical order. FH = 1 indicates that all atoms
of the considered species are located in a well-ordered manner
at the same distance relative to a Bragg plane (although not
necessarily relative to the same Bragg plane). P represents
the position of the probed atomic species with respect to the
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FIG. 1. (a) LEEM image recorded on Sb-QFMLG on SiC(0001).
(b) Normalized LEEM-IV spectra (red and green lines) recorded
from the areas indicated by squares in (a) with respective colors. For
comparison, we show data for H-QFMLG (blue) and ZLG (orange).
For the sake of clarity, the curves are vertically displaced. u-LEED
pattern recorded on (c) Sb-QFMLG and (d) ZLG. The Sb-QFMLG
u-LEED pattern was taken from the area indicated by a black circle
in (a). We indicated the (01) and (10) diffraction spots of SiC(0001)
(gray circles) and graphene (gray dotted squares).

next Bragg plane below, in units of djy;. In case of adsorbates
on a surface, the actual adsorption height can be calculated
from the coherent position by z = dj(n + PCH), where n is
the number of Bragg planes being located between the surface
and the atomic species considered.

For all distinguishable species, the photoelectron yield
curves were extracted from the individual XPS spectra using
CASAXPS [45]. The obtained yield and reflectivity curves
were further analyzed using the dedicated NIXSW analysis
software TORRICELLI [43,46]. For more details on the data
analysis, in particular the error analysis, the correction of
nondipolar effects, and the deviation from perfect normal
incidence, see Refs. [43,44,47].

III. RESULTS AND DISCUSSION

In Fig. 1(a), a LEEM image of the surface of ZLG after
Sb intercalation (Sb-QFMLG) is shown. Very large (several
um?) and homogeneous terraces are visible. In the corre-
sponding u-LEED pattern [Fig. 1(c)], the graphene spots are
dominant at this energy, while the SiC spot intensities are very
weak. Despite the enhanced gray scale, moiré spots associated
with the ZLG [see Fig. 1(d)] are barely visible and no ad-
ditional spots appeared after intercalation, in agreement with
Ref. [28]. In Fig. 1(b), LEEM-IV data are compared for Sb-

SbOy

SbO!, | SbO.,
SbO, ‘ ‘

Intensity (arb. units)

= Sb 3d3/2
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540 —

Sb 3d5/2 -
. 535 . . 530 ...
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FIG. 2. Sb 3d core-level spectra. Orange line: Sb-intercalated
quasifreestanding graphene on SiC(0001) (photon energy of
2458 eV). Magenta line: ZL G sample with incomplete Sb intercala-
tion (photon energy of 700 eV). Two oxidized Sb species are marked.

QFMLAG, hydrogen-intercalated quasifreestanding graphene
(H-QFMLG) and ZLG. They all show a clear minimum in
the IV curve [see the * symbols in Fig. 1(b)]. In contrast, the
IV curve of the ZLG is rather flat for energies above 1 eV.
The appearance of a distinct minimum after intercalation is
a well-known signature of the decoupling of the ZLG by
intercalation and the formation of monolayer graphene (see
Refs. [17,24,48,49], and references therein). The shape of the
Sb-intercalated QFMLG LEEM-IV curve is therefore a clear
indication for a successful intercalation. Note that the precise
energy position of the minimum depends on the distance as
well as on the effective potential between the graphene layer
and the substrate [49,50]. In order to reveal whether or not the
Sb-intercalated graphene layer is quasifreestanding, NIXSW
is the experimental method of choice.

We have recorded core-level spectra and NIXSW data
for all relevant species (Sb, C, and Si) for Sb-intercalated
quasifreestanding graphene. In the data analysis, an important
first step is the identification of all relevant components in the
spectra. In the Sb 3d data, beside the 3ds,, and 3d3,, doublet
(peaks at 527.8 and 536.5 eV, respectively; see the orange
curve in Fig. 2), we find an additional small signal at 532.5 eV
that we attribute to oxygen. One might suspect that this little
amount of oxygen is located in the Sb intercalation layer, thus
forming SbOy. However, in this case a doublet of (chemically
shifted) Sb 3d peaks should be present [28], as is the case
for the magenta spectrum in Fig. 2, recorded on an incom-
pletely intercalated sample after air exposure. In the orange
spectrum, such a chemically shifted doublet is not present,
which lets us conclude that no significant amount of SbOy
is formed on completely Sb-intercalated quasifreestanding
graphene. Therefore, the oxygen peak in our spectrum most
likely originates from residual oxygen atoms at step edges and
step bunches where the ZLG or QFMLG do not perfectly pro-
tect the SiC substrate from oxidation. Any conclusion drawn
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FIG. 3. (a)-(c) C 1s, Sb 3d;,;, and Si 2s core-level spec-
tra recorded on Sb-intercalated quasifreestanding graphene on
SiC(0001) at a photon energy of 2465 eV, which is 4 eV below
the SiC(0006) Bragg energy. A linear background was subtracted.
(d) Corresponding NIXSW yield curves and a typical reflectivity of
the SiC(0006) reflection. The curves for Cg;, Csic, and Sb 3d3,, are
vertically displaced by 5, 4, and 2, respectively.

in this paper for the homogeneous Sb-intercalated regions of
the surface are thus not affected by the residual oxygen.

For the NIXSW analysis, we used only the Sb 3d3,, since
the O 1s peak is sufficiently far away on the lower binding
energy side and the ratio between the 3d3/, and 3ds;, peaks
is fixed to 2/3 (see Table 3.2 in Ref. [51]). Typical spectra
for all core levels (recorded using hard x rays) are shown
in Figs. 3(a)-3(c). In the C 1s spectrum we see two well-
separated peaks stemming from QFMLG and bulk SiC. We
used asymmetric Lorentzian functions to fit all core levels
after subtraction of a linear background. The full width at half
maximum values of the best fits are as follows: 0.46 eV for the
Cgr component, 0.56 eV for Cg;c, 0.62 eV for Sb 3d3,,, and
1.21 eV for Si 2s. The resulting photoelectron yield curves are
shown in Fig. 3(d), including fits performed using the software
package TORRICELLI [43,46], considering both nondipolar ef-
fects in the photoemission process and a small (unavoidable)
deviation from normal incidence (6 = 86.5° in our case) [44].
Note that a proper correction of nondipolar effects can only be
performed for photoemission from an s state [42,52]. Hence,
for Sb 3d the data are uncorrected, but the correct polarization
factor (differing from unity due to 6 # 90°) was taken into
account. For more details on these corrections and on the
treatment of the experimental uncertainties, see Refs. [43,44].

Note that several such yield curves were measured for
C 1s, Sb 3d3/,, and Si 2s core levels on different positions
on the sample surface. In this manner, the homogeneity of
the sample was verified by XPS. The averaged results from
these multiple scans are listed in Table I. It is remarkable that

TABLE I. Average results of all individual NIXSW scans on Sb-
intercalated quasifreestanding graphene on SiC(0001). Parameters
used in the fitting: Bragg angle 6 = 86.5°, electron emission angle
relative to the incident synchrotron beam ¢ = 80.9°, nondipolar
correction factors yci; = 1.022, Acyy = —0.218, ysips = 0.707, and
Aging = 2.645 (for details, see [44,46]). n is the number of lattice
planes to the surface.

P. F, n z(A)
Cor 1s 0.47(1) 0.71(7) 2 6.19(2)
Sb 3d3)» 0.03(1) 1.09(2) 1 2.58(2)
Sigic 2s 0.01(1) 1.12(2) 0 0.00
Csic 1s 0.76(1) 1.02(2) 1 —0.63(2)

the intercalated Sb layer shows a very high coherent fraction
of 1.09(2), comparable with the values obtained for the bulk
species Csic and Sigjc. We assign the nonphysically high value
(above 1.0) to nondipolar effects that cannot be corrected for
d-shell emission [44], and to a known nonlinearity of the
electron analyzer for high count rates (still below the satu-
ration threshold) [53]. In either case, coherent positions are
not affected, and regardless of being slightly larger than 1, the
high coherent fraction of the Sb 3d3,, yield does indicate a
high vertical order of the Sb atoms. In other words, a very flat
Sb layer is formed by the intercalation process. Our data thus
excludes the formation of a Sb multilayer. This is in agreement
with the fact that we do not see any shifted component in
the Sb 3d spectra, which would indicate Sb being located in
different chemical environments.

The graphene layer exhibits a significantly smaller co-
herent fraction of 0.71(7). It should be mentioned that
for hydrogen-intercalated graphene a very similar value of
FCH = 0.68 has been found [19]. We therefore interpret the
coherent position obtained for the Cg, atomic species as the
adsorption height of the graphene layer above the Sb interca-
lation layer. In principle, the reduction of the coherent fraction
of graphene below 1 could be due to a slightly incomplete in-
tercalation, which would cause domains of graphene being lo-
cated at different heights. But since we did not have any other
indication for an incomplete intercalation (see discussion on
SbOy above), we conclude that an appreciable buckling of the
graphene layer contributes to the reduced coherent fraction.

A structure model based on our NIXSW data is displayed
in Fig. 4(b). It shows the intercalation layer at a height
of zsp, = 2.58(2) A above the topmost Si atomic plane; in
other words, at a distance very close to the sum of the
covalent radii of Si (1.16 A) and Sb (1.40 A) [54] and
in good agreement with the Sb-Si bond length observed in
tetrakis(trimethylsilyl)distibane (2.594 A) [55]. This mea-
sured distance corresponds to only ~62% of the typical
van der Waals bonding distance between these two species
4.16 10%) [56], and clearly indicates the chemical interaction
between the Sb layer and the SiC substrate. It also suggests
that all Sb atoms are located at on-top sites of the uppermost
Si atoms (no Sb atoms at other sites), as indicated in Fig. 4(b).
Given the covalent Si-Sb bonding distance, a position on a
threefold hollow site of the SiC substrate would result in a
smaller height for Sb of ~2.28 A.
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FIG. 4. Ball-and-stick models of the vertical structure of (a) ZLG
before intercalation, from Ref. [35], and (b) of Sb-intercalated
quasifreestanding graphene on SiC(0001).

Our tentative conclusion that all Sb atoms are occupying
on-top sites of the uppermost Si atoms of the SiC(0001)
surface, saturating their dangling bonds, is consistent with
the fact that LEED shows no indications of any surface
reconstruction, but the (1 x 1) surface unit mesh of the Sb-
terminated SiC surface (only diffraction spots of graphene and
the substrate are visible [28]). It is furthermore supported by
density functional theory (DFT) calculations by Hsu et al.
[57], showing the Sb intercalant to be stable at on-top sites
of the SiC(0001) substrate. A similar scenario, Sb saturating
the dangling bonds of the top Si atoms, is found for a mono-
layer Sb on Si(111). Although the surface is (/3 x v/3)R30°
reconstructed in this case, the bonding distance between Sb
and Si (2.74 A [58]) is similar to what we observe here.

The distance between the graphene layer and the Sb
intercalation layer is much larger, 3.62(4) A. This value cor-
responds to about 96% of the van der Waals bonding distance
(3.76 A [56]) and is clearly higher than the expected covalent
bonding distance (2.16 A [54]). In very good agreement with
our observation, DFT calculations by Hsu et al. [57] predicted
a Sb-QFMLG distance of 3.659 A. Hence, we conclude that
the Sb intercalation layer decouples the QFMLG at least struc-
turally well from the substrate. The observation of a sharp
and well-visible Dirac cone [28], indicative of an electronic
decoupling, supports this finding of a mere van der Waals—like

interaction between the atomic species of the QFMLG and the
Sb intercalation layer.

IV. CONCLUSION

Using a combination of LEEM, XPS, and NIXSW we have
investigated quasifreestanding monolayer graphene obtained
by intercalating a zeroth-layer graphene on 6H-SiC(0001)
with antimony. Homogeneity and intercalation quality were
checked by LEEM and XPS. The vertical structure we found
by NIXSW consists of a flat single layer of Sb, covalently
bound to the top Si atoms of the substrate. Multiple Sb lay-
ers can clearly be excluded. The measured layer distance of
2.58 A and the (1 x 1) LEED pattern suggest an on-top posi-
tion of Sb above the topmost Si atoms.

The QFMLG layer above the Sb intercalation layer is lo-
cated much further away, 3.62 A above Sb. This indicates van
der Waals bonding only between these layers, and hence a
very good decoupling of the QFMLG. The structural parame-
ters obtained from our study are in very good agreement with
the theoretical prediction by Hsu et al. [57].

Data shown in the main text are available at the Jiilich
DATA public repository [59].
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