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1. Introduction

The synthesis of new graphene-based quantum materials by intercalation is

an auspicious approach. However, an accompanying proximity coupling
depends crucially on the structural details of the new heterostructure. It is
studied in detail the Pb monolayer structure after intercalation into the
graphene buffer layer on the SiC(0001) interface by means of photoelectron
spectroscopy, x-ray standing waves, and scanning tunneling microscopy. A
coherent fraction close to unity proves the formation of a flat Pb monolayer on
the SiC surface. An interlayer distance of 3.67 A to the suspended graphene
underlines the formation of a truly van der Waals heterostructure. The 2D Pb
layer reveals a quasi ten-fold periodicity due to the formation of a grain
boundary network, ensuring the saturation of the Si surface bonds. Moreover,
the densely-packed Pb layer also efficiently minimizes the doping influence by
the SiC substrate, both from the surface dangling bonds and the SiC surface
polarization, giving rise to charge-neutral monolayer graphene. The
observation of a long-ranged (\/g X \/E) reconstruction on the graphene
lattice at tunneling conditions close to Fermi energy is most likely a result of a

nesting condition to be perfectly fulfilled.

Extensive research has been carried
out in the past to investigate the ex-
ceptional properties of graphene.[!?]
A step further in complexity involves
combining different 2D materials to
create novel quantum materials, such as
superconducting graphene.>*l Among
other approaches, the intercalation of
elements on epitaxial systems, e.g.,
SiC(0001), is a versatile technique to
synthesize well-defined interface lay-
ers with partly new properties and
proximity-induced effects to graphene.l®]

A very important aspect in this context
is the formation of quasi-freestanding
monolayer graphene (MLG), which in
case of epitaxially grown graphene neces-
sitates an effective decoupling from the
underlying substrate. One way to achieve
this is intercalating the graphene layer
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with other elements. For our case, decoupling of graphene
from the SiC(0001) substrate, various elements were success-
fully proven to be suitable and form (partly) well-defined inter-
face structures with different functionalities.l®) For instance, in-
tercalation of H results in full saturation of the dangling bonds
at the interface, thus the intrinsic strong n-type doping is consid-
erably reduced with improved charge carrier mobilities.”#] Con-
trary, the intercalation of Ca, Gd, or Yb causes strong doping and
gives rise to electronic correlation effects opening the potential
for unconventional superconductivity.>13] Intermediate doping
scenarios have also been realized using Au, Ag, and Ge, result-
ing in metallic and semiconducting interlayers as well as p- and
n-type doped epitaxial graphene layers.[*18]

Possibly driven by the manifold of monolayer (ML) Pb struc-
tures on Si surfaces,'? the intercalation of Pb into the in-
terlayer of graphene and SiC has attracted attention in recent
years.[2?] Dense Pb ML structures, such as the striped incom-

mensurate phase (SIC-phase) and the (\/7 X \/3) reconstruction
on Si(111),?®) have demonstrated 2D superconductivity.?’! Mean-
while, on Si(557), the deposition of a densely packed ML system
revealed the formation of a spin-orbit density wave phase and
1D conductivity.?3!l Achieving such transport signatures on SiC
surfaces and in graphene would open fully new perspectives.
The wetting layer phase of Pb/Si(111) exhibits a diverse range
of superstructures that vary from chain-like linear phases to
hexagonal phases. This exceptional flexibility is known as the
devil’s staircase regime and spans from 1.20-1.33 ML.[28:3234]

Two distinct structural motifs, the (ﬁ X \/E) unit cell (UC) and

the a-Pb (\/3 X \/5) UC, are responsible for generating these su-
perstructures, corresponding to coverages of 6/5 ML and 4/3 ML,
respectively. Two local structures, denoted as H; and T, have been

proposed for the a-Pb (\/E X \/5) reconstruction. As shown by
density functional theory (DFT) calculations and Raman mea-
surements, the total energies of these two structures differ by
less than 10 meV per (1 X 1) UC.*>¥] Consequently, mixtures
of these structures may appear. The SIC-phase is an example of
such a mixed phase thought to be composed of H; and T, do-
mains. To what extent this flexibility is present on Si-terminated
SiC(0001) surfaces, is unknown so far.

The intercalation of Pb between the carbon buffer layer (BL)
and SiC(0001) depends on several factors, e.g., the defect con-
centration in the BL and an extremely complex energy landscape
with many different energy barriers.?”) Thus, the final amount of
intercalated material is difficult to control. In earlier experiments,
hexagonally arranged bubble-like structures were reported.*!
More recently, both striped and hexagonally arranged patterns
were reported and explained by a Moiré effect of the graphene
layer with ML structures of Pb(110) and Pb(111), respectively,
at the interface.[?2! Own experiments have shown that multiple
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adsorption-intercalation cycles can result in intercalation of 2—
3 ML of Pb, where the topmost Pb layer revealed the honeycomb
structure of plumbene in proximity to graphene.l?! Although
DFT calculations suggest that Pb is acting as an electron donor,
depending on the adsorption site and amount,[?*! spectroscopy
revealed a p-type doping of graphene, tending to suggest an ac-
ceptor behavior of Pb. For an intercalated Pb ML phase, an almost
perfect charge-neutral graphene was reported.[?’]

In this paper, we performed a structural analysis of the do-
main boundary formation of an intercalated Pb ML giving rise to
charge-neutral epitaxial monolayer graphene on SiC(0001). We
prove unambiguously that the single and closed packed Pb layer
fits almost perfectly to the (1 x 1) structure of the SiC(0001) lat-
tice. However, residual strain at the interface within the Pb ML
leads to the formation of a quasi-hexagonal grain boundary struc-
ture. Apparently, the densely-packed Pb ML saturates Si-dangling
bonds and compensates or screens the SiC surface dipole. In-
terestingly, in STM (at low bias and temperature) the graphene

exhibits a long-range ordered (\/5 X \/i) reconstruction, resem-
bling a Kekulé ground state, which seems to be induced by the
scattering of Dirac electrons in the proximity of the grain bound-
aries.

2. Results and Discussion

2.1. Geometric Structure

An overview scanning tunneling microscopy (STM) image of an
intercalated ML of Pb is shown in Figure 1a. Clearly visible are
quasi-hexagonal and hexagonally-arranged structures. Most ob-
vious, the center of the hexagons appear brighter and the edges
form an irregular network. Figure 1b shows the corresponding
spot profile analysis-low energy electron diffrraction (SPA-LEED)
image. Besides the known SiC and graphene diffraction patterns
and the quasi-(6 X 6) reconstruction, Pb-induced diffraction spots
(marked with red arrows) around the (00) and all first order spots
are clearly visible. The Pb-induced structures are formed along
the zigzag direction of the graphene and can be interpreted as
a quasi (10 x 10) reconstruction with respect to graphene and
correlate nicely with the distance of 2.3 nm in between the cen-
ters of the hexagons. Moreover, higher order diffraction spots of
Pb-induced structures can be resolved at low temperatures as
shown by the zoom into the area around the (00) spot in panel
(c). Compared to the (6 X 6) spots, reflecting the symmetry of
the graphene layer with respect to the SiC(0001) surface, the Pb-
induced spots are broadened, something which is seen in for-
mer studies as well.?*?] In addition, as shown in Figure 1d, the
Pb-induced diffraction spots, e.g., Pb,..(10) and Pb,..(11), are az-
imuthally elongated and can be fitted best by assuming two peaks
with the same half-widths, which is expected for the model, we
provide below.

For developing this model it is of crucial importance to know
the thickness of the intercalated layer. In order to prove the suc-
cessful intercalation of a Pb ML, we investigated the vertical
geometry of the heterostructure using normal incidence x-ray
standing wave (NIXSW). In Figure 2a—c, we show typical x-ray
photoelectron (XP) spectra of the Pb 4f; ,, Si 2s, and C 15 core lev-
els, respectively. They were recorded using hard x-rays at a pho-
ton energy close to the Bragg energy of the SiC(0006) reflection
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Figure 1. a) Overview STM image (20 X 20 nm?, U,,c = +1V, | = 0.1 nA). b) SPA-LEED image taken at 170 eV and 80 K. Integer spots of the SiC
and graphene lattice are marked by circles. Red arrows indicate the Pb-induced diffraction spots. Besides the integer diffraction spots also diffraction
spots of the (61/3 X 6\/5) lattice are visible. c) Magnified (00)-spot area revealing also higher-order diffraction spots of the superstructure induced by
intercalated Pb. d) Radial (left) and azimuthal (right) line scans (after subtraction of the bell-shaped background) across different reconstruction spots
as indicated in (c). The Pb-induced diffraction spots, e.g., Pb.(10) and Pb,.(11), reveal a strong azimuthal broadening, which is fitted by two peaks.

The half-width was taken from the radial scans.

in back-diffraction geometry. Figure 2d shows the corresponding
photoelectron yield curves with best fits, from which we deter-
mined the coherent positions and fractions, as well as a typical
reflectivity of the Bragg reflection. Appropriate corrections for
non-dipolar effects were considered where possible, that is for
the s-states C 1s and Si 2.8

The results are plotted in the Argand diagram shown in
Figure 3a. In this polar diagram, every data point represents the
head of a polar arrow, which in turn represents the coherent frac-
tion (length of the vector) and position (polar angle) obtained
from fitting the corresponding yield curve. For all atomic species,
the individual data points, recorded at different positions on the
sample within an area of more than 6 mm?, show a very small
variation, indicating a very homogeneous sample. In Table 1, the
average values for the coherent position and fraction, and the cor-
responding heights with respect to the surface are given.

Asreference, the data of a BL/SiC(0001) are shown in Figure 3a
(red data points (C}#5€)). This sample was prepared using the

Adv. Mater. Interfaces 2023, 10, 2300471 2300471 (3 of 12)

PASG method as described in Ref. [39]. Both, coherent posi-
tion and fraction of this sample, agree nicely with previous re-
sults for samples prepared in an Ar atmosphere without polymer
(SG).[“941l We therefore conclude that the preparation method
(PASG or SG) has no significant influence on the vertical struc-
ture of the BL.

Compared to these reference data for the BL, the coherent po-
sition of graphene in the Pb-intercalated sample differs clearly
(purple (C;) data points in Figure 3a, and Table 1), which con-
firms the change of the vertical position of the graphene layer due
to intercalation. The corresponding height-model is depicted in
Figure 3b. The coherent fraction of Pb 4f; , is close to unity, thus
indicating that the Pb-atoms are located at the same height with
respect to the nearest Bragg plane. This means that for the case of
more than one Pb layer being present in the sample, the distance
between these layers must be very close to the Bragg plane spac-
ing d3i¢ =2.52 A (or a multiple of this value), since otherwise

0006
the coherent fraction would be significantly reduced.
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Figure 2. a—c) XP spectra of Pb 4f;;, Si 2s and C 1s measured at an x-ray
energy of 2459.8 eV (1.5 eV above the energy of the (0006) Bragg reflection)
and the corresponding best fits. C; and Cg;c represent the emission from
carbon atoms in graphene and SiC, respectively. A Shirley background was
subtracted. d) Photoelectron yield curves for the different core levels and
the reflectivity of the (0006) Bragg reflection. For clarity, the yield curves of
Csic, Cg, Si, and Pb are shifted vertically by 2, 3, 4, and 5, respectively.

Table 1. Averaged values for the coherent position PH and fraction FH,
as obtained from several (up to 11) individual NIXSW measurements
on Pb-intercalated graphene and, as a reference, of the non-intercalated
graphene BL on SiC(0001). The height z w.r.t. the surface is calculated by

z= dgé)%e (n+PH - P?_Si), where n is the number of Bragg planes between

the considered atomic species and the surface, and dg}’%s =2.52 Ais the
lattice spacing of the reflection used. Parameters used in the fitting pro-
cedure: Deviation from perfect normal incidence & = 3.5°, averaged elec-
tron emission angle relative to the incident synchrotron beam ¢ = 80.9°,
non-dipolar correction factors (only applicable for s-state emission) y¢ 1,
= 1.022, Acqs = —0.218, ygi5, = 0.707, and Ag;,, = 2.645. For details of

the analysis procedure see Ref. [38].

PH FH n z (A
Ce s 0.548(8) 0.69(8) 2 6.39(3)
Pb 4f;/ 0.09(2) 1.05(6) 1 2.72(3)
Si 2s 0.013(3) 1.00(2) 0 0.00
Cgic s 0.763(8) 0.94(3) -1 -0.63(2)
CPASS 15 0.925(3) 0.76(2) 0 2.34(1)
36 154 0.945(3) 0.77(4) 0 2.30(2)

However, if we had multiple intercalated layers, the distance
between these layers would be significantly larger than 2.52 A. A
value of 2.86 A would be a lower limit for this distance. It corre-
sponds to the interlayer distance between close-packed PD layers
in a fcc bulk crystal. But since the Pb layer in our case is later-
ally compressed, the vertical spacing would be significantly larger
than 2.86 A. Seehofer et al. reported a compression of 3-5% for
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Figure 3. a) Argand diagram showing all individual results of the NIXSW
analysis for the Pb-intercalated graphene on SiC(0001) sample (blue, pur-
ple, and dark and light green) and the non-intercalated BL structure as
reference (red, BL species only, no bulk species shown). Each data point
is shown with its individual error in P.H and F_H. The lines and the thicker
error bars indicate the average values. b) Simplified ball-and-stick model
of the vertical structure of the BL (left) and Pb-intercalated graphene on
SiC(0001) (right) neglecting details of of the grain boundary structure (cf.
Figure 4a).

the different (v/3 x 1/3) Pb phases on Si(111),% which we use
as the starting model for the intercalated Pb layer. Based on a
3% lateral compression and conservation of the volume of Pb,
a rough estimate for the expansion of the layer spacing would
be 6.3%, which in turn corresponds to a Pb interlayer spacing of
more than 3 A. A bilayer with such a large lattice spacing would
significantly reduce the measured coherent fraction for Pb. Al-
ready for an uncompressed close-packed Pb bilayer one expects
a reduction of the coherent fraction F/' by about 10%. For the
more realistic scenario of a 3% laterally compressed bilayer, the
expected decrease would be more than 20%, which is certainly
not compatible with our experimental result. This allows us to
conclude from the NIXSW data, that there are (regarding their
size) no significant bi- or even multi-layer domains present in
our sample.

Figure 3b depicts the vertical structures of the BL and the
Pb-intercalated graphene on SiC(0001). The measured Si-Pb dis-
tance Az, = 2.72(3) A is close to the expected covalent bond-
ing distance of 2.60 A ,[*?] suggesting a chemical bond between

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 4. a—c) Zoomed-in STM images (6 x 6 nm?) of the same area taken under different tunneling conditions (Up;,s = +1V, +0.07 V, and +0.01V,
respectively, | = 0.1 nA). The overlaid SiC(1 X 1) model in (a) shows that the atoms in between adjacent hexagons are shifted with respect to each other.
The graphene lattice (b) and the (\/5 X \/E) reconstruction w.r.t graphene (c) become visible at bias voltages close to Fermi energy and are long-range
ordered across the Pb-structure underneath. d) Line scans (shifted) taken along the directions indicated by the arrows in (a—c).

Pb and Si that saturates the dangling bonds of the Si surface
atoms. On the other hand, the measured separation between Pb
and graphene of 3.67(4) A even exceeds slightly the sum of the
van der Waals radii of Pb and C of 3.55 A ,|*%], indicating a very
weak interaction. We conclude that the Pb layer efficiently decou-
ples the graphene layer from the substrate in full agreement with
our STM, X-Ray Photoelectron Spectroscopy (XPS), and angle-
resolved photoelectron sprectroscopy (ARPES) results (see be-
low).

Further details of the Pb-induced interface structure become
visible in STM under different tunneling conditions. In Figure 4a
the periodicity seen in the central part of each of the hexagons
at a bias voltage U,;,, of +1 V is close to the lattice constant of
SiC, ag;c = 3.08 A. As obvious from the (blue) line scan shown in
Figure 4d, the positions in the vicinity of the center appear a little
shifted. The fact, that the central atoms appear higher compared
to those in the vicinity points toward slightly different adsorption
sites within the SiC UC. Interestingly, the atomic lattices of adja-

Adv. Mater. Interfaces 2023, 10, 2300471 2300471 (5 of 12)

cent hexagons are shifted with respect to each other. This comes
directly along with the strain-induced formation of grain bound-
aries in between the hexagons.

The atomic structure of graphene is resolved with lower bias
voltages, Figure 4b. The graphene lattice extends continuously
over the buried grain boundary structure and therefore also al-
lows the lattice constants of the Pb layer and the orientation
of the Pb reconstruction to be determined in combination with
panel (a). At even lower tunneling voltages, U,;,; = +10 meV,
a long-range ordered, (\/E X \/g)-reconstructed pattern with re-
spect to graphene is found (cf. Figure 4c). The corresponding line
scans, shown in Figure 4d, reproduce nicely the lattice constants
of graphene and the (1/3 x y/3) reconstruction. This reconstruc-
tion, which we have seen in STM but not in LEED (cf. Figure 1b),
is compatible with a Kekulé ground state of graphene.l*!] Further
details will be discussed below.

For all bias voltages, the STM patterns can be explained by
the three above mentioned motifs. This is in contrast with our
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Figure 5. a) The C 1s spectrum exhibits a strong graphene (G) component together with contributions from the decoupled substrate (Bulkq « 19, Bulk;)
and remnants of pristine BL (Bulkg,, BL1, BL2). A Shirley background (BG) has been applied to all core-level spectra. b) The Pb 4f core-level shows a
single, asymmetric component. c) The Si 2p data show the components associated with the decoupled bulk (see (a)) as well as the bulk and surface
component associated with the BL (Bulkg, Si-C) and in addition a surface component Si-Pb of substrate atoms bond to the intercalant layer (inset). d) The
surface sensitive measurement of the Si 2p core-level emphasizes the surface components and reveals the narrow character of the Si-Pb component.

The labeling of components is according to (c).

recent paper, where we analyzed intercalated Pb stripes and
where the more complex STM Moiré features could be explained
only assuming at least two intercalated Pb layers.*! Thus, in
agreement with NIXSW, STM confirms here also the successful
intercalation of a single Pb ML interface structure in the present
case. Moreover, we can exclude that the Pb-induced reconstruc-
tion spots are due to a Moiré. Instead, they emerge due to a strain-
induced grain boundary structure at the interface. The apparent
height of the grain boundaries does not exceed 25 pm. As will
be shown in Figure 7, the concentration of the grain boundary
sites is around 20%. Owing to this small concentration and small
buckling, a significant effect on the Pb coherent fraction is not to
be expected.

2.2. Electronic Structure
Photoelectron spectroscopy is used to verify the decoupling of

the BL in the intercalation process and to determine the chemi-
cal environment at the surface. Figure 5a shows a C 1s core-level
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obtained after the Pb intercalation with a strong graphene com-
ponent (G) at 284.4 eV indicating the partial transformation of
BL regions into almost charge-neutral freestanding MLG.*] This
comes along with the formation of bulk contributions Bulk,,;,
and Bulk, at 282.96 and 282.48 eV, respectively, which are shifted
by 0.68 and 1.16 eV with respect to the non-intercalated bulk
bond to BL at 283.64 eV (Bulky,, light blue).**! The shift is due
to an upward band bending associated with the modified bond-
ing characteristics in the intercalated surface region, where the
Si dangling bonds are now well saturated by Pb. Note that the oc-
currence of two well-separated intercalated bulk peaks points to-
ward the formation of at least two different intercalation phases,
which is not surprising given the rich phase diagram of Pb on,
e.g., Si surfaces.[*! The bulk component labeled Bulk,, ,, was
already observed in earlier studies!?’! and can be associated with
the hexagonal (mottled) phase giving rise to the (10 x 10) su-
perperiodicity discussed in this study. The nature of the sec-
ond intercalated phase is as of yet unknown and needs further
investigation. In addition, the components BL1 and BL2 be-
long to sp’- and sp?-hybridized carbon atoms in the BL on
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Figure 6. a) ARPES constant energy surface of Pb-intercalated quasi-freestanding graphene combined from two polar deflection maps at normal emission
and 26° tilt. The 2D interlayer bands of Pb are overlaid by the circular contours of a free electron model (dashed pink curves) sharing a (1 x 1) periodicity
with respect to the SiC surface. Green and pink hexagons indicate the first and repeated BZs of graphene and SiC(1 X 1), respectively. b) Fermi surface
revealing replicated graphene z-bands (blue discs, R,ep) around the main K¢ points. c) Corresponding dispersion profile E(k,) between the red arrows

in (b) at k, = 1.75 A=1, cutting through the z-bands at the outermost K., point, with the tight-binding (TB) fit from Ref. [25] overlaid on the replicated

rep
(blue curve) and main z-band (green curve) and the free electron model tracing the Pb band (purple curve). d) MDC through K¢ perpendicular to I'Kg

elucidating the replicated K,,,, points. Blue bars indicate a range from 0.268 to 0.294 A~ for the superstructure momentum vector covering the span
between (11 11) and (10 X 10). e) Dispersion profile E(k,) parental to (d), with main and replica cones overlaid by the TB fit from Ref. [25] (green and

blue lines, respectively). c,e) Intensity normalized to k-integrated intensity. Inset in (e): raw data.

top of the non-intercalated bulk areas. From the intensity ratio
Bulky, /(Bulky, + Bulk,,, ;o+Bulk,) = 0.45, we find that 55% of
the investigated surface area are intercalated and the ratio of the
bulk peaks Bulky, : Bulk,,,,, : Bulk, equals to 45.3% : 27.4% :
27.3%.

The Pb 4f core-level in Figure 5b is readily described with a sin-
gle, asymmetric Mahan-lineshape!**! doublet with the 4f; , peak
at 136.5 eV and a spin-orbit splitting of 4.87 eV in full consis-
tency with existing literature values for intercalated Pb.[?°] The
lineshape is an unambiguous manifestation of the metallic char-
acter of the 2D Pb layer, in agreement with measurements of the
Fermi surface of this phasel?! (cf. also Figure 6). Since there is
no additional peak found associated with bulk Pb, we conclude
that no excess Pb resides on the surface. From the intensity of
the Pb 4fline compared to the bulk C 1s (Si 2p) components, and
taking into account an atom density of 1.2 X 10'> C (Si) atoms per
cm? in the substratel*’] and 1.0 x 10'> Pb atoms per cm? in the Pb
layer, respectively, we determine an average Pb thickness of (1.5
+ 0.5) A. This is compatible with the monolayer model obtained
from the NIXSW data.

The Si 2p core-level in panel (c) can be decomposed into
five distinct spin-orbit split doublets: two surface components
at 101.62 eV (Si-C, yellow) and 99.28 eV (Si-Pb, red) associated
with Si atoms bonded to C atoms of the BL and Pb atoms,[*®] re-
spectively, and three bulk components at 101.33 eV (Bulky,, light
blue), 100.67 eV (Bulk, , ;,, green) and 100.23 eV (Bulk,, purple).
The surface component associated with the intercalated regions
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Si-Pb exhibits a rather small Gaussian width that is only half
the value of the Si 2p bulk components. This most likely results
from a better screening of the core-hole due to the bonding to the
metallic Pb. A similar observation has been made for partially ox-
idized TiSi,, where the Si-Ti component is significantly sharper
than the corresponding Si-O component!*] as well as for metallic
Si nanowires on Ag(110) with a lineshape being even narrower
than for a bulk Si crystal.*® This behavior gets even more obvious
from the surface sensitive measurement (hv = 150 eV) in panel
(d), where the intensity of the surface components is strongly en-
hanced compared to the bulk components. Please note, that the
measurement in (d) was obtained from an independently pre-
pared sample and thus shows a different ratio of the bulk com-
ponents.

The bulk components of the intercalated areas in (c) are shifted
by 0.66 eV and 1.1 eV with respect to the non-intercalated bulk,
and thus, closely resemble the band bending obtained from the
C 1s core-level in (a). The intensity ratio of the three bulk com-
ponents Bulkg, : Bulk,,,;, : Bulk, equals to 43.8% : 28.8% :
27.4%, which agrees well with the ratios measured from the C 1s
spectrum. Furthermore, the difference in the binding energy for
the two intercalated phases obtained from the spectrum in (d)
amounts to 0.54 eV and agrees nicely with the less surface sensi-
tive data in (a) and (c). The overall agreement of core-level shifts
and intensity ratios for the bulk components corroborates our
model of coexisting intercalation phases. Please note, that the
sample described in Figures 2 and 3 showed a slightly larger
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degree of intercalation of 85% and an intensity ratio for the inter-
calated bulk components of Bulk,,, ;, : Bulk, = 20%. However,
since we find the coexistence of mixed intercalation phases in
both cases, it is valid to compare the complementary results with
each other. Nevertheless, the nature of the mixed phases holds
open questions for future studies.

The band structure of both the quasi-freestanding graphene
after Pb-intercalation and the emerging Pb interface layer were
investigated by synchrotron-based ARPES measurements. From
the band structure of the Pb interface, we can conclude that the
Pb layer has a principle arrangement in line with the SiC pe-
riodicity: In Figure 6a a constant energy surface (CES) at 0.1
eV (integrated over +50 meV) below the Fermi level Ej, ac-
quired using a photon energy of hv = 160 eV, shows - in ad-
dition to the graphene bands already converging towards their
charge neutrality point - nearly circular features representing
the Pb bands. In a first approximation they can be fitted by a
free electron model. These giant circular contours repeat with
a periodicity that corresponds to the (1 x 1) periodicity of the
SiC surface. The CES rendition is combined from two deflection
maps, one at normal emission and one at 26° tilt in the TK direc-
tion of graphene, and reveals the first and the repeated Brillouin
zones (BZs) of the Pb interface being identical to those of the
SiC substrate.

Also the quasi (10 x 10) superstructure can be monitored in
ARPES. The Fermi surface shown in Figure 6b reveals additional
spectral features in the vicinity of the main K points, so-called
replica cones (Kep). These replica features are most prominently
visible at a photon energy of hv = 114 eV, which was therefore
used to record also the dataset of Figure 6d,e. The distance of
these ch points corresponds to about the momentum vector
k.., of the superstructure. A quantitative evaluation can be re-
trieved by fitting the bands visible in an E(k,) dispersion profile
(Figure 6¢) measured through such a replica cone (position in-
dicated in panel (b) by red arrows). The replica cone is perfectly
simulated by the 3rd nearest-neighbor tight-binding model (NN-
TB) from Ref. [25]. The replica momentum vector is determined
by correlating the band bottom of the main graphene z-band
(green curve) to the correspondingly shifted TB model as well as
by adjusting the quasi-free electron model of the Pb band (purple
curve).

This yields k,,, ~0.28 A1, which would correspond to a super-
structure unit vector slightly larger than ten times the graphene

UC. In the high resolution E(k,) dispersion through the K, point

(acquired perpendicular to the TK direction of graphene’s BZ)
shown in Figure 6e the replica cones are clearly visible, and they
also fit well the 3rd NN-TB model. The momentum position of
the replicas can be evaluated from a momentum distribution
curve (MDC) (Figure 6d) obtained from the dispersion map in
panel (e) by integrating single MDCs from Ej to 200 meV binding
energy. Within the experimental uncertainty of the broad peaks,
k.., appears to be located within the momentum range indicated
by the blue bars that correspond to a periodicity span from (10 x
10) to (11 X 11). Note that in panels (c) and (e) of Figure 6 the in-
tensity I(E, k) has been divided by the k-integrated intensity %, I(E,
k) to enhance the visibility of the replicated z-bands. Panels (a)
and (b) show raw intensities symmetrized over graphene’s KI'K

(k, = 0) and MI'M (k, = 0) lines, respectively. With the fit of the
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band course in panel (c) and the location of the Kep points on the
momentum scale (panel d), ARPES corroborates the periodicity
assessment of the Pb reconstruction from STM and SPA-LEED
and is even consistent with the spot broadening away from a
strict (10 X 10) superperiodicity. Note, that for the measurements
shown in panels (a—c) and (d,e) different samples with slightly
different Pb intercalation recipes were used, proving the robust-
ness of the intercalation procedure.

The linear dispersion of the graphene z-bands clearly demon-
strates the formation of freestanding graphene in agreement
with our NIXSW results. Thereby, for different measurements
using different samples and different experimental setups
(synchrotron, conventional home-lab ARPES, momentum mi-
croscopy) the Dirac crossing energy E, consistently lies just
slightly above the Fermi energy in a regime of E, — E; ~ 4—
15 meV, which demonstrates almost perfectly charge-neutral
graphene with a residual hole concentration of less than p = 1.8
x 10 cm~2. From this observation, we can construct two possi-
ble doping scenarios: i) the Pb atoms saturate the dangling bonds
of the topmost Si atoms, which are otherwise known to transfer
around n= 1.2 X 1013 cm™2 electrons to the graphene layer in case
of epitaxial MLGP!) and at the same time the metallic Pb layer at
least partially screens the graphene from the spontaneous polar-
ization of the substrate leading to the pronounced p-type doping
for, e.g., H-intercalated graphene, 2] or ii) the charge transfer
and the spontaneous polarization of the substrate are coinciden-
tally compensated by charge transfer from the Pb itself.

2.3. Model for the Intercalated Pb Monolayer Phase

In order to derive a reasonable model, we start our discussion
with the well-investigated Pb/Si(111) system.[1%35%3] Of particular
interest is the a-Pb phase, which represents a highly compressed
state of a densely packed Pb ML. In Figure 7a we show the a-

Pb phase on Si(111) forming a (\/5 X \/5) structure with four
Pb atoms in the UC referring to 1.0 X 10* Pb atoms per cm?.
Figure 7a also shows the same Pb UC, but now superimposed
onto the SiC(0001) lattice. As obvious, the a-Pb phase structure
fits almost perfectly on the SiC(1 x 1) UC in agreement with our
STM findings (cf. Figure 4a).

The periodic extension of this UC over the SiC(0001) lattice
is shown in Figure 7b. The Moiré reveals a periodicity, which
is close to the one shown in Figure la. Similar models were
suggested before.??] However, the structure cannot resemble
the abrupt contrast change seen in our STM experiments upon
changing the bias voltages.

A model that accounts for all above mentioned details is sug-
gested in Figure 7d. Here the basic building block is a hexago-
nal Pb supercell that contains 12 a-Pb UCs, i.e., 48 Pb atoms (cf.
Figure 7c). In order to account for the misfit between the a-Pb
UC and SiC(0001), the building blocks need to be shifted by a
SiC lattice vector, e.g., seen in Figure 4a. Along with this, grain
boundaries are necessarily formed.

For the case shown in Figure 7d, each building block was
shifted by the same vector (black arrows). Depending on the de-
tails of nucleation, the displacement can occur along different
SiC directions, which explains the defects of the quasi-hexagons
and their edges observed in our experiments. The positioning of
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Figure 7. a) Ball-and-stick models of a-Pb on Hj positions on Si(111) (left) and T, positions on SiC(0001). The green and orange circles denote Pb
atoms and the topmost Si layer, respectively. b) Periodic continuation of a-Pb on SiC(0001) showing a Moiré pattern. c) The hexagonal building block
consists of 12 a-Pb units, i.e., 48 Pb atoms, superimposed to an STM image. d) Grain boundary model where the building blocks are shifted by a SiC
lattice vector w.r.t. each other (black arrows). Possible relaxation effects within the Pb ML are neglected in this model. e) The (red) rhombus shows the
UC of the complete Pb ML and resembles a quasi ten-fold periodicity w.r.t. graphene (black rhombus), which is rotated by 3.7° (dashed rhombus). The

Pb atoms are omitted for clarity.

the supercells on T, positions on SiC(0001) also reflects very well
the central structure of the hexagons. The neighboring atoms
around the central one also occupy on-top positions giving rise to
a different contrast compared to the outer areas of the hexagons
(cf. line scan in Figure 4d). Please note, the model shown in
panel (d) is built from the unrelaxed a-Pb structure. Given the
line scans discussed in connection with Figure 4d, the Pb atoms
and thus the grain boundaries most likely relax a little further,
which is not accounted for in the model.

The UC of the quasi-hexagonal structure is rotated by 3.7°
w.r.t. the (1120) direction and contains 61 Si atoms. It should be
pointed out that this UC is close to the one suggested by Ref. [25],
plotted as black thombus in Figure 7e. While this Moiré pattern
is commensurate with graphene, we propose here a model pro-
viding a strict commensurability with respect to SiC. Assuming,
that long-range ordered domains with this quasi ten-fold period-
icity w.r.t. graphene are formed, different domains should cause
a splitting of the Pb-induced reconstruction spots. The analysis
of the azimuthal spot broadening of the Pb-induced reconstruc-
tion spots in Figure 1d refers to an angle of around 2.5° w.r.t. the
(1120) direction in reasonable agreement with the above men-
tioned value.

Most interestingly, the UC of the quasi-hexagonal structure
and the grain boundaries comprises also 61 Pb atoms, which al-
lows for a perfect saturation of all Si-dangling bonds giving rise
to a charge-neutral graphene in agreement with our ARPES anal-
ysis and recent studies.!?*?3]

The grain boundary model shown in Figure 7d suggests a for-
mation of dimer-like grain boundary edges and trimer-like cor-
ners. Some of these structural features are visible in Figure 1a.
In order to get more insight into the details, we performed first
scanning tunneling spectroscopy (STS) measurements shown in
Figure 8. A characteristic peak ataround -200 meV is visible, most
likely related to the Pb-induced mini-parabola seen in ARPES,
cf. Figure 6¢). The peak position and splitting depend sensitively
on the tip position within the a-Pb UC, thus most likely sam-
pling Pb states. This interpretation is in agreement with previous
STS measurements on intercalated Pb multilayer structures.?®]
A sharp single peak is found for the occupied states in the cen-
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Figure 8. STS spectra at various sites of the supercell, as indicated in the
inset. The spectra shown represent averaged values over three equivalent
positions each. The peak at around -200 meV resembles a Pb-state and
shows characteristic dimerization and trimerization if spectra taken at the
boundary and corners, respectively.

ter of the hexagon and becomes broadened when moving toward
the rim of the hexagon. Thereby, this peak splits into two peaks
when the tip is positioned on the edge, while three peaks are
found at the corner sites. According to the ball-and-stick model
(cf. Figure 7d) at these sites, two and three Pb atoms are close by,
which is represented by a hybridization.

3. Conclusion

To conclude, we presented a detailed study for a Pb ML recon-
struction obtained upon Pb-intercalation at the interface of epi-
taxial graphene on SiC. The Pb-induced quasi ten-fold period-
icity seen in various experiments is rather a grain boundary
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effect and triggered by the compressive strain. The formation
of heavy-wall domain grain boundaries comes along with a ro-
tation of the Pb-induced supercell as analyzed in detail by STM
and STS. Moreover, in presence of domain walls, the number of
Pb atoms nicely match the number of Si adatoms and allows for
a perfect compensation of surface dangling bonds giving rise to
quasi-charge-neutral graphene. This effective decoupling mecha-
nism is in full agreement with our results obtained from ARPES
and NIXSW measurements.

To the best of our knowledge, the intercalation of Pb has
made it possible to produce the most charge-neutral epitax-
ial graphene to date. Although hydrogen allows a much sim-
pler and more efficient saturation of the Si-dangling bonds,
it is shown that already a single layer of Pb can efficiently
shield or compensate the spontaneous polarization of the SiC
surface.b!

Regarding the (\/E X \/E) phase in graphene, we cannot pro-
vide a complete picture at this point. However, it is striking that
we have found this reconstruction so far only in STM at very
low tunneling voltages. From the fact that this reconstruction
forms even without adsorbates, e.g., as seen for Li adatoms,!*]
the following conclusions can be drawn for the moment: the
domain boundaries of the Pb interlayer seem to act as scatter-
ers for the r-electrons of graphene and allow the formation of
a long-range ordered Kekulé phase. The nesting condition for
this phase is almost perfectly satisfied due to the charge neu-
trality in the graphene. However, we did not observe signs of
the Kekulé phase in the LEED (~80 K) and ARPES (~20 K) in-
vestigations, which were carried out at higher temperature com-
pared to the LT-STM (4 K) experiments. We therefore cannot rule
out temperature effects at least partially destroying the Kekulé
phase.

As mentioned above, superconductivity has already been
demonstrated for similar structures of a Pb ML on Si(111).1%]
Future measurements will show whether this intercalated 2D Pb
layer on SiC also becomes superconducting or even induces su-
perconductivity in graphene.

4. Experimental Section

Sample Preparation: As substrate for graphene synthesis, nominally
on-axis, n-type 6H-SiC(0001) (PAM-Xiamen Co., Ltd.), 4H-SiC(0007)
(Cree, Inc.) or 6H-SiC(0001) (SiCrystal GmbH) wafers were used. The
wafers were wet-chemically cleaned according to Ref. [54] and BL growth
was carried out in an inductively heated hot-wall reactorl>] utilizing
the polymer assisted sublimation growth (PASG) proposed by Kruskopf
et al.[>*] Here, the photoresist AZ5214E was applied in an ultrasonic
bath for 10 min at 30 °C, rinsed with isopropanol for 1 min and spin-
coated at 6000 rpm for 1 min with constant N, flow. After degassing at
400 °C for 10 min, the sample was annealed at 900 °C for 30 min in vac-
uum and cooled down to room temperature. Subsequently, sublimation
growth was carried out at 1200 °C for 10 min and 1450 °C for 5 min in
Ar at atmospheric pressure. The SiCrystal wafer pieces were first etched in
molecular hydrogen at 1550 °C and near ambient pressurel*¢] to remove
residual polishing scratches, while BL was grown by heating to around
1465 °C for 4 min under 800 mbar Ar atmosphere.l*?! Prior to interca-
lation, the BL was degassed at 600 °C and intercalation of Pb was per-
formed in two different ways: i) deposition of approx. five to ten layers
of Pb onto BL/SiC(0001) at room temperature and annealing to 500 °C
for 5 min and 700 °C for 3 min afterwards[?42¢! or ii) deposition of ten
layers of Pb followed by post-annealing steps comparable to [25] up to
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400 °C. On the samples used particularly for band structure measure-
ments, Pb intercalation was carried out as in [25]. We found that for recipe
i), performing only one adsorption/annealing cycle results in an incom-
plete intercalation. However, by repeating the Pb-adsorption/annealing
cycle five times, a significant increase of the homogeneity could be
achieved.

Scanning Tunneling Microscopy and Electron Diffraction: The surface
structures were analyzed by SPA-LEED and scanning tunneling mi-
croscopy (STM) at 80 K and 4 K, respectively. Local tunneling spectroscopy
(STS) was conducted with a lock-in amplifier at 800 Hz with a modulation
voltage of 4 meV.

X-Ray Photoelectron Spectroscopy: Measurements were performed us-
ing Al Ka (hv = 1486.6 eV) radiation from a Specs XR50M x-ray source
monochromatized with a Specs Focus 500 monochromator. The core level
data were taken at a pass energy of E,s = 10 eV. The photoelectrons were
detected using a 2D CCD detector equipped to a Specs Phoibos 150 an-
alyzer. If not mentioned otherwise, all measurements were conducted at
room temperature.

Normal Incidence X-ray Standing Wave: Experiments were carried out
at the 109 beamline of Diamond Light Source Ltd., Didcot, UK. For NIXSW,
the sample was aligned in the x-ray beam in a way that the Bragg condition
for a certain reflection H = (hkl) was fulfilled. The photon energy was then
scanned through this Bragg condition in a narrow energy range (in our
case £1.5 eV at a photon energy of Eg,,,, = 2458.3 eV). During this scan,
at each and every photon energy, the x-ray intensity of the Bragg diffracted
beam (the so-called reflectivity) and a photoelectron spectrum of the rel-
evant atomic species were recorded, in this case the C 1s, Si 2s, and Pb 4f
states. At beamline 109, a Scienta EW4000 HAXPES hemispherical electron
analyzer records electrons emitted in the angular range from 60° — 90° with
respect to the incoming x-ray beam. All data were collected at room tem-
perature. Note that owing to principal geometric restrictions the experi-
ments cannot be performed at normal incidence (of the x-ray beam) pre-
cisely, but a small deviation (3.5° in our case) from these ideal conditions
must be applied. This was necessary since the back-diffracted x-ray beam
had to be separated from the incoming x-ray beam.[3”] From the photoelec-
tron spectra, the partial yield curves of all relevant species were extracted
using CasaXPS.[%8] The resulting yield curves, together with the reflectiv-
ity, were further analyzed using the dedicated software TorriceLLI.[385]
In this analysis, the structural parameters coherent fraction F and co-
herent position PH were obtained for each individual measurement. Both
parameters range from 0 to 1. While P represents the average vertical
position z of the atoms, F&¥ was a parameter reflecting their vertical order.
FH =1 was achieved if all atoms of the considered species were located
at the same distance to the Bragg planes of the (hkl) reflection used, while
smaller values reflect vertical disorder or multiple heights. For more de-
tails of the NIXSW method and its data analysis please refer to Refs. [38,
57, 60, 61].

ARPES: Band structure investigations were done using angle-resolved
photoelectron spectroscopy (ARPES) carried out at the BLOCH beamline
of the MAX IV synchrotron facility in Lund. The ARPES spectra were mea-
sured using a high performance deflector-based DA30 hemispherical an-
alyzer from Scienta Omicron at a sample temperature of 20 K. The energy
resolution and approximate spot size were set to 30-50 meV and 20 x
12 um? for the Pb band and to 18 meV and 12 x 8 um? for the Dirac
cone measurements.
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