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Transport characteristics of epitaxial graphene proximitized to a two-dimensional Pb interface layer
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Proximity coupling is an intriguing quantum concept to tune the properties of 2D materials, e.g., graphene.
By intercalation of a Pb monolayer, a 2D heterostructure of charge-neutral graphene and a crystalline 2D Pb
layer on SiC(0001) substrates was epitaxially grown. Thereby, microscopy revealed characteristic defects on
microscopic and mesoscopic length scales, e.g., grain boundaries, substrate steps, and nonintercalated terraces.
We analyzed in situ the electronic transport properties of this heterostructure. The systematic variation of the
contact geometry and probe spacings, supplemented by finite-element simulations, allowed us to circumvent the
problem of sample inhomogeneities and to determine reliably the conductivity of the 2D heterostructure itself.
Thereby, the conductivity of (7 ± 1) × 105 S/m is comparable to values measured for monolayer and quasi-free
monolayer graphene, but decreases with decreasing temperature down to 30 K, revealing a clear nonmetallic
behavior. Our findings are compatible with a small gap opening (1–5 meV) in graphene due to the proximitized
2D Pb layer.
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I. INTRODUCTION

Extensive research has been conducted in the past to inves-
tigate and further tune the exceptional properties of graphene
[1,2]. A noteworthy frontier involves the coupling of vari-
ous two-dimensional (2D) materials to create superconducting
graphene and other novel quantum materials by proximity
coupling [3].

A promising way to achieve this is through the intercala-
tion of the graphene layer with various elements. Regarding
the decoupling of graphene from SiC(0001) substrates, vari-
ous intercalants have been proven to be suitable in forming
(partly) well-defined interface structures with different func-
tionalities [4]. For example, intercalation of hydrogen leads
to a complete saturation of the dangling bonds at the inter-
face, thereby significantly reducing the intrinsic strong n-type
doping and improving charge carrier mobilities. The residual
p-type doping is an effect of the polarization of the SiC surface
[5–7]. In contrast, electronic correlation effects were reported
upon strong doping, e.g., due to Ca, Gd, or Yb, opening the
potential for unconventional superconductivity [8–12].

Recently, the intercalation of Pb came into the focus of
research [13–22]. Most interestingly, the relaxed 2D Pb-
monolayer structure reveals a quasi-tenfold periodicity with
respect to graphene due to the formation of a grain boundary
network. The densely packed Pb monolayer efficiently min-
imizes the doping influenced both from the surface dangling
bonds and the SiC surface polarization, giving rise to charge-
neutral monolayer graphene [21]. For similar Pb-monolayer
structures on Si(111), indeed, new spin-orbit coupled phases
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and even superconductive behavior were found [23–25]. The
extent to which this can be transferred to graphene is still un-
known. Epitaxially grown graphene on Pb/Pt(111) substrates
revealed a strong spin-orbit gap of 200 meV at the K point
of graphene [26]. However, the transfer of spin-orbit coupling
mechanisms depends sensitively on microscopic details, e.g.,
the interlayer distance [27,28].

Particularly for the heavier elements from the periodic
table, the intercalation process is complex, accompanied by
multiple barriers [20]. Therefore, buffer layer samples with
defects are beneficial, e.g., obtained by mild sputtering prior
to intercalation [17]. In contrast, on polymer-assisted grown
samples, where the formation of SiC step bunches is strongly
suppressed and the carbon monolayers carpets the SiC steps
[29], the success rate for intercalation can be extremely low.
These limitations inevitably trigger the formation of sample
inhomogeneities.

In general, while these types of defects are advantageous
for intercalation experiments, they also represent a hurdle
for transport measurements, since the probe currents are
spreading out and sensing contributions from defects. While
for homogeneous samples, the correction factors even for
anisotropic systems in various dimensions are known [30], it
is much more challenging to deduce correctly the conductivity
of defective systems from the conductance. In order to account
for this, simulations are mandatory, e.g., finite-element simu-
lations, which can be reliably applied on mesoscopic scales
for diffusive transport systems.

In this paper, we determined the conductivity of an inter-
calated Pb monolayer underneath graphene using an in situ
nanoprobe technique complemented by simulations. By vary-
ing the probe spacings, the probe geometries and the substrate
temperature, we were able to determine the conductivity of
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the terraces hosting the 2D heterostructure. The finite-element
simulations showed that the steps act as barriers with a con-
ductivity of 175 S/m at room temperature, which drops down
to 15 S/m at 30 K. Moreover, by means of this combined
approach of measurements and simulations, using (almost)
real structures, we were able to clarify the role of defects on
microscopic and mesoscopic scales. Thereby, in contrast to
epitaxial monolayer graphene, the resistivity of the terraces
increased, clearly showing a nonmetallic behavior for the 2D
heterostructure. The analysis of the data revealed a small gap
not exceeding 5 meV, which seems to be induced by spin-orbit
coupling of the 2D Pb layer.

II. MATERIALS AND METHODS

The buffer layer (BL) samples were prepared from 500-µm
thick, nitrogen n-type doped 4H-SiC(0001) (N dopant concen-
tration ≈1017 cm−3) substrates (Cree) with a miscut angle of
0.1◦. Wet chemical etching followed by hydrogen etching in
a 1000 hPa hydrogen atmosphere at 1425 ◦C for 15 min pro-
vides a clean SiC surface. Annealing this surface at 1475 ◦C in
a 105 Pa Ar-atmosphere yields high quality BL terraces with
an average width of 3.75 µm. The epitaxial grown BL forms
a characteristic (6

√
3 × 6

√
3) reconstruction.

The BL was intercalated by repeated cycles of depositing
Pb (Aldrich, 99.999%) from a Knudsen cell and annealing
the sample by DC heating. In detail, the preparation was as
follows: deposition of five monolayers (ML) Pb on the BL
sample at room temperature; annealing at 770 K for 5 min;
four cycles of 5 ML deposition and annealing at 770 K for
5 min twice followed by a 970 K 5-min annealing step; after
depositing 21 ML and heating at 770 K for 5 min the inter-
calation spots reached a comparable intensity as the (6 × 6)
reconstruction spots. Another 21 ML deposition followed
by long time, mild annealing at 570 K yields intense inter-
face spots as well as significantly increased graphene (1 × 1)
spots. Remaining Pb clusters on the surface were inspected
afterwards by scanning electron microscopy (SEM) and sub-
sequently desorbed by annealing cycles at 670 K. This ensures
an as homogeneous intercalation phase as possible. Cross-
sectional scanning transmission electron microscopy (STEM)
measurements were performed and knock-on damages were
minimized by using low voltages and beam currents (80 kV,
120 pA) for dark-field images. The lamella was prepared
with a FIB system, revealing after lift-out and subsequent
thinning with Ga ions (2 kV, 30 pA) a thickness below
50 nm. Energy dispersive x-ray spectroscopy (EDS) spectra
where measured at 7.5 nA probe current by integrating C-Kα,
Si-Kα, and Pb-Mα emissions. Structural investigations of the
surfaces and interfaces were carried out by spot profile anal-
ysis of low-energy electron diffraction (SPA-LEED), SEM
as well as scanning tunneling microscopy (STM). Electronic
in situ transport measurements were performed using a four
tip STM (4pp-STM/SEM) with various probe spacings and
geometries [30].

The transport measurements were supported by finite-
element simulations using the software package of COMSOL
Multiphysics. The structure was modeled by a 400 µm by
140 µm sheet of 0.65-nm thickness and terrace conductivity
σT . The defects resembling the steps between terraces are

FIG. 1. (a) SPA-LEED pattern of the BL sample before intercala-
tion. The main spots and characteristic reconstructions are indicated.
(b) SPA-LEED pattern after intercalation showing the the charac-
teristic reconstruction spots of the quasi (10 × 10) periodicity (with
respect to graphene) due to formation of bubbles (cf. Fig. 2 and
Ref. [21]). The data were taken at room temperature at an electron
energy of 169 eV. (c) STEM image and EDS scans showing the
intercalation of 1 ML Pb at the interface between SiC and graphene.
(d) SEM image (15 kV, 1 nA, 300 K) of the surface reveals an average
terrace width of 3.75 µm. The dark contrast stems from overgrowth
of the step edges by MLG.

introduced as a periodic array of stripes of 0.1-µm width with
a barrier conductivity σB. The conductivity outside of our
model structure was set to zero. The experimental probe setup
was implemented in our simulations by four contact areas.
By arranging these defined areas accordingly, both, collinear
and square four-tip geometries were realized. Two of the four
were biased by 1 V with respect to a 0 V reference potential.
The current was calculated by integrating the normal current
density component along the boundary of the applied potential
area. The resistance measured in the four-tip experiment is
calculated by the potential drop between the remaining two
areas divided by the current.

III. RESULTS AND DISCUSSION

Before we present and discuss our transport data, first the
structure of our surfaces will be discussed. The correlative
microscopy of SEM and STM on various scales was extremely
helpful in characterizing the step and terrace structures
in detail.

A. Structural properties

Figure 1(a) shows a SPA-LEED image of the initial sur-
face, i.e., the BL on SiC(0001). The hallmark of a successful
intercalation of a monolayer of Pb is the appearance of a
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FIG. 2. (a) STM mapping (+2 V, 200 pA, LN2) of an interca-
lated terrace. The bubble phase is percolated and dominant over
BL (dark regions), an unordered phase (red arrow) and remnant
striped phase (green arrow). The 10 × 10 nm2 inset reveals the local
bubble-like structure. (b) STM mapping (+2 V, 200 pA) of a terrace
step showing both Pb-intercalated areas (PbGr) as well as growth of
MLG at the step bunches. (c) Height profile along the direction in
(b) showing a accumulation of full or half unit-cell substeps each
overgrown by MLG. The width of this step bunching ranges from
tens of nm to several hundred nm.

quasi (10 × 10) reconstruction, seen in Fig. 1(b), which re-
sults from the periodicity of either a three-domain stripe or
the bubble phases [17,18]. The increased intensity compared
to the (6 × 6) spots as well as the presence of higher-order
spots suggests a high-quality and extended interface recon-
struction. A detailed structural model of the bubble phase is
given in Ref. [21]. This is fully supported by recent STEM
measurements shown in Fig. 1(c). The EDS clearly shows the
formation of a ML of Pb at the interface between the topmost
SiC layer and EG. The large distance between the EG and Pb
of 3.7 Å is obvious and supports recent x-ray standing wave
(XSW) results [21]. Moreover, the local (1 × 1) symmetry of
the Pb becomes apparent from the STEM cross section.

The SEM image shown in Fig. 1(d) reflects a quite ho-
mogeneous intercalation process on the terraces, which are
in the order of 3–4 µm in width. Moreover, the terraces are
separated by dark stripes, which resemble bunches of SiC-
steps and also growth of MLG patches at these sites (see
below). The intercalation of Pb and other heavy elements
crucially depends on the presence of defects [17]. Continu-
ous improvement of epitaxial growth of graphene by, e.g.,
polymer-assisted growth (PASG) minimizes the density of

defects in the extended graphene layers by providing addi-
tional carbon [29,31]. Ironically the high quality reached by
this approach limits the accessibility of the BL for heavy in-
tercalants. Contrarily, BL samples grown without the addition
of polymers, reveal strong step bunches, which may act here
as intercalation sites [31]. While it was demonstrated that in
particular single atomic-height substrate steps as well defined
SiC facets can be continuously overgrown by graphene, the
large and steep steps here act as barriers, as we will show
below [32,33]. Another sign of interrupted graphene growth
at these steps bunches is the formation of monolayer graphene
(MLG) patches, which show up as dark stripes in the SEM.

STM measurements were carried out to further charac-
terize the intercalated terraces. Figure 2(a) shows a terrace
site where approximately 90–95% of the area has been suc-
cessfully intercalated. The majority of the intercalated phase
reveals the so-called bubble phase (see inset; for details see
Ref. [21]). In addition, striped phases (green arrows) were
seen in some areas [17], as well as partly disordered patches
of intercalated Pb (red arrows). Nevertheless, the Pb phase is
percolated, thus providing a separate interface transport chan-
nel and triggering the formation of a charge neutral graphene
layer. Bright contrast areas most likely stem from residual
Pb on top and probably mark the defect sites in graphene
from where intercalation started. Most of these Pb clusters
can be finally removed by long-time annealing at 670 K. In
Fig. 2(b) we show an STM image in the vicinity of a step.
The line profile in Fig. 2(c) clearly reveals the formation of
step bundles. Furthermore, the STM image shows that the
growth of MLG is located at these sites, which are seen as
dark stripes in the SEM images. While MLG on the terrace
itself is conductive, most likely the step bunch itself is not
continuously overgrown by graphene; thus these parts on the
surface act as a barrier in transport experiments.

B. In situ surface transport measurements

1. Collinear tip configurations

In order to determine the conductivity of the 2D het-
erosystem, transport measurements were first performed in a
collinear (cl) and equidistant manner. Within the field of view
of the SEM, the four probes were brought into ohmic contact
both in the center of a single terrace along the step direction,
as shown in the inset of Fig. 3(a), as well as perpendicular to
the step direction of the SiC substrate. The injected current
between the outer probes was fixed to 10 µA. By varying the
tip spacing s, the resistance values were measured. Figure 3(a)
shows the values for both configurations Rcl

|| (s) and Rcl
⊥ (s).

At small tip spacings a steep increase of the resistance is
measured, while for larger spacings the resistance values are
constant or decreasing. At least for the parallel configuration,
only a constant range beyond 25 µm was found. Such a plateau
was missing for the Rcl

⊥ (s) configuration.
In Fig. 3(b) we show a log-log representation of the Rcl

|| (s)
data. At tip spacings smaller than the terrace width the resis-
tance approaches a constant level of unrestricted 2D terrace
resistance. Increasing the tip spacing revealed a range of
(almost) linearly increasing resistance values resembling a
(quasi) 1D behavior up to s = 12 µm, i.e., a contact separation
of the current probes was 36 µm, which amounts to around
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FIG. 3. (a) Tip spacing-dependent measurements of the resis-
tance performed in a parallel configuration with respect to the steps
Rcl

|| (s) (cf. inset), and in a perpendicular geometry Rcl
⊥ (s). (b) Log-log

plot of Rcl
|| (s) and Rcl

⊥ (s) shown in (a) to highlight the different
regimes and characteristic tip spacing dependencies. All measure-
ments were performed at 300 K. The lines with positive and negative
slopes indicate R ∝ s and R ∝ s−1 behaviors, respectively.

nine times the terrace width (wT = 4 µm for this particular
terrace). Apparently, the steps of the substrate mimic barri-
ers with a much lower conductivity (σB) so that the current
is confined within the terrace. Within this diffusive regime,
neglecting classical edge-size effects, the resistivity of the
terrace is simply given by ρT = Rcl

|| (s)wT t/s. The thickness
of the graphene/Pb heterostructure is assumed to be t =
0.65 nm as shown by the STEM image in Fig. 1(c) and also
known from x-ray standing wave experiments [21]. The con-
ductivity at room temperature then amounts to σT = ρT

−1 ≈
8 × 105 S/m.

For larger tip spacings, a deviation from a 1D behavior is
found, which clearly indicates a current leakage, e.g., by a
finite conductivity of the barriers and/or pin holes, etc. along
the step structure. As demonstrated by STM in Fig. 2(b), the
step bunch height was the same everywhere. However, the less
steep areas might be partly more overgrown with graphene, so
that these spots may act as pin holes. Apparently, in the range
from around 25 up to 100μm this spread out compensates the
1D channel and mimics a 2D behavior, where the resistance
is not dependent on the probe spacing [30]. The straightfor-
ward evaluation of this regime results in a sheet resistance
of Rcl

sheet = ρ/t ≈ 2.6 × 104 �/� referring to a conductivity
of approximately 5.7 × 104 S/m, which is at least one order
of magnitude lower compared to the value derived from the
1D regime for the terraces. Apparently, here we include the
resistance of the barriers and obtain an average value. As
we will explain below, the contributions of the terraces and
the steps can be separated from each other with the help of
simulations.

Depending on the probe geometry and probe distances also
a 1/s behavior was found, e.g., as obvious for the Rcl

⊥ compo-
nent in the log-log plot in Fig. 3(b). For large probe distances,
the resistance behavior is reminiscent of a 3D regime and
similar to previous transport measurements on imperfectly
intercalated graphene samples [17]. However, significant con-
tributions from bulk transport channels, e.g., space charge
layers [34], can be excluded here. The bulk resistivity of
the SiC used here is at least 3–4 orders of magnitude larger
[35]. Furthermore, the Fermi level pinning of both MLG and

QFMLG revealed a depletion zone for the excess charge car-
riers [7] and previous transport measurements done on such
surfaces, which underwent high-temperature annealing steps,
showed no signs of parasitic doping effects [6]. Moreover,
space charge effects are usually not sensitive to surface rough-
nesses, thus any dominant space charge layer transport should
be isotropic in contrast to our findings, described in the next
section. Finally, a broad spectrum of inhomogeneities such as
barrier defects as well as variations in width, finite length, and
different degrees of intercalation of individual terraces, lead to
a considerable deviation from the locally found 1D behavior.

Qualitatively, for Rcl
⊥ (s) a similar trend is seen, although the

quasi 2D regime, i.e., the plateau, is missing. Nevertheless,
for the perpendicular configuration, the onset for the drop of
the resistance is at around 3 µm, i.e., around 30 times smaller
compared to the parallel configuration. The steep increase in
resistance stems from addition of barriers with increasing tip
spacing resembling a series connection of terraces and barri-
ers, while in the parallel orientation the barriers only restrict
the width of the channel with high conductivity. Larger tip
spacings require a higher driving voltage to sustain the fixed
injected current. The wide potential spread perpendicular to
tip arrangement allows more defects along the terraces to
lower resistance. Compared to the 2D homogeneous scenario,
the current density spreads further from the voltage probes
resulting in a smaller voltage drop between them. In the con-
text of Fig. 4 we will discuss in detail the results of rotational
square tip measurements, which allow a more precise study of
the anisotropy.

In contrast to our findings, collinear measurements in ho-
mogeneous anisotropic 2D systems exhibit an insensitivity to
the orientation of the tip assembly [30]. In this context, the
increase in Rcl

⊥ (s) within the initial few micrometers is strik-
ing. Once the current probes extend beyond five terraces, a
substantial drop in resistance occurs, aligning with the 1D/2D
transition observed in the parallel direction. These transitions
and the directional variability in collinear measurements are
ascribed to the presence of local junctions, such as pin holes,
interspersed between the terraces. The existence of these im-
perfections, combined with the finite resistance of the barriers
and experimental constraints on the tip spacings, complicates
the evaluation of the transport measurements. Consequently,
we employed finite-element simulations (detailed below) in
order to isolate conductivity from other contributing factors.

2. Square tip configurations

The effect of the steps on transport was further analyzed by
using square tip arrangements (sq) with various tip spacings
[see Fig. 4(a)]. The probes were aligned with respect to the
SiC step structure, such that the current was spread out parallel
(� = 0) and perpendicular (� = π/2) to the step structure.
As shown in Fig. 4(b), depending on the orientation and tip
spacing of the current probes relative to the step direction,
the resistances Rsq

⊥ and Rsq
|| differ by more than one order

of magnitude between the two configurations. Note that the
data point for the perpendicular configuration at 3.5 µm was
taken with all probes positioned on a single terrace, thus
the values are almost identical for both modes of operation.
The barriers outside the tip arrangements effectively resemble
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FIG. 4. (a) SEM image showing a square tip arrangement with
a tip spacing of s = 40 µm for measuring the anisotropy. The red-
colored terrace was not intercalated by Pb as deduced from the
SEM contrast and STM measurements. (b) Tip-distance-dependent
measurements performed in a square configuration aligned parallel
(� = 0) and perpendicular (� = π/2) to the step direction. The
first (red) data point for the perpendicular configuration was mea-
sured on a single terrace, where the contribution of the steps is
minimal. (c) Angle-dependent resistances R(�) measured at 40 µm
(orange), 100 µm (purple), and 500 µm (green) tip spacing. Resis-
tances measured at 500 µm are multiplied by 10 for better visibility.
(d) Tip-spacing-dependent ratios, Rsq

⊥ /Rsq
|| and ρ⊥/ρ||, determined

from (b) and the analysis of (c), respectively. All measurements were
performed at 300 K.

finite-size effects of the conductive area resulting in a smaller
perpendicular resistance compared to the parallel resistance.

When the current flows along the terraces, the growing
number of terraces with increasing tip spacing effectively
shields the applied potential from the voltage probes, leading
to a low resistance. Conversely, in a perpendicular arrange-
ment, the less conductive barriers induce an almost stepwise
potential drop between the current injection probes. The po-
tential drop between each current injection probe and its
adjacent voltage probe on the same terrace is notably lower.
This distortion of the potential landscape results in an in-
creased calculated resistance compared to the isotropic case.
This distinctive form of stepwise anisotropy diverges signifi-
cantly from the typically considered continuous anisotropy.

The probe-spacing-dependent ratio Rsq
⊥ /Rsq

|| is plotted in
Fig. 4(d). The ratio increases gradually up to large tip spac-
ings. This is an unexpected behavior if one assumes that only
the terrace steps and terrace barriers are responsible for the
anisotropy. Apparently, further imperfections on larger scales
need to be considered, as we will show in the following.

In order to get a deeper insight, angle-resolved transport
measurements were performed by gradually rotating the tip

arrangement. Figure 4(c) shows the experimental results for
three different tip spacings. Starting with large tip spacings,
s = 500 µm, the curve is rather smooth and almost resem-
bles that of a homogeneous, but anisotropic surface [34,36–
38]. However, the evaluation by means of the model for an
homogeneous anisotropic scenario revealed a considerable
deviation close to angles with two probes on one terrace
(� = 0; π/4; π/2), resulting in heavily distorted potential
landscapes. At smaller tip spacings, the anisotropic curves
show discontinuities and plateau-like features. For example,
at 40 µm tip distance the arrangement spans across 10 to 13
terraces [see Fig. 4(a)]. The influence of the local structure
feeds back to a significant deviation from comparable con-
tinuous anisotropy. For this particular case, the SEM image
revealed a poorly intercalated terrace of much lower conduc-
tivity [marked in red in Fig. 4(a)]. The jumps in the resistance
curve could be correlated to the positions of individual tips
crossing this terrace.

Our simulations, which had to be carried out on small
scales, also showed a discrete character induced due to the
microscopic step barriers. Thus, the behavior in Fig. 4(c)
is qualitatively supported by finite-element simulations dis-
cussed in the next subsection.

Despite the fact that our system consists of differently con-
ductive stripes and that the distribution of these determine the
anisotropy, we used the formalism derived for homogeneous
anisotropic 2D systems, in order to evaluate qualitatively
the (average) resistivity components [36]. The solid lines in
Fig. 4(c) show the fit according to

Rsq(�) =
√

ρ⊥ρ||
2πt

× ln

√√√√√√√

(
1 + ρ⊥

ρ||

)2

− 4cos2�sin2�

(
1 − ρ⊥

ρ||

)2

sin2� + ρ||
ρ⊥

cos2�
,

(1)

where ρ|| and ρ⊥ denote the resistivities along (� = 0) and
perpendicular (� = π/2) to the SiC step structure, respec-
tively. The anisotropy factor A = ρ⊥/ρ|| is shown in Fig. 4(d)
as well and increases linearly with the tip spacing s.

This is a counterintuitive result. In context of Fig. 3(a) we
have shown that on the mesoscopic scale, the system under-
went a 1D/2D transition, most likely due to pin hole structures
within the step barriers. The high anisotropy values measured
for almost microscopic scales must therefore result from ad-
ditional defects, e.g., nonintercalated terraces. Therefore, this
mode of operation seems to be not suitable or at least not
easily applicable. In order not to be influenced too much by
this type of defect in our measurements, we have focused on
linear tip arrangements in the following quantitative analysis.

C. Finite-element simulations

As mentioned, our system consists of at least two different
conductivity regimes. An entirely 1D or 2D regime was not
achieved. This mixture of 1D and 2D contributions arouse
from a finite resistance of the barriers. In order to reproduce
our experimental finding by finite-element-based simulations,
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FIG. 5. (a) Microscopic model of our structure considering in-
dividual conductivities for the terrace (σT ) and the step edge (σB).
(b),(c) Potential distribution maps calculated for two tip spacings s =
4 µm and s = 40 µm, respectively. (d) Simulated resistances Rcl

|| (s)
for a collinear configuration as a function of the tip spacing s for dif-
ferent σT values and a constant barrier conductivity (σB = 175 S/m)
showing the 1D/2D transition. (e) Same as (b) but varying σB while
keeping σT = 6.5 × 105 S/m constant. The crosses in (d) and (e)
refer to Rcl

|| (s) shown in Fig. 3(a). (f) Simulated Rsq(�) curves using
a square tip arrangement and the conductivities derived from tip-
distance-dependent measurements (d), (e). (g) Simulated potential
distribution for a square tip arrangement with s = 40 µm, oriented
45◦ with respect to the SiC step structure. The origin of negative
resistance values becomes apparent in systems of strong anisotropy.

we used a simplified microscopic structure of periodic stripes
with alternating conductivities, as sketched in Fig. 5(a). It con-
sists of conductive terraces (σT ) separated by less conductive
barriers (σB < σT ). The average widths of terraces wT = 3.75
µm and barriers wB = 0.1 µm were taken from high-resolution
SEM mappings. Please note that this simplified model does
not take any substructure or atomic details into account. Qual-
itatively, the above mentioned tip-spacing-dependent 1D/2D
transport characteristic is already reflected in the potential
distribution for different tip spacings in the collinear configu-
ration shown in Figs. 5(b) and 5(c).

As a realistic input for our simulations, we used for the
terraces the value determined from the 1D transport regime
obtained for small tip spacings. Figure 5(d) shows the effect of
varying the terrace conductivity σT for a fixed σB = 175 S/m.
While the curve shape remains same, mostly the slope in the
1D regime is influenced. In Fig. 5(e) the significant change of
the shape of Rcl

|| (s) becomes apparent when σB was varied over
several orders of magnitude at fixed σT = 6.5 × 105 S/m. As
expected, in the limit of σB approaching σT (purple curve) we
find 2D behavior for a wide range of s. As the barrier becomes
less conductive, σB � σT , again the transport characteristic of
a quasi-1D wire is obtained. The consistent but slight increase
in resistance for tip spacings greater than 60 µm is caused by
the finite-model size.

Within the transition region a quantitative agreement with
our experimental data was found for barrier conductivities,
which are three orders of magnitude lower than the ter-
race conductivity. The variation of the conductivity of both
transport channel levels finally allowed us to model our ex-
perimental Rcl

|| (s) curve. A best agreement was achieved for
σT = 6.5 × 105 S/m and σB = 175 S/m with the experiment
performed at 300 K. The conductivity value for the terrace,
now determined from a wide range of the measured Rcl

|| (s),
is in reasonable agreement to that value determined from the
analysis of the 1D regime.

Moreover, we used these values and simulated the re-
sistance values for the square tip assembly. The simulated
Rsq(�) values as a function of the angle of the current
probes with respect to the SiC step structure for different
tip spacings are shown in Fig. 5(f). Exemplary, the potential
distribution for a 45◦ square tip arrangement is shown in
Fig. 5(g), highlighting the origin of negative resistances due
to high anisotropy. Smooth R curves are obtained only for the
largest distances that could still be realized in the simulation.
The discrete microscopic structure is invisible for the large
probe distances and, consequently, a quasi-homogeneous but
anisotropic layer is measured on this scale. This changes dra-
matically when the probe distances become comparable with
the terrace distances and the potential jumps at the steps are
also reflected in the resistance curves. The measured discon-
tinuities on the mesoscopic scale are virtually the analog of
those we discussed in the context of Fig. 4(c) and the presence
of nonintercalated terraces on an almost microscopic scale.
Since poorly or even nonintercalated terraces exhibit further
different characteristics, their influence was not included in
our current modeling.

D. Temperature-dependent transport

As pointed out above, transport measurements using
a square four-point arrangement on inhomogeneous (and
anisotropic) samples are challenging since defects on various
scales are needed to be taken into account. Therefore, we will
focus in the following on collinear tip assemblies on individ-
ual terraces, performed at various temperatures. Figure 6(a)
summarizes measurements at various temperatures. As obvi-
ous, the lower the temperature, the larger the tip spacing range
where a quasi-1D behavior is found. The transition towards
the 2D regime, which is triggered by σB and the defects
within the barriers, is shifted to 100 µm if the temperature is
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FIG. 6. (a) Collinear four-point probe measurements at 30 K,
115 K, 200 K, and 300 K, where the tips were aligned parallel to
the steps. (b) Magnification of the (red-dashed) area shown in (a).
The solid lines are obtained by simulations. The optimized values for
σT and σB for each temperature are shown in (c). (d) Arrhenius plot
and fit (dashed line) of σT revealing an activation energy of around
1 meV. (e) Resistivity as a function of temperature obtained from
collinear four-point probe measurements at 33 µm (black square)
and 4 µm (green squares). In addition, also the values obtained from
R(s) measurements shown in (a) at 33 µm (gray circles) and 4 µm
(green circles) are plotted. The orange circles denote the σ−1

T values
obtained from the simulations [shown in (c)].

decreased down to 30 K. The behavior perfectly resembles the
simulation shown in Fig. 5(e), i.e., σT is almost constant while
σB shows upon cooling a stronger change.

The quasi-1D regime is highlighted in Fig. 6(b). Com-
pared to the measurement at 300 K, the slope of the R(s)
measurement, is gradually increasing and has approximately
doubled for the 30 K measurement, i.e., the conductivity
at 30 K amounts to σT ≈ 3 × 105 S/m. The value for the
barrier must be disproportionately smaller compared to the
300 K data in order to shift the 1D range to a length scale
that is approximately four times larger. This is qualitatively
supported by our finite-element simulations shown as solid
lines in Fig. 6(b). The results obtained for σT and σB are
summarized in Fig. 6(c). As obvious, the conductivity of the
barrier changes as a function of temperature by an order of
magnitude, while the conductivity of the terrace changes only
by a factor of 2. An Arrhenius analysis of these data for
the terraces results in an activation energy of approximately
1 meV as indicated by the dashed line in Fig. 6(d). The
conductivity of the barriers does not show a simple Arrhenius
behavior. At 300 K it increases disproportionately, e.g., further
channels within the barrier become activated. Considering
only the values at lower temperatures, an activation energy
of ≈ 40 meV is obtained.

FIG. 7. Schematic drawing of the temperature dependence of the
conductivities obtained for MLG and the terrace (σT ) as well as
the estimation of the conductivities σPb and σEG for the Pb and
graphene layer. The right part depicts a cross section of the 2D
heterostructure on SiC together with a small section from the STEM
image in Fig. 1(c).

In the following, we will concentrate on the terrace con-
ductivities and focus on the inherent two transport channels
associated with the two layers of Pb and graphene. To start
with, we also plotted the resistivity curve deduced from a
T-dependent measurement with a larger tip spacing (33 µm).
The resistivity values deduced from this measurement are in
fact too low due to the parasitic contributions of the barriers.
In order to remain in the 1D range and to minimize the
impact of terrace inhomogeneities, we carried out collinear
resistance measurements in the regime of small distances. The
resistivity values determined from temperature-dependent
measurements at 4 µm probe spacing are shown in Fig. 6(e).
The resistivity decreases with increasing temperature, but the
data show some scattering, caused by repeated readjustment
compensating thermal drift. We like to mention further that
the measurements were started at low temperatures so that
drift-related defects tend to increase the resistance over the
course of the measurements. The temperature curve shown
in Fig. 6(d) therefore represents a worst-case estimate of the
resistivity curve. The same trend is found for the resistivities
deduced from simulation of the tip-distance-dependent mea-
surements shown in Fig. 6(b) for the different temperatures
at the according distances. This is an independent proof and
supports overall our conclusions.

As shown in Fig. 6(e), the resistivity decreases gradually
by a factor of 2–3 with increasing temperature. For MLG
and QFMLG, i.e., hydrogen-intercalated BL structures, the
opposite trend is seen, since the remote-phonon scattering rate
decreases with decreasing temperature [6,39]. Therefore, this
behavior must be caused by the underlying Pb monolayer.
For the Pb-intercalated graphene, STEM [cf. Fig. 1(c)] and
XSW measurements revealed a distance of 3.7 Å. Therefore,
we assume that long-range phonon scattering is not playing a
dominant role. This weak coupling is further supported by the
charge neutrality of graphene [18,21].

For MLG with an intrinsic doping of 1 × 1013 cm−2, the
conductivity decreases monotonously from around σEG =
6 × 106 S/m to around 3 × 106 S/m from 30 K to room
temperature, respectively, as sketched in Fig. 7. The associ-
ated mobilities of the charge carriers vary typically between
1000–3000 cm2/Vs [39]. A similar behavior is found for
QFMLG [6]. Compared to MLG, the absolute conductiv-
ity values for our heterosystem are lower by one order of
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magnitude, probably due to the finite-size effects and de-
fects for intercalation. Nevertheless, the doping level for
Pb-intercalated graphene is at least three orders of magnitude
lower [21], thus the mobility should be two orders of magni-
tude higher, if only graphene is contributing.

By means of photoemission spectroscopy it was shown that
the 2D Pb interface layer also provides states at the Fermi
energy. In contrast to graphene, the charge carriers in the
Pb states are massive fermions. The analysis of the Fermi
surface yields a Pb electron concentration in the order of
1014 cm−2, i.e., four orders of magnitude larger compared to
the charge carrier concentration of the graphene layer atop
[17,18,21]. We showed that the Pb monolayer hosts charac-
teristic atomic-sized defects, similar to structures measured
for monolayers of various metal adsorbates on Si substrates.
As known from corresponding transport measurements per-
formed on such monolayer systems, the scattering times are in
the order of ≈1−10 fs [40], i.e., the mobility within these 2D
electron gases are as low as 2–20 cm2/Vs and the conductivity
amounts to σPb = 1 × 105 S/m assuming a thickness of the
interface layer of 0.2 nm for the free electron gas system.
From STM and SEM we have seen (cf. Figs. 1 and 2) that the
Pb interface layer is percolated, but reveals also many atomic-
sized defects, e.g., grain boundaries. Such grain boundaries
act as scattering centers and the resulting mean free path
length of the electrons would nicely fit to the average distance
of 3 nm in between the grain boundaries. Consequently, the
conductivity of the Pb interface layer is reduced with reducing
the temperature. A schematic behavior for σPb is shown in
Fig. 7. The effect of scattering due to Au adatoms on Ag-
monolayer phases on Si(111) underlines impressively the role
of defects in low-dimensional electron gas systems [41]. In
various experiments it was shown that epitaxial graphene on
SiC is far less sensitive to defects and shows metal-like behav-
ior, i.e., the conductivity of epitaxial graphene is increasing
with decreasing temperature [6,39]. Because of the interca-
lation pathway, the defect density within the Pb interface
layer is larger compared to the defects within the graphene
layer where intercalation may take place. Also, atomic-sized
defects within the Pb interface layer can be easily bridged
by graphene. Moreover, because of the mesoscopic Fermi
wavelength of the electrons within the graphene layer, large
angle scattering within graphene should be suppressed com-
pared to the propagation within the Pb layer. In the context of
previous nanoscale transport measurements done on epitaxial
graphene, either a metallic behavior or strong localization was
seen [39,42]. Therefore, the decrease of the overall conductiv-
ity, discussed in context of Fig. 6, must be due to a change of
the band structure of graphene proximitized to Pb monolayer,
thus the temperature dependence of the graphene atop the Pb
monolayer σEG should show a rather similar behavior than σT

(cf. Fig. 7). In our experiments it seems that we see at best the
onset of a thermally excited transport contribution, i.e., that
the band gap in the graphene will be small.

We like to add that for intercalated Pb-multilayer struc-
tures, we found a much larger gap, consistently measured with
electronic transport and scanning tunneling spectroscopy as
well as confirmed by tight binding calculations [19]. For this
phase, we argued that plumbene is formed, which is rotated by
around 6.5◦ with respect to graphene. The apparently small

interlayer spacing between Pb and graphene as well as the
relative twist breaks effectively the symmetry of the graphene
lattice giving rise to an electronic gap. Contrarily, the Pb-
monolayer phase is epitaxially (almost) perfectly aligned and
showed a large van der Waals gap of around 3.7 Å [21].
The difference between the Pb-monolayer and Pb-multilayer
phase is also reflected in STS [19]. In contrast to the interca-
lated Pb-multilayer phase, the Pb monolayer remains metallic
from a spectroscopic point of view, i.e., it has a finite and
high density of states at EF . A band gap opening in graphene,
providing a much lower density of states, is therefore de facto
not measurable.

IV. SUMMARY AND CONCLUSION

In this paper we investigated the conductivity of Pb-
intercalated epitaxial monolayer graphene. By combining
STM, STEM, SEM, and SPA-LEED, we have demonstrated
the formation of a close-packed Pb-monolayer structure on
both microscopic and macroscopic scales. Nevertheless, the
intercalation is accompanied by imperfections that com-
plicated the analysis of transport measurements. While an
intercalation rate of approximately 95% was detected on the
intercalated terraces, the substrate steps acted as barriers and
some of the terraces could not be intercalated at all.

Our measurements showed that, in the case of inho-
mogeneous or inhomogeneously anisotropic samples, trans-
port measurements on large(r) scales can easily provide
underestimated conductivity values. But the conductance
measurements can be correctly converted in combination
with simulations. Nevertheless, the simulation, in turn, uses
approximated real structures, which must be determined be-
forehand using microscopic methods. The transport signatures
introduced by the local inhomogeneities were nicely repro-
duced by our finite-element simulations. Alternatively, we
showed that in the case of quasi-insulating barriers, local
transport measurements, e.g., with a four-tip STM, allow the
determination of correct conductivities by considering appro-
priate correction factors known for homogeneous systems.

With this in mind, we determined the conductivity of
the graphene/Pb 2D heterosystem, which amounts to (7 ±
1) × 105 S/m at room temperature. Assuming that the free-
standing graphene has fewer defects than the intercalated
Pb layer itself, the conductivity of the quasineutral graphene
should be greater than that of the 2D Pb layer. Moreover, the
electrons in graphene should be less sensitive to atomic-sized
defects because of the mesoscopic Fermi wavelength. The
temperature-dependent measurements showed that the barrier
becomes more insulating with decreasing temperature and
that hopping with an average activation energy of approx.
40 meV takes place. The conductivity of the terrace, i.e., the
intrinsic EG/Pb heterosystem, only decreases marginally and
is at our lowest temperature values not switched completely
into an insulating state.

In general, the metallic character of this epitaxial 2D
heterostructure is confirmed by scanning tunneling and pho-
toemission spectroscopy [18,21]. Nevertheless, based on the
considerations above, the decrease of the conductivity in
graphene at low temperatures can be explained only by assum-
ing a proximity effect due the Pb-interface structure. Since
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we have not found any gap openings in spectroscopy and
detect most likely only the onset of a SOC-induced band gap
opening, we conclude that a gap is in the order of 1–5 meV.
Spin-resolved photoemission together with nanoscopic trans-
port measurements at even lower temperatures can hopefully
provide further evidence towards the proximity-induced spin-
orbit coupling in epitaxial graphene by intercalation of Pb. For
epitaxial graphene on Pb/Ir(111) surface a spin-orbit gap of
200 meV was reported [26]. In contrast to this system, which
also suggests a much stronger hybridization with the substrate
due to the doping of the graphene, the distance between the
graphene and the 2D Pb interface is very large at 3.7 Å.
Thus, the proposed tunneling processes [27] between the two
layers or hybridization schemes with the Pb wave functions

[28] are expected to be rather weak. Therefore, our findings
are compatible with the assumption of a gap opening due to
proximity-induced spin-orbit coupling. However, further low-
temperature measurements are necessary in order to quantify
the origin further.
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