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ABSTRACT: Contacting interfaces with physical isolation and weak
interactions usually act as barriers for electrical conduction. The
electrical contact conductance across interfaces has long been
correlated with the true contact area or the “contact quantity”.
Much of the physical understanding of the interfacial electrical
contact quality was primarily based on Landauer’s theory or
Richardson formulation. However, a quantitative model directly
connecting contact conductance to interfacial atomistic structures
still remains absent. Here, we measure the atomic-scale local
electrical contact conductance instead of local electronic surface
states in graphene/Ru(0001) superstructure, via atomically resolved
conductive atomic force microscopy. By deﬁning the “quality” of
individual atom−atom contact as the carrier tunneling probability
along the interatomic electron transport pathways, we establish a relationship between the atomic-scale contact quality and local
interfacial atomistic structure. This real-space model unravels the atomic-level spatial modulation of contact conductance, and
the twist angle-dependent interlayer conductance between misoriented graphene layers.
KEYWORDS: Two-dimensional materials, heterostructure, electrical contacts, atomic resolution imaging, ab initio calculations,
real-space model

T

been successfully modeled by Landauer’s theory or Richardson
formulation.1,14−18 However, a real-space model which directly
connects electrical contact quality to interfacial atomistic
structures still remains absent.
Experimentally, the interfacial contact conductance was
reﬂected by the device-level transport measurements.14,19−22
Recently, conductive atomic force microscopy (c-AFM), a
powerful tool for measuring conductance on nanoscale,23 was
adopted to study the twist angle dependence of interfacial
conductance between MoS2/graphene heterojunction.16 These
results indicate the “averaged” contact quality across the
interface. Scanning tunneling microscopy by measuring the

he resistance of electrical transport across the contacting
interfaces has long been a critical issue for applications
where the transmission eﬃciency and reliability of electrical
energy and signals are highly demanded.1,2 It has been
elucidated that the interfacial contact conductance strongly
depends on the “contact quantity”, that is, the true contact
area, for both multiasperity contacts between rough surfaces3−5
and atomic-sized ballistic contacts through which the current
ﬂows.6−8 On the other hand, among many applications, the
electrical contact conductance between two-dimensional (2D)
materials and metals, or 2D/2D material layers, is of
fundamental importance in high-performance device applications,1,2,9−12 which strongly depend on the interfacial contact
quality. The contact quality has been reported to be highly
dependent on the electron transmission probability or
electrostatic barrier across the interface,1,9,13,14 which has
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Figure 1. Local current/conductance measurement using atomically resolved c-AFM. (a) Schematic diagram of c-AFM measurement. (b)
Atomistic resolution local current map of graphene/Ru(0001) measured at bias voltage = 20 mV, normal load = 1000 nN (details in Materials and
Methods). It is a local enlargement of the experimental result with a very small rotation angle for a clearer expression. The original maps are shown
in Figure S4. (c) Proﬁle of current map along the orange line in panel b. (d) Local enlargement of fcc region (blue square) and bridge region (pink
square) in panel b as well as the corresponding atomic conﬁgurations. The blue and red circles represent Cα and Cβ, respectively.

inﬂuencing factors of water and external molecules adsorption
on graphene surfaces impose limited eﬀects on the c-AFM
measurement32−34 (Figure S1, Supplementary Discussion 1
in Supporting Information). The current image shows a moiré
superlattice level modulation, indicating a larger local
conductance in the face-centered cubic (fcc), bridge, and
hexagonal close-packed (hcp) regions than in the bowed-up
atop regions (Figure 1b, Figure S2), where fcc, hcp, atop, and
bridge are the regions in which the location of hexagonal holes
of the graphene layer are on the fcc hollow, hcp hollow, top,
and bridge sites of the Ru atoms in the ﬁrst layer of the
Ru(0001) substrate, respectively. Interestingly, an atomic-level
contrast in local conductance could also be clearly
distinguished as Cα (blue circle) and Cβ (red circle) sites,
especially in the fcc and hcp regions as shown in Figure 1c,d.
The local contact conductance at Cα is roughly 15% higher
than at Cβ site. We ﬁnd that this contrast coincides with the
variation in the local stacking geometry between graphene and
Ru(0001) substrate. The locations of the stronger current
peaks (Cα) correspond to the carbon atoms sitting above the
Ru atom in the topmost layer, whereas the weaker current
peaks (Cβ) correspond to the carbon atoms sitting above the
vacancies of the topmost Ru layer. The contrast is invisible for
carbon atoms in the bridge region, which are geometrically
equivalent with regard to the underlying Ru atom. These
results suggest that the interfacial stacking geometry between
graphene and Ru(0001) substrate has imposed great inﬂuence
on the atomic-scale local conductance, which is enhanced at
the fcc/hcp region (and Cα > Cβ) and suppressed at the atop
region. It has been extensively demonstrated by scanning
tunneling microscopy (STM) that metal substrates could
substantially modulate the electronic states of the graphene
overlayer.24−27 However, the c-AFM result here is signiﬁcantly
diﬀerent from the reported STM results (Figure S3 and

tip−sample tunneling current has been widely adopted to
study the moiré superlattice level and atomic-level modulation
of local density of states of graphene by the metal
substrates.24−28 However, a direct measurement of interfacial
conductance between 2D materials and underlying substrates
with atomic resolution is still lacking. These hinder the
quantitative description of the atomic-scale electrical contact
quality and rational design of the local interfacial atomistic
structures toward a better contact performance.29
The relationship between the contact quality and atomistic
conﬁgurations of sliding interfaces has been studied historically
in the context of friction.29,30 Through investigating the
evolution of frictional contact quality (the local pinning state of
individual atoms as well as the atomic alignment of the
interface), the experimental observations of layer-dependent
friction and frictional strengthening eﬀects of conﬁgurationally
ﬂexible graphene on a loosely adhering substrate were well
understood.29,31 Here, a combined atomically resolved c-AFM
measurement, density functional theory (DFT), and nonequilibrium Green’s function (NEGF) calculation have been
conducted to unravel the atomic-scale mechanism of interfacial
electron transport. A theoretical model has been derived to
describe the relationship between the electrical contact quality
and interfacial atomistic structures in 2D material/metal and
2D/2D material contacts, which is further adopted to describe
the atomic-level spatial modulation of contact conductance
and the angular dependence of interlayer conductance between
misoriented graphene layers.
By scanning a conductive AFM tip under the contact mode
(Figure 1a), we were able to measure with atomic resolution
the spatial distribution of current ﬂowing through the tip/
graphene/Ru junction (a quantity that scales with local
conductance), as shown in Figure 1b. Although the measurement was done in atmospheric environment, the general
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Figure 2. Electronic transport properties across the electrode/graphene/Ru junctions. (a−c) Transmission eigenstates at EF when the tip is right
above Cα, Cβ, and atop positions, indicating the amplitudes of scattering states traveling through the interface. (d) Transmission spectra of atop, Cα,
and Cβ containing the transmission coeﬃcients T at energy E in the range EF −0.04 eV < E < EF + 0.04 eV. (e) Calculated current (electrical
conductance) when the Pt electrode is placed at Cα, Cβ, and atop positions with 1 mV bias voltage.

Figure 3. Electronic states and tunneling barrier at graphene/Ru(0001) interface. (a) Density of charge carriers (ρ) corresponding to the electronic
states within the energy range EF − 0.1 eV < E < EF + 0.1 eV, in the plane normal to the interface along the orange line in Figure 1b. (b)
Electrostatic potential (Φ) distribution in the plane normal to the interface. (c,d) The line proﬁles of ρ and Φ along the electronic transport
pathways indicated by the dashed lines in (b).

alignment between the tip and graphene layer here plays a less
signiﬁcant role in determining the interfacial contact quality.
Also subject to the expensive computational cost of both DFT
and NEGF calculations, a simpliﬁed 10-Pt-atom tip model
instead of an actual tip with ﬁnite size was positioned with
constant distance above the characteristic carbon atoms (Cα,
Cβ, and atop, respectively) to qualitatively analyze the local
transport properties at the atomic scale (see Figure S5 for
detailed simulation model).37 The transmission eigenstates
shown in Figure 2a−c represent the Fermi-energy (EF)
scattering states traveling through the graphene/Ru interface,
possessing the most continuous orbital at the interface and the
largest amplitude at the upper electrode when the electrode is

Supplementary Discussion 2 in Supporting Information) and
cannot be explained and modeled by existing theories.25−28
The possible reason could be that STM images mainly reﬂect
the local surface states of the samples, while the c-AFM results
are more indicative of the graphene/Ru interfacial transport
properties.
NEGF based electronic transport calculations have been
conducted to reveal the mechanism of the contrast in local
interfacial conductance.35,36 The conductance should depend
on the contact geometries of both the tip−graphene and
graphene−Ru interfaces. Because graphene is strongly bound
to the Ru substrate, the alignment between tip and graphene
layer was suppressed in the present system.29 Therefore, the
3656
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Figure 4. A model for calculating the conductance of 2D interfaces by considering individual atom−atom “contact quality”. (a) Ru chain−C chain
contact model for calculating individual atom−atom contact conductance Gatomic and Φ of interatomic transport pathway. (b) Gatomic(dC−Ru)
calculated using DFT+NEGF at the bias voltage of 0.1 V. (c) Φ(dC−Ru) calculated by Ru chain−C chain model (black curve) and compared with
the Φ calculated by graphene/Ru(0001) model as shown in Figure 3b (red dots). The minimum barrier height is set as zero point. (d) Schematic
diagram of the model for simulating c-AFM, where the Pt atom represents the c-AFM tip. Electrons are transported along the interatomic pathways
with diﬀerent transfer eﬃciency, corresponding to diﬀerent atom−atom contact quality. (e) Simulation result of the c-AFM atomistic resolution
local conductance map. (f) The schematic of the indentation process of a 10 Pt atoms tip on the graphene at atop region to simulate the
deformations of graphene under diﬀerent contact loads, and the proﬁles of deformed graphene calculated by DFT. (g) The local electrical
conductance of deformed graphene calculated by our ACQ model.

In order to unravel the physical mechanism of the interfacial
carrier tunneling behavior and its dependence on local atomic
conﬁguration, the availability of electronic states around the
Fermi-energy and the eﬃciency of carrier tunneling were
characterized in Figure 3. As shown by the charge carrier
density (ρ) distribution in Figure 3a and insets therein, the
interfacial charge carriers concentrate predominantly in the
space between C and underlying Ru atoms, suggesting that the
easiest pathways for interfacial electronic transport are through
the straight lines between individual C−Ru pair atoms. The
transport pathways were explicitly indicated together with the
electrostatic potential (Φ) distribution in Figure 3b and the

positioned on top of Cα atom shown in Figure 2a, as compared
to that on top of atop and Cβ atoms shown in Figure 2b,c).
This is consistent with the comparison of transmission
coeﬃcients at the Fermi-energy TCα > TCβ > TCatop in Figure
2d, the calculated local current under 1 mV bias voltage ICα >
ICβ > Iatop in Figure 2e, and the c-AFM results in Figure 1c,d,
indicating the highest carrier tunneling probability or best
“contact quality” at Cα position. The agreement of numerical
simulations and experimental measurements also indicates that
the contrast of local conductance at atop, Cα, and Cβ positions
is primarily induced by the atomic alignment between
graphene and Ru substrate.
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insets therein. The carrier density proﬁles along the interfacial
transport pathways shown in Figure 3c, as well as the local
density of states (LDOS) of the system (Figure S6), signify the
availability of corresponding electronic states. The maximum
values of the electrostatic potential proﬁles along the same
transport pathways in Figure 3d represents the carrier
tunneling barrier across the interface.9,13 On the moiré
superlattice level, the low ρ and high Φ at atop region indicate
insuﬃcient interfacial carriers and high tunneling barriers
needed to be overcome for electron tunneling, both
contributing to a poor contact quality and low interfacial
conductance. On the atomic level, although ρ shows little
diﬀerence between Cα and Cβ position, the tunneling barrier Φ
at Cα position is much lower, whereas the interfacial charge
transfer and orbital overlap between C and Ru atoms are
enhanced (Figure S7), leading to a better contact quality and
high interfacial conductance at Cα position. Similarly, the
tunneling barriers Φ along a series of pathways through
diﬀerent C−Ru pairs were calculated as shown by the red dots
in Figure 4c, which shows strong correlation with the C−Ru
interatomic distances. On the basis of the above electronic
structure analysis, a phenomenological model is proposed to
describe in real-space the atomic-scale contact quality (ACQ),
that is, contact conductance between 2D materials and
substrates (metals or 2D materials) in terms of the individual
atom−atom contact quality (the carrier tunneling probability
along the interatomic electron transport pathways). The details
of the model are described below.
As described above, the tunneling barrier Φ plays a major
role in determining the individual atom−atom contact
conductance and is closely related to the interatomic distance
(d); the individual atom−atom contact conductance (Gatomic)
was calculated by a simpliﬁed model of carbon and ruthenium
linear chain contact as shown in Figure 4a and Figure S8. The
Gatomic−d relationship of individual C−Ru atom contact is
found to be exponential (eq 1) as shown in Figure 4b utilizing
DFT+NEGF calculations. Meanwhile, the relationship between the tunneling barrier and interatomic distance Φ−d in
the linear chain contact model is obtained in Figure 4c (black
ﬁtted curve), which shows high consistency with that
calculated along various transport pathways through the
graphene/Ru interface (red dots). By the same linear chain
contact model, the Gatomic−d relationship between diﬀerent
types of pair atoms can also be calculated as shown in Figure
S8 and Table S1.
Gatomic(dC − Ru) = e−3.49dC−Ru + 9.34

Ginterface =

m

n

m

∑ ∑ Gatomic(dCj − Rui) =

∑ ∑ e−3.49d

j=1 i=1

j=1 i=1

Cj − Rui + 9.34

(2)

Besides the graphene/Ru interface, this formula can be
adopted to calculate the contact conductance of various 2D
materials/metal interfaces (Figure S11 and Supplementary
Discussion 5 in Supporting Information), and the results are
consistent with previous literatures.13,38 The model and eq 2
were also adopted to demonstrate the enhancement of MoS2/
Ti contact conductivity through improving the atomic-scale
contact quality, by S-vacancies-induced surface reconstruction
(Figure S12 and Supplementary Discussion 6 in Supporting
Information).
The model is further used to simulate our c-AFM current
map by considering the circuit containing both conductive tip/
graphene and graphene/Ru interfaces, as shown in Figure 4d.
For simpliﬁcation, electron diﬀusion within the graphene plane
is neglected, as graphene/metal interfacial electron transport is
nearly ballistic with high transfer eﬃciency when subjected to
an electric ﬁeld along the surface normal direction,14 which is
the case in the present c-AFM setup (Figure 1a) and conﬁrmed
by our NEGF calculation (Figure S13 and Supplementary
Discussion 7 in Supporting Information). Because intercalation
is widely applied for regulating the electronic and magnetic
properties of graphene,39−41 we also conﬁrmed the validity of
this assumption in the systems with metal atoms as
intercalating layers41 (Figure S13). Therefore, the spatial
distribution of the conductance G(x,y) can be expressed by the
summation of graphene/Ru interfacial conductance
Ginterface(x,y) and Pt tip/graphene contact conductance
G surface (x,y). The tip/graphene contact conductance
Gsurface(x,y) was modiﬁed to consider the eﬀect of surface
electron density variation (ρsurface(x,y)) induced by the Ru
substrate, according to the Tersoﬀ-Hamann theory42
n′

Gsurface(x , y) =

∑ (ρsurface − j (x , y)·e−3.91d

Cj − Pt(x , y) + A

)
(3)

j=1

The details of the Gsurface(x,y) calculation is in Figure S14
and Supplementary Discussion 8 in Supporting Information.
Finally, the equation for the local conductance at the c-AFM
tip position G(x,y) is
−1
−1
G(x , y) = (Gsurface
(x , y) + Ginterface
(x , y))−1

jij

∑ jjjjj(ρsurface − j (x , y)·e−3.91dCj−Pt(x ,y) + A)−1
n′

=

j=1

j
k

−1y−1

m′
ji
zy
+ jjjj∑ e−3.49dCj − Rui(x , y) + 9.34 zzzz
j
z
k i=1
{

(1)

By utilizing the Gatomic−d relationship calculated by linear
chain contact model, the total interfacial conductance between
2D materials and substrate can be simply estimated by the
pairwise summation of the individual atom−atom contact
conductance along all possible electron transport pathways (eq
2), as shown in Figure 4d (white background area), as the
many-body eﬀect is found to play a relatively insigniﬁcant role
(Figures S9 and S10 and Supplementary Discussion 3 and 4 in
Supporting Information) and neglected. Here, m and n
represent the total numbers of the Ru (top layer) and C
atoms, respectively. Because the atom−atom contact conductance decreases exponentially with interatomic distance, a
certain cutoﬀ distance (5 Å) is adopted for the summation.

zz
zz
zz
zz
{

(4)

where n′ represents the number of C atoms nearby the tip
position (x,y), and m′ represents the number of Ru atoms (top
layer) adjacent to each of the n′ carbon atoms. Although eq 2
calculates total conductance, eq 4 deals with the local contact
conductance at the atomic level. The simulated c-AFM local
conductance map by eq 4 is shown in Figure 4e, which
captures the main features of c-AFM current image in Figure
1b,d), that is, “dark” regions correspond to the less conductive
atop regions and the atomic-scale contrast of Cα and Cβ
positions in fcc regions is well reproduced (local enlargements
of Figure 4e).
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Figure 5. Understanding the angular dependence of the twisted bilayer graphene interfacial conductance from the perspective of atom−atom
contact quality. (a) The interlayer conductance calculated by our model and averaged interlayer distance of bilayer graphene with a series of
rotation angles θ = 0°, 10°, 13.2°, 15°, 21.8°, 25.4°, 27.8°, 30°, 32.2°, 34.6°, 38.2°, 45°, 46.8°, 50°, and 60°. (b−d) Left: Atomic conﬁgurations of
bilayer graphene with interlayer rotation angle θ = 0°, 13.2°, and 25.4°. The superlattice of commensurate superstructures was marked by the black
lines. Right: Electrostatic potential (Φ) distribution in the plane normal to the interfaces of corresponding atomic conﬁgurations. (e) The line
proﬁles of Φ along the electronic transport pathways indicated by the dashed lines in (b−d).

bilayer graphene was calculated with rather low computational
cost. As shown in Figure 5a, the conductance reaches the
maximum at θ = 0° (and 60° due to rotation symmetry),
whereas pronounced conductance peaks were also found at θ =
13.2°, 21.8°, 27.8° (32.2°, 38.2°, 46.8°) corresponding to
commensurate superstructures which are in good agreement
with previous literatures.44 This dependency has been
quantiﬁed by a global registry index (GRI) model considering
in-plane projected overlapping electron clouds between the C
atoms in adjacent layers.43 We show that the variation of
interlayer conductance is also closely correlated to the
variation of interlayer distance of bilayer graphene in “out-ofplane” direction (Figure 5a). At commensurate angles, both
the decreasing interlayer distance and increasing GRI
collectively contribute to the stronger C−C pz orbital
overlapping. Furthermore, the interfacial tunneling barriers
along the transport pathways (dashed lines in Figure 5b−d)
decrease at commensurate angles (Figure 5e), indicating better
atom−atom contact quality between the C atoms in adjacent
layers. On the contrary, the graphene layers become decoupled
at incommensurate angles, accompanied by the degradation of
atom−atom contact quality and interlayer conductance. Our
calculation also shows that the commensurate WSe2/NbSe2
interface has better electrical conductivity than the WSe2/Ti
interface (Figure S18) that is consistent with the recent
research which suggests that 2D NbSe2 is superior to
conventional 3D metals as a contact material.47,48 We assume

As the normal load applied by the AFM tip will initiate the
out-of-plane deformation of graphene, we have discussed this
eﬀect on electrical conductance (more details in Supplementary Discussion 9 in Supporting Information). A 10-Pt-atom
tip was utilized to indent toward graphene/Ru supercell at Cα,
Cβ, and atop sites; the tip−graphene distances were set to be
2.0, 1.9, and 1.7 Å, respectively, to simulate the deformation of
graphene/Ru(0001) interface under diﬀerent contact loads.
The morphologies of deformed graphene sheets are shown in
Figure 4f (atop site) and Figure S15a−c (Cα, Cβ sites). The
maximum normal force applied on the tip apex atom is 1.38
nN, corresponding to a local contact pressure of roughly 10
GPa. This suggests that the graphene structure can withstand
the compression by the tip. The impact of deformations on
electrical conductance is investigated using our ACQ model
(eq 4), as shown in Figure 4g. The local conductance G at Cα,
Cβ, and atop sites will increase with the indentation depth/
contact load (Figure S15f), and the comparison of G is
maintained as Gatop < GCβ < GCα, showing consistence with the
trend of electrostatic barriers (Figure S15d,e) and the
experiment results (Figure S16).
Besides the 2D materials/metal interfaces, the model can
also be applied to the 2D/2D material interfaces. It has been
used to capture the rotation angle-dependent interlayer
conductance between misoriented graphene layers, which has
aroused wide interest recently.10,43−46 By using eq 2 of our
real-space model and DFT optimized conﬁgurations (Figure
S17), twist angle dependence of interlayer conductance in
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Derivation of the Interfacial Conductance Model. Details
are available in Figures S9, S10, S13, and S14 and the related
discussions in Supporting Information.

that this model is also suitable for other situations where
electron tunneling dominates the interfacial transport.
In summary, our atomic resolution conductance mapping
and ﬁrst-principles calculations have demonstrated that the
local contact conductance of graphene/Ru interface is
dominated by the individual atom−atom contact conductance
along the electron transport pathways. On the basis of this
concept, we have presented a real-space electrical contact
model, which directly reveals the relationship between atomic
contact structure and electrical contact quality of 2D interfaces
for the ﬁrst time. In addition to unraveling the atomic-level
spatial modulation of graphene/Ru contact conductance, this
model can also be applied to varies kinds of 2D material/metal
interfaces and 2D/2D material interfaces, which provide
theoretical guidance for designing and tuning the interfacial
electrical contact on the atomic-scale.
Materials and Methods. Fabrication of Graphene/
Ru(0001) Sample. Chemical vapor deposition was unitized
to fabricate the graphene/Ru(0001) sample. The single crystal
Ru sample was cleaned by Ar ion sputtering for several cycles
and conﬁrmed clean by low energy electron diﬀraction
(LEED) before the growth of graphene. Then the Ru(0001)
substrate was exposed to ethylene with partial pressure 1.4 ×
10−4 Pa at 850 °C for 100 s and graphene formed by the
thermal decomposition of ethylene. The quality of graphene
was checked by LEED after cooling down, and the sample
showed clear diﬀraction spots of graphene/Ru(0001) moiré
patterns.49
Local Conductance Measurement. The local current maps
were obtained by Cypher c-AFM contact mode, made by
Oxford Instruments, under atmospheric environment and 25
°C temperature. An Ir−Pt-coated AFM tip (SCM-PIT, tip
radius R ∼ 20 nm, force constant k = 2.8 N·m−1) was used to
obtain the local current map. The normal load was set to 1000
nN (sliding speed = 0.59 μm/s), a relatively high value to
ensure good contact between tip and graphene. With the
increase of c-AFM measurement time, tip wear is unavoidable
and the current map becomes unstable. The stability and
clearness of the current map is a prerequisite in our c-AFM
measurement (Figure S21 and Supplementary Discussion 10 in
Supporting Information). Bias voltage was set to 1, 20, and 30
mV to obtain local current map.
Ab Initio Calculation Details. The geometry optimization,
charge density, diﬀerence charge density, partial charge density
(carriers density), and electrostatic potential calculation of
graphene/Ru(0001) interface was implemented in the Vienna
ab initio Simulation Package (VASP). The calculation models
are shown in Figure S5a. The projector-augmented-wave
(PAW) method was utilized to model the core electrons. The
optB86b-vdW exchange-correlation functional was utilized to
approximately describe the dispersion interaction (van der
Waals forces). The plane wave basis kinetic energy cut oﬀ was
set to 400 eV. The graphene and ﬁrst Ru(0001) layer were
allowed to relax until the forces on all the relaxed atoms were
less than 0.02 eV/A. The transmission spectra, I−V curves and
transmission eigenstates calculations were implemented in the
Atomistix ToolKit. The PAW pseudopotential type and general
gradient approximate exchange-correlation functional was
used. The real space mesh cutoﬀ of 75 Ha was used for
calculation. The calculation models are shown in Figure S5b−
d. The electrodes were all set at a distance of 2.7 Å from the
surface atoms to eliminate the changes of contact resistance
between electrodes and surfaces.
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