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nstant of a bilayer graphene
interface
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The interlayer relative dielectric constant, 3r, of 2-dimensional (2D)

materials in general and graphitic materials in particular is one of their

most important physical properties, especially for electronic applica-

tions. In this work, we study the electromechanical actuation of nano-

scale graphitic contacts. We find that beside the adhesive forces there

are capacitive forces that scale parabolically with the potential drop

across the sheared interface. We use this phenomena to measure the

intrinsic dielectric constant of the bilayer graphene interface i.e. 3r ¼ 6

� 2, which is in perfect agreement with recent theoretical predictions

for multi-layer graphene structures. Our method can be generally

used to extract the dielectric properties of 2D materials systems and

interfaces and our results pave the way for utilizing graphitic and other

2D materials in electromechanical based applications.
One of the essential features that characterizes the electrostatic
properties of materials is the dielectric constant. Properties
such as capacitance, charge screening, electron–electron inter-
action and energy storage are fundamentally described by the
ability of a material and its surroundings to re-arrange charge.
In graphene, Coulomb interactions are shown to play a signi-
cant role, in particular next to the charge neutrality point where
the screening length diverges.1 Systematic studies revealed the
crucial role of dielectric screening in graphene to control both
Fermi velocity, Vf and electron–electron interactions.2 In addi-
tion, unique phenomena such as tunable band gap in bilayer3

and trilayer4 graphene, superconducting–insulating transition,5

Coulomb drag6 and gate controlled surface plasmons7 pointing
out to a strong interplay between graphene properties and
external electric elds. Consequently, the value of 3 of graphene
has attracted large interest.8 In fact, the large range of values for
3 found for graphene by different experiments1,2,9–11 i.e. 2 to 15,
has become a subject of considerable debate. The ultrathin
nature of graphene and the presence of substrates has denitely
eering, The Russell Berrie Nanotechnology
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played a role in the experimental attempts to measure its
intrinsic dielectric constant as was recently shown by angle-
resolved photoemission spectroscopy (ARPES).2

In this work, we experimentally extract the interlayer relative
dielectric constant, 3r, of a single bilayer graphene interface by
means of electromechanical manipulation of nano-sized
graphitic contacts. The graphitic structures were made of highly
oriented pyrolytic graphite (HOPG) similar to our recent
reports.12–15 Samples featuring cylindrical structures with
a typical height of 50 nm and a diameter of 300 nm were
fabricated from HOPG substrates by means of reactive ion
etching, using structured Pd–Au metal layers as self-aligned
shadowmasks (10 and 40 nm of Pd and Aumetals, respectively).
We use atomic force microscopy (AFM), under ambient condi-
tions, to shear individual nano-sized graphitic contacts and to
measure the applied shear forces and current modulations
during their mechanical manipulation. For electromechanical
shearing, a Pt/Ir metal-coated AFM tip was cold-welded to the
metal on top of the mesa by applying a force and electrical
current pulse of 50 nN and 1 mA, respectively, for 1 s. Thus, we
form a strong mechanical contact that allows to apply lateral
shear forces of up to 200 nN and to induce a shear glide along
a single basal plane in the HOPG structure (Fig. 1a). The total
shear force, Ftotal, is composed of a reversible displacement
force due to adhesion, Fadhesion, and to a smaller irreversible
friction force, Ffriction, characterized by a force hysteresis.12 The
small magnitude of Ffriction and the small force uctuations i.e.
< 10 nN, indicate that the sliding is done under superlubricity
conditions12,16 (Fig. 1b). The low friction phenomenon, termed
structural superlubricity,17–19 is explained by a virtually zero
energy barrier due the lack of crystal symmetry in incommen-
surate sliding surface contacts. It can similarly be interpreted in
terms of an efficient cancellation of the sliding forces experi-
enced by different parts of the moving contact.20–23 A recent
analysis of the sliding force with respect to contact area perti-
nent to our sliding experiments showed agreement with the
observed friction forces for a rotational mismatch of about 10
degrees between the top and bottom graphene sheets.12 Along
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) Schematic illustration of the measurement setup. A conductive AFM tip is used to contact and manipulate the top part of the graphite
pillar while measuring the lateral cantilever deflection and current passing through the pillar. (b) Time dependence of the measured current (top
panel), lateral displacement (middle panel) and lateral force (bottom panel) during interface shearing. The circular discs in the inset of the top
panel describe the relative positions of the top and bottom graphite contacts during the shearing experiment.
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with the mechanical actuation, we apply a DC bias voltage to the
AFM tip during the shearing experiment and we measure the
current passing through the whole structure using a pre-
amplier that collects the current from the HOPG substrate.
The current drops as the area overlap between the top and the
bottom mesa structures decreases (Fig. 1b). We assign this
current drop to the increase in the serial resistance of the
sheared graphitic interface due to the reduced effective area
overlap, in agreement with Ohm's law i.e. Rint f 1/A, where Rint

is the interface resistance and A is the area overlap between the
top and the bottom contacts. The breaking of the mesa struc-
ture at a single glide plane was conrm by the measured lateral
forces that follow the binding energy of graphite i.e.
0.223 J m�2.12 We observe an additional restoring electrostatic
force, Fe that scales with the externally applied voltage, Vapplied
across the sheared structure as Fe f (Vapplied)

n where n x 2
(Fig. 2). Considering that the sheared interface comprises
weakly coupled 2D graphene sheets, similar to a parallel plate
capacitor, such a scaling law indicates that the measured elec-
trostatic force has a capacitive origin. The stored electrical
energy for an ideal parallel plate capacitor is U ¼ 1

2CV
2, where
Fig. 2 (a) Lateral force, Ftotal, profiles for different applied tip voltages as
tration of the parallel plate capacitor in which A is the effective capaci
interlayer distance i.e. 3.4 Å and E� is the electrostatic field. The chang
electrostatic force Fe. (b) Absolute electrostatic force, |Fe| ¼ |Ftotal � Fad
distance (Fadhesion is the measured lateral force for zero applied voltage)

This journal is © The Royal Society of Chemistry 2019
C ¼ 303rA/d is the capacitance, V is the voltage across the plates,
d is the interlayer spacing for graphite i.e. 3.4 Å, 30 and 3r are the
vacuum and relative static permittivities, respectively. Thus, it
can be shown that the measured electrostatic force takes the
form: Fe ¼ 303rr/dVint

2, where r is the contact radii and Vint is the
voltage drop across the sheared interface (see methods section).
The quantum capacitance of multi-layer graphene contacts was
recently shown to be much higher compared to the geometrical
capacitance and therefore it is not considered in our model.24

We note that in cases where one of the contacts consists of less
than ve graphene layers, the quantum capacitance starts to
play an important role and must be considered in parallel with
the geometrical capacitance.25 Consequently, we can directly
extract 3r for the single sheared interface of the graphite contact.
We extract Vint by considering the relative structural resistances,
as shown by the schematic equivalent electrical circuit in the
inset of Fig. 3a. The main resistive components are: 2� RGr, Rint

and Rsys, which are the graphite top and bottom mesa resis-
tances, the sheared interface resistance and the system resis-
tance (includes tip-sample contact resistance, AFM internal
resistance, spreading resistance of the graphite pillar, cables
a function of lateral sliding distance x. Inset shows a schematic illus-
tor area, x is the relative displacement from central position, d is the
e in the effective capacitor area during the slide creates a restoring

hesion|, for different applied tip voltages as a function of lateral sliding
.

Nanoscale Adv., 2019, 1, 1702–1706 | 1703
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Fig. 3 (a) Voltage drop over the sheared interface as a function of applied tip voltage. The dashed line is a linear fit showing a constant voltage
ratio, Vint/Vapplied ¼ 0.293. Vint is calculated by considering the equivalent electrical circuit shown in the inset and the current modulation
throughout the sliding experiment. (b) Average measured electrostatic force for different interface potentials (symbols) and calculated profiles
(solid and dashed lines) considering different interlayer dielectric constants. Best agreement is observed for 3r ¼ 6. The measured profiles in both
(a) and (b) are an average of 5 different measurements and the error bars are the standard deviations.
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resistance etc.), respectively. Given the ohmic responses of both
RGr and Rsys, they are considered constant throughout the
shearing experiment.14 Therefore, we assign the measured
current modulation strictly to Rint that originates from the
relative changes in the area overlap, A between the top and
bottom circular contacts. We extract Rint(A), by tting the
current modulation, I(A) to the equivalent electrical circuit
(Fig. 3a, inset) i.e. I(A) ¼ Vapplied/{2 � RGr + Rsys + Rint(A)}. The
lateral sliding distance, x directly relates to A according to
(Fig. 2a, inset):

A ¼ 2

�
r2 cos�1

�
x=2

r

�
� x=2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
r2 � ðx=2Þ2

�r �
(1)

Where r is the pillar radius and the sliding distance, x is
calculated by taking the time, t and multiplying it with the tip
velocity i.e. 100 nm s�1 (Fig. 1b). Finally, the voltage drop across
the sheared interface, Vint is calculated by taking the product of
IRint. We nd that the voltage drop ratio Vint/Vapplied ¼ 0.293 for
experimentally applied voltages between 0–4 V (Fig. 3a). The
extracted large potential drop across the interface is consistent
with the large resistance observed for twisted graphene inter-
faces.13,26 Fig. 3b shows the averaged measured relative dielec-
tric constant, 3r as a function of Vint (black symbols) along with
calculated proles (dashed and solid lines) for 3r ¼ 4,6,9. The
measured data in Fig. 3 (a and b) are an average from 5 different
measurements and the error bars are the respective standard
deviations. The calculated prole for 3r ¼ 6 (dashed black line)
shows maximum agreement with the measured averaged
results and is excellent agreement with recent theoretical
studies that compute the dielectric properties of multilayer
graphene structures as function of both number of layers and
the effective electric eld.8,24 The observed standard deviation in
the measured dielectric constant i.e. 3r ¼ 6 � 2 originates from
deviations between different sliding experiments and from
dynamic uctuations during an individual slide. For example,
different angular congurations between the top and the
bottom graphene akes will induce different electronic
coupling that can potentially induce variations in the measured
dielectric properties. In addition, dynamic phenomena such as
stick-slip, rotational and spatial realignments that occur during
1704 | Nanoscale Adv., 2019, 1, 1702–1706
the sliding,27,28 changes the interlayer electronic coupling and
can induce variations in the dielectric properties. Further
studies with precise control over the angular mismatch and
interlayer coupling are important to reveal their impact on the
dielectric properties in 2D materials systems in general and
graphene in particular.

In summary, we present a new experimental method to
measure the dielectric properties of a bilayer graphene inter-
face. The approach is based on electromechanical actuation and
lateral force measurement of biased graphitic mesa structures.
The results are consistent with recent theoretical predictions
and the method is applicable to extract the interlayer dielectric
properties of 2D materials systems in general.
Methods
Lateral force constant calibration

We use the adhesion energy of graphite, s ¼ 0.227 [J m�2] to
effectively calibrate the lateral force constant of the AFM
cantilever.12 Thus, we can directly use the graphite contact radii,
r to compute the measured lateral force i.e. F ¼ 2sr.
Derivation of the measured electrostatic force

The stored electrical energy for an ideal parallel plate capacitor
is U ¼ 1

2CV
2, where C ¼ 303rA/d is the capacitance, V is the

voltage across the plates, d is the interlayer spacing for graphite
i.e. 3.4 Å, 30 and 3r are the vacuum and relative static
permittivities, respectively (the vacuum permittivity 30 ¼
8.85 � 10�12 [F m�1]). The capacitive binding energy se is
therefore se ¼ U/A ¼ 1

2303rV
2/d. The restoring electrostatic force

is equal to Fe ¼ dU=dx ¼ sedA=dx ¼ 2ser

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ðx=2Þ2

r2

r
consid-

ering the derivative of eqn (1) in the main text. Thus, for short
sliding distance Fe x 2ser x 303rr/dV

2 and is approximately
constant with respect to x. The latter expression shows that Fe
scales with a power law of n ¼ 2 with respect to the voltage-drop
across the capacitor plates and is used to extract the relative
dielectric constant of the sheared graphite interface 3r.
This journal is © The Royal Society of Chemistry 2019
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