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ABSTRACT: We present a unique experimental configuration that
allows us to determine the interfacial forces on nearly parallel plates
made from the thinnest possible mechanical structures, single and few
layer graphene membranes. Our approach consists of using a pressure
difference across a graphene membrane to bring the membrane to
within ~10—20 nm above a circular post covered with SiO, or Au
until a critical point is reached whereby the membrane snaps into
adhesive contact with the post. Continuous measurements of the
deforming membrane with an AFM coupled with a theoretical model
allow us to deduce the magnitude of the interfacial forces between
graphene and SiO, and graphene and Au. The nature of the interfacial
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forces at ~10—20 nm separation is consistent with an inverse fourth power distance dependence, implying that the interfacial
forces are dominated by van der Waals interactions. Furthermore, the strength of the interactions is found to increase linearly
with the number of graphene layers. The experimental approach can be used to measure the strength of the interfacial forces for
other atomically thin two-dimensional materials and help guide the development of nanomechanical devices such as switches,

resonators, and sensors.
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nterfacial forces act between all materials." At macroscopic

distances, these interfacial forces are weak and practically
insignificant but at distances approaching tens of nanometers,
they become much stronger, thereby enhancing the attraction
within micro/nanomechanical structures or molecules, and
potentially significantly affecting the device performance.””>
Graphene, a two-dimensional nanomaterial composed of carbon
atoms, is a promising material with potential applications in a
variety of nanomechanical, biological, and electrical devices due
to its exceptional properties.é_14 Furthermore, graphene being
extremely thin with a very high surface area to volume ratio is
highly susceptible to interfacial forces and is an ideal candidate to
study and characterize these forces.'™'® Therefore, there is an
increasing interest in studying the nature of interfacial forces on
graphene.'” Even though the adhesion strength between
graphene and substrates when in contact has been experimentally
measured in different ways, experimental measurements of
noncontact attractive interfacial forces remains relatively unex-
plored."®*>' Interfacial forces on bulk materials or other
nanomaterials have been measured using a variety of
configurations."”*>** Here, we demonstrate a novel experimental
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method to study these elusive forces on graphene with a real time
observation of the induced pull-in instability.

Devices used in this study consist of a graphene flake
suspended over an annular ring etched into a silicon oxide wafer,
forming a graphene-sealed microcavity (Figure la). Device
configurations include graphene suspended on bare SiO,, or gold-
coated SiO,. The graphene membranes are pressurized using a
previously developed technique.”'® The suspended graphene
membranes are placed in a high pressure chamber at a charging
pressure, p.,. ~ 300 kPa of H, gas, and left for a sufficiently long
time (~10 h) until the pressures inside, p;,, and outside of the
microcavity, p., equilibrate. After removing the sample from the
high pressure chamber and bringing it to atmospheric pressure, a
pressure difference, Ap = p;, — Py exists across the graphene
membrane. At low Ap, the graphene sheet remains adhered to
the inner post and deforms in a donut shape (Figure 1b). At
sufficiently high Ap, the force is large enough to overcome the
adhesion energy of the graphene to the inner post, and the
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Figure 1. Measurement of the pull-in distance. (a) (upper) Optical image of suspended a few-layer graphene membrane in an annular ring geometry.
(lower) Side view schematic of the suspended graphene on the annular ring. (b) (upper) A 3d rendering of an AFM image of a pressurized graphene
membrane in the annular ring geometry before delamination from the inner post. (lower) Side view schematic of the pressurized suspended graphene on
the annular ring. (c) (upper) A 3d rendering of an AFM image of a pressurized graphene membrane in the annular ring geometry after delamination
from the inner post. (lower) Side view schematic of the pressurized suspended graphene delaminated from the inner post. (d) A series of AFM line cuts
through the center of a pressurized graphene membrane during pull-in. The outer diameter, 2a = 3 ym, and inner diameter, 2b = 0.5 ym. (e) Pull-in
distance, h,, vs number of layers for graphene membranes in an annular ring geometry with 2a = 3 ym and 2b = 0.5 um.
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Figure 2. Scaling of # with number of layers. (a) Center deflection, h, versus pressure difference, Ap, calculated for a monolayer graphene membrane in
the annular ring geometry with an outer diameter, 2a = 3 ym, and inner diameter, 2b = 0.5 ym. The red dashed line at Ap = 1.68 kPa corresponds to pull-
in and the deflection at this point is sy = 9.2 nm. The black line corresponds to the analytical model and the blue line is a finite element analysis model.
(b) The calculated values of # vs number of layers using the data in (a) assuming a model where the force responsible for pull-in has the form P, = /h*.
The initial tension S, is assumed to be 0.07 N/m. A best fit line through the data is also shown which has a slope of 0.017 nN-nm?/number of layer.

graphene membrane delaminates from it, becoming a spherical pull-in process. Initially a line trace through the center of the
cap (Figure Ic). membrane (dark blue) corresponds to the situation in Figure 1c

After creating deformed spherical caps, our strategy is to then where the graphene is delaminated from the inner post. At a later
let gas slowly diffuse out of the microcavity through the time (black), the graphene is pulled onto the post and the
underlying SiO, substrate that decreases Ap and the graphene is deformed in a donut shape as seen in Figure 1b. The
corresponding central deflection, 4, of the graphene membrane red line corresponds to a line trace just before pull-in. We call the
until it is pulled back onto the center post due to attractive center deflection at this point in time, the pull-in distance, .
interactions between the post and graphene membrane. This Figure le shows the measured pull-in distance, h, versus number
process is monitored in real-time using an atomic force of graphene layers for graphene sheets in an identical geometry
microscope, AFM (Figure 1d and Supporting Information on the same chip (see Supporting Information). The number of
movie). Figure 1d shows a series of AFM line scans through the graphene sheets was verified by Raman spectroscopy (see
center of a pressurized graphene membrane before and after the Supporting Information). The pull-in distance measured on bare
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Figure 3. Scaling of the pull-in distance with P,,,. Pull-in distance, h, vs inner diameter, 2b, for (a) 1 layer (b) 2 layer (c) 3 layer (d) 4 layer graphene
flakes (verified by Raman spectroscopy) with identical outer diameter but different inner diameters. The black and blue shaded lines are the calculated
results for two different power law dependences P, = #/h* (black) and P, = a/h* (blue) with Sy = 0.03—0.09 N/m. The values of # and « are listed in
Supporting Information. (a) (inset) Optical image of 2 of the measured monolayer devices. The scale bar = S ym.

SiO, substrate, hy, increases slightly with the number of layers
from an average value of i, = 9.2 nm for 1 layer graphene to hy =
10.8 nm for 5 layer graphene. At these values of , the variation
in the height of the graphene over the post is small and the post
and graphene are effectively two parallel plates.

The pull-in behavior observed here is similar to the pull-in or
jump-in of a cantilever spring into contact due to interfacial
forces.**> We model the pull-in behavior in a continuum setup by
considering an isotropic pressurized graphene membrane with
initial surface tension, S;, and an attractive pressure, P, due to
the interfacial force between the post and the graphene
membrane."®**™>” The analysis culminates in a relationship
between the system parameters given by

Et at
32a2(1 — v)((AP - E‘tt)zb4 + APZ(“4 - b4) + Pazttb4 log(w)

2
1 &
- 4Ameb2(a2 - bz)] + 1S, E[Apaz - P,mbz(l + IOg(F]]]
3
1 2 P a’
= E Apa” — B b7| 1 + log| 17
(1)

where E is the elastic modulus of graphene, t is the thickness, v is
the Poisson ratio, and a and b are the outer and inner radii of the
annular cavity, respectively. Equation 1 establishes a relationship
between h and Ap if S, Et, g, b, and P, are known. The radii, a
and b, are measured by AFM, while Et and v are taken from well-
established values in the literature for single and few layer
graphene.”'®”” We cannot directly measure S, so we assume
values in the range of §, = 0.03—0.15 N/m with an average value
of Sy = 0.07 N/m, consistent with numerous experimental
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measurements for exfoliated suspended graphene membranes in
a similar geometry.”*** Figure 2a shows the relationship
between h versus Ap obtained from eq 1 using the system
parameters for a monolayer graphene membrane: a = 1.5 um, b =
0.25 pm, Sy = 0.07 N/m, Et = 340 N/m, v = 0.16, and P, = 8/ h*
= 0.0199 nN-nm?/h*. The deflection, h, decreases with
decreasing Ap (leaking gas) until a critical point is reached. At
this critical maximum deflection, g, the graphene is sufficiently
close to the post and pulled into the post by the attractive force.
This pull-in instability is illustrated by the point on the curve
where the slope goes to infinity at the pull-in distance hy, or

dAp
dh

=0
h=h, (2)

The measured hy, a, and b, coupled with the values of S, Et,
and v taken from the literature, allow us to determine P, by
solving eqs 1 and 2 simultaneously for Ap and P,. A comparison
to a high-fidelity finite element model that more accurately treats
the spatial dependence of the attractive forces is shown in blue on
Figure 2a; the close agreement between them supports the
validity of our analytical model.

We assumed an attractive force law of the form P, = /h*,
consistent with the van der Waals (vdW) force derived from
Lifshitz theory between graphene and SiO, for separations on the
order of 10 nm or the phenomenological Lennard-Jones pair
potential of interaction."'***”** From the experimentally
measured pull-in distances in Figure le we calculate f for each
device and arrive at the corresponding P, (h = h) . This is shown
in Figure 2b where 8 = 0.0199 nN-nm” for monolayer graphene.
This value is ~1.5% of the dispersion force between two perfectly
metallic parallel plates, P, = 7/ic/240h* = 1.3 nN-nm?/h*>* and
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agrees reasonably well with recent theoretical calculations for
graphene and SiO, at 10 nm separations, f# = 0.001—0.01
nN-nm? for an intrinsic graphene doging density of 10" m™* and
10" m™at T = 300 K, respectively.'® Figure 2b also shows that 3
increases linearly with the number of layers, up to five layers, with
a slope of 0.017 nN-nm?/layer, close to the measured value of
monolayer graphene, # = 0.0199 nN-nm” This increase with
layer number suggests that the strength of the force is increasing
in an integer manner as additional graphene layers are added.
This is consistent with the additive nature of the vdW force."*°
Our results are interesting in the context of recent experiments
where an AFM tip was pulled off of a graphene substrate where
the pull-off force was observed to depend on the number of
graphene layers in suspended membranes®* but not on graphene
supported by a substrate.>*>° Despite this similarity in response,
we note that pull-off experiments are well-known to be different
mechanistically than the pull-in experiments of our study.

In addition to vdW force, the interfacial forces can be from
capillary or electrostatic forces. The capillary forces take effect
when graphene membranes or the substrate are covered with
liquid films and the liquid films touch, and the force can be
described by P,, « 1/h."*%*" However, we assume that the
capillary force is not a likely candidate for the interfacial forces
causing the pull-in phenomenon because absorbed liquid films of
10 nm thickness are unlikely to form between graphene
membranes and the substrate.>””*® The electrostatic interaction,
which can arise from image charges, work function differences or
patch potentials can be described by P, & 1/h%"***° To further
study the power law model considering different origins of the
interaction, we varied the geometry of the annular ring. The pull-
in distance for 1—4 layers graphene membranes with an identical
outer diameter but a different inner diameter is shown in Figure
3. The pull-in distance shows a slight increase with increasing b. A
theoretical calculation based on our analytical model using P, =
p/h* and the calculated values of /3 in Figure 2b is shown as a
black shaded line in Figure 3. The boundaries of the shaded lines
show the range of values for Sy = 0.03—0.09 N/ m.?’

To determine if electrostatic forces play a significant role in our
measurements, we fit the data in Figures 1e and 3 with a model in
which an electrostatic force takes the form, P,, = a/h% and we
use the same strategy to determine o as was used to calculate
above. Doing so for the monolayer devices in Figure le gives o =
0.49 pN (for Sy = 0.07 N/m). We can also use these values of a to
fit the data in Figure 3. This is shown as a shaded blue line that fits
poorly to the data. A good fit would require that « increases with
inner post diameter for all the devices measured, while no such
assumption is needed for f. To fit all of our measured pull-in
distances (51 devices in 17 geometries from S different chips)
using an electrostratic force model requires that o values vary
from 0.15—1.79 pN across all the devices. A model based on an
inverse third power dependence was also examined and does not
fit all the data as well as the inverse fourth power dependence
(see Supporting Information).

To test the material dependence of the interfacial interaction
with graphene, we also carried out experiments where we
measured the pull-in distance between graphene and a gold
coated annular ring that were electrically contacted and
grounded (see Supporting Information). The 2—S5 layers
graphene membranes (17 devices in 6 similar geometries from
4 chips) were measured. The pull-in distance varied between 9
and 18 nm for annular rings with a = 1-1.75 ym and b = 0.15—
0.6 pum, slightly larger than the measured pull-in distances for
uncoated SiO, posts of a similar geometry. Using the same
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theoretical analysis as with the graphene/SiO, data, we
determined the average value and standard deviation of f/
number of graphene layers between the Au-coated post and
electrically grounded graphene to be = 0.104 + 0.031 nN-nm?/
layer; these are about an order of magnitude higher than those for
graphene interacting with SiO, (Figure 4). The graphene/Au
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Figure 4. Modeled vdW force versus number of layers for SiO, and gold.
Measured f/number of graphene layers between SiO, and 1 layer
graphene (solid red squares), 2 layer graphene (solid green circles), 3
layer graphene (solid blue up triangles), 4 layer graphene (solid cyan
down triangles), S layer graphene (solid magenta diamond), and f3/
number of graphene layers between Au and 2 layer graphene (hollow
green circles), 3 layer graphene (hollow blue up triangles), 4 layer
graphene (hollow cyan down triangles), and 5 layer graphene (hollow
magenta diamond). The average and standard deviation of #/number of
graphene layers between SiO, and graphene are 0.0179 + 0.0037
nN-an/layer. The average and standard deviation of #/number of
graphene layers between Au and graphene are 0.104 + 0.031 nN-nm?/
layer. Each data point corresponds to a separate device. (top left inset)
Side view schematic of the pressurized suspended graphene on the
annular ring with SiO, surface. (top right inset) Side view schematic of
the pressurized suspended graphene on an Au coated annular ring.

values agrees reasonably well with the theoretical predictions
based on a Lifshitz formula of graphene interacting with gold at
15 nm separation, # = 0.08 nN-nm®.

In conclusion, we observed the pull-in instability at 10—20 nm
distance on graphene by the attractive interfacial forces between
graphene and SiO,/Au and found them to agree very well with a
form P, = fB/h*, consistent with recently calculated values of
long-range vdW forces between graphene and SiO, and graphene
and gold. Furthermore, the strength of the force scales linearly
with layer numbers, which is compatible with the additive nature
of vdW forces. It is noteworthy that our experimental
configuration is essentially a realization of a parallel plate
geometry by self-alignment to measure interfacial forces acting
on atomically thin, two-dimensional materials.*" These experi-
ments that provide a measurement of the magnitude and power
law dependence of the interfacial forces at 10—20 nm separations
between graphene and 2 common substrates can guide the
development of nanomechanical devices from single and few
layer graphene sheets where these forces are critical to their
effective operation.**>*
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