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ABSTRACT: Two-dimensional (2D) barrier materials such as
graphene, boron nitride, and molybdenum disulfide hold great
promise for important applications such as DNA sequencing,
desalination, and biomolecular sensing. The 2D materials
commonly span pores through an insulating membrane, and
electrical fields are applied to drive cross-barrier transport of
charged solvated species. While the low-voltage transmembrane
transport is well-understood and controllable, high-voltage
phenomena are uncontrolled and result in the apparent
breakdown of the 2D material’s critical insulating properties.
Here we use suspended graphene over a 50 nm silicon nitride
nanopore as a model system and show that delamination of the
2D material occurs at higher voltages and can directly cause a number of the puzzling high-voltage transport observations. We
confirm the occurrence of delamination and observe via atomic force microscopy measurement a micron-scale delaminated
patch in a system using chemical vapor deposition graphene. Furthermore, we show that the conductivity of the same system is
strongly correlated to the area of delamination via coincident current measurements and optical imaging of the delaminated
area. Finally, we demonstrate that delamination alone can cause a dramatic breakdown of barrier function through observation
of a reversible increase in conductance of samples prepared with pristine defect-free graphene. These findings should have a
great impact on the design and interpretation of 2D barrier material for both experiments and applications.

■ INTRODUCTION

Two-dimensional (2D) materials have drawn much attention
due to their exceptional mechanical, electrical, and transport
barrier properties.1−8 Envisioned applications of such 2D
material membranes abound, for electronic, mechanical, or
electromechanical devices or as ultrathin barrier material for
biomolecular sensing, desalination, or DNA sequencing.9−16

When used as a barrier material in aqueous systems, their
atomic thickness (sub-nanometer) provides a large advantage
over other systems, as pores through the material exhibit
exceptionally low transport resistance, while the materials
themselves are generally impermeable. For such applications,
native or manufactured pores of atomic (∼nm) scale in the
barrier material are used. To create a functional barrier device,
the 2D material is generally deposited on a carrier membrane
made from silicon nitride (SiN) or silicon oxide (SiO2) with
larger diameter (50 nm−5 μm) pores. In many cases, the
device is then submerged in an aqueous solution, and electrical
fields are applied over this structure to drive ionic transport.

It has often been observed that applied voltages above a
certain threshold (generally 200−500 mV) result in a
breakdown of the resistance of the system, as indicated by a
strongly nonlinear and sometimes chaotic transmembrane
current.8,9,17−20 This apparently consistent observation has
been attributed to different phenomena in several studies,
being labeled as nonunderstood,19 physical damage to the 2D
material9 delamination of the 2D material from the substrate,17

transient changes in the protonation of charged groups at the
pore opening,18 or evidence for Coulomb blockade.20 As it is
often unclear whether the culprit phenomenon permanently
compromises the function of these systems, a proper
understanding is of crucial importance.
We explore voltage-mediated delamination of the 2D

material from the supporting membrane as the cause for
some observations of aberrantly high current at high voltage.
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The intrusion of a layer of electrolyte between the 2D material
and membrane would provide an alternative conductive
pathway through the system and, thus, destroy the barrier
function and cause the nonlinear current−voltage relation seen
at higher voltages. Furthermore, this pathway would be
intrinsically unstable, causing chaotic system behavior.
Voltage-mediated delamination has been observed with 2D

materials in other scenarios, such as the liquid-phase
electrochemical exfoliation of bulk 2D materials and the
electrochemical release of 2D materials from their sub-
strate.21−24 In these processes, a voltage applied to a bulk
2D material or the substrate on which a 2D material rests
causes intrusion of the electrolyte around the 2D material, thus
causing delamination. We hypothesized that a similar process is
occurring for suspended 2D materials, once the trans-
membrane voltage overcomes a threshold (Figure 1). In this
case, the electrolyte solution will begin to encroach into the
interface between 2D material and substrate if the resulting
decrease in electrical capacitive energy on the 2D material
outweighs the cost in energy for wetting the interface. Similarly
when the voltage is removed, wetting becomes energetically
unfavorable, and the 2D material is expected to relaminate,
making the process reversible. This type of delamination would
represent an inherent instability in any such suspended
configuration in which a transmembrane voltage is applied.

■ RESULTS AND DISCUSSION
With an order of magnitude calculation, we can estimate the
voltage regime in which delamination is expected. As the
process should be spontaneous when the capacitive charging
energy is larger than the interfacial energy change ΔΓ, we can
express the regime via the following inequality.

V C
2

b
2

> ΔΓ
(1)

Here V is the voltage between the two bulk electrolytes on
either side of the 2D material, and Cb is the combined specific
capacitance of the 2D material and the electric double layers
that form on the 2D material.

Common 2D materials such as graphene, MoS2, and BN
have comparable reported values for the properties appearing
in eq 1. Specifically, dielectric constants,25−28,43 thick-
nesses,26,29−31 and adhesion energies to both water and
ceramic substrates32−41 lie within the same order of magnitude,
respectively. The most broadly and consistently reported
parameters are found for graphene-based systems. Therefore,
for the remainder of the theoretical and experimental work
presented here, we will work with graphene on SiN systems as
a proxy for suspended monolayers of 2D materials in general.
While this is not a perfect proxy it should serve to indicate the
general range of conditions under which delamination should
occur for suspended 2D materials in general.
We will first calculate the expected voltage of delamination

to determine if it falls within the typical −1 to 1 V window,
where a breakdown is observed. As the SiN surface has been
strongly oxidized in our case (see methods), we use surface
energies associated with SiO2. On the one hand, reliable
estimates for the hydroxylated SiO2−water interfacial energy
(129 mJ/m2) and for the graphene−water interface (29 mJ/
m2) are available.36,37 Literature values for the interfacial
energy of the SiO2/graphene system, on the other hand, vary
widely ranging from 450 to 96 mJ/m 2, and they are thought to
depend on the roughness of the carrier membrane as well as
the presence of intermediate water.38−41 We will take the value
of ∼200 mJ/m2 for the graphene−SiO2 energy in the presence
of H2O.

38 By subtracting the SiO2−water and graphene−water
interfacial energies from the graphene−SiO2 interfacial energy
an estimated interfacial energy change ΔΓ of 42 mJ/m2 is
obtained. The capacitor system that is charged consists of the
graphene and the two electric double layers that form on it
when a voltage is applied. Specifically, the system is comprised
of: the anodic double-layer capacitance (DLC), the graphene
capacitance, and the cathodic DLC in series. Taking respective
values of 0.2, 0.08, and 0.08 F/m2,42,43 we estimate the series
capacitance as 33 mF/m2. From these values for interfacial
energy and capacitance, we expect a delamination voltage of
∼1.6 V. Though approximate, these calculations show

Figure 1. Schematic of a device in the test setup (a). The devices consists of a Si chip with a SiN carrier membrane (green) with graphene (CVD or
pristine) overlaid (dotted line). The test setup allows application of voltage and amperometric measurement with coincident optical or AFM
measurement. (b−e) Schematic illustration of the system in all the states of the system examined in this paper: CVD graphene before delamination
(b), CVD graphene after delamination (c), pristine graphene before delamination (d), and pristine graphene after delamination (e). Orange shaded
areas denote the area of delamination, and red lines indicate the path of current through the system.
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delamination may occur near the voltages at which breakdown
of these systems is commonly observed.
In the experimental part of this work (Figure 1a), we

consider the breakdown of barrier function for both pristine
exfoliated graphene and for CVD graphene laden with
nanopore defects. While both are expected to delaminate,
the behavior of the system after delamination is expected to be
slightly different and bears consideration. In both cases, once
the voltage threshold for delamination is surpassed, the 2D
material is expected to begin delaminating in the area directly
around the pore through the substrate material. In the case of
CVD graphene (Figure 1b,c), as the delaminated patch grows,
the number of exposed defects increases, and the observed
electrical resistance of the system should decrease. As a result,
the voltage under the 2D material is also expected to decrease
with an increased delaminated area, eventually dropping below
the voltage threshold for delamination. This would cause the
delaminated area to stop growing, once it reaches a specific
size. A simple resistive model of this effect can be found in the
Supporting Information. In the case of the pristine material
(Figure 1d,e), there is no decrease in resistance, until the
delaminated area finds the edge of the 2D material. The
delaminated patch is therefore expected to continue widening,
until it finds an edge. At this point, current can begin to flow,
and the voltage under the patch will begin to reduce. From this
understanding, the voltage at the observed breakdown is
expected to be the same for both CVD and pristine graphene,
but the magnitude of current and area of delamination are
expected to differ.
To experimentally probe the barrier function breakdown, we

fabricated suspended graphene (either CVD or pristine
graphene) on SiN devices. Figure 1a schematically shows the
device employed, where a graphene sheet is suspended over a
SiN membrane with a 50 nm ⌀ nanopore, located between two
reservoirs of aqueous salt solutions (1 M KCl), which are both
equipped with a calomel electrode or silver/silver chloride
electrode for voltage control. It is worth noting that, as
opposed to typical graphene transfer protocols, oxygen plasma
treatment of the SiN substrate was performed before transfer
of the graphene to the SiN to render the SiN hydrophilic and
aid in filling of the SiN nanopore with electrolyte.
First, we validate the occurrence of breakdown in our system

via cyclic voltammetry and indeed observe a nonlinear
current−voltage relationship after a voltage threshold is
crossed as previously observed in similar systems by Jain et
al.,18 Liu et al.,9 Feng et al.,10 and Cun et al.8 Results for CVD
graphene in Figure 2 show the strongly nonlinear increase of
the current when the voltage exceeds a threshold value of
∼0.25 V. Subsequent scans (cycles 1, 2, and 3) show roughly
similar responses. It is worth noting that this threshold voltage
is lower than predicted, implying either a higher capacitance or
a lower adhesion strength.
To determine if delamination is occurring concurrently, the

graphene was visualized in situ by in-liquid atomic force
microscopy (AFM) at a series of fixed applied potentials in a
similar range to that used during the cyclic voltammetry
(Figure 3). A raised patch of graphene above the SiN pore can
clearly be seen to appear and disappear with voltage, while the
surrounding pre-existing wrinkles in the CVD graphene layer
remain relatively unchanged. The degree of lifting appears to
depend on the voltage applied as seen by Figure 3a,b showing
the difference between 0 and 0.5 V, Figure 3c,d showing the
difference between 0 and 1.0 V, and Figure 3e,f showing the

difference between 0 and 1.5 V. This clearly indicates that the
application of voltage is causing the graphene to lift from the
surface.

Figure 2. Sample cyclic voltammogram from the CVD graphene on
SiN system. The dramatic increase in current at ca. ±0.25 V
constitutes the discussed breakdown of barrier function. Note that the
current not only increases more steeply at higher voltages but also
becomes somewhat chaotic, sometimes changing dramatically for a
small change in voltage. (inset) The often-reported current response
for a low-voltage sweep, which shows no breakdown. It is worth
noting that cyclic voltammetry results in a nonzero capacitive charging
current at zero volts compared to the sequential fixed voltage
measurements often used in the literature. This current is directly
proportional to the scan rate and goes to zero for fixed voltage
application.

Figure 3. Sequential AFM measurements of changes in CVD
graphene surface profile during various applied voltages. Voltages of
0.5 (b), 1.0 (d), and 1.5 (f) V were used. After application of a given
voltage a subsequent scan is performed at 0 V (a, c, e) shown in the
left column. A raised patch can be seen to appear and disappear with
the application and removal of voltage implying that delamination is
occurring. White circle indicates the area in which the SiN nanopore
lies as validated by SEM imaging (Figure S6). Note that the elevated
features during application of 0 V are a preexisting wrinkle in the
graphene.
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We also note from the AFM measurements that the
delamination of the CVD graphene remains localized in our
system. As mentioned before, we expect this, because, as
delamination progresses, the current through the system may
pass through an increasing number of nanopore defects
reducing the voltage under the graphene. With this under-
standing of the system, it becomes clear that the measured
system conductance for CVD graphene is expected to be
highly correlated with the observed delaminated area. To
expand upon this, some basic modeling of the expected
conductance and correlation to the delaminated area is
included in the Supporting Information.
We empirically determine the correlation between delami-

nated area and system conductance via coincident optical
reflection microscopy and cyclic voltammetry. The delami-
nated area was calculated from the optical data. Figure 4a−e
shows these data for one device, while Figure 4f−j shows it for

another. In particular, Figure 4e,j shows the measured area
plotted against the conductance. A strong correlation is
observed in both cases, providing strong evidence that
delamination is contributing to the observed nonlinear
conductance.
As also observed by the AFM measurements, the local

delamination in our system is strongly influenced by the local
graphene topology, such as wrinkles, which may account for
the heterogeneity within cycles and between different systems.
The continuous and unpredictable formation of unstable, but
sometimes permanent, pathways can explain both the chaotic
behavior and the permanent delamination observed. The
discrete nature of defects in the CVD graphene may also
contribute to the chaotic and steplike changes in current. This
idea is further expanded upon in the Supporting Information.
While the above explains why an increased delaminated area

is often concurrent with an increased conductivity, it does not
prove conclusively that delamination on its own can cause the
observed breakdown of barrier function. Indeed we sometimes
observed an elevated conductance without a direct increase in
the delaminated area. Likewise, an increase in area is not
always immediately followed by an elevated conductance (e.g.,
Figure 4i, 500−600 s). Other possible phenomena such as
nonlinear transport through defects in the graphene or physical
damage to the graphene may therefore also be at play.9,18−20

To test if delamination causes a breakdown in the absence of
other possible causes, devices were prepared with defect-free
exfoliated graphene and tested similarly with cyclic voltamme-
try (Figure 5). In this case, there are no defects, so any

observed breakdown in barrier function necessarily comes
from either the delamination of the graphene or the permanent
physical degradation of the graphene layer.
In these experiments, we indeed see a significant breakdown

in barrier function at sufficiently high applied voltages as well
as a total recovery of barrier function after returning to lower
voltages. While physical degradation of the graphene may seem
to be a likely explanation for the initial breakdown, it would
result in a permanently increased conductance of the system,

Figure 4. Optically determined area of delamination and coincident
conductance of CVD graphene for two devices (a−e, f−j) plotted
both against time (d, i) and against each other (e, j). The strong
correlation shows that delamination often coincides with barrier
breakdown and likely contributes to it. Sample optical data from
region of delamination is also shown (a−c, f−h), and differential
images demonstrate that the effect is local as expected (c, h). White
circle indicates the area in which the SiN nanopore lies as validated by
SEM imaging (Figure S6). The appearance of a dark spot indicates
the formation of a blister of liquid under the graphene. Area of
delamination is approximated by the number of pixels above a
threshold value after normalization and background subtraction. The
top data set shows a device where the graphene appears to delaminate
at high voltage and relaminate at low voltage. The bottom data set
shows a device where the graphene remains delaminated after the
initial delamination event, and the conductance similarly remains
high. Note that the white lines appearing on the optical images are
preexisting wrinkles in the graphene.

Figure 5. Three cyclic voltammograms of the pristine graphene-on-
SiN system. Breakdown is again indicated by a nonlinear increase in
the current at ∼0.25 V, and again the current not only increases more
steeply but also becomes chaotic. In contrast to the CVD graphene
there are no nanopore defects to contribute to the current, and the
reversibility of the breakdown implies that there is no physical damage
to the graphene itself. Therefore, delamination remains the single
explanation for the observed breakdown under these conditions.
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which was not observed. However, in the case of delamination-
mediated breakdown, the increased conductance must be
caused by the reversible opening of a conductive path under
the graphene sheet from the ceramic pore to the edge of the
graphene flake (Figure 1e). We note that the resulting path
must be much longer (Figure S5) than the path under the
graphene observed in the case of CVD graphene, and thus the
increase in conductivity is expected to be less dramatic (see
Supporting Information for expanded explanation). Removal
of voltage will allow this path to collapse and cause the
conductance to recover to its initial level, matching our
observations. Therefore, we take the reversible breakdown of
barrier function in the case of pristine graphene as
confirmation that delamination can be solely responsible for
the breakdown in suspended 2D material systems.
To help diagnose delamination in future experiments we

include below descriptions of three signature features of the
voltammogram produced during delamination. We also include
the alternative explanation for the behavior that each signature
rules out. First, the process must be reversible, meaning that
the same low-voltage conductivity is recovered at the end of
each cycle. If the nonlinear current were caused by the
generation of defects in the 2D material or the SiN membrane,
the current observed at low voltage is expected to increase
dramatically from cycle to cycle, as more conductive paths are
opened. Second, delamination causes steplike changes and an
increased noise in the high-voltage current. This is due to the
discrete nature of the defects exposed by delamination. In the
case of nonlinear voltammograms caused by asymmetric
charge on a nanopore or coulomb blockade, the conductivity
is expected to increase smoothly with voltage. Finally, the low-
voltage capacitance and current noise are comparable to that of
a system without any 2D material. If a bubble in the SiN
nanopore were interfering with the measurement, capacitance
or current noise would be elevated at low voltage.

■ CONCLUSION
We have investigated voltage-mediated delamination of
suspended 2D materials via a graphene on SiN system and
observed the effect of delamination on the breakdown of
barrier function. For both exfoliated and CVD graphene, we
observe breakdown of the system reliably at ∼200 mV. Via in-
liquid AFM, we confirmed that a micron-scale raised blister in
the CVD graphene does indeed occur above the 50 nm SiN
pore at above the breakdown voltage. Next, we found that the
degree of delamination of the CVD graphene is strongly
correlated with the conductance of the system during
breakdown, which indicates with a strong likelihood that
delamination contributes to the breakdown. We then
demonstrated that delamination can be the sole cause of
breakdown by repeatedly inducing and reversing breakdown of
a system made with mechanically exfoliated pristine graphene.
These results show that voltage-mediated delamination needs
to be accounted for when designing systems that utilize
suspended 2D materials. If the barrier function of the 2D
material is critical, steps need to be taken to enhance adhesion
of the 2D material, especially when higher transmembrane
voltages are needed.
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