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Layered systems of 2D crystals and heterostructures are widely
explored for new physics and devices. In many cases, monolayer
or few-layer 2D crystals are transferred to a target substrate
including other 2D crystals, and nanometer-scale blisters form
spontaneously between the 2D crystal and its substrate. Such
nanoblisters are often recognized as an indicator of good adhesion,
but there is no consensus on the contents inside the blisters. While
gas-filled blisters have been modeled and measured by bulge tests,
applying such models to spontaneously formed nanoblisters yielded
unrealistically low adhesion energy values between the 2D crystal
and its substrate. Typically, gas-filled blisters are fully deflated
within hours or days. In contrast, we found that the height of the
spontaneously formed nanoblisters dropped only by 20–30% after
3 mo, indicating that probably liquid instead of gas is trapped in
them. We therefore developed a simple scaling law and a rigorous
theoretical model for liquid-filled nanoblisters, which predicts that
the interfacial work of adhesion is related to the fourth power of
the aspect ratio of the nanoblister and depends on the surface ten-
sion of the liquid. Our model was verified by molecular dynamics
simulations, and the adhesion energy values obtained for the mea-
sured nanoblisters are in good agreement with those reported in
the literature. This model can be applied to estimate the pressure
inside the nanoblisters and the work of adhesion for a variety of 2D
interfaces, which provides important implications for the fabrication
and deformability of 2D heterostructures and devices.
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Two-dimensional (2D) crystals are atomically thin, layered
materials with strong bonding in the crystal plane and weak

bonding via van der Waals (vdW) interactions between the layers
(1, 2). Discovery of 2D crystals has fueled extensive fundamental
and applied research due to their remarkable electronic, me-
chanical, optical, and magnetic properties. Rapidly emerging
experimental and modeling results indicate that mechanical
strains can strongly perturb the band structure of 2D crystals (3–
5). In the nanoscale regime, the vdW interactions between the
monolayer 2D crystal and its substrate can have strong influences
on the mechanical behavior of 2D materials (6–8). Consequently,
the performance of 2D-crystal–based devices relies heavily on
the vdW interfaces. In reality, however, the vdW attraction be-
tween the 2D crystal and its substrate may cause adsorbed am-
bient molecules to lump together in the interface, resulting in
micro- or nanoblisters which often degrade device performance
(9, 10). Interfacial blisters are also frequently seen in vdW het-
erostructures (i.e., stacks of 2D crystals), causing significant
charge inhomogeneity and limiting the carrier mobilities of a
device (1, 2). Alternatively, due to the strong electromechanical
coupling, nanoblisters have been applied for strain engineering
of 2D materials (5, 11). Moreover, interface-confined chemistry
was explored within 2D material blisters leveraging their high
internal pressure (12–19). To either control or avoid blisters for

the 2D materials, it is imperative to understand the formation
mechanism for these nanoblisters and reveal the key parameters.
Many studies have been carried out recently to explore various

aspects of nanoblisters, including the effects of heat (10), blister
content (12), humidity dependence (20), and their shape char-
acteristics (13). Although there is no consensus on whether the
blisters are filled with air, liquid, or solid (21, 22), adhesion is one
of the well-accepted governing parameters for the formation of
blisters. In fact, interfacial blisters have been used as indicators
of good adhesion between the constituents of vdW hetero-
structures (1), since blisters are energetically favorable only when
the adhesion between layers is relatively high. Mechanics models
have been developed and widely used to relate gas-filled blister
profiles to interfacial adhesion (12, 20, 23–25). However, the
subtle nature of the content inside the blisters may render the
assumption of a gas content inappropriate. Direct application of
this ad hoc model has led to unrealistically small adhesion values
for graphene interfaces compared with well-established adhesion
measurements (20).
In this work, we tracked the height of graphene blisters on

SiO2 over the course of 3 mo. Extremely slow deflation of the
blisters was observed, indicating that they are likely filled with
liquid instead of gas content. We therefore developed a scaling
law and a more rigorous analytical model based on the elastic
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membrane theory for liquid-filled nanoblisters. Compared with
gas-filled blisters assuming ideal gas law for the content, the
liquid blister theory assumes that the liquid inside the blister is
nearly incompressible. However, the shape characteristics of the
blister may vary depending on how the liquid interacts with the
membrane and the substrate. Our analytical model is then
compared with molecular dynamics (MD) simulations to provide
a verification from the atomistic level. Like the gas blister theory,
our liquid blister theory can also be utilized to quantitatively
characterize the adhesion properties for the 2D materials based
on the measured blister profiles. Alternatively, the blister shape,
strain, and pressure characteristics can be controlled by tuning
adhesion properties and trapped contents, which provides a vi-
able guideline for the design of 2D material blisters for various
applications.

Results
Shape Characteristics of Blisters. In this work, our experiments
focus on the characteristics of nanoblisters that form at the
graphene–SiO2 and 2D MoS2–SiO2 interfaces, as graphene and
MoS2 are two of the most prevalent 2D materials so far. Addi-
tionally, we find blisters that form when chemical-vapor–
deposited MoS2 is transferred to Al2O3. After mechanically
exfoliating highly ordered pyrolytic graphite (HOPG) onto sili-
con wafer with native SiO2 (26), we identified single-layer
graphene (SLG) areas that show a remarkably large number of
blisters (Fig. 1A). The same procedure was also used to exfoliate
2D MoS2 flakes from its bulk crystal onto SiO2 (SI Appendix, Fig.
S1B). For both samples, monolayer regions were identified using
Raman spectroscopy (SI Appendix, Fig. S1) (27). Blisters trapped
by SLG and few-layer graphene (FLG) in the optical micrograph

appear as light-blue, circular regions, and are scattered throughout
the flake (Fig. 1A, Inset). Using tapping-mode atomic force mi-
croscopy (AFM) (Fig. 1B), we can obtain the height profiles of the
blisters. We denote the center height of the blister by h and its
radius by a, such that the aspect ratio is given as h/a. The height
and radius of the blisters are calculated by curve-fitting the as-
sumed deflection profile for a pressurized membrane,

wðrÞ= h
�
1−

r2

a2

�
, [1]

to the measured data (Fig. 1C). Further information on the
experimental procedure for creating and characterizing blisters
is provided in SI Appendix, section 1. To use the aspect ratio of a
blister as a characterization method, the in-plane shape of the
blister should be approximately circular such that the aspect ratio
is reasonably consistent (see SI Appendix, section 1 for more
information on the characterization of the nanoblister elliptic-
ity). The shape of the blister may become distorted due to its
local environment, causing the aspect ratio to become aniso-
tropic. For example, in Fig. 1B blisters near the edges of gra-
phene are elongated in the direction parallel to the edge leading
to an elliptical instead of circular shape. Blisters with an elliptical
shape can also be found along step edges in the FLG areas.
Focusing on approximately circular blisters, the measured

height vs. radius in Fig. 1D suggests that the aspect ratios of each
type of the blisters are independent of the volume of the blister,
with an average aspect ratio (h/a) of 0.049 ± 0.003 for the gra-
phene–SiO2 blisters, 0.046 ± 0.004 for the MoS2–SiO2 blisters,
and 0.083 ± 0.016 for the MoS2–Al2O3 blisters. A constant as-
pect ratio for a given 2D crystal–substrate pair has also been
observed for other blisters reported in the literature (13, 20),
indicating that the blister aspect ratio is a key dimensionless
parameter for the material system.

Evidence of Confined Liquid. The mechanical behavior of the blister
is not only dictated by the 2D crystal–substrate interaction, but
also by the interactions between the trapped content and the 2D
crystal/substrate. However, so far there is no consensus or direct
measurement of the blister content. While several previous studies
applied the gas models to analyze those blisters (12, 20, 23, 28, 29),
Geim and coworkers (13, 21) strongly advocated that the blisters
are filled with hydrocarbons and liquid water. Emerging obser-
vations in literature imply that the blister content is likely to be
water because those blisters are found to be highly dependent on
temperature (especially beyond 100 °C) and humidity (10, 20). For
example, Cao et al. (22) noted that the number density and size of
blisters at the graphene–HOPG interface were reduced when ex-
foliation was carried out in a low-humidity environment compared
with exfoliation in ambient conditions. In another case, Pizzoc-
chero et al. (10) demonstrated that blister-free interfaces for
heterostructures are possible only when the 2D crystal is trans-
ferred at 110 °C, and suggested adsorbed water is the most likely
candidate for the contents of the interfacial blisters.
Here we monitor the time-dependent behavior of a selected

number of blisters from Fig. 1A. As noted in previous studies,
graphene–SiO2 interfacial blisters pressurized with gas typically
deflate within 10 h for H2-filled blisters, and 7 d for N2-filled
blisters (30–32). Since graphene is impermeable to even the
smallest gas molecules (33), it was concluded that the majority of
the gas content inside the blister escaped through the graphene–
SiO2 interface. Over a period of 92 d, we performed AFM scans
over the same sample using consistent scanning parameters and
cantilever tips. Our data show that the blisters in the SLG re-
gions exhibit deflation at different rates, with some showing little
overall change in their height (Fig. 2), which is drastically dif-
ferent from the time-dependent behaviors of gas blisters. Hence

A B

C D

Fig. 1. Interfacial blisters between 2D crystals and their supporting sub-
strates. (A) Tapping-mode AFM reveals the complex distribution of HOPG-
SiO2 blisters. (Inset) Bright-field optical micrograph where the orange
dashed region corresponds with the large AFM image. (White scale bar:
10 μm.) The red, blue, and black dots indicate where Raman measurements
were taken for SI Appendix, Fig. S2A. The color bar represents 0–17 nm. (B) A
closer look at two monolayer regions from the red dashed region of Fig. 1A.
Blisters close to the edges of the graphene are distorted from the typical
circular shape. The color bar represents 0–13 nm. (C) By extracting the height
profile of each blister, the height and radius is calculated by curve fitting a
parabolic function. (D) Blisters for a specific interface show a consistent as-
pect ratio that is independent of volume.
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our experiment offers evidence against the possibility of gas in-
side the blisters. We therefore suggest that the content inside the
blisters is mostly liquid water, likely mixed with a certain amount
of hydrocarbon contaminants. Following such hypothesis, in the
following we present a liquid-filled blister model and adopt water
as the most likely representative liquid for quantitative analysis.

Modeling. Although 2D crystals are atomically thin membranes,
continuum mechanics has proven to be applicable when bending
is negligible (34–36). We therefore employ an elastic membrane
model to establish a direct relation between the aspect ratio of
the blister and the material properties of the 2D membrane and
substrate. Unlike gas-filled blisters considered in previous works
(23, 29), where the ideal gas law was used to relate the pressure
to the blister volume, we assume that the liquid inside the blister
is nearly incompressible, but the aspect ratio (h=a) may vary
depending on how the liquid interacts with the membrane and
the substrate. We begin by using a simple scaling approach for
determining the properties of axisymmetric blisters. The mem-
brane over a liquid-filled blister of radius a and height h at its
center is subject to a stretching strain «∝ h2=a2 from elementary
geometry. With an in-plane elastic stiffness E2D, the stretching
energy in the membrane scales as Ue ∝E2D«

2a2 ∝E2Dh4=a2. The
bending energy of the membrane is negligible due to the thinness
of the 2D membrane and relatively small aspect ratios. The ad-
hesion energy required to form the blister is simply the energy
change per unit area, Δγ, multiplied by the blister area, which
scales as Ui ∝Δγa2. If the volume of liquid (V ∝ a2h) remains a
constant in the blister, the elastic energy decreases and the in-
terfacial energy increases with increasing a. The competition
leads to an equilibrium blister radius that minimizes the total
free energy (Ue +Ui), with h=a∝ ðΔγ=E2DÞ1=4. The scaling re-
lation for the aspect ratio (h=a) is identical to that for gas-filled
blisters (23, 29). However, the change of interfacial energy is
different. For a gas-filled blister, Δγ is simply taken as the ad-
hesion energy between the membrane and the substrate (Δγ =Γ).
For a liquid-filled blister, considering the interfaces between the
liquid, the membrane, and the substrate, the change of the in-
terfacial energy can be written as

Δγ = γml + γsl − γms, [2]

where γml, γsl, and γms are the energy densities (per unit area) for
the membrane–liquid interface, substrate–liquid interface, and
the membrane–substrate interface, respectively. For blisters
filled with liquid water, the Young–Dupré equations (37, 38)
further lead to

Δγ =Γ− γwðcos θs + cos θmÞ. [3]

In Eq. 3, Γ is the work of adhesion (or adhesion energy) of the
membrane–substrate interface, γw is the surface tension of water
(∼0.072 J/m2) (38, 39), and θs and θm are the water contact
angles of the substrate and the membrane, respectively. Thus,
the scaling analysis predicts the aspect ratio for a liquid-filled
blister as

h
a
=
�
ϕ
Γ− γwðcos θm + cos θsÞ

E2D

�1=4

, [4]

where the dimensionless coefficient ϕ has to be determined by a
detailed analysis (SI Appendix, section 2).
Clearly, by Eq. 4, the aspect ratio of a water-filled blister de-

pends on the elastic property of the membrane, the adhesion of
the membrane to the substrate, and the hydrophobicity of the
membrane and the substrate. In addition, it should also depend
on the shear interactions between the membrane and the sub-
strate in the bonded region surrounding the blister. In previous
studies of graphene blisters (8, 23, 25, 29), the edge of the blister
is often assumed to be fully clamped onto the substrate due to
adhesion and strong shear interactions that prevent sliding along
the interface. However, a recent study (31) found that the shear
interactions can be fairly weak between graphene and its sub-
strate so that sliding may occur at the edge of the blister. As a
result, the elastic deformation of the membrane depends on the
shear interactions with the substrate, which means the coefficient
in Eq. 4 depends on the shear interactions as well. By a simple
membrane analysis (SI Appendix, section 2), we found that
ϕ= 24ð1− νÞ=5ð7− νÞ for the limiting case with no sliding at the
edge, that is, the strong shear limit for the membrane–substrate
interface; ν is the Poisson’s ratio of the membrane material.
Alternatively, ϕ= 6=5 is predicted for the weak shear limit when
the membrane–substrate interface is essentially frictionless. In
this case, the elastic energy in the membrane is reduced by
sliding. Compared with the strong shear limit, the weak shear
limit predicts a larger aspect ratio for the blister, about 20%
higher for graphene (ν= 0.165) in particular.
To further examine the effect of a finite interfacial shear stress

on the aspect ratio of the blisters, we performed a more rigorous
analysis for the liquid-filled blisters following Hencky’s approach
(31, 40). Assuming a finite interfacial shear stress (τ) between the
membrane and the substrate, an annular sliding zone (a< r< ρa)
develops outside the edge of a circular blister where ρ is a di-
mensionless coefficient. The blister radius (a) and the extent of the
sliding zone (ρa) are both determined by minimizing the total free
energy under the condition of a constant liquid volume. For a
given liquid volume (V), we define a length scale as Lw =V 1=3.
The normalized blister radius (�a= a=Lw) can be obtained as a
function of three dimensionless parameters: τ= τLw=E2D,Δγ=
E2D, and ν. The aspect ratio (h=a) can also be derived (SI Ap-
pendix, Eq. S30). It is found that, for a membrane–substrate in-
terface with τ> 0.1 or τ< 10−4, the aspect ratio of the blister
agrees closely with the predictions by Eq. 4 for the strong shear or
the weak shear limit, respectively, especially under small de-
flection (SI Appendix, Fig. S8). In reality, for most 2D membranes,
including graphene on SiO2, the interfacial shear stress is fairly
small as summarized in SI Appendix, Table S1. The weak shear
limit can be used as a good approximation as long as the liquid
volume in the blister or the aspect ratio is relatively small
(a< 300 nm or h=a< 0.1). Moreover, considering the finite lateral
size of the membrane (SI Appendix, Fig. S9), the Hencky’s analysis
is slightly modified to account for the boundary conditions (more
details in SI Appendix, section 2), with which we find that the finite
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Fig. 2. Height measurements of SLG nanoblisters measured over a period of
92 d. All blisters show signs of gradual deflation, which indicates that the
contents of the blister can escape through the SLG–SiO2 interface, but at a
much slower rate than trapped gas molecules.
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size effect is typically negligible as long as the blister is not located
close to the edge of a membrane (allowing ρ> 4).

MD Simulations. As a verification for our analytical model, MD
simulations were conducted to simulate water-filled blisters
trapped between a monolayer graphene membrane and a rigid
substrate (see SI Appendix, section 3 for details). As predicted by
Eq. 4, the aspect ratio of the blister depends on the graphene-to-
substrate adhesion energy (Γ) and the two water contact angles
(θs and θm). For the MD simulations, we set θm to be 60° and θs
to be 40° by selecting proper parameters for the interaction
potentials between water and graphene and between water and
the substrate. The interaction parameters between graphene and
the substrate are varied to simulate graphene blisters with dif-
ferent aspect ratios as a result of different adhesion energy Γ. It
is noted that it may not be possible to fully capture the me-
chanics, wetting, and surface chemistry by using the empirical
force fields in the present study. Fig. 3 plots the MD results in
comparison with the analytical predictions, along with three
snapshots for the trapped water molecules (n = 2,700). When the
adhesion energy is relatively large (Γ > 0.2 J/m2), the water
molecules take the shape of a spherical cap as assumed in the
continuum model. In this case, the aspect ratio h=a increases
with increasing adhesion energy, in close agreement with the
analytical prediction assuming a frictionless interface. As
expected, the results are bounded by the strong shear limit
[ϕ= 24ð1− νÞ=5ð7− νÞ] and the weak shear limit (ϕ= 6=5) for an
infinitely large membrane. The weak shear limit overestimates
the aspect ratio in MD due to the periodic boundary conditions
employed in the MD simulations, and the strong shear limit
underestimates the aspect ratio due to the assumption of no
sliding. Interestingly, for the case of a lower adhesion energy
(Γ < 0.2 J/m2), the top of the blister is nearly flat, and the water
molecules form a distinct bilayer structure instead of a spherical
cap. As a result, the continuum assumption breaks down, and the
aspect ratio becomes nearly independent of the adhesion energy
for the same number of water molecules (n = 2,700). It is found

that the breakdown of the continuum model depends on the
adhesion energy (Γ) and the number of water molecules (n). As
shown in SI Appendix, Fig. S13, for Γ = 0.242 J/m2 the continuum
model remains applicable for n > 1,600. However, for Γ = 0.1 J/m2,
our MD simulations predict a bilayer water structure for n up to
4,500. Hence, for n < 4,500 as limited by the computational cost of
MD simulations, we could not simulate a graphene blister in the
continuum regime for Γ = 0.1 J/m2. Nevertheless, the analytical
prediction based on the continuum model is confirmed by the MD
simulations for the cases when the adhesion energy and the number
of water molecules combine to yield a blister in the shape of a
spherical cap, such as Γ > 0.2 J/m2 and n = 2,700 in Fig. 3.

Discussion and Conclusions
Having verified our theoretical analysis with MD simulations, we
now apply the model to experimentally measured aspect ratio
data to extract the adhesion energy for a variety of 2D material
interfaces, as well as elaborate on the implications of the data for
2D material systems.

Adhesion Energy for 2D Material Interfaces. The family of 2D ma-
terials has grown appreciably in recent years (1, 2). The emer-
gence of each new material brings demands for exploring its vdW
interactions with various types of substrates and 2D materials, as
many exciting applications of these materials come from stacking
them into multilayers and heterostructures. Because of the sig-
nificance of vdW interactions, many experimental studies have
been carried out to measure the adhesion energy of 2D material
interfaces, e.g., pressurized blister (8), buckling-based metrology
(41–43), and double-cantilever method (44, 45), as summarized
in recent review papers (3, 46). However, it is tedious or im-
possible to determine the adhesion energy for every pair of 2D
material interfaces. Based on the present work, we propose that
adhesion energy of a 2D material interface can be readily esti-
mated by measuring the aspect ratio of spontaneously formed
nanoblisters (if present). To calculate the adhesion energy, Eq. 4
is rewritten as

Γ=
E2Dh4

ϕa4
+ γwðcos θm + cos θsÞ, [5]

which suggests that once the relevant material properties are
available, the adhesion energy can be determined by just
measuring the aspect ratio of a blister. We take ϕ= 1.2 by the
weak interface model due to the typically weak interfacial shear
resistance for most of 2D material interfaces (SI Appendix, Table
S1). Note that the strong interface model gives a smaller prefac-
tor (ϕ= 0.6), thus overestimating the adhesion energy. Assuming
water is trapped in the blisters, in Fig. 4, we calculated the gra-
phene–SiO2, MoS2–SiO2, and MoS2–Al2O3 work of adhesion by
using our measurements in Fig. 1. Our values are in reasonable
agreement with values determined in similar systems via alterna-
tive methods (0.1–0.4 J/m2 for graphene–SiO2 and 0.04 J/m2 for
MoS2–SiO2) (32, 47, 48). We attribute our slightly lower adhe-
sion values to: (i) previously neglected, but significant, interfacial
sliding; (ii) the slight amount of contaminants which can influ-
ence the surface tension and contact angle terms for water in Eq.
3; and (iii) the rough substrate surface (197 ± 19 pm in our
sample) which is believed to cause scattering in adhesion mea-
surements with SiO2 (8). For our Al2O3 substrate, the surface
roughness was measured to be 251 ± 10 pm. Notably, nanoblis-
ters found in our samples often exhibit some degree of ellipticity
(SI Appendix, Fig. S2). Therefore, only approximately circular
blisters with minor-to-major axis ratios larger than 0.85 are used
for the adhesion energy calculations. The resulting uncertainty
in adhesion energy is calculated to be at most 1, 1, and 5 mJ/m2
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Fig. 3. Modeling and MD simulations of water-filled blisters. MD simulation
results (circular markers) best agree with our simplified model assuming a
frictionless, sliding interface (modified weak shear). The deviations, especially
under small height or aspect ratio, are attributed to the size limitation of MD,
which can induce discrete behaviors. (Inset) The figure demonstrates how the
shape of the blister changes for different values of the work of adhesion.
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for graphene–SiO2, MoS2–SiO2, and MoS2–Al2O3 interfaces,
respectively.
We further provide a survey of the relevant parameters from

several studies of water-filled blisters in the literature (13, 20, 49).
The material properties used in adhesion energy calculations are
summarized in SI Appendix, section 4. By substituting these values
into Eq. 5, we are able to estimate the interfacial adhesion ener-
gies for a variety of interfaces (Fig. 4, also summarized in Table 1).
If the affinity between the 2D crystal and its substrate is smaller
than the affinity of the 2D crystal to the entrapped liquid, then the
energetically favorable configuration should be the one that
maximizes the contact between the 2D crystal and the liquid. To
achieve this configuration, the liquid would spread out and form a
layered, ice-like structure with almost zero h/a. Our model can
hence predict an upper limit for the adhesion energy of these 2D
material interfaces as Γ≤   γwðcos θm + cos θsÞ (noted as the yellow
region in Table 1). This simple relation also quantitatively offers a
criterion for the interesting observation of room-temperature ice
formation in a 2D nanochannel (50–56). This formula can also
help explain the so-called self-cleaning mechanism (formation of
blisters) which is typically observed at atomically smooth, hydro-
phobic 2D heterostructure interfaces such as graphene–V2O5 (9).
Knowing the adhesion values of various vdW interfaces of 2D

crystals is very beneficial to the fabrication of 2D crystal-based
devices. The fabrication typically involves either exfoliation of
2D layers from bulk crystal or transfer of synthesized 2D crystals
from a donor substrate to a target substrate. Such processes rely
on the competing adhesion energies between the 2D crystal and
its “stamp,” and the various surfaces that it contacts. For ex-
ample, Brennan et al. (43) reported the adhesion of MoS2 to
polydimethylsiloxane is 18 ± 2 mJ/m2, which is relatively weak
compared with the adhesion between MoS2 and SiO2, or MoS2
and graphene, as estimated in Fig. 4. As a result, delivering 2D
MoS2 to those substrates from an elastomeric stamp is
mechanically viable (57–60). Therefore, the adhesion energy
values obtained by our blister metrology (Fig. 4) can help guide
and optimize the transfer of 2D materials.

Implications for Applications of 2D Material Blisters.We conclude by
highlighting some of the implications of our work for the

applications of 2D material blisters. In addition to adhesion
energy, our liquid-filled blister model can also predict the con-
finement pressure, Δp, inside the blisters and the strain distri-
bution in the 2D membrane. The confinement pressure was
previously estimated by capturing pressure-sensitive molecules
trapped inside the blister, studying molecular structural and
conformational changes, and observing the specific chemistry
inside the blister (17, 19). Our model offers a direct relation
between the confinement pressure and the geometry of the
blisters (SI Appendix, section 2), namely

Δp=
1
a

�
ηE2D

h3

a3

�
, [6]

where η ’ 3.1 for a graphene blister with a strong shear interface
and η ’ 1.6 for a weak shear interface. Note that unlike the
adhesion energy, which only depends on the aspect ratio of
the blister, the confinement pressure given in Eq. 6 depends
on the size of the blister and has to be estimated with both the
height and radius known. For a particular 2D material and in-
terface, the aspect ratio (h/a) is a constant and the confining
pressure is inversely proportional to the blister radius. For the
water-filled nanoblisters confined between MoS2 and Al2O3 in
our experiment (e.g., h = 4 nm, a = 50 nm), we estimate the
confinement pressure to be around 7 MPa. Note that the strain
distribution in the blisters can also be estimated based on our
analysis (Eqs. S4 and S5 in SI Appendix, section 2).
Furthermore, in applications of 2D material blisters it is vital

that the blister shape and confinement conditions can be con-
trolled. Eq. 3 provides a direct guidance to the aspect ratio of the
blisters. For a given interface with fixed adhesion, trapping dif-
ferent types of liquids with different surface energies and contact
angles can tune the blister shape and membrane strain. In fact, a
recent study by Neek-Amal and coworkers (12) demostrated the
dependence of the shape of graphene nanoblisters on trapped
substance. Our proposed strategies are also consistent with our
MD simulations in Fig. 3.

Materials and Methods
The monolayer graphene and MoS2 samples were mechanically exfoliated
from their respective bulk crystals onto a 300-nm SiO2/Si substrate. The

Fig. 4. Work of adhesion values for various 2D material interfaces esti-
mated according to blister profiles, including many interfaces found in 2D
heterostructures. Solid markers indicate our own experiments while open
markers are for blisters reported in the literature.

Table 1. Estimation of adhesion energy via blister profiles

Interface type Materials (ref)
Adhesion energy

(mJ/m2)

2D crystal vdW heterostructures MoS2–MoS2 (13) 174 ± 18
G–MoS2 (20) 140 ± 26

MoS2–hBN (13) 136 ± 11
hBN–hBN (13) 129 ± 4
G–hBN (13, 49) 126 ± 20
G–HOPG (22) 86 ± 16

2D crystal on a substrate G-Ice (20) 124 ± 30
G–CaF2 (28) 104
MoS2–Al2O3* 101 ± 15

G–SiO2* 93 ± 1
MoS2–SiO2* 82 ± 1

Graphene interfaces without
blisters

G–V2O5 (9) ≤108

G–sapphire (50) ≤107
G–Mica (51–54) ≤102

G–Si (55) ≤72
G–SiC (56) ≤57

*Data from Fig. 1D; Other data are from water-filled 2D materials blisters
except data from ref. 13, which suggested hydrocarbon and water blister
contents.
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MoS2–Al2O3 sample fabrication and characterization details are in a previous
work (60). Further detail is provided in SI Appendix, section 1.
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