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Mechanical Behavior of Blisters Spontaneously Formed by

Multilayer 2D Materials

Wenxiang Wang, Xiaojie Ma, Zhaohe Dai, Shuai Zhang, Yuan Hou, Guorui Wang,

Qunyang Li, Zhong Zhang,* Yueguang Wei,*

Blisters can form spontaneously when transferring 2D materials on a
substrate because of the small molecules trapped at the interface. Though
extensive works have revealed a characteristic aspect ratio of these blisters by
neglecting the bending effect of the layer, how the bending comes into play
as the layer number increases has not been fully understood. Here, by simply
measuring the profiles of blisters formed by transferred multilayer graphene
and MoS, sheets, the variable profiles of blisters and the transition of their
characteristic shape from a constant aspect ratio to a constant dome curva-
ture are observed. Taking variable profiles of blisters and different characteris-
tics of the interface into consideration, a theoretical model is established, and
the mechanism of such transition is further analytically unveiled. In addi-
tion, based on this theory, the bending stiffness of sheets and the adhesion
energy between sheets and substrates can be obtained simultaneously. This
method is simple but robust, providing a new experimental way to explore

the mechanical behavior of 2D material structures.

1. Introduction

In a range of biological and engineering systems, blisters
form when a thin solid layer separates/delaminates from the
substrate that it adheres to or is brought into contact with a
substrate with some liquids or gases trapped at the layer—sub-
strate interface.'*l Recently, blisters formed by atomically thin
solids—2D materials—have spurred significant interest.[*’]

and Lugi Liu*

Initially, 2D material blisters are consid-
ered as a nuisance in device applications
as they are pockets of contaminants to
obstruct contact between adjacent mate-
rials.’l Recently, extensive efforts have
been devoted to removing these 2D mate-
rial blisters or fabricating 2D material
devices with maximized clean areas./"’
More recently, however, interest in 2D
material blisters themselves arises,™ par-
ticularly because of the considerable strain
and pressure associated with the defor-
mation of the atomic layers that could
be exploited in the tuning of the physical
properties of the layer,> the develop-
ment of high-pressure chemistry,?%?! and
the observation of nano-confined liquid
molecules.??!

Understanding the mechanics of 2D
material blisters is very beneficial to
many of these applications. A simple
analytical model for how adhesion interacts with elasticity
with both bending and stretching effect considered in gas-
filled graphene blisters was first proposed by Yue et al.l?’]
In particular, when the stretching effect dominates over the
bending effect, the aspect ratio (i.e., the height-to-radius ratio)
of the blister is found to be a characteristic parameter that is
controlled by the ratio of the layer-substrate adhesion to the
in-plane stiffness of the layer.[?)l However, the approximation
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of in-plane displacement fields in ref. [23] was later found
not able to capture the radial strain accurately.? A recent
work(?’l has examined that largely improved accuracy could be
achieved by Hencky’s solution that has been widely used!2¢-28!
as well as the analytical models by Dai et al.?%) The pioneering
work by Khestanova et al. revealed the universal aspect ratio
in a number of types of hydrocarbon/water-filled 2D mate-
rial blisters (including graphene, hBN, and MoS,) and further
suggested their potential uses for the elasticity metrology of
2D materials and nanoscale confinements exerting on the
trapped molecules.[% Later, Sanchez et al. developed a simple
analytical model to consider the surface tension of the trapped
liquid contents and the slippage between the sheets and
substrates.’Y) With this, the characteristic aspect ratio of the
blisters was exploited to extract the interfacial adhesion energy
between layers and substrates.3"

Though the characteristic aspect ratio (based on previous
analysis that neglects the bending effect) has been widely
observed in a variety of 2D material blisters,?>3%3U its break-
down is expected when the bending of the thin sheet comes into
play. Scaling analysis using a classical plate theory (in which
bending stiffness is assumed to scale as Et* with E Young's
modulus of the material and ¢ the thickness of the layer) could
suggest bending effect being important when the height of the
blister is comparable to the thickness.?2 However, a detailed
theoretical estimation is elusive since recent experiments have
shown that 2D materials could exhibit much lower bending
stiffness than what the classical plate theory assumed.3334
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Motived by the puzzle and opportunity associated with the
bending behavior of 2D materials, we investigate the mechanics
of blisters made of relatively thick 2D materials (multilayer 2D
materials). We use a water-assisted wetting transfer method
to prepare spontaneously formed blisters in substrate sys-
tems, including graphene/hBN, graphene/SiO,, MoS,/SiO,,
and MoS,/sapphire with the thickness varying from 1.13
to 29.51 nm, 2.83 to 39.40 nm, 2.25 to 1772 nm, and 6.85 to
15.04 nm, respectively. According to the varied profiles of blis-
ters observed in the experiment, the transition from stretching
dominated behavior to bending dominated behavior is revealed.
Besides, we investigate the variable aspect ratio of blisters for
cases with different layer numbers, demonstrating the break-
down of the constant aspect ratio. Furthermore, we propose an
experiment-guided shape function, and further establish the
theoretical model. Based on the mechanical model we present,
the bending stiffness of multilayer 2D materials and the inter-
facial adhesion energy between 2D materials and substrates
(weak or strong shear-strength interfaces) can be obtained
simultaneously.

2. Results and Discussions

2.1. Blisters Formation in Graphene and MoS, Sheets

Graphene, MoS,, and hBN sheets with different thicknesses
are deposited onto SiO,/Si or sapphire substrate via mechanical

Graphene/hBN

a

5.98nm b

500 nm

Figure 1. Preparation of water entrapped spontaneous blisters. a) Schematic diagram of water droplet-assisted transfer process. AFM images of b)
multilayer graphene and hBN sheet on SiO,/Si ) before and d) after transfer. e) Enlarged image of white frame region in (d). Blisters formed at the
interface between multilayer graphene and hBN substrate. Dashed lines in (b)—(d) represent the outline of the graphene (black dotted line) and hBN
sheets (blue dotted line), respectively.
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Figure 2. Characterization of the interface in the region of adjacent blisters and the substance inside the blisters. a) AFM image of blisters formed by
monolayer graphene on an hBN substrate. b) Moiré pattern with periodic length =5 nm in monolayer graphene on hBN. c) TEM image of a liquid cell
between graphene and hBN that is prepared using a 20 wt% NaCl aqueous solution as a transfer agent. d) Diffraction pattern taken from the black line
region in (c). e,f) The results of EDX and the EDX mapping for Na element in blue and green line region in (c), respectively.

exfoliation method. According to our previous work, a water-
droplet-assisted transfer method is employed to prepare spon-
taneously formed blisters.*! Figure 1a shows the schematic
drawing of the water-droplet-assisted transfer process. We use
graphene as an example to discuss the transfer process. First,
the droplet on the PDMS stamp is used as a lubricating agent
to weaken the interfacial adhesion between the graphene sheet
and SiO,/Si substrate. Then, the graphene sheet is successfully
attached to the PDMS stamp through a quick peeling force.
Notably, there are water residuals on the lower surface of the
graphene sheet. Finally, owing to a stronger vdW interaction
between graphene and target substrate (e.g., multilayer hBN
with t > 50 nm), the graphene sheet is successfully transferred
onto an hBN substrate to form graphene/hBN heterostructure.
The corresponding optical images are given in Figure S1 (Sup-
porting Information). Note that there is no orientation control,
and thus the as-fabricated heterostructures exhibit random
stacking orientations between graphene and hBN. As expected,
the water residuals attached to the graphene surface are inter-
calated between the graphene and hBN interface, forming
spontaneous blisters with shape, diameter, and height heavily
dependent on the graphene sheet thickness. Figure 1b—d shows
the atomic force microscopy (AFM) characterization of multi-
layer graphene, hBN sheet before and after transfer as men-
tioned in Figure la. The enlarged AFM image in Figure le
shows the spontaneously formed blisters with round shapes
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formed by multilayer graphene (t= 5.71 nm, the substrate-
caused offset for the bottom layer is about 0.27 nm for gra-
phene/hBN, more information shown in Note S1, Supporting
Information). To clarify the influence of interface slippage in
2D material-substrate on the blister morphology, aspect ratio,
and magnitude of strain accessible within the blister region, we
prepare four types of spontaneously formed blisters including
graphene/hBN, graphene/SiO,, MoS,/Si0,, and MoS,/
sapphire. When the substrate is SiO, and sapphire, respec-
tively,[?7:283136-38] the interface between the 2D sheet and the
substrate is often viewed as the strong-shear limit (the inter-
face between the sheet and the substrate is fully bonded, and
the edge of the blister can be viewed as the clamped boundary).
In comparison, the superlubricity at graphene/hBN interface
accounts for the weak-shear limit (the interface between the
sheet and the substrate is ideally lubricated, and there exists
slip at the edge of the blister).39-*

2.2. Characterization of Blisters-Free Interface and Substance
inside Blisters

Earlier study revealed a thin layer of fluid coexisted with blis-
ters, while the contamination-free interface of the rest of blister
regions was demonstrated.'”l To check the atomic cleanliness
of graphene/hBN interface in the blister-free regions, herein,

© 2022 Wiley-VCH GmbH
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Figure 3. Morphology analysis of spontaneous blisters. a—c) AFM images of spontaneous blisters formed by graphene sheets with the thickness of 5.71,
8.79, and 29.51 nm, respectively. d) Normalized blister profiles in (b). The black and red lines correspond to a membrane-like shape with =1and a
plate-like shape with o= 2. The relevant parameters describing blister morphology include blister height h, radius a, the distance from the center r, and
out-of-plane deflection w(r). e) The relationship between the aspect ratio (h/a) and radius (a) with the increase of graphene layers, where black and red
dashed lines correspond to membranelike and platelike, respectively. The data of black box is h/a of blisters formed by monolayer graphene on hBN.%

we employ friction atomic force microscopy (f-AFM) to char-
acterize the moiré pattern of graphene/hBN heterostructures.
Figure 2a shows that the typical AFM images of blisters of mono-
layer graphene/hBN heterostructure. The hexagonal-shaped
moiré pattern with periodic length =5 nm in Figure 2b dem-
onstrates the atomic cleanness of the interface in the region
of adjacent blisters.12#243] The relative rotation angle (¢) for
graphene/hBN heterostructure can be further derived from the
(1+6)a

2(1+6)(1—cosg)+ 6
moiré patterns, J is the ratio between lattice constant (0.018),
a is the lattice constant of the graphene (0.246 nm).* Com-
paratively, for graphene/SiO,, MoS,/SiO,, and MoS,/sapphire
systems, rather than the employment of the fAFM technique,
we assume the atomic contact in the region outside blisters.
Furthermore, to demonstrate that the blisters are filled with
water molecules, a liquid cell for transmission electron micro-
scope (TEM) based on entrapment of a liquid film between
graphene and hBN is prepared using a 20 wt% sodium chlo-
ride (NaCl) aqueous solution as a transfer agent instead of pure
water illustrated in Figure 2c. The twist angles (¢ = 13°) and
atomic cleanness of interface of graphene/hBN in the blister-
free regions are demonstrated by two sets of hexagonal diffrac-
tion spots using selected area electron diffraction (SAED) in
Figure 2d. Moreover, elemental analysis using energy disper-
sive X-ray (EDX) spectroscopy (Figure 2e) and the EDX map-
ping (Figure 2f) indicate the presence of chlorine (Cl), sodium
(Na), and oxygen (O) elements inside the blisters (blue frame
region in Figure 2c) and Na element evenly distributed in the
blister (green frame region in Figure 2c), respectively, further

following form: A= where A is the length of
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convincing the fact that the water molecules are trapped
inside the blisters during the water-assisted wetting transfer
process.*’!

2.3. Simultaneous Measurement of Bending Stiffness
and Interfacial Adhesion Energy

The tapping mode of AFM is used to characterize the topog-
raphy of the spontaneously formed blisters. Figure 3a—c shows
the experimental observations of spontaneous blisters formed
by graphene sheets on hBN substrates with different mor-
phologies. Once increasing the thickness of the graphene layer
from 5.71 to 29.51 nm, the transition from polygonal to circular
blisters is observed. Specifically, for thinner graphene sheets
(e.g.,t = 5.71 nm) shown in Figure 3a, the triangular blisters
with straight edges associated with visible wrinkles emanating
from its vertices are common and coexist with spherical blis-
ters. Based on the nonlinear continuum model proposed by
Zhang et al.,®! the straight-edged blisters are attributed to the
development of compressive hoop strain near the periphery
of the blister, triggering the nucleation of wrinkles due to the
sliding of the blister boundary. However, with the increase of
graphene thickness, the geometrical shapes of blisters exhibit
a significant change from polygonal to quasi-circular. The
dependence of blister morphology on graphene layer thickness
implies the change of ability to resist out-of-plane deformation.
Such variation further indicates that the bending deformation
of sheets cannot be ignored for thick graphene spontaneously
formed blisters.

© 2022 Wiley-VCH GmbH
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For simplicity, we mainly focus on approximately round-type
blisters. Previous work has suggested the following function to
describe the shape of a circular blister!?!

w(r):h(l—;—zz) 1

where w(r) is the out-of-plane deflection profile, h is the blister
height, a is the blister radius, and ris the distance from the
blister center, & = 1 denotes the membrane-like behavior and
o = 2 denotes the plate-like behavior. Specifically, for the pres-
surized blisters, the deflection profiles of blisters can be switched
from plate-like (the red line in Figure 3d) to membrane-like
behaviors (the black line in Figure 3d) through tuning the
applied pressure difference across the membrane.[?*32 Herein,
by normalizing the out-of-plane deflection of each spontaneous
blister by its central height, and the radial positions by its radius,
we can observe that the height profile conforms to membrane-
like form for blisters formed by few-layered graphene (t = 1.13
or 441 nm) shown in Figure S3 (Supporting Information). In
contrast, the collapsed deflection profiles for most of the blisters
cannot be well described solely by either membrane-like or plate-
like power form, but lie between these two limits (Figure 3d).

In the earlier work, the aspect ratio is demonstrated as a con-
stant for monolayer 2D materials (e.g., graphene, hBN, MoS,)
formed spontaneous blisters on the specific substrate (h/a =
0.11 for monolayer graphene on hBN shown in the black box
in Figure 3e), which is independent of the volume of the blis-
ters.?% Such constant aspect ratio of spontaneous blisters for
a given 2D materials/substrate implied the energy competition
mechanism between elastic energy and interfacial energy. More-
over, the specific aspect ratios of blisters are varied according
to different types of substrates and 2D materials, showing a
dependence on the elastic properties of 2D materials, interface
energy as well as the surface tension of the entrapped liquid
contents.BY Generally, the contribution of bending energy in
spontaneously formed blisters is ignored due to the extra-large
Foppl-von Karméin number for monolayer 2D materials.*! In
our experiment, we observe that h/a keeps a constant for blis-
ters formed by graphene sheets with few layers, but generally
scatters as the layer number increases, tending to the limit of
a constant h/a? (Figure 3e), which implies that the dome curva-
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ture, the curvature in the center of the blisters, is approximately
a constant.

To quantitatively describe the variable profiles of blisters, we
propose a collective shape function

RERIEEE EO)

where S, ranging from 0 to 1, is determined by fitting each
blister profile with the above formula. As illustrated in
Figure 4a, the shape of the blisters could be described well by
Equation (2) with fitted S values. Figure 4b shows the distribu-
tion of geometric parameter f and the corresponding adjusted
R-squared which is steadily larger than 0.95.

As stated earlier, the formation of spontaneous blisters
reflects the energetic competition between the elastic energy of
the deformed multilayer 2D materials and the interfacial energy
associated with vdW interactions between 2D materials and
substrates.[?>2%731 Based on Féppl-von Kdrmin equations and
minimization of the total free energy, we theoretically deduce
Equation (3) (see the Supporting Information for more details)

4 2

A)/:Z;Eth—‘t+Dnh—4 (3)
a a

where Ay is the energy densities (per unit area) between 2D
materials and substrates, ¢, E, and D are the thickness, Young’s
modulus, and bending stiffness of 2D materials, respectively. {
and 7 are functions of Sand v (the Poisson’s ratio of the sample)
(see the Supporting Information for more details), which are
illustrated in Figure 4c by taking graphene as an example with
v=0.165. The transformable { and 7 further indicate the neces-
sity to introduce geometric parameter S to describe the profile of
blister, instead of merely choosing a certain unified power form.

To clarify the contribution of bending stiffness of 2D mate-
rials on the profiles of blisters, we take the linear fitting equa-

4 2
tion by taking ¢ E" as the ordinate Y and nh—4 as the abscissa
a

a4

X. Given the fact that Young’s modulus E of 2D materials could
be easily measured with the help of nanoindentation*! or blister
testes,[32l both D and Aycould be extracted simultaneously as an

Graphene: v=0.165
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a'’ “ b Som, o ¢ Cist 0
Graphene/h-BN . 3" ° e, ° 8 8 2 1 .
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Figure 4. a) A shape function w/h = B(1 - (r/a)?)?+ (1= B)(1 = (r/a)?) could describe the profile of spontaneous blisters well as S varies from 0 to 1.
b) The distribution of geometric parameter fand corresponding adjusted R-squared from the AFM data fitting of multilayer graphene blisters’ profiles
according to Equation (2). The data are in the case of multilayer graphene on the hBN substrate. ) The dependence of {'and 77 on S for two limits in

case of multilayer graphene membrane with v=0.165.
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Figure 5. Bending stiffness and adhesion energy measured by spontaneous blisters. a) X, Y, and the corresponding linear fitting line obtained by
analyzing 33 graphene blisters with a thickness of 29.51 nm (N = 86) according to Equation (3). b) Bending stiffness of multilayer graphene on an
hBN sheet (red marker) and SiO,/Si (green marker) measured by our experiments. c) Bending stiffness of multilayer MoS, on SiO,/Si (blue marker)
and MoS, on sapphire (yellow marker). The gray marker in (b) and (c) referring to the bending stiffness of graphene, MoS, sheets measured by gas
pressurization method. d—-g) The adhesion energy of interface for multilayer graphene on hBN, multilayer graphene on SiO,/Si, multilayer MoS, on
SiO,/Si, and multilayer MoS, on sapphire, respectively. The gray marker in (d)—(f) referring to the interfacial adhesion energy of monolayer graphene,

MoS, on hBN or SiO,.

opposite number of the slope and the vertical intercept, respec-
tively. Taking multilayer graphene with a thickness of 29.51 nm
as an example, the derived bending stiffness and the energy
densities between multilayer graphene and hBN substrate are
45 x 107 N m and 62.2 m] m™2, respectively, based on the
data of 33 blisters (v and E as 0.165¢) and 0.939 TPal*%). The
detailed linear fitting process is shown in Figure 5a. Figure 5b
summarizes the dependence of bending stiffness (D) for mul-
tilayer graphene sheets as a function of layer thickness. Con-
sistent with previous expectations, the bending stiffness shows
a significant growth trend as thickness increases. The specific
bending stiffness at a given thickness was lower than that
predicted by conventional thin plate theory in terms of D o £
relationship. But the results are still consistent well with our
previous results based on the pressurized bulge tests,?2 where
the scattered data are located within the region bounded by two
theoretical limits, De<t® (perfectly glued interlayer interface)
and De<t (ideally lubricated interlayer interface). The observed
softening of bending stiffness could be attributed to interlayer
shear and sliding.??3+450 Furthermore, the derived bending
stiffness of multilayer graphene sheets shows independence on
the interface shear mechanics. The universality of our method
is further confirmed by the results of multilayer MoS, blisters
shown in Figure 5c.

Revisiting Equation (3), we reveal the mechanism of such
mechanical response of blisters from stretching-dominated
mode to bending-dominated mode as presented in Figure 3e.
In detail, for the cases of graphene sheets having t < 4.41 nm, D

. h 5 h_(ay)"
is so small that ¢Ft— - nD— . Therefore, Z= 27| isacon-
a a a \GEt
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stant independent of blister radius a. As sheet thickness further
increases, it can be observed that h/a becomes highly scattered
rather than a constant, implying that the effect of bending stift-
ness on the blister profile arises. Moreover, for the case with

4 2

t > 19.10 nm, gEtZ_“ < "DZ_“’ and h/a is gradually positively

correlated with blister radius a until a new limit relationship
1

presented, ﬂz E(ﬂJZ . This phenomenon further implies that
a nD

the contribution from the bending term has to be considered

explicitly for the multilayer graphene spontaneously formed

blisters.

It is well known that the interfacial adhesion is not only
beneficial to guide the growth of 2D materials and the effi-
cient transfer from a donor substrate to a target substrate
to fabricate various 2D material based vdW devices,*>>1>%
but also a prerequisite to extract the intrinsic mechanical
parameters (e.g., bending stiffness) of 2D materials through
stepping methodology.[3*34 Experimentally, several methods
have been developed to measure interfacial adhesion energy
between 2D materials and its supported substrates, such as
pressurized blister,?”>3 buckle metrology,>* and double-
cantilever beam fracture mechanics testing.l The interfacial
adhesion energy shows dependence on the layer thickness as
well as the atomic smoothness of substrates. For example,
the interfacial adhesion energy for monolayer graphene on
Si0,/Si substrate was around 0.45 ] m 2%l The interfacial
adhesion energy decreases with the increase of thickness for
samples on SiO,/Si substrate with great roughness,’® indi-
cating the non-trivial pinning effect. For a gas-filled blister,

© 2022 Wiley-VCH GmbH
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Ayis simply taken as the adhesion energy between 2D mate-
rials and substrate. However, for a water-filled blister, various
interfaces due to the presence of water, 2D materials, and
the substrate need to be considered. According to Young's
equation, the adhesion energy can be obtained from![3!

T'=Ay+7, (cosb, +cosb,) )

where T is the work of adhesion (or adhesion energy) of the
2D materials—target interface, ¥, is the surface tension of water
(=0.072 ] m%), and 6,, and 6, are the water contact angles of the
2D materials and the substrate, respectively.l3!

Interestingly, the adhesion energy I' displays different
trends for hBN, SiO,/Si and sapphire substrates shown in
Figure 5d—g. Surprisingly, for the graphene/hBN system, the
extracted interfacial adhesion energy (95.36— 14716 m] m™)
shows independence on the layer thickness, agreeing well
with the values reported in the literature (110.1-156.2 m] m™2
for graphene/hBN).’58 In addition, Figure 5e-g shows the
apparent decreased trend of interfacial adhesion energy for
graphene and MoS, sheets with the increase of layer thick-
ness, respectively. Such a downward trend is well consistent
with the earlier report,?l and the values are in the range of
87.29— 100.50, 83.54— 90.45, and 106.9— 111.9 m] m~2 for gra-
phene/SiO,, MoS,/Si0,, and MoS,/sapphire, respectively.
We attribute the discrepancy of interfacial adhesion energy to
the effect of substrate roughness and interfacial interaction
between substrate and transferred materials. Specifically, the
surface roughness of hBN (R; = 0.28 nm) is about one third
of Si0,/Si (R, = 0.86 nm) by AFM characterization, indicating
the pinning effect is indistinguishable for atomically smooth
hBN substrate. Similarly, the relatively small surface rough-
ness (R, = 0.37 nm) of sapphire substrate implies that the
pinning effect is negligible for MoS,/sapphire system. It is
worth noting, however, the derived interfacial adhesion energy
between MoS,/sapphire is higher than that of MoS,/SiO,,
further indicating the strong interfacial interaction due to the
dangling bond within sapphire surface. Consequently, besides
the surface roughness, the interfacial interaction affects adhe-
sion energy greatly.

3. Conclusion

In this paper, we fabricate spontaneous blisters formed by
graphene and MoS, sheets using a facial water-assisted wet-
ting transfer method. The atomic cleanliness of the interface
in the blister-free regions and the blisters filled with water
molecules are demonstrated by fAFM and EDX, respectively.
On the basis of an experiment-guided shape function and the-
oretical analysis, the effect of 2D materials thickness on the
morphology of spontaneous blisters in terms of blister shapes,
profiles, and aspect ratios are systematically investigated.
Meanwhile, we determine the bending stiffness of multilayer
2D materials and the adhesion energy between multilayer
2D materials and substrates, simultaneously. The method
is fast, easy, but robust, adding an alternative experimental
way to detect unusual mechanical properties of such atomic
structures.
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4. Experimental Section

Materials Preparation: The wafers (285 nm SiO,/Si substrates) with
=1 X 1 cm? sizes were cleaned by ultrasonic in acetone, isopropyl alcohol,
and deionized water for 15 min, and dried in air. Sheets of graphene,
hBN, and MoS, were mechanically cleaved from the surface of their
bulk by Scotch tape peeling. To prepare large-area 2D sheets, the wafers
were processed by oxygen plasma (CPC-A, CIF) for 4 min and additional
heat treatment. Suitable graphene and MoS, sheets were identified by a
combination of optical microscopy and AFM.

Blisters Preparation: Spontaneous blisters were prepared using a water-
assisted wetting transfer method in ambient air.*® The PDMS solution
was made by using a mixture of Sylgard 184 prepolymer and curing agent
with a 10:1 wt% ratio and then cured at 80 °C for 2 h in a vacuum dryer.
The PDMS thin film was cut into 3 x 3 mm pieces and attached on a glass
slide due to the polarity of the group (such as Si—OH, Si—O bond, and
amino group). The slide with PDMS was attached to a micromanipulator.
Then, PDMS having water droplet was slightly contacted 2D materials
(Figure Slc, Supporting Information) to form the structure of PDMS/2D
materials/SiO,. Due to the stronger wettability of water with SiO,/Si, the
water would infiltrate into the 2D materials and the SiO,/Si substrate,
thus breaking the interaction, so the 2D material can be successfully
transferred to the PDMS film when the PDMS stamp was quickly peeled
off by lifting the stage. It should be noticed that the PDMS must contact
2D materials first to ensure the integrity of 2D materials. In parallel, a
small part of water droplets would adhere to the surface of 2D materials
together to be raised. Thanks to a stronger vdW interaction between 2D
materials and target substrate, 2D materials were easily transferred from
PDMS to target substrate. Water droplets attached to 2D materials were
trapped between them, forming spontaneous blisters.

AFM Characterization: The AFM (Asylum Research Cypher) was used
to obtain atomic-resolution images and moiré pattern images (SiNi
tip with resonance frequency: 10 kHz, stiffness: 0.06 N m™, and length
of the cantilever: 200 um). The AFM (Multimode 8HR, Bruker) in the
standard tapping mode was used to measure the topography of the
spontaneous blisters, including the height profile. RTSEP-300 silicon tip
was selected as the probe with a resonance frequency of 300 kHz and
stiffness of 40 N m™". And the scanning frequency was 1 Hz.

TEM Characterization: TEM images and SAED were conducted in a
field emission FEI Tecnai G2 F20 microscope (FEI, USA) operated at
200 kV. The electron flux rate in the experiments ranged from 4000 to
12 000 electrons A2 7.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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