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Highlights
Gases, liquids, and solids trapped
underneath 2D materials deform the
atomically thin material into micro-
and nano-bubbles. Bubbles can form
spontaneously or in controlled manners.
Direct and indirect methods were used
to probe the chemical contents inside
these bubbles.

There are a vast number of combinations
possible for the 2D materials and
When 2D materials are supported by substrates, matter trapped at the interface
can coalesce to form nano- and microscale bubbles. These bubbles often nega-
tively impact the performance of 2D material devices as they impede charge/
photon/phonon transport across the interface. The difficulties created by these
bubbles spurred research to understand how they form, whether their formation
can be controlled, and what kind of matter is trapped inside them. These 2D
material bubbles have since been exploited for novel chemistry and physics
because of their ability to pressurize the trapped matter and strain the confining
2D material. The fabrication, characterization, and applications of 2D material
bubbles are summarized in this review.
trapped matter that form the bubble,
which makes these bubbles a versatile
platform for exploring rich nanoscale
phenomena.

Bubbles are conducive for creating con-
fined and pressurized environments to
trap chemicals and induce chemical re-
actions at high temperature. Atomically
thin 2D materials allow for the in situ
transmission electron microscope (TEM)
observation of these chemical reactions.
Bubbles also alter the physical properties
of the 2D materials due to the nonuni-
form strain fields they can generate.
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Bubbles Made from 2D Materials
2D materials constitute the thinnest materials possible with thicknesses limited by the size of the
atoms that make up their structures. Individual sheets of 2D materials are easily exfoliated from
their naturally forming bulk crystals due to strong, in-plane covalent bonding within the sheet and
relatively weak out-of-plane van der Waals (vdW) bonding (see Glossary) across sheets. Since
the discovery of exfoliated graphene [1], the family of 2D materials has expanded to include 2D
crystals synthesized by chemical vapor deposition (CVD) [2], amorphous 2D materials [3], 2D poly-
mers [4], andmore. These atomically thin sheets, eachwith unique electronic,mechanical, and optical
properties, present a myriad of possibilities as they are stacked and rotated to form layeredmaterials,
the properties of which could be drastically different from the properties of the individual layers [5,6].
The performance of these materials greatly depends on the quality of their interfaces. For most 2D
material devices, the interface should be atomically clean, such that no foreign matter obstructs con-
tact between adjoining materials [7]. However, ensuring the cleanliness of 2D materials at the atomic
scale remains a grand challenge. Nanoscale pockets of trappedmatter, herein referred to as bubbles,
often form after a 2Dmaterial is laminated onto a substrate [8,9]. The discovery of 2Dmaterial bubbles
has inspired numerous studies to understand how they form, the phase and chemical composition of
the trapped matter, and their possible use in chemistry, physics, and even devices.

Methods for Fabricating 2D Material Bubbles
Spontaneously Formed Bubbles
The most ubiquitous bubble fabrication method in the literature is the layering of 2D materials to
trap molecules naturally adsorbed on their surfaces (Figure 1A) [10–14]; bubbles generated this
way are referred to as ‘spontaneously formed bubbles’. In general, this fabrication method starts
with a 2D material supported by a stamp (i.e., a donor substrate), as well as a target substrate
onto which the 2D material is transferred (Figure 1A,i). When exposed to ambient conditions,
adventitious contamination adsorbs onto the surfaces of clean 2D material and substrates
(Figure 1A,iia) [15]. The stamp and target substrate are then brought into contact (Figure 1A,iii).
After releasing the stamp, the 2D material is transferred onto the substrate given appropriate
interfacial adhesions. The vdW attraction between the 2D material and substrate seals the inter-
face and aggregates the interfacial contamination into bubbles (Figure 1A,iv) [13]. The sample
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Glossary
Adventitious contamination: the
adsorbed contamination that
accumulates on surfaceswhen exposed
to ambient conditions.
Direct-to-indirect band gap
transition: the transition in the
electronic structure of a material such
that electrons hopping from the valence
band to the conduction band require a
change in momentum, typically from the
electron–phonon interactions.
Elastocapillarity: the situation in which
capillary forces from liquids are relatively
large enough to cause elastic
deformation in solid structures.
Laplace pressure: the pressure
differential across a curved interface or
surface.
Ostwald ripening: the spontaneous
thermodynamic process in which
smaller particles diffuse into larger
particles.
Pseudomagnetic field (PMF): the
nonuniform strain distributions in 2D
materials that affect the transport
properties of the electrons, analogous to
the effect a magnetic field applied
perpendicularly to the graphene basal
plane would have on those electrons.
van der Waals (vdW) bonding: the
attractive force between two bodies that
varies with the separation of the two
bodies in consideration. The forces that
give rise to vdW bonding result from
fluctuating dipole interactions between
atoms that constitute the neighboring
bodies.
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Figure 1. Summary of 2D Material Bubble Fabrication Methods. (A,i) A stamp carrying a 2D material. The 2D
material traps substances that have either adsorbed (A,iia) or been intentionally introduced (A,iib) at adjoining surfaces
After the 2D material is stamped onto the substrate (A,iii), the van der Waals adhesion between the 2D material and
the substrate forces the interfacial fluid to coalesce into bubbles (A,iv). (B) Matter is introduced into the 2D material–
substrate interface by bombarding the surface with charged particle irradiation (B,a), immersing the sample in a
desired fluid (B,b), or by introducing a gaseous chemical, such as water vapor, into the environment in which the
sample is stored (B,c). (C) Matter already trapped at the interface is manipulated to form bubbles. Voltage-induced
hydrolysis produces H2 below the graphite surface to create gas-filled bubbles (C,a). A biased atomic force
microscope (AFM) tip locally aggregates H2 trapped in the graphene/Ge(110) interface, allowing for the precise contro
of where the bubbles form (C,b). ClF3 trapped in the graphene/SiO2 interface rapidly vaporizes when the area is
excited with a laser, creating a gas-filled bubble (C,c). (D) Graphene is placed on an SiO2 microwell to form a
drumhead, which deforms into a bubble by either changing the pressure inside of the drumhead, pi, relative to the
environmental pressure, pe, (D,a) or by applying an electric field (D,b). Abbreviation: HOPG, highly ordered pyrolytic
graphite.
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may be processed further with thermal annealing to allow continued aggregation of the trapped
contamination [8]. The cleanliness of the bubble-free regions of the interface remains contested;
some studies suggest that the formation of bubbles indicates that the rest of the interface is clean
and contamination-free [11,16], while others demonstrated that a thin layer of fluid could coexist
with the bubbles in the interface [17,18]. The chemical nature of the bubble contents may also be
designed by drop-casting a solution of the chemical of interest onto the substrate surface before
stamping the 2Dmaterial (Figure 1A,iib) [19]. Nanoparticles can be added to the liquid to trap solid
matter inside the bubbles as well [20]. Bubblesmay also emerge in substrate-supported flakes as
the flake degrades over time. In black phosphorus, the formation of bubbles has been attributed
to the degradation-induced hydroxyl groups, which allow ambient contents such as water
molecules to diffuse into the interface [21,22]. Transition metal dichalcogenides (TMDs) have been
observed to form degradation-induced bubbles at different rates, depending on the material type,
with MoS2 having the longest ambient stability among the studied TMDs [23,24].

Induced Bubbles
In contrast to spontaneously formed bubbles, 2D material bubbles can also be intentionally
induced in cases where the 2D material pre-exists on a desired substrate and a foreign liquid
or gas is intercalated through the flake–substrate interface or across the membrane
(Figure 1B). Exposing the substrate-supported flake to charged particle irradiation produces bub-
bles filled with the irradiated matter (Figure 1B,a). This method allows for a variety of trapped mat-
ter, including noble gases and H2 [25–29]. Samples exposed to noble gas irradiation formed
bubbles of varying sizes, with lateral dimensions ranging from a single atom [27] up to a few mi-
crons [25,28,30]. For bubbles fabricated using proton irradiation, Tedeschi and colleagues hy-
pothesized that protons accelerated towards the 2D material penetrate through the basal
plane. These intercalated protons form hydrogen molecules following the 2H+ + 2e– → H2 reac-
tion, where a ground contact to the sample supplies electrons for the reaction [25,31]. Alterna-
tively, liquid or gas molecules could diffuse through the flake–substrate interface to form
bubbles [17,32]. Kim and colleagues submersed graphene/SiO2 samples into chloroform to cre-
ate bubbles and speculated that the liquid penetrated through point defects, cracks, or through
the sides of graphene to form inhomogeneous clusters (Figure 1B,b) [33]. Gaseous chemicals
have also been hypothesized to travel through defects and edges of substrate-supported 2D
materials (Figure 1B,c). Water-filled bubbles formed when graphene/SiO2 samples were stored
in high relative humidity environments [34]. Similarly, Lu and colleagues formed graphene bubbles
on a Ru(0001) by introducing 90 Langmuir (L) of O2 gas into the ultra-high vacuum chamber in
which the sample was stored at an elevated temperature of 550 K [35].

Instead of introducing new materials to the interface, substances that are already trapped in the
interface can be utilized to inflate the bubbles (Figure 1C). Water existing in the bulk of graphite
has been hydrolyzed into gas-filled bubbles through voltage-induced water splitting (Figure 1C,a).
The content of these bubbles can either be H2 or O2, depending on whether the graphite is set as
the cathode or anode [36]. In another example, voltage applied through an atomic forcemicroscope
(AFM) tip near the surface of CVD graphene on Ge(110) locally aggregated hydrogen confined in the
interface to form H2-filled bubbles with controllable size and shape (Figure 1C,b) [37]. Additionally,
laser irradiation is capable of actuating confined chemicals. Lee and colleagues exfoliated graphene
from highly ordered pyrolytic graphite (HOPG), which had been chemically treated to intercalate ClF3
between the graphite layers, onto an SiO2/Si substrate. When irradiated with a 532-nm laser, the
interface-confined ClF3 sublimated and elastically bulged the graphene to form a bubble
(Figure 1C,c) [38]. Laser irradiation has also been used to create graphene bubbles filled with liquid
nitrogen [39]. The 2D crystals suspended over microcavities (referred to as ‘drumheads’ because of
their likeliness to the musical instrument) also respond to external stimuli to form bubbles. These
Trends in Chemistry, Month 2020, Vol. xx, No. xx 3
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drums could be inflated by pressure (Figure 1D,a) [40,41] or actuated through an electrical field
(Figure 1D,b) [42].

Characterization of Bubble Content
Indirect Evidence
Characterizing bubble content is essential to understand how the trapped matter influences the
chemistry and physics of 2D material bubbles. Due to the micro- and nanoscale size and
extremely small volume of these bubbles, it is difficult to directly characterize the trapped matter
via chemical analysis techniques like mass spectrometry. Moreover, the chemical diversity of the
trapped matter, which is influenced by the fabrication method and environmental conditions,
adds difficulty in characterizing the content of these bubbles. Indirect observations, however,
could circumvent these difficulties and provide insights into the composition of the trappedmatter
and the conditions under which these bubbles form.

One method of inferring the type of matter that gets trapped in 2D material bubbles is to under-
stand the chemical composition of thematter that rests on the surface of the 2Dmaterial and target
substrate prior to assembly (Figure 2A). This line of reasoning assumes the surface matter un-
changeably becomes the content of the bubbles after the surface becomes the interface.
Various studies have shown that water and hydrocarbons readily adsorb onto the surface of 2D
materials in quantities large enough to affect the macroscopic wetting behavior of their surfaces
[10,15,43], making these chemicals likely candidates for the trapped matter. Additionally, if poly-
mers are involved in the transfer process, either as stamps or adhesives to exfoliate monolayers
from a bulk crystal, the surface and interface of the 2D material can be contaminated with polymer
residues [44].

The shape and areal density of the bubbles depend heavily on the environmental conditions,
namely humidity and temperature, under which the sample is fabricated. Cao and colleagues
claimed that graphene/HOPG bubbles trapped adsorbed water on the surface of HOPG, allowing
for the visualization of nanometer-scale water droplets [45]. The number of graphene/HOPG
bubbles in a given area depended on the relative humidity of the ambient environment in which
graphene was layered onto HOPG. Fabricating these bubbles in a dry environment resulted in
fewer bubbles, suggesting that the content of the bubbles was water (Figure 2B) [45]. Similarly,
the number of bubbles formed in a given area has been used to infer the type of gas trapped in
graphene/graphite bubbles formed through electrolysis [36]. The temperature of the environment
affects the formation of bubbles as well. Pizzocchero and colleagues observed that bubbles
were less likely to form when graphene was layered onto hBN at temperatures above 110°C
(Figure 2C) [13]. The authors suggested that the contents of these bubbles are likely water because
the temperature required for bubble-free transfer is close to the boiling point of water.

Physical manipulation of the bubbles, ranging from deflating, poking, scratching, and bursting, is
another intuitive way to probe bubble content. Deflation rates of the bubbles, measured by the
change in bubble height and radius, depend on the phase and types of chemicals trapped in
the bubble, as larger trapped molecules may require more time to diffuse through the interface.
N2-filled drumhead bubbles were found to deflate completely over the course of 7 days [46],
while bubbles pressurized with liquid remained inflated for 6 months or more [47,48]. When
substrate-supported bubbles were scratched with a sharp AFM tip, some of the liquid content
escaped through the tear, while some remained as the torn edges of the 2D crystal re-adhered
to the substrate, validating the fluidic nature of the confined material (Figure 2D) [16]. Bubbles
can burst without external probing due to an overabundance of internal pressure as well.
Pressure inside the bubble can build up through voltage-induced hydrolysis, causing the 2D
4 Trends in Chemistry, Month 2020, Vol. xx, No. xx
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Figure 2. Indirect Methods of Determining Trapped Matter. (A) Atomic force microscopy (AFM) topographic images
comparing the same region of MoS2 immediately after the flake was exfoliated (left) and after the flake had been exposed to a
high relative humidity (RH) environment. (B) AFM topographic images comparing a graphene/graphite sample fabricated in
ambient conditions (left) with a different graphene/graphite sample prepared at low RH (right). (C) Optical micrograph of a
graphene/hBN stack stamped onto another hBN flake. Bubbles appeared after stamping was carried out at 40°C (left). By
contrast, bubbles did not form when graphene/hBN was stamped at 110°C (right). (D) AFM topographic images of a
pristine graphene/hBN bubble at the boundary of single-layer (lighter grey) and bilayer (darker grey) graphene. The bubble
was torn with an AFM tip, causing some of the trapped matter to escape before the graphene crystal re-adhered to the
hBN (right). In order of their appearance, figures are adapted from [10,13,16,45], with permission.
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material to rupture [47]. Likewise, graphene/hBN bubbles have been shown to burst when
annealed in a vacuum chamber at 500°C [8]. Uwanno and colleagues attributed this rupturing
to the reaction between graphene and the oxygen trapped in the bubbles, as well as the sp2

bonds breaking due to the high strain in the bulged graphene [8].

Spectroscopic Analysis of 2D Material Bubbles
In contrast to indirect evidence, the spectroscopic methods displayed in Figure 3 allow for a more
detailed characterization of the trapped content. Electrons and various wavelengths of light are
able to transmit through the confining 2D material and probe the chemical composition of the
sample without exposing the trapped matter to further contamination. Near-ambient pressure
X-ray photoelectron spectroscopy (NAP-XPS) has been used to study the chemistry involved in
the formation of N2-filled bubbles (Figure 3A) [49]. XPS performed under vacuum has been also
been used to measure the surface coverage of hydrocarbons [43]. In fact, hydrocarbon contam-
ination in air-exposed samples is often used to calibrate XPS spectra, a procedure that has
recently received significant scrutiny [50]. The contents of 2D material bubbles have been directly
studied using spectroscopy by exposing the cross-section of a bubble with focused ion beam
milling and analyzing the cross-section with electron spectroscopy (Figure 3B) [16]. Energy dis-
persive X-ray (EDX) spectroscopy and electron energy loss spectroscopy analyses of the trapped
matter suggested that these bubbles are filled with hydrocarbons [16]. EDX has also been used to
map the chemical distribution of Co3O4 nanoparticles trapped in graphene liquid cells (GLCs)
filled with an LiPF6 electrolyte solution (Figure 3C) [51]. Transmission electron microscopy
(TEM) imaging of GLCs allows for direct observation of the bubble contents, which enables
studies on how the environment affects the trapped materials. For example, TEM was used to
observe square ice in water confined between two graphene layers at room temperature [52]
(Figure 3D). The results of this study had been questioned due to the possibility of salt
Trends in Chemistry, Month 2020, Vol. xx, No. xx 5
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Figure 3. Using Spectroscopy to Identify Trapped Matter. (A) X-ray photoelectron spectra of the N 1 s peak in a
graphene/Cu sample with bubbles. The NA1, NA2, and NC peaks disappeared after the graphene was transferred onto Si,
indicating that the trapped gas had escaped the bubbles. (B) Electron energy-loss spectroscopy (EELS) analysis of the
graphene/hBN interface material reveals that the trapped contaminants are mostly hydrocarbons that became hardened
during ion milling. (C) High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images of
Co3O4 nanoparticles in an LiPF6 liquid electrolyte solution and corresponding energy dispersive X-ray spectroscopy (EDX)
elemental mappings show the element distribution in the graphene liquid cell (GLC). (D) Transmission electron microscopy
(TEM) image of square ice inside a GLC. Inset figures display a Fourier transform of the TEM image (top left) and the
magnified region outlined in red (top right). (E) Photothermal induced resonance (PTIR) absorption mapping of a WSe2/
hBN sample with bubbles. The absorption at 1026 cm–1 corresponds to Si-O-Si bond stretching of polydimethylsiloxane
(PDMS) molecules trapped inside the bubbles. (F) Raman spectra of triphenyl amine (TPA) in a graphene/graphene bubble
(bulk TPA) and confined in a flat graphene-encapsulated interface (GE-TPA). Inset images show the standard molecular
structure of TPA (bottom) and the modified structure of TPA when confined at the graphene/graphene interface calculated
using molecular dynamics (top). In order of their appearance, figures are adapted from [16,19,49,51,52,54], with permission.
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contaminants in the aqueous environment [53]. Other types of spectroscopic methods, such as
Raman and AFM-based photothermal infrared (PTIR) spectroscopy, can also identify a wide
range of materials trapped inside the bubbles at relatively low photon energies, which decreases
the probability of damaging the sample. For example, PTIR was used to identify the polymer res-
idues in TMD/hBN bubbles (Figure 3E) [54], while Raman spectroscopy has been used to identify
chemicals deliberately introduced in graphene/graphene bubbles (Figure 3F) [19].

Chemical Activities inside the Bubbles
2D material bubbles are a unique system that confines trapped matter into small volumes, while
the vdW attraction between the adjoining surfaces and the elastic tension of the 2D material
pressurize the trapped matter. In liquid-filled bubbles, the Laplace pressure resulting from the
energy difference across the curved liquid–solid interface, also contributes to the bubble pressure
6 Trends in Chemistry, Month 2020, Vol. xx, No. xx
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[55]. The contribution of each phenomena towards the total bubble pressure is unclear, especially
at small length scales where the influence of elastocapillarity may dominate the mechanical
behavior of the bubble system [56]. This has motivated several studies to determine the magni-
tude of pressure inside the bubbles and to utilize these pressurized environments to enable
high-pressure chemistry. The pressure level inside 2Dmaterial bubbles is debated in the literature
as the pressure is typically inferred by indirect means. The pressure inside the GLC is expected to
be as low as ambient pressure due to the observation of H2 bubbles nucleating from the aqueous
environment under electron irradiation [29]. In addition to gas precipitates, the conditions under
which solutes crystallize from the aqueous environment have been used to estimate pressure.
For example, CaSO4 was reported to crystalize in the GLC under TEM observation at tempera-
tures ranging from 100°C to 150°C, which corresponds to a pressure of ~100 kPa to
~230 MPa (on the same order of the atmospheric pressure) based on the phase diagram [57].
Bubbles on rigid substrates are a distinct environment from GLCs because the rigid substrate
provides additional constriction on the bubble, which could enable much higher pressure inside
the bubbles. Theoretical models of 2D material bubbles have been used to estimate the pressure
inside both liquid- and gas-filled bubbles. These models suggest that the bubble pressure scales
inversely with the radius of the bubble and also depends on the stiffness of the confining 2D ma-
terial as well as the shear strength of the interface [48,58]. Many studies on gas-filled bubbles use
analytically derived equations that consider the compressibility of the trapped matter, resulting in
estimates that are typically in the MPa range for bubbles with radii that are typically 100s of nm
[36,38,59]. GPa pressures have been reported by applying the ideal-gas model to bubbles
consisting of a few Ne atoms [27]. Theoretical modeling of liquid-filled bubbles, which accounts
for the incompressibility of the trapped liquid but neglects the contribution of Laplace pressure,
also predicts MPa-range bubble pressure for bubbles of similar sizes (e.g., 7 MPa for a MoS2/
Al2O3 bubble with a radius of 50 nm) [48]. In addition to mechanistic modeling, phase transforma-
tion and chemical reactions could also provide indications for the bubble pressure. For example,
graphene/Ir bubbles filled with Ar were found to have consistently polygonal shapes [60]. The
authors suggested that the irregular shapes were due to Ar forming solid aggregates in the
high-pressure bubble environment, which would require pressures above 5 GPa based on the
phase diagram of Ar [60]. GPa magnitudes of pressure have also been reported for
graphene/diamond bubbles when annealed at high temperature and have been utilized as
nanoscale hydrothermal anvils [61,62]. These water-filled graphene bubbles have been shown to
covalently bond with its diamond (100) substrate when annealed at 1275 K for 45 minutes in
ultra-high vacuum (Figure 4A) [61]. The covalent bonds at the interface formed from the dehydro-
genation of hydrogen-terminated diamond at elevated temperature created strongly sealed
graphene bubbles [61]. Graphene/diamond bubbles have also been used to observe the irrevers-
ible oligomerization of buckminsterfullerene when heated to 873 K, which coincides with an
estimated pressure of 2.2 GPa (Figure 4B) [62]. Theoretical and computational studies suggested
that the extreme pressures available inside graphene bubbles could enable unique thermodynamic
states for the trapped matter, including forbidden geometries at low temperature for ethane-filled
bubbles [63] and solid, liquid, or gaseous Ar (Figure 4C) [64,65].

Arguably, the most popular chemical application of 2D material bubbles is the use of GLCs for
TEM imaging, which allows for the in situ observation of the nanoscale kinetics of the trapped
matter. This subject has been extensively reviewed in other articles detailing their capabilities
[66], preparation methods [67], and advantages over conventional encapsulation methods [68].
Imaging chemical and biological samples in the ultra-high vacuum environment required for
TEM requires the use of a liquid cell to encapsulate the sample. The thinness, electrical conduc-
tivity, mechanical robustness, and small lateral dimensions of GLCs enable the study of a variety
of dynamic processes, including the formation (Figure 4D) [69] and dissolution (Figure 4E) [70] of
Trends in Chemistry, Month 2020, Vol. xx, No. xx 7



TrendsTrends inin ChemistryChemistry

Figure 4. Chemical Activities inside Bubbles. (A) Atomic force microscopy (AFM) micrograph of voids that form in
diamond after water-filled graphene bubbles react with the substrate at high temperature. (B) Schematic drawing of the
oligomerization of C60 under high temperature and pressure in graphene bubbles. (C) A simulated graphene bubble filled
with Ar. Inside this bubble, Ar is in the solid state and exhibits face-centered cubic and hexagonal close-packed crysta

(Figure legend continued at the bottom of the next page.
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nanocrystals, Ostwald ripening of gas bubbles (Figure 4F) [71], and even the hybridization of
DNA molecules (Figure 4G) [72]. Notably, liquid cells fabricated from other types of 2D materials
[73], including heterostructures, offer new environments to observe confined chemistry, such as
the epitaxial growth of Pt nanocrystals on MoS2 substrates [74].

In addition to their use in electron microscopy, gas-filled bubbles were also used to isolate
graphene from either its metallic substrate or bulk crystal. After CVD graphene was grown on a
metallic substrate, it was lifted off from its growth substrate using H2 bubbles generated at the
interface by electrochemical catalysis [75]. Likewise, graphene can be exfoliated from bulk
graphite using a similar electrochemical process [76].

Additionally, solid inclusions have been used to shape 2D material bubbles for device applications,
including supercapacitors [77], Li-ion battery anodes [78], and memristive Janus particles [79].

Bubble Physics
Mechanical strain applied to 2D materials modulates a wide range of their material properties
(a phenomenon known as strain engineering) and enables the study of unprecedented physics
in 2D materials. The methods to strain 2D materials are numerous and have been well-
summarized in other reviews [80,81]. Bubbles have also been applied for 2D material strain
engineering because of their versatile fabrication and characterization methods, as detailed
earlier. Furthermore, straining atomically thin 2D materials through the inflation or deflation of
bubbles is a relatively simple and easy-to-observe process compared with conventional
techniques such as point loading by AFM or micro-mechanical loading frames [82,83]. Bulged
2D materials can achieve a considerable strain level, which can be controlled by the degree of
inflation [80,84]. Although not yet widely explored, inflating suspended 2D materials over
microwells of different geometries could induce a variety of strain fields in addition to uniaxial or
equibiaxially straining. The viability of using strain engineering to tune the properties of 2Dmaterials
hinges on the deterministic application of strain to 2D materials. This has led to extensive
experimental and theoretical efforts to understand the geometry-strain relations in bubbles, factors
that influence the bubble geometry, and the strain magnitude and distribution.

The strain distribution of 2D materials confining circular bubbles has been related to the bubble
height and radius through analytical models [48,58,85]. These distributions have been
supported by Raman mapping [85–87]. Controlling the height and radius of these bubbles is
key to controlling strain. The radius of 2D material drumheads is often prescribed by the size
of holes prepatterned on the substrate, while the height can be controlled by the applied
pressure (Figure 5A) [40,86,88]. However, when the pressure is substantial enough to cause
the 2D material to delaminate from the substrate, both the radius and the height of the bubble
increase with the pressure, while the aspect ratio (height:radius ratio) of the bubble remains a
constant [40,89]. This limitation of the aspect ratio implies that there is an upper limit for the
strain developable via pressurized bubbles as its magnitude scales as the square of the aspect
ratio [85]. For spontaneously formed bubbles, their size is controlled by the volume and
compressibility of the trapped substance [48,58], but their aspect ratio has been found to be
structures. (D–G) Dynamic chemical processes visualized using graphene liquid cells. (D) A smaller Pt nanocrystal (indicated
by the white arrow) coalesces with another Pt nanocrystal and forms a twin boundary (red broken line). (E) FeCl3 and electron
beam irradiation cause a gold cube to etch into a tetrahexahedron. (F) Ostwald ripening of two gas bubbles of different sizes in
water. (G) Two single-stranded DNA molecules hybridize to form a double-stranded helix. In order of their appearance
figures are adapted from [61,62,64,69–72], with permission.
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Figure 5. The Physics of 2D Material Bubbles. (A) Cross-sectional drawing of a gas-filled 2D material drumhead (top) and atomic force microscopy (AFM) topographic
image of a graphene/SiO2 drumhead pressurized to a strain level of 0.37% (bottom). (B) Cross-sectional drawing of a liquid-filled graphene bubble (top). Simulations show that
the aspect ratio of the bubble increased with increasing adhesion energy between the 2Dmaterial (not shown) and substrate. (C) Raman mapping of a pressurized graphene/
SiO2 drumhead demonstrated how graphene slides when pressurized. The broken arc indicates the radius of the SiO2 microwell and the unbroken arc defines the limit of the
shear zone. (D) Simulations demonstrating the different shapes and wrinkles that can form by a circular graphene bubble when various types of in-plane residual compression
( 1, 2) were in the graphene. (E) Gaussian deformation of graphene induces a threefold symmetric pseudomagnetic field (PMF) with different fields experienced in the K and K′
valleys as indicated by the red and blue vortices. (F) Nano-IR image of hBN bubbles, marked A, B, and C, taken at ω = 910 cm–1 with bubble boundaries marked with blue
broken lines. The shift in near-field scattering amplitude, s, shows the location of plasmonic hotspots in the bubbles. (G) An energy density plot of a simulated hBN bubble
shows strain-induced changes in the electric field around the bubble. (H) Wrinkling around the edge of a simulated MoS2 bubble creates pockets of strain, which leads to
band gap shifts in those regions measured in eV. In order of their appearance, figures are adapted from [48,86,92,94,96,104,110,111], with permission.
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size independent [37,90]. In particular, for liquid-filled bubbles, the aspect ratio is related to the
ratio of interfacial energies to the in-plane stiffness of the 2D material [48]. This understanding
opens opportunities to tune the bubble geometry via interfacial energies, including the surface
tension of the confining liquid and the 2D material–substrate adhesion (Figure 5B) [42,91].
10 Trends in Chemistry, Month 2020, Vol. xx, No. xx
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A thorough understanding of the factors that influence strain and strain distributions in bubbles
paves the way for understanding strain-coupled physics and the deterministic strain engineering
in 2D materials (Box 1). This unique coupling between strain and electronic properties has re-
sulted in several studies on the tuning of pseudomagnetic fields (PMFs), band gaps, piezo-
electricity [92,93], and surface plasmons [94]. PMFs result from the nonuniform strain
distribution within graphene bubbles, with gigantic magnitudes ranging from 240 to 600 Tesla
(T) (Figure 5E) [35,95,96]. The intensity of the PMF scales with the magnitude of strain gradient,
while the spatial distribution of the PMF varies with the geometry of the bubble [97]. PMFs in bub-
bles could be exploited in valley filtering and valley splitting devices [96]. Graphene bubbles have
also been shown to confine plasmonic hotspots, with distributions controlled by the bubble size
and shape (Figure 5F) [94]. More recently, bubbles of monolayer hBN, an insulating 2D material,
exhibited strain-induced changes in the local electric field, which is an indicator of piezoelectricity
(Figure 5G) [92].

Strain can also tune band gaps in semiconducting TMDs. Such effect has been measured for
monolayer and multilayer MoS2. Lloyd and colleagues demonstrated that biaxial strain applied
to monolayer MoS2 drumheads decreases the optical band gap at a rate of –99 meV per percent
Box 1. Interface Sliding around 2D Material Bubbles

When translating the geometry of a bubble into strain fields, the slippage of the 2D material–substrate interfaces plays a
significant role in the magnitude of strain accessible within the bubble region. Dai and colleagues studied the development of
strain in 2D material bubbles by comparing two graphene drumheads: a strong shear-strength interface (graphene/SiO2),
and a weak shear-strength interface (graphene/graphite) (see Figure 5C in the main text). Both the analytical model and
Raman mapping showed that the weak interface allows for the in-plane deformation of the 2D material in the
substrate-supported region around the bubble, while bubbles with a strong interface inhibit this in-plane deformation.
The restriction of in-plane deformation allows for a much greater magnitude of strain to develop in bubbles with stronger
interfaces [85]. Whether the interfacial slippage is trivial enough to warrant a strong shear interface depends on the compe-
tition of the deformation level or aspect ratio (that drives the slippage) and the detailed interfacial shear strength (that resists
the slippage). In general, most spontaneously formed bubbles could be considered to have weak interfaces [48]. Pressurized
bubbles are closer to having strong interfaces as long as the substrate is not crystalline [48]. The interfacial slippage also plays
a significant role in mechanical metrologies based on 2Dmaterial bubbles, including the extraction of the work of separation/
adhesion of various 2Dmaterial–substrate interfaces [40,48], the bending and stretching stiffness of 2Dmaterials [40,86,88],
and the shear strength of 2D material interfaces [86,87].

Due to interfacial slippage, bubbles could appear elliptical when they are close to the edge of the 2Dmaterial, which breaks
the axial symmetry of the problem (Figure I) [48]. In this case, though previous models for circular bubbles become invalid, it
is expected that the lack of confinement at the edge would cause a further reduction of the strain achievable in the bubble.
In experiments, bubbles take a variety of geometric shapes, ranging from circular to polygonal, even when they are far
away from the edge of the 2D flake [111]. This transition is understood to originate from residual compressive strain in
the 2D materials (see Figure 5D in the main text) [12,111]. The interplay between elastic energies and interfacial adhesion
can result in the formation of straight edges and wrinkles [111–113]. In fact, at larger scales, the shapes of droplets
encapsulated by elastic films can be tuned by tensile strain to achieve elliptical or square shapes [114], suggesting the
control of liquid bubble shapes through pretension.

TrendsTrends inin ChemistryChemistry

Figure I. Axial Symmetric Schematic of a Liquid-Filled 2D Material Bubble. The bulging deformation of the 2D
material gives rise to the annular sliding zone around the bubble for weak shear interfaces. Adapted from [48], with
permission.
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Outstanding Questions
How does trapped matter travel
through the 2D material–substrate in-
terface to form bubbles and to deflate
them? How does this process vary by
chemical species or with 2D material–
substrate type?

Although the use of indirect evidence
and spectroscopic analysis has offered
many insights into the composition
of the bubbles, there remains an
incomplete picture of all the chemicals
trapped inside these bubbles. How can
the limitations of these methods of
inquiry be overcome to provide a
detailed picture of all the chemicals
present in the trapped matter?

To what degree are adventitious
contaminants, such as water and
hydrocarbons, present in bubbles
fabricated under ambient conditions?
How would the presence of these
unaccounted contaminants affect the
interpretations of previously reported
chemical reactions in bubbles?

How does sample processing, such as
thermal annealing and storage in ultra-
high vacuum, affect the chemical
contents of the bubbles?

How can the Laplace pressure of liquid-
filled 2D material bubbles be modeled
and simulated? Does this Laplace pres-
sure have an appreciable effect on the
pressure inside the bubble? A detailed
understanding of how Laplace pres-
sure, elasticity, and vdW attraction
each contribute to the total bubble
pressure could enable precise control
of this pressure.

How can diverse or asymmetric strain
fields be achieved by controlling
the shape of 2D material bubbles?
Precisely designed strain fields could
be used to give rise to specifically
desired strain-coupled fields, such as
pseudomagnetic fields, and enable a
higher level of control of those fields
for their integration in devices.

Is it possible to build transient devices
by leveraging the time-dependent
nature of the bubbles?

Is it possible to use these highly
deformable 2D material bubbles for

Trends in Chemistry
of applied strain [98]. The center of the bubble has maximum strain, corresponding to the largest
band gap reduction in the TMD. This band gap gradient has been shown to cause exciton drift
towards the center of the bubble within the diffusion length of the electron–hole pair [99]. This
gradient has been exploited to confine photon-excited electrical carriers [100] and to tune the
wavelength of photons emitted from exciton recombination within the TMD bubble [101].
Moreover, bubbles have been used to create high areal density quantum light emitters in mono-
layer WSe2 [102]. Strain in proton-irradiated monolayer MoS2, WS2, andWSe2 bubbles triggered
a direct-to-indirect band gap transition [99]. By contrast, multilayer MoS2 bubbles simulta-
neously generated direct- and indirect-gap photoluminescence (PL) [103]. Wrinkling around the
periphery of the TMD bubble, resulting from the bending rigidity of the 2Dmaterial, caused further
strain localization in the shape of an annulus at the bubble edge (Figure 5H) [104]. This annular
distribution of strain-localized exciton states has been investigated at room temperature in mono-
layer WSe2 bubbles, where low-energy states formed the same ‘doughnut-like’ pattern as pre-
dicted in theoretical studies [105]. Additional unusual optical properties include optical
bistability in graphene bubbles [106] and oscillations in the PL and Raman spectra of large
graphene and TMD bubbles across the bubble profile [107,108].

Strain modulates the mechanical and frictional properties of the 2D materials in addition to their
electronic properties. Crumpling in suspended graphene, which originates from static wrinkling
and out-of-plane flexural phonons, is suppressed when the material is bulged. A transition from
linear to nonlinear stress-strain behavior was observed between pretensioned and crumpled
graphene drumheads [109]. Moreover, graphene bubbles pressurized to a strain of 0.6%
exhibited extremely low friction coefficients when probed with an AFM cantilever tip because
the tensioned graphene conformed less to the tip than relaxed graphene [110].

Concluding Remarks
2D material bubbles have been largely viewed as inevitable defects of the transfer process. While
these bubbles remain unwanted in many devices, the detailed examination of why and how bubbles
form at 2D material interfaces has enabled new avenues of research and applications. They may be
formed through numerous methods, as discussed in this review. The confining 2D material can be
selectedwith desired electrical, mechanical, or chemical properties, alongwith the phase and chem-
ical composition of the trapped matter. The large magnitude of pressure inside the bubble can en-
able high-pressure chemistry at the nanoscale, while simultaneously serving as awindow to observe
the dynamic chemical processes through various spectroscopic methods. In turn, the deformation
of the confining 2D material allows for strain-enabled physics, such as PMFs and bang gap engi-
neering, and for the measurement of nanoscale mechanical properties, like interfacial shear. How-
ever, the many variables that ultimately determine the physics and chemistry of 2D material
bubbles also drastically complicate the bubble system itself, making a concrete determination of
their intrinsic and extrinsic properties difficult (see Outstanding Questions). Advancing the applica-
tions of these bubbles requires an understanding of the complete details of the 2D material bubble
system, which necessitates coordinated effort across multiple research disciplines.
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