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Abstract

Keywords: Graphene, 2D materials, bending, blisters, wrinkles, adhesion, nanome-

chanics, viscous fingering, water confinement, elastic wetting, instabilities.

Graphene is the zero band gap semimetal though it has remarkable electronic,

optical, and mechanical properties. Researchers started to look for ways to open its

band gap. In 2008, researchers showed the opening of the band gap of graphene by ap-

plying tensile strain. Thereafter, such strain engineering techniques have constantly

been searched for, which have significant implications in tunable electronics. The

strain engineering in 2D materials offers a versatile toolbox for tailoring their physical

properties to suit specific applications. It enables researchers and engineers to explore

new avenues for device design, fundamental research, and technological innovation.

Blistering and wrinkling of 2D materials are the most efficient techniques to tailor

their physical properties. Moreover, the formation of such nano/microstructures of

2D elastic sheets has huge implications for fundamental research. Blistering occurs

when a 2D material detaches from its substrate due to the accumulation of strain

resulting from the confinement of molecules or lattice-mismatch. Blistering can lead

to localized areas of high strain, which can significantly alter the electronic and op-

tical properties of the material within the blister region. This provides a means to

create strain gradients and non-uniform strain patterns, which are desirable for engi-

neering specific electronic and optoelectronic properties. The accumulated strain gets

relaxed by the formation of blisters, potentially leading to a local change in its lattice

structure and band gap. This can be exploited to create locally engineered properties

within the material. On the other hand, wrinkling occurs when a 2D material forms

periodic or irregular folds or wrinkles due to the relaxation of applied strain. These

wrinkles can have various sizes and orientations, and they can be controlled to achieve

specific strain distributions. The wrinkling can introduce controlled strain patterns

in a 2D material, enabling precise manipulation of its electronic properties. The re-

sulting strain-induced modifications can be used to tailor band gaps, carrier mobility,
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and other characteristics for specific applications. It increases the surface area of the

2D material, which can be advantageous for applications in catalysis, sensing, and

energy storage. The increased surface area provides more active sites for chemical

reactions and interactions. Moreover, the mechanical properties of wrinkled 2D ma-

terials can be different from their flat counterparts, offering enhanced flexibility and

stretchability. This is important for applications in flexible electronics and wearable

devices. In summary, both blistering and wrinkling are manifestations of how 2D

materials respond to applied strain, and they provide unique opportunities for strain

engineering. Researchers can exploit these effects to create tailored strain distribu-

tions and modify the electronic, optical, and mechanical properties of 2D materials.

By carefully designing and controlling blistering and wrinkling, scientists can develop

novel devices and materials with customized functionalities for various technological

applications, ranging from electronics and photonics to sensors and energy conversion.

In the presented thesis work, we mainly focus on the blistering and wrinkling of

2D materials: graphene and beyond. The 2D material blisters are formed by the

confinement of molecules. The blisters form either spontaneously or intentionally.

We utilized a polymer curing-assisted technique to form optically visible sub-micron

blisters of 2D materials spontaneously. A suitable blister-test model is used by taking

into account the shape profile, thickness, and aspect ratio of the blister to deduce the

mechanical properties of 2D material. We also strategically investigated the instabil-

ities that arose while blister formation. The instabilities could be either based on the

2D material or the substrate. The choice of a viscoelastic substrate in this blistering

process led to the emergence of an unconventional phenomenon i.e., viscous finger-

ing. Besides this, we offer intriguing insights into the formation of wrinkles, buckles,

and folds in 2D elastic nanosheets over a soft substrate under a prestretch-release

process. The acquired information would advance our understanding of the mechan-

ics of 2D materials adhering to various solid or soft substrates, which is potentially

advantageous in nanopatterning and strain engineering of 2D materials.

viii



List of Abbreviations

PVA (Poly)vinyl alcohol
PAE PVA-assisted exfoliation
PDMS (Poly)dimethylsiloxane
vdW van der Waals
PPC (Poly)propylene carbonate
PMMA (Poly)methylmethacrylate
IRM Interference reflection microscopy
AFM Atomic force microscopy
FESEM Field emission scanning electron microscopy
PL Photoluminescence
t-BG twisted-bilayer graphene
RT Room temperature
MLG Multilayer graphene
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‘funneling effect’ observed at the wrinkled site of monolayer MoS2

(shown in (d)), and (e) photoluminescence spectroscopy of flat and

wrinkled region of monolayer MoS2
19. Adapted with permission: ©2013,

ACS Publishing Ltd. . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

1.11 The straining techniques enabling the utilization of 2D materials in

flexible straintronic applications21. Adapted with permission: ©2023,

Elsevier Ltd. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

xviii



1.12 (i) Gaseous air molecules, confining underneath the graphene mono-

layer over a smooth SiO2/Si substrate, form graphene bubble during

the micromechanical hot exfoliation process22; Adapted with permis-

sion: ©2018, American Physical Society. (ii-iii) Bending of a mul-

tilayered flake follows either membrane or elastic plate like profile23;

Adapted with permission: ©2019, American Physical Society. (iv)

Work of adhesion with respect to a given substrate as a function of the

characteristic aspect ratios of the blisters of different 2D materials and

heterostuctures2; Adapted with permission: ©2018, AAAS. . . . . . 25

1.13 (a-b) Schematics and corresponding scanning electron microscope im-

ages of nano/microstructures of 2D materials, and (c-d) bending profile

of 2D multilayer with perfectly glued and ultralubricated interfaces,

respectively23. Adapted with permission: ©2019, American Physical

Society. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

1.14 Techniques for nano/microstructuring of 2D materials21. (i) Pres-

surized bulging; (ii-iii) Thermal-mismatch-induced blisters and wrin-

kles, respectively; (iv-v) AFM cantilever tip-assisted indentation; (vi)

Straining from patterned substrate; (vii) Funneling effect observed

at the blister or buckle regions; (viii) Buckling-induced delamination

through prestretch-release process; (ix-x) Blister formation due to molec-

ular confinement. Adapted with permission: ©2023, Elsevier Ltd. . . 31

1.15 (I) Blistering techniques utilized for 2D materials24: (A) trapping mat-

ter by layering, (B) intercalation of molecules, (C) manipulation of

trapped matter, (D) deformation of atomically thin drumheads. Adapted

with permission: ©2021, Elsevier Ltd. (II) Blistering techniques uti-

lized for elastomeric or plastic sheets: (A) pressurized bulging25, adapted

with permission: ©2021, Elsevier Ltd., (B) mechanical force indenta-

tion26, adapted with permission: ©2020, Elsevier Ltd., (C) fluid-flux

driven debonding (two-phase fluid flow model)27, adapted with permis-

sion: ©2013, American Physical Society, (D) spontanesously formed

air-filled bubbles on a screen-protector plastic sheet, adapted from in-

ternet. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

xix



1.16 Blistering instabilities in elastic/plastic sheets. (I) Elastic solid-based

instability. (i-ii) Mechanical force indentation induced instability: (i)

The liquid blister test, where a plastic sheet is subjected to a mechanical

force indentation. (ii) The solid-based instability arise in the blister de-

pending on the indentation height to sheet thickness ratio28. Adapted

with permission: ©2008, The Royal Society. (II) Viscous fluid-based

mechanical instabilities. (iii-iv) Pressurized blistering: (iii) Viscous fin-

gering patterns in the Hele-Shaw cell can be suppressed by replacing

the upper-bounding rigid plate with an elastic membrane29. The tran-

sition from an unstable interface to stable interface (c → b → a) occurs

under the variable elasticity of the latex sheet. Adapted with permis-

sion: ©2012, Americal Physical Society. (iv) The dynamical evolution

of viscous fingering patterns can be visualized in elastic-walled Hele-

Shaw cell under varying injected Nitrogen gas flux-driven pressure30.

Adapted with permission: ©2018, Cambridge University Press. (v)

Vertical mechanical debonding of upper bounding rigid plate from a

viscous medium results in the development of viscous fingering pat-

terns at the interface31. Adapted with permission: ©2016, American

Chemical Society. (vi) Peeling of an upper-bounding elastic cover sheet

from a viscoelastic surface develops viscous fingering pattern, which de-

pends on the bending rigidity of the elastic sheet. The finger-length

increases with the bending rigidity of the cover sheet32. Adapted with

permission: ©2000, American Physical Society. . . . . . . . . . . . . 36

1.17 Crumpling and wrinkling instabilities in daily-life examples: (I) tran-

sition from grapes to raisins due to mass-loss as a result of drying,

adapted from internet, and (II) wrinkles in the apple-skin due to mass-

loss (a), and wrinkles in human-skin due to compression33 (b), adapted

with permission: ©2003, Americal Physical Society. . . . . . . . . . . 37
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1.18 Blistering instabilities in 2D elastic nanosheets. (i) AFM images of

graphene bubbles of different shapes on bulk hBN substrate resulting

from the annealing process (at ∼ 150◦C for 20-30 min), scale bars: 500

nm, 100 nm, and 500 nm, respectively for a, b, and c34. Adapted with

permission: ©2016, Springer Nature Ltd. (ii) AFM amplitude images

of a bilayer graphene bubble and a multilayer graphene tent, which

result from the micromechanical hot exfoliation process25. Adapted

with permission: ©2021, Elsevier Ltd. (iii) AFM deflection image of

ethanol nanopockets formed due to confinement of ethanol molecules

in between two monolayers of graphene, scale bar: 100 nm35. Adapted

with permission: ©2021, Springer Nature Ltd. (iv) AFM topographic

images showing wrinkle patterns around the perimeter of bubbles of

hBN and MoS2 flakes on graphite substrate36. Adapted with permis-

sion: ©2021, AAAS. . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

1.19 (I) Viscous fingering instability in an elastic-walled Hele-Shaw cell re-

sulting from two-phase fluid flow. (II) Coupled instability (concurrence

of elastic solid-based wrinkling instability and viscous fingering instabil-

ity) in elastic-walled Hele-Shaw cell, which is driven by fluid-structure

interaction parameter37. Adapted with permission: ©2014, AIP Pub-

lishing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

1.20 Buckling instabilities in 2D elastic nanosheets (SEM images). (i) Con-

formal graphene wrinkles on CFx-coated PDMS substrate. Graphene is

transferred to a prestretched PDMS substrate (30% prestrain) coated

with a CFx layer, and then the prestrain is released to form the confor-

mal wrinkles38. The CFx layer prevents the interfacial contact failure in

the graphene layer under larger compressions. Adapted with permis-

sion: ©2020, American Chemical Society. (ii) Buckling-induced de-

lamination or buckles of MoS2 monolayer over PDMS substrate (initial

prestrain level ∼ 50%))19. Adapted with permission: ©2013, Amer-

ican Chemical Society.(iii) Graphene folds over the PDMS substrate

resulting from the prestretch-release process (prestrain level ∼ 50%)39.

Adapted with permission: ©2015, Elsevier Ltd. . . . . . . . . . . . . 40
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1.21 Development of wrinkling instability in 2D elastic nanosheets over

smooth elastomeric substrate as a result of compression while releasing

the prestrain. (i) Buckling-induced delamination in graphene through

the prestretch-release process39. Adapted with permission: ©2015,

Elsevier Ltd. (ii) Buckle to fold transition in graphene under compres-

sion40. Adapted with permission: ©2017, RSC Publishing. (iii) Topo-

graphical evolution of graphene (∼ 4 layers) on PDMS substrate dur-

ing uniaxial compression41. Adapted with permission: ©2023, Wiley-

VCH GmbH. (iv) Evolution of a simply supported graphene membrane

on PMMA substrate under uniaxial compression. The buckles collapse

to form folds due to interfacial slippage. Beyond a critical compressive

strain, the mosaic patterns form42. Adapted with permission: ©2019,

Springer Nature Ltd. (v) Topographical evolution of MoS2 folds under

increasing compression (scale bar: 1 µm)43. Adapted with permission:

©2020, American Chemical Society. . . . . . . . . . . . . . . . . . . 41

1.22 (i) Superimposed AFM height and phase data showing the conformal

wrinkling of few layer graphene (FLG) on a corrugated PDMS substrate

(a), schematic showing the interaction of FLG with the corrugations

while downward pushing, which leads to conformal adhesion of FLG

in stressed condition (b). This illustrates the ‘snap-through transition’

in FLG, where FLG snaps between two distinct states, i.e., conformal

and nearly flat on the substrate surface under the effect of external

stress. (ii) AFM phase image showing the conformally adhered bi-

layer graphene, and less conformed 13-layer graphene, which depicts the

suppression of ‘snap-through instability’ for thicker graphene flakes44.

Adapted with permission: ©2011, AIP Publishing. (iii) Adhesion fac-

tor (A), i.e. ratio of peak-to-peak amplitudes of the graphene and

substrate, where A = 1 represents the fully conformal state whereas

A = 0 represents the flat state. For the number of layers ∼ 61, a

sharp transition between the states occurs45. Adapted with permission:

©2012, AIP Publishing. (iv) Hierarchical patterned graphene wrinkles

(SEM image) having conformal adhesion with polystyrene (PS) sub-

strate coated with a soft CFx layer formed by CHF3 plasma-mediated

polymerization of the PS substrate using double masking process46.

Adapted with permission: ©2016, American Chemical Society. . . . . 42
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1.23 A graphical representation depicting the experimentally achieved ap-

plied strain limits for different straining techniques before device failure,

and the theoretical intrinsic strain limits of 2D materials21. Adapted

with permission: ©2023, Elsevier Ltd. . . . . . . . . . . . . . . . . . 43

2.1 Schematic representation of PVA curing assisted blistering technique. 48
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2.4 Deflation of a PVA-curing induced air-filled sub-micron MLG blister
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just after the deposition via PAE technique, (b) after time-lapse of 24

h, and [(c), (d)] AFM topographic images, confirming the deflation. . 51

2.5 Multilayer graphene circular blister: (a) optical image, (b) AFM topo-

graphic image (inset: location of AFM tip operated in tapping mode),

(c) Fourth-order polynomial fitting of AFM height profile of the cir-

cular blister, (d) Room temperature Raman spectra recorded at the

points marked in the optical image along the diameter of the circular

blister. Note a red-shift of ∼ 1.63 cm−1 at the center of the blister

w.r.t. the unstrained flat region. . . . . . . . . . . . . . . . . . . . . . 52

2.6 Multilayer graphene elliptical blister: (a) optical image, (b) AFM to-

pographic image, (c) 3D height profile, (d) Room temperature Raman

spectra recorded at the points marked in the optical image across the

elliptical blister. Note a red-shift of ∼ 6.6 cm−1 at the center of the

blister w.r.t. the unstrained flat region. . . . . . . . . . . . . . . . . . 53

2.7 AFM 3D topographic images of the PVA-curing induced liquid-filled

circular sub-micron blister of MLG over a period of 58 days, which

show a negligible deflation rate with time. . . . . . . . . . . . . . . . 54

2.8 [(a)-(d)] Real-time optical images showing the deformation of the ellip-

tical blister under thermal annealing process, (e) Temperature-dependent

Raman spectra at the center of the elliptical blister. The Raman spec-

tra from RT to 175◦C superpose on each other, which shows the absence

of polymer degradation. . . . . . . . . . . . . . . . . . . . . . . . . . 55
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2.9 Temperature-dependent Raman spectra, measured at the center of the

elliptical blister, showing a change in G-peak position with tempera-

ture. The vertical dashed lines are drawn as a reference for comparison

of the Raman peak positions for selected temperatures. . . . . . . . . 56

2.10 Optical & AFM images of the elliptical blisters captured at room tem-

perature, before and after the heat treatment (up to 200◦C). . . . . . 57

2.11 (a) Optical image, (b) AFM topographic image of the encircled area

showing thermal-expansion mismatch induced graphene wrinkles on

PVA-coated glass (Pyrex) substrate. . . . . . . . . . . . . . . . . . . 58

2.12 [(a)-(d)]AFM topographic images of the approximately circular sub-

micron MLG blisters on flakes of different thicknesses (number of layers:

N), (e) Interfacial adhesion energy & confining pressure as a function

of aspect-ratio of the MLG blisters at room temperature. . . . . . . . 65

2.13 PVA-curing induced sub-micron blisters: (a) and (d) are optical images;

(b) and (e) are AFM topographic images; (c) and (f) are AFM thickness

profiles along the marked black lines in the AFM images. . . . . . . . 66

3.1 The high-resolution optical images, showing (a) face-up oriented graphene

flakes, and (b) face-down oriented graphene flakes deposited over PVA-

coated Pyrex substrate under monochromatic-light illumination (Inset:

the optical images under white-light illumination). The optical contrast

for the PVA-supported 2D flakes (in upside-down or face-down orien-

tation) is sufficiently higher than that for the face-up orientation of the

flakes, which significantly helps in the identification of single to few-

layer flakes47,48. Further, the different kinds of shapes of MLG flakes

can be easily characterized with the help of the interference patterns

(rings or fringes), optically visible at the ‘flake-PVA’ interfaces. . . . . 74
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3.2 The optical images, showing the time-lapse deflation of the MLG blis-

ters, when optically visualized in [i:(a-f)] face-up orientation, and [ii:(g-

l)] face-down orientation; the optical images (a,b,g,h) are captured at

the beginning just after the deposition, (c,d,i,j) are captured after a

time-lapse of ∼ 12 hours, and (e,f,k,l) are captured after a time-lapse

of ∼ 24 hours with (m & n), depicting the corresponding AFM topo-

graphic 3D images of the blisters (shown by red squares in (k & l),

respectively) (scale bar: 50 µm). The Newton’s rings or interference

patterns over a blister change as the confined matter releases with time.

The time-lapse deflation of the blisters can be easily detected by ana-

lyzing the change in the interference patterns. Therefore, any bulk or

surface events (e.g. deflation, folds, fingering etc.) can be visualized by

just focusing the laser light beam at the interface of the MLG blister

and the supporting layer of PVA. . . . . . . . . . . . . . . . . . . . . 74

3.3 (a) Optical image, showing the MLG sub-micron blisters with located

AFM-tip; (b) AFM topographic image captured at the edge of the

MLG flake (shown by a red square in (a)) for deducing the thickness of

the flake (measured from the PVA surface); [(c), (d)] AFM topographic

3D images, showing negligible deflation of the blister (encircled in red

in (a)) even after a period of 80 days; and (e) Raman mapping of

the G-peak position along a line (marked in red) across the blister,

showing the accumulation of tensile strain at the center of the blister

with a red-shifting of ∼ 5.4cm−1 with respect to the flat region of the

MLG flake49. The deflation-free nature of the blisters, as depicted

by their time-lapse AFM topographic images (captured with standard

Silicon cantilever in tapping mode with consistent parameters) allow

us to consider the confinement of water (liquid) inside the sub-micron

blisters2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

3.4 Optical images (with incident white light) of a few-layer graphene blis-

ter in (a) face-up and (b) face-down orientation (scale bar: 20 µm).

The complementary Newton’s rings in the cases (a) & (b) are formed

by the light beams, reflected from the confined water inside the blister. 76

3.5 (a) Schematic of the Newton’s ring model & optical ray-diagram for the

interference from a tiny gap of varying height (blister) due to reflected

light, and (b) schematic representation of the curved geometry. . . . . 77
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3.6 Schematic representation of the ‘blister-collapse model’: (a) water-

vapor pressure driven blistering of MLG flake, (b) the tapered region

of the MLG flake around the blister-edge collapses downwards due to

phase-transition of water-vapor into water droplets and thereby, gen-

erating a pretension, which induces the hoop compression, (c) the sup-

pression of hoop compression results into the development of elastic

solid-based instabilities in the blister. . . . . . . . . . . . . . . . . . . 81

3.7 AFM topographic images of the tent-like MLG blisters (having a pointed

tip at the center, where a maximum tensile strain accumulates). The

AFM 3D profile of a circular blister (bubble) is presented for reference. 83

3.8 Graphical representation of the scheme employed for the determination

of the height and the radius of the axisymmetric (circular) MLG blis-

ters, following either the elastic-plate profile or the elastic-tent profile.

The parameters are evaluated by fitting the shape of a blister with an

appropriate profile. For determining the taper angle of a blister, the

slope of the blister is fitted with a line profile. The radius a and the cen-

tral deflection h of the blister is estimated by fitting the height profile

of the spherical/ conical cap obtained from the atomic force microscopy

(AFM) image in tapping mode. If the AFM height profile of a blister

fits well with the fourth order polynomial function of radial distance

r (elastic-plate profile) as, w(r) = B0 + B1r + B2r
2 + B3r

3 + B4r
4; then

the characteristic parameters: central deflection or height h and the ra-

dius a of the blister are determined as B0 and
(
−2B0

B2

) 1
2
, respectively.

But, if the AFM height profile of a blister fits well with the 2
3

rd
power

function of radial distance r (elastic-tent profile) as, w(r) = A− Br2/3;

then the characteristic parameters: central deflection or height h and

the radius a of the blister are determined as A and
(
A
B

) 3
2 , respectively. 85

3.9 (a) The interference reflection microscopy (IRM) set-up, (b) optical

image of interference fringes at the MLG blister interface, when illumi-

nated with monochromatic light (λ ∼ 605nm), (c) AFM topographic

2D image & (d) 3D image of the blister, placed in upside-down ori-

entation to optically visualize the interface using the IRM set-up, and

(e) comparison of the height profile obtained using optical analyses

of the interference fringe pattern with the height profile of the blister

measured using AFM, across a line marked in (d). . . . . . . . . . . . 86
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3.10 A graphical representation of the solid-based instabilities in the blis-

ters: showing the variation in the shape-profiles of the MLG blisters

(optical and AFM topographic images) with respect to their respective

aspect-ratios (h/a for axisymmetric (circular) or h/L for asymmetric

blisters) and the blister-height to flake-thickness ratios (h/τ). The side

length L of the typical triangular pyramidal blister was experimentally

determined as L =
√

4A√
3
; the side length L of the typical trapezoidal

blister was measured as L =
√
A; the side length L of the typical pen-

tagonal pyramidal blister was measured as L ≃
√

1.74V
h

; and the side

length L of the typical hexagonal pyramidal blister was measured as

L =
√

2V√
3h
, where V is the measured volume of the blister, A is the

measured base-area of the blister, and h is the maximum vertical deflec-

tion for an asymmetric MLG blister34. However, for an axisymmetric

(circular) blister, the characteristic parameters: height (h) and radius

(a), are deduced by fitting the AFM height profile of the blister with an

appropriate profile, e.g. elastic plate, tent, etc. Red stars represent the

circular MLG blisters (following the elastic plate profile with a stable

interface) from a recent work49. . . . . . . . . . . . . . . . . . . . . . 87

3.11 Schematic representation of the ‘blister-collapse model’, governing the

solid-based instabilities in the blisters. The tapered region of the MLG

flake around the blister-edge collapses downwards as the water-vapor

condenses into the liquid phase. (a & b) AFM topographic phase and

height profile of the MLG blister (top-view), (c & d) side and top

schematic views of the MLG blister before collapse, and (e & f) side

and top schematic views of the MLG blister after collapse. The single-

headed arrows represent the elastic stresses or interfacial tensions act-

ing at the perimeter of the blister, whereas the double-headed arrows

represent the azimuthal (hoop) stress components, distributed across

the blister. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

3.12 Schematic representation of the (i) formation process of viscous finger-

ing instabilities, (ii) axisymmterically growing MLG blister with other

involved parameters, and (iii) fingering pattern at the edge of the blis-

ter, having a typical finger wavelength λ. . . . . . . . . . . . . . . . . 91

xxvii



3.13 [a-e] Optical images of the viscous fingering patterns under the MLG

blisters (number of layers (N) is increasing order from left-to-right),

with [f-j] the AFM topographic 3D images and [k-o] amplitude images.

The scale bar is 10 µm. . . . . . . . . . . . . . . . . . . . . . . . . . . 93

3.14 A graphical representation, depicting the tapering-controlled viscous

fingering under sub-micron MLG blisters as a function of blister-height

to flake-thickness ratio (h/τ). The number of layers in MLG flakes

typically decreases with increasing h/τ . The scale bar is 10 µm. Inset

shows the schematic representation of the transition from ‘peeling by

bending’ regime to ‘peeling by tension’ regime. . . . . . . . . . . . . . 94

3.15 The interfacial viscous fingering instability is noticeably observed in

the bending-dominated regime in spontaneous blistering of the MLG

flakes over the viscoelastic PVA substrate (a), however, the tension-

dominated regime is highly susceptible to the elastic solid-based insta-

bility (c). We also come across an intermediate transition between the

two, where both types of instabilities occur concurrently (b). However,

it is also possible that a circular blister with interfacial viscous finger-

ing instability, being prone to the elastic-solid based instability, leads

to the tent-like shape of the blister with modulated fingering pattern

at the interface under phase-transition (resulting from dropwise con-

densation of the confined water-vapor on cooling) driven collapse of the

blister, depicting the transition from a → b. . . . . . . . . . . . . . . 95

3.16 Heating assisted reshaping of the MLG blisters for corroboration of the

interfacial nature of the viscous fingering. The optical images (captured

continuously with rising temperature) and the AFM topographic 3D

images (captured at room temperature) of the MLG sub-micron blis-

ters having viscous fingering instabilities at the interface, during heat-

treatment up to ∼200◦C in upside-down or face-down orientation (scale

bar: 50 µm). The interfacial nature of the viscous fingering instabilities

have been confirmed by analyzing the temperature-dependent dynam-

ics of the fingering patterns under the MLG blisters. The rapid & un-

stable axisymmetric in-plane propagation of the more viscous PVA (vis-

coelastic in nature) in the less viscous medium of water-vapor (gaseous

in nature) results into the development of interfacial viscous fingering

patterns. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

xxviii



3.17 Aspect-ratio of the MLG blisters (having viscous fingering instabilities)

as a function of the taper angle. As the taper angle is increased the

fingering pattern tries to concentrate at the edges only and thereby

tends to stabilize the interface. This depicts the tapering controlled

viscous fingering instabilities under the 2D material blisters (scale bar:

10 µm). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

4.1 (a) Nanoblisters of multilayer MoS2, having the number of layers N =

39, formed spontaneously through conventional PVA-curing-induced

blistering process. (b) The interfacial adhesion energy and the net

confinement pressure as a function of the blister aspect ratio for 14

different nano-blisters across the flake. . . . . . . . . . . . . . . . . . 105

4.2 Blisters of MoS2 multilayers having viscous fingering instability under-

neath. The scale bar is 20 µm. . . . . . . . . . . . . . . . . . . . . . . 106

4.3 (a) AFM topographic 2D map of the blister with coupled instability;

(b) AFM height profiles along the lines marked in (a). (c, d) AFM

topographic 2D height image and the line profile across the periphery

of the blister shown by a red dotted circle, respectively, and (e, f)

optical image captured at the interface of the blister using interference

reflection microscopy, depicting three zones of the blister, and the gray

value plot profile across the periphery of the blister shown by a blue

dotted circle, respectively. . . . . . . . . . . . . . . . . . . . . . . . . 107

4.4 Multilayer MoS2 blister with coupled instability: (a) AFM topographic

3D image, (b) optical image (scale bar: 10 µm), (c, d) Raman and PL

spectra acquired at a point (red-colored, as shown in (b)) located at

the center of the blister, respectively, (e, f) AFM topographic 2D and

3D image of the viscous fingering pattern on the PVA surface, (g, h)

top-view and side-view of the polymeric fingers, respectively, and (i)

Raman spectrum acquired at the center of the pattern, indicating no

degradation of the polymer. . . . . . . . . . . . . . . . . . . . . . . . 110
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4.5 (a, c) The AFM 3D height images, and (b, d) the 2D amplitude images

of a blister with coupled instability. The onset of wrinkling instability

around the perimeter of a bubble of thin 2D flake is attributed to

the phase transition of the confined water vapor during the cooling

process36. The negligible time-lapse deflation of the polymer-curing-

induced blisters at the ambient atmosphere indicates the liquid phase

of the confined matter2. The blisters can sustain more than a period of

90 days. No new wrinkles were observed after the time-lapse, however,

a few of the wrinkles vanish due to deflation. . . . . . . . . . . . . . . 111

4.6 (a) Surface plot of the optical image; (b) AFM topographic 3D image of

the blister; the arrow indicates the direction of the line map of the PL

spectrum; (c, d) the line maps for the position and the PL intensity of

the A-exciton peak, respectively. The optical band gap evolves across

the curvature of the blister. The fluctuating line profile is because of

the presence of wrinkles along the periphery of the blister. . . . . . . 112

4.7 Graphical representation of circular blisters showing the dynamical evo-

lution of interfacial viscous fingering instability with respect to the

effective interfacial radial velocity (U∗) and the interfacial adhesion

energy (Γ). The scale bar is 10 µm. . . . . . . . . . . . . . . . . . . . 113

5.1 Schematics showing (i) the buckling-induced folds and delaminations of

a 2D elastic membrane over a flat & smooth surface of PDMS, and (ii)

the conformal wrinkling of a 2D elastic membrane over a corrugated

surface of PDMS, resulting from the conventional prestretch-release

process. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

5.2 AFM topographic 3D images of (a) the flat & smooth surface of a

pristine PDMS substrate and (b, c, and d) rippled PDMS surfaces

obtained through IB irradiation at angles of incidence of 0◦, 30◦, and

60◦, respectively, with respect to a normal to the PDMS substrate’s

surface. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

5.3 (a, b) Optical and corresponding AFM height image of a fewlayer

graphene flake having folds (standing and fallen) over a smooth PDMS

substrate, (c, d) Optical and corresponding AFM height image of a

hetero-fewlayer MoS2/graphene flake having folds (standing and fallen)

over a smooth PDMS substrate. The folds are optically visible and ap-

pear as white belts. The applied prestrain level is ∼40%. . . . . . . 124
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5.4 (a, b) Optical and corresponding AFM height image of a mechanically

exfoliated fewlayer graphene flake over a smooth PDMS substrate that

is partially suspended to the graphite substrate. The prestretch-release

process results in the formation of folds and buckle delaminations; (c)

AFM line profiles across the lines marked in (b), where the line profiles

1 and 2, respectively correspond to the folds and buckle delaminations

of fewlayer graphene flake over smooth PDMS and graphite substrate,

respectively. This infers that the degree of mechanical folding insta-

bility depends on the substrate roughness and interfacial adhesion, in

addition to the elastic properties of the 2D material, the thickness of

the 2D nanosheet, and the amount of compressive stress, as reported

by Jaehyung Yu et al 50. The more slippery the interface, the larger

will be the height of the folds. . . . . . . . . . . . . . . . . . . . . . . 125

5.5 Optical, AFM phase, 2D & 3D height images, and corresponding line

profiles across the lines marked in red (respectively, from left to right

in a row) of the graphene flakes (single to few layers) over the smooth

(i-v), and rippled PDMS surfaces obtained through IB irradiation at

the angles of incidence of 0◦ (vi-x), and 60◦ (xi-xv). The optically vis-

ible white belts across the graphene flakes depict the buckling-induced

folds. The shaded portions in graphs represent the graphene folds dis-

tinguishing it from the PDMS surface corrugations. . . . . . . . . . . 126

5.6 (a) Optical image of graphene folds over an ion-beam irradiated PDMS

surface having serpentine ripples, (b) the corresponding FESEM image,

and (c) the zoomed-in FESEM image depicting the folds of graphene

over the rippled PDMS substrate. . . . . . . . . . . . . . . . . . . . . 127

5.7 The topographic line profiles, across the lines marked in the corre-

sponding AFM images (at the right), across the corrugations over the

rippled (at 0◦ (a), 30◦ (b), and 60◦ (c)) PDMS surfaces. . . . . . . . 128

5.8 AFM-based amplitude images of the single to few-layer graphene flakes

over the PDMS substrates((a) flat, and (b-d) patterned at different

angles of incidence: (b) 0◦, (c) 30◦, & (d) 60◦). The folds are inevitably

observed (as shown in a, b, and d) in the prestretch-release process

except for the trenched PDMS substrate (as shown in (c)). . . . . . . 128
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5.9 (i) Pinning of graphene membrane over the corrugated PDMS substrate

via snap-through transition under the prestretch-release process. (ii)

AFM topographic 3D image of the wrinkled graphene over a corrugated
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Introduction

The strain-modulated electronic properties of 2D materials make them promising can-

didates for tunable electronics. Several techniques have been deduced to develop or

induce strain in 2D materials. Chapter 1 provides a prologue, which includes insights

into the fundamental and experimental background. We have extensively reviewed

and presented one-to-one analyses of all the existing straining techniques. We em-

phasized the uniqueness, strength, and applicability criteria of the various straining

techniques in order to upgrade flexible straintronic devices (such as gas sensors, pho-

todetectors, and strain/pressure sensors). The strained nano/microstructures of the

elastic 2D nanosheets, such as blisters and wrinkles, play intriguing roles in the strain

engineering of 2D materials. The blisters form due to the confinement of molecules

(liquid, gas, nanoparticles, etc.) spontaneously or intentionally whereas the wrinkles

usually form due to a mismatch in thermal expansion coefficient or Young’s modulus.

In Chapter 2, the physics and chemistry behind the spontaneous formation of

multilayered graphene blisters over a polymeric substrate through a polymer-curing-

assisted technique have been discussed. This method not only produces circular

blisters but also complex-shaped (triangular, tetragonal, pentagonal, and star-like)

blisters. Such an elastic solid-based instability in the 2D material bubbles is driven

by the parameter h/τ , i.e., the ratio of blister height to flake thickness (Chapter 3).

In addition to the elastic solid-based instability, we also observed the viscous fingering

instability in the 2D material bubbles over a viscoelastic substrate. The thickness-

dependent elasticity of the 2D material makes it possible to see the evolution of the

viscous fingering patterns underneath the blisters. These viscous fingering patterns

sometimes couple with elastic solid-based wrinkling instabilities around the perimeter

of a bubble. In Chapter 4, the parameters and conditions governing such a coupling

of instabilities have been discussed in detail. Further, the parameters responsible for

the dynamical evolution of the viscous fingering patterns underneath the blisters have

been extensively analyzed. We observed that the presence of instability in the blisters

creates an anomaly in modeling the blisters using the blister-test model.
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The nano/microstructures, such as blisters, wrinkles, buckles, etc., can provide

intriguing insights into the adhesion mechanical behavior of 2D materials. The strong

adhesion and static nature of the 2D elastic nanosheet over a flexible substrate are

highly desired for strain engineering applications. The weak adhesion and super-

hydrophobicity of (poly)dimethyl siloxane (PDMS) substrate, made from Sylgard-184

by mixing the elastomer and curing agent in a 10:1 ratio, results in low deposition

yield of graphene flakes over it. Therefore, the folding instabilities in the 2D elastic

nanosheets of graphene are inevitably observed at larger compressions under a stress

loading-unloading cycle. In Chapter 5, we show an efficient surface engineering tech-

nique to suppress the folding instabilities by increasing the conformal adhesion of the

graphene membrane over a PDMS substrate. The conformal adhesion results from the

pinning of the monolayer graphene via snap-through transitions. At last, in Chapter

6, we discuss the conclusion and outlook as a take-home message, which includes a

brief discussion on future directions.



Chapter 1

Prologue

1.1 2D materials: graphene and beyond

Graphene emerged as the ultimate wonderful material after its discovery in 2004 by

Prof. A. K. Geim and Prof. K. S. Novoselov at the University of Manchester51.

According to Prof. Geim, graphene has literally been there in front of our eyes for

a very long time, but it has never been fully isolated and identified52. In 1859, a

British chemist Benjamin Brodie obtained the liquid suspension of tiny crystals of

graphite oxide by exposing graphite to strong acids53. In 1947, P. R. Wallace gave

the band theory of Graphite to understand its electronic properties54. In 1948, G.

Ruess and F. Vogt utilized transmission electron microscopy (TEM) to characterize

the flakes with a thickness of only a few nm after drying a droplet of a graphitic

oxide solution on a TEM grid55. In 1962, Ulrich Hofmann and Hanns-Peter Boehm

searched for the thinnest flakes of reduced graphitic oxide and identified some of them

as monolayers56. In 1986, Boehm et al introduced the term ‘graphene’, which they

derived by combining the prefix of the word ‘graphite’ and the suffix ‘ene’ that is

used for polycyclic aromatic hydrocarbons57. For the first time, Geim et al reported

a simple and straightforward Scotch tape-assisted exfoliation technique, which led to

the isolation and identification of single-layer graphene nanosheets (see Figure 1.1).

Moreover, exceptionally high mobility of the few-layer graphene at room temperature

µ ≈ 10, 000 cm−2V−1s−1 drew significant attention of the researchers worldwide51.

After the discovery of graphene that is a semimetal, having optical transmittance of

∼ 97.7%, relativistic speed of charge carriers, and ultrahigh conductivity (see Figure

1.2), several other classes of two-dimensional (2D) layered van der Waals (vdW) ma-

terials emerged, e.g. 2D semiconductors (transition metal dichalcogenides (TMDCs),

etc.), 2D insulators (hexagonal Boron Nitride (hBN), etc.), and 2D superconductors

3



4 1.2. Synthesis techniques

(Bismuth Telluride (BiTe), Iron Selenide (FeSe), etc.)58. Transition metal dichalco-

genides have chemical formula MX2 having layered nature in bulk form, where M is

a transition metal and X is a chalcogen atom. A hexagonally-ordered M atoms are

sandwiched between two another hexagonally-ordered X atoms in single layer59. The

monolayer TMDCs are direct band gap semiconductors whereas multilayer TMDCs

are of indirect band gap. Single layer TMDCs are found in three poly-types: 2H, 1T

and 1T′ phases. 2H (Hexagonal) phase is semiconductor phase, while 1T (Tetragonal)

and 1T′ are metallic phases.

Figure 1.1: Schematic representation of graphene exfoliation from layered graphitic
flake (ore) with corresponding band structure diagrams. Graphene is shown by scan-
ning electron micrograph showing the crystal’s faces in zigzag (blue line) and armchair
(red line) directions3. Adapted with permission: ©2007, Springer Nature Ltd.

1.2 Synthesis techniques

The 2D materials can be synthesized using either chemical or mechanical processes

(see Figure 1.3). They can be obtained either from atomic nucleation and recon-

struction or by miniaturizing their bulk counterparts. The synthesis techniques are

categorized as the following:

1.2.1 Top-down approach

In this approach, 2D materials can be obtained from their bulk counterparts through

physical or chemical treatment. The physical processes include mechanical force or

ultrasonic energy for exfoliating the layers from the bulk form of layered vdW ma-

terials. In contrast, the chemical treatment is based on chemical reactions, which
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Figure 1.2: (i) Optical micrograph of graphene and its bilayer captured in transmit-
tance mode4. Adapted with permission: ©2008, AAAS. (ii) Ambipolar electric field
effect in single-layer graphene, showing the shifting of Fermi energy EF with gate
voltage V3. Adapted with permission: ©2007, Springer Nature Ltd. The single and
bilayer graphene consists of 2 and 4 atoms in each unit cell, respectively. The hop-
ping between nearest neighbor atom sites A and B results in linear dispersive relation
whereas the hopping between A1 and B2 in bilayer graphene results in two parabolic
electronic bands5. Adapted with permission: ©2012, WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim.

result in charge or heat exchange for chemical changes to overcome the interlayer

vdW interactions, which is followed by miniaturization of the bulk counterparts us-

ing mechanical treatment. During exfoliation, the imposed mechanical force can be

normal or lateral. The normal mechanical force is utilized in tape-assisted exfoliation

techniques (see Figure 1.4), whereas the lateral or shear force assists in exfoliating 2D

crystals in the liquid-phase exfoliation method.

1.2.1.1 Tape-assisted mechanical exfoliation techniques

1.2.1.1.1 Micromechanical exfoliation (ME)

The tape-assisted micromechanical exfoliation is the mother technique for produc-

ing 2D monolayers, first employed by the discoverers of graphene Prof.(s) Geim and

Novoselov51,60. This technique produces 2D monolayers of the highest quality. Since

the discovery of graphene, tape exfoliation has constantly evolved in order to obtain

a large-area single to few-layer deposition yield of 2D materials. The disadvantages

of this technique are as follows: it produces a random distribution (location) of de-

posited flakes, and it can not be scaled up for the mass production of 2D monolayer

flakes.
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Figure 1.3: Schematic representations of graphene synthesis techniques6. Adapted
with permission: ©2012, Elsevier Ltd.
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Figure 1.4: Tape-assisted mechanical exfoliation techniques7: (i) micromechanical
exfoliation8. Adapted with permission: ©2015, RSC Publishing Ltd. (ii) Microme-
chanical hot exfoliation9,10. Adapted with permission: ©2015, ACS Publishing Ltd.
(iii) PVA-assisted graphene exfoliation11. Adapted with permission: ©2020, Springer
Nature Ltd. (iv) Metal-assisted exfoliation of 2D materials12. Adapted with permis-
sion: ©2018, ACS Publishing Ltd.

1.2.1.1.2 Micromechanical hot exfoliation (MHE)

A Nitto tape decorated with mechanically cleaved thinner 2D flakes, obtained by

repeated sticking-detaching method, is placed in conformal contact with a silicon

substrate (or, SiO2/Si, Pyrex, etc.). For a better deposition yield with large-area

monolayer regions, the silicon substrate is first treated with oxygen plasma to re-

move surface adsorbates and increase surface wettability. The stack is then, placed

on a heater plate at a temperature of 100 ◦C for ∼2 min. Thereafter, the tape is

peeled off gradually starting from one of its ends once the sample cools down to room

temperature9,10. This technique may produce blisters of 2D flakes due to aggrega-

tion of adsorbed gas molecules/contamination, which has significant implications in

fundamental research on the bending of layered 2D materials2,61.

1.2.1.1.3 PVA-assisted exfoliation (PAE)

A good wettability and debonding rigidity of polyvinyl alcohol(PVA) with single-

crystalline 2D flakes (mostly hydrophobic by nature) helps in achieving a good depo-
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sition yield with larger area single to few-layer flakes11,62,63 (see Figure 1.5(b)). In this

technique, a tiny amount of PVA solution (mostly, prepared in water) is spin-coated

over a solid substrate, which is then cured at a raised temperature to result in a thin

film of PVA over the substrate. Thereafter, the 2D flakes’ exfoliation-cum-deposition

step is performed using the Nitto tape at the ambient atmosphere. The water-soluble

nature of PVA is also helpful for the transfer of 2D flakes from the parent substrate to a

hydrophobic substrate like polydimethylsiloxane (PDMS)64, which otherwise needs to

be treated with oxygen plasma prior to the exfoliation step to increase its wettability

for a better deposition yield.

Figure 1.5: 2D flakes’ deposition yield for different mechanical exfoliation techniques:
(a) mechanical hot exfoliation, (b) PVA-assisted graphene exfoliation, and (c) elec-
trostatic hot exfoliation.

1.2.1.1.4 Metal-assisted exfoliation (MAE)

The strong adhesion of 2D materials with metal substrates allows the exfoliation of

layered vdW crystals65,66. Nickel (Ni) and Gold (Au) have been extensively utilized

for depositing 2D flakes with single to few layers. A large-area ‘deposition yield’ of

MoS2 monolayer is obtained on freshly sputtered gold (Au), but it reduces with the

time of air exposure of gold (Au) before the exfoliation and deposition step12.

1.2.1.2 Electrostatic Hot Exfoliation (EHE) or Anodic bonding technique

Anodic bonding is a technique to bond two glass or silicon substrates with the help of

an intermidiate Pyrex (Na2O doped glass) layer. Abhay Shukla et al experimentally

exploited this technique for the large-area deposition of single-layer graphene67–72.

Figure 1.5(c) depicts the single-to-few layers of graphene exfoliated using this tech-

nique. In this technique, a thin graphitic flake on a Pyrex substrate is sandwiched

between two metallic electrodes. A high electric DC voltage (∼ 1 kV) is applied across

the electrodes at a raised temperature of ∼ 200 − 300◦C (see Figure 1.6(a, b)). The
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temperature is sufficient to dissociate Na2O molecules into Na+ and O2− ions. Under

the effect of electric field, the Na+ ions, being smaller in size and more mobile, move

towards the cathode terminal whereas the O2− ions create negative space charge at

the top of the Pyrex substrate. This negative space charge induces positive charge at

the bottom layer of the graphitic flake (precursor), which gets adhered on the surface

of Pyrex substrate due to attractive electrostatic forces. A humid environmental con-

dition may give rise to the formation of 2D material blisters in the electrostatic hot

exfoliation process (see Figure 1.6(d)).

Figure 1.6: (a) A schematic diagram of the electrostatic hot exfoliation (anodic bond-
ing) process, and (b) the experimental set-up used in exfoliation step13. Adapted
with permission: ©2015, Theses, Université Pierre et Marie Curie - Paris VI. (c)
The deposition yield with (d) blisters of MoS2 flake over a borosilicate glass substrate
(Pyrex).

1.2.1.3 Liquid-phase exfoliation (LPE) technique

The graphite flakes are dispersed in solvents like N-Methyl-2-pyrrolidone (NMP),

Dimethylformamide (DMF), etc. and the prepared solution is subjected to sonication
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in an ultrasonic bath. During ultrasonic vibration, the sonication ruptures large

graphitic flakes and forms kinks (deformations) on the flakes73,74. These kinks lead to

cracks from where the solvent molecules pass through and intercalate, which increases

the interlayer separation and leads to the unzipping of thin graphitic flakes into single-

layer graphene nanosheets. The (modified) Hummers method has been extensively

utilized for the liquid-phase exfoliation of graphitic flakes75.

1.2.2 Bottom-up approach

Figure 1.3 illustrates the bottom-up approaches for producing graphene. In the

‘Chemical vapor deposition’ (CVD) process, the vapor of one or more volatile precur-

sors is transported to decompose on a heated substrate in an ultra-vacuum reaction

chamber76. For the growth of graphene, methane (CH4) and hydrogen (H2) gases are

made to flow through a furnace kept at a high temperature, where a metal substrate

(Copper (Cu) or Nickel (Ni)) is placed in an inert gas (Argon (Ar)) environment. The

metal substrate acts as a catalyst, which allows the dissociation of methane gas into

carbon atoms at a temperature of ∼ 1000 ◦C lower than the graphitization tempera-

ture (∼ 3000 ◦C). As a result of the chemical reactions, the graphene film form by the

nucleation and aggregation of carbon atoms on the metal substrate in the reaction

chamber.

In addition to that, epitaxial growth of graphene on Silicon Carbide (SiC) has

gained significant interest among other graphene production techniques77. Graphene

grows on the insulating SiC surface through an ultravacuum high-temperature an-

nealing process. The vacuum decomposition of SiC leads to desorption of Si atoms

from the heated surface leaving behind the carbon atoms which form graphitic lay-

ers, also called few-layer graphene (FLG) that consists of small grains with varying

thickness (30 − 200 nm)78. By annealing the SiC sample in an argon atmosphere at

high temperatures above ∼ 1650 ◦C, the rate of silicon evaporation can be reduced

to produce larger domains of graphene79.

1.3 Transfer techniques and 2D material-based het-

erostructure fabrication

Two-dimensional (2D) materials show extraordinary electronic, optical, and mechan-

ical properties, which make them worthy for optoelectronic applications80,81. The

thinnest 2D material Graphene can withstand strain up to ∼20% before rapture3,82,

in addition, it shows remarkable optical transparency of 97.7%83. The ultra-high flex-

ibility and stretchability of 2D materials make them mechanically reliable and com-
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pliant with polymers for their applications in transparent and flexible electronics84–86.

However, the constraints of growth conditions limit the direct growth/synthesis of 2D

flakes (single or few layers) over a flexible polymer substrate87.

The scotch-tape-based micromechanical exfoliation method produces the high-

est quality 2D flakes amongst other known deposition or growth techniques88, but

is incapable of selective transfer of 2D flakes from the scotch tape to the desired

substrate. However, the mechanically cleaved 2D flakes are the best for prototype de-

velopment for fundamental intrinsic studies. 2D layered materials similar to graphene

have strong in-plane covalent bonding and weak inter-planar Van der Waals (vdW)

bonding, therefore single or few layered flakes can be transferred to a substrate using

polymer-assisted transfer techniques89. The polymer-assisted transfer techniques (see

Figure 1.7) employed for the 2D flakes prepared using the bottom-up approach may

also be reliable and effective for the transfer of 2D flakes prepared using the top-down

approach90.

Figure 1.7: Transfer techniques and 2D material-based heterostructure fabrication.
(1) PDMS-based dry transfer process14. Adapted with permission: ©2018, RSC Pub-
lishing Ltd. (2) PDMS/PPC-based pick up-release dry transfer process14. Adapted
with permission: ©2018, RSC Publishing Ltd. (3) PMMA carrier layer-based wet
transfer process6. Adapted with permission: ©2012, Elsevier Ltd.

Several earlier reports show the use of harsh chemical etchants for the transfer

of 2D flakes from the growth platform to an arbitrary substrate91,92. The chemi-
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cal etching of the substrate is a destructive technique, which may also degrade the

quality of 2D flakes. In the widely used PMMA carrier layer-assisted transfer pro-

cesses such as ultrasonic-bubbling transfer93, O2-bubbling transfer94, PVA film-based

transfer95, wedging transfer96–98, and chemical etching (of the growth/deposition sub-

strate) based transfer process90,99–103, there is a very common problem of polymer

contamination and folding of the transferred 2D flakes. However, the PMMA carrier

layer-based techniques can transfer larger area flakes. Even the 2D flakes protected

by a pressure-sensitive polymeric film face a significant amount of ripples and residues

when transferred to a target substrate using a chemical etching-based method104. A

significant amount of buckles or folds are observed in the wet wedging transfer of

graphene onto a hydrophilic substrate due to water intercalation105. Room tempera-

ture transfer processes have also been attempted to avoid strain development due to

harsh heat treatment. A polymeric layer of low molecular weight has ‘medium-range’

interfacial interactions with the supported 2D flakes, which helps in their cleaner

transfer at room temperature with fewer folds in comparison to other high molecular

weight polymer scaffolds92,106.

The selective & direct transfer of 2D flakes from the scotch tape onto the desired

substrate is impractical. However, a transfer process plays a crucial or even detrimental

role in the performance of the 2D material-based electronic devices107–111. The wet

transfer of 2D flakes by chemical etching of the rigid/ solid growth substrate is a

destructive technique, which often degrades the quality of the 2D flakes, and may even

result in damage, polymeric residual contamination, and folding of the transferred 2D

flakes90,93,99–103.

Furthermore, the direct transfer of 2D flakes from a growth or deposition substrate

onto flexible polymeric substrates has also been attempted. The electrostatic hot

transfer112 and thermal-assisted direct transfer113,114 techniques facilitate alternatives

to the transfer of graphene from a copper substrate directly onto a flexible polymer

substrate placed in ultra conformal contact. The direct transfer of single crystalline 2D

flakes from a Nitto tape onto a pristine PDMS substrate results in several delamination

regions115,116. However, the transfer process is probabilistic, non-deterministic, and

unselective, and requires wettability of the PDMS substrate, which can be obtained by

its oxygen plasma treatment before deposition117. It has been observed that oxygen-

plasma treatment time has a substantial effect on the surface roughness of the PDMS

substrate as extended plasma treatment induces unwanted surface deformation and

cracks118.

It is an ultimate task to combine the best of different ingredients into a single

material, which is actually a motivation behind the formation of 2D material-based
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heterostructures. There is no constraint of lattice-mismatch in stacking distinct 2D

layers over each other to form a heterostructure as the 2D layers are bonded with weak

vdW interlayer forces. Strain engineering can play a vital role in further modulating

the physical properties of the heterostructures. The strain can modulate the inter-

layer interactions in the heterostructure as the inter-layer distance decreases under

tensile strain whereas it increases under compression. The PDMS-based dry transfer

technique has also been extensively utilized for transferring mechanically cleaved 2D

flakes onto a rigid/solid substrate that already has another 2D material lying over it,

for making the 2D material-based heterostructure. This is an easier, fast, and cleaner

transfer technique. In a recent work of Achint Jain et al.119, PDMS film with MoS2

flake is firstly aligned and placed in contact with hBN flake on Si/SiO2 substrate, and

then detached slowly after a short heat treatment, which leaves behind the MoS2/hBN

heterostructure on the Si/SiO2 substrate. The hot pick-up & release of 2D flakes uti-

lizes a temperature-dependent polymer-softening and hardening approach but with a

finite probability of polymeric residual contamination as well as the development of

folds or blisters on the 2D flakes120,121. For picking up a few-layer sample, a smooth

surface of the substrate is highly needed (substrate selection) because any corruga-

tion in the surface helps the flake conform properly. The larger the flake-to-surface

adhesion, the stronger the vdW force and difficult to pick it using a polymer. The

thick flakes are easily picked up because they do not conform to the substrate and

their inter-layer interaction is more than the flake-surface interaction14. However, the

manual stacking of 2D flakes onto a flexible substrate is still a challenge in the way

of flexible electronics using the dry transfer technique as the elastomeric nature of

the target substrate may cause mechanical damage or incomplete transfer of the 2D

flakes.

1.4 Characterization techniques

1.4.1 Microscopy

1.4.1.1 Optical microscopy

The optical transmittance of monolayer graphene is 97.3%, which decreases with in-

creasing number of layers. Therefore, the optical contrast increases with the thickness

of the 2D flake, helping in the identification of the number of layers. The optical con-

trast is the relative intensity of reflected light from the substrate with and without

the 2D flake122–124. The difference in optical contrast helps to distinguish the number

of layers by analyzing optical images. The contrast C(λ) of a 2D flake on a substrate



14 1.4. Characterization techniques

Figure 1.8: (a) Schematic diagram of confocal optical microscope15. Adapted with
permission: ©2015, Elsevier Ltd. (b) Schematic representation of atomic force mi-
croscope (AFM)16. Adapted with permission: ©2008, IOP Publishing Ltd. (c)
Schematic diagram of scanning electron microscope (SEM)17. Adapted with permis-
sion: ©2016, Elsevier Ltd.

is found using

C(λ) =
Is(λ)− I(λ)

Is(λ)
(1.1)

where Is(λ) is the intensity of the light reflected from the substrate and I(λ) is the

intensity of the light reflected from the 2D flake.

1.4.1.1.1 Interference reflection microscopy (IRM)

Interference reflection microscopy (IRM) is the optical imaging obtained as a result

of interference of reflected light beams from a reflecting layers of a 2D flake. With

this method, the optical contrast of the 2D layers can be significantly enhanced,

which helps in the rapid and low-cost characterization of the number of layers in 2D

materials47. Moreover, the interference of reflected light beams from the 2D material

bubbles or buckles can produce interference patterns like Newton’s rings, which can

effectively characterize the topographical features of the microstructures63.
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1.4.1.2 Atomic force microscopy (AFM)

This is a type of scanning probe microscopy (SPM). It is a proficient tool for imaging,

measuring, and manipulating matter at the nanoscale. It can provide resolution down

to the atomic scale. AFM is an essential tool for confirming the number of layers in

a 2D material125. The topographic information is gathered by scanning the surface

with a mechanical probe that is a sharp-tip cantilever of silicon or silicon nitride. A

focused laser spot gets reflected from the top surface of the cantilever into a position-

sensitive photodetector (see Figure 1.8(b)). Therefore, the phase (path) difference

between the reflected beams, resulting from the deflection of the cantilever while

scanning the surface, is acquired to map the topographic profile of the surface. The

electrostatic Coulombic and vdW forces affect the movement of the AFM tip. AFM

can be used for mapping the topographic profile of the 2D material surface, whether

flat or patterned; moreover, the AFM cantilever tip can be used for nanoindentation

experiments to deduce the mechanical properties of the 2D elastic sheets.

1.4.1.3 Electron microscopy

Scanning electron microscopy (SEM) imaging produces the surface morphology of

2D materials through contrast mapping. The focused electron beam interacts with

the matter and produces back-scattered, secondary, and auger electrons, which are

selectively collected to generate images. The electrons can be produced either through

thermionic emission or field emission. On the other hand, high-resolution transmission

electron microscopy (HR-TEM) imaging produces atomically resolved images of the

specimen, which provide the structural and atomic arrangement of the specimen.

Both SEM and TEM operate in ultravacuum conditions126,127.

1.4.2 Spectroscopy

1.4.2.1 Raman spectroscopy

Raman spectroscopy is a vital non-destructive tool to gain insights into the quality,

disorder, edge and grain boundaries, thickness, doping, strain, and thermal conduc-

tivity of graphene and other 2D materials. Raman signals (or, phonon-modes) are the

fingerprints for the 2D monolayer, bilayer, trilayer, and so on. When light propagates

through a medium, most of it is either transmitted or absorbed, but a very fraction

is scattered in all directions due to inhomogeneities inside the medium. If these in-

homogeneities are static (such as defects in crystals), then this corresponds to elastic

scattering of light (i.e., without frequency change) and is called Rayleigh scattering.

Else if the inhomogeneities are dynamic like atomic vibrations or fluctuations in the
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charge or spin density in crystals, then it corresponds to inelastic scattering of light

(i.e., with frequency change) and is called Raman scattering18. Raman scattering is a

result of photon-electron interaction via emission (stokes) or absorption (anti-stokes)

of a phonon.

The incident light (Ein) affects the atomic charge distribution (electron clouds),

which induces the microscopic dipole moments. The sum of all these induced dipole

moments constitutes the macroscopic polarization (P = αEin), where the molecular

polarizability (α) is the deformability of the electron cloud about the molecule by

an electric field. This polarization produces a secondary electromagnetic field, which

causes scattering of the light. The scattered photons are mostly composed of Rayleigh

scattered photons and a very small amount of Raman scattered photons128. Rayleigh

and Raman are two-photon processes, which involve the scattering of an incident

photon from a “virtual state”. A typical Spectrum is composed of three features: the

Stokes, anti-Stokes, and Rayleigh lines. The first two are symmetrically located from

both sides of the Rayleigh line.

� If the induced electric field oscillates with the same frequency as that of the

incident light ω, the polarization term is responsible for the elastic Rayleigh

scattering.

� If the induced electric field oscillates with a frequency ω + Ω, the polarization

term is responsible for the blue-shifted (w.r.t. incident light) scattered light

(anti-stokes line). This scattered light is due to the annihilation of a phonon.

� If the induced electric field oscillates with a frequency ω − Ω, the polarization

term is responsible for the red-shifted scattered light (Stokes line). This process

corresponds to the creation of a phonon.

In the case of graphene, the characteristic Raman peaks are: D peak (at 1350

cm−1), G peak (at 1580 cm−1), and 2D peak (at 2690 cm−1). The high-quality and

defect-free nature of graphene is confirmed on the basis of: (i) lack of D band, (ii)

I2D/IG ratio, and (iii) full width at half maximum (FWHM) of the 2D band (see

Figure 1.9(a,b)). For MoS2 flakes, the frequency difference between the characteristic

E1
2g and A1g modes increases monotonically with the number of layers from ∼ 19 cm−1

for single layer to ∼ 25.5 cm−1 for bulk MoS2 (see Figure 1.9(c,d))19.

1.4.2.2 Fourier transform infrared (FT-IR) spectroscopy

Fourier transform infrared spectroscopy (FT-IR) is based on infrared (IR) radiation-

matter interactions. The vibrational modes of the molecules modulate due to the
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Figure 1.9: (a, b) Raman spectroscopy of graphene and origin of peaks in the spec-
trum18. Adapted with permission: ©2013, Nova Science Publishers Hauppauge NY.
(c, d) Identification of number of layers in MoS2 using Raman spectrocopy19. Adapted
with permission: ©2013, American Chemical Society.
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absorption of IR radiation. The absorbed IR light wavelength resembles the type

of bonds and functional groups present in the specimen129. An FT-IR microscope

comprises an FT-IR spectrometer and an optical microscope. The image captured

using an IR microscope contains a spectrum for each pixel, which is collected to map

the intensity at any wavelength.

The molecules of a crystal follow a resonance condition, where they have a ten-

dency to interact with radiation having oscillating dipoles of a specific frequency that

matches the natural vibrational frequency of a particular mode of the crystal. In the

IR absorption process, the absorbed energy by the molecule causes a change in the

dipole moment, which results in a change in the vibrational energy level. Homonu-

clear diatomic molecules such as H2, N2, and O2 have no dipole moment and are IR

inactive (but Raman active) whereas heteronuclear diatomic molecules such as HCl,

NO, and CO do have dipole moments and have IR active vibrations128.

1.4.2.3 Photoluminescence (PL) spectroscopy

‘Luminescence’ is the process of spontaneous emission of light by excited atoms in a

crystal, which involves only real states, and therefore, the energy and momentum are

conserved in real transitions. The atoms can be excited by different means e.g., by

absorbing light (photoluminescence), by heat (thermoluminescence), etc.

In semiconductors, optical absorption is dominated by inter-band absorption, i.e.,

electrons are excited from the valence band to the conduction band. The excited

electron leaves an unoccupied state in the valence band which is described as a hole.

Hence, the inter-band absorption process creates an electron-hole pair. The oppo-

sitely charged particles are created at the same point in space and can attract each

other through Coulomb interactions. Such interactions can lead to the formation of

a bounded electron-hole pair which is called an exciton. The emission process corre-

sponds to radiative/non-radiative electron-hole recombination and is the opposite pro-

cess of inter-band absorption. The electron-hole pair can recombine non-radiatively

by emitting phonons or by transferring its energy to impurities or defects. In general,

the incoming photon has much higher energy than the band gap so that the excited

electrons (holes) are promoted to states well above (below) the conduction (valence)

band edges. The electrons (the holes) relax to the bottom (top) of the conduction (va-

lence) band before radiatively recombining and forming a thermal distribution with

a width of ∼ kBT .

Intrinsic photoluminescence (PL) spectrum, resulting from the radiative recom-

bination within ∼ kBT of C.B edge and V.B edge, consists of a peak of energy Eg

with a width ∼ kBT . Hence, PL spectroscopy is a technique to measure the band
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Figure 1.10: Band diagram for direct and indirect band gap semiconductors20.
Adapted with permission: ©2016, Theses, Université de Strasbourg. (c) The ‘fun-
neling effect’ observed at the wrinkled site of monolayer MoS2 (shown in (d)), and
(e) photoluminescence spectroscopy of flat and wrinkled region of monolayer MoS2

19.
Adapted with permission: ©2013, ACS Publishing Ltd.

gap of a semiconductor. The PL intensity is proportional to ηN , where η is the

quantum yield which is the ratio of the number of emitted photons to the number of

absorbed ones. PL peaks at lower energies than the band gap Eg are also possible

due to excitonic effects even if no impurities or defects states are present in the gap.

The exciton is a neutral particle that can be regarded as a hydrogenic system. The

excitonic energy levels lie in the gap and are indicated by the binding energy E
(n)
X ,

where n = 1, 2, 3, ...,∞, which follows a Rydberg-like series. The lowest excitonic

feature i.e., Eg −E
(1)
X resembles the ‘optical band gap’, which dominates the photolu-

minescence (PL) or emission spectrum. Therefore, PL spectroscopy always reveals the

optical band gap. The sum of the optical band gap (ℏωe) and the excitonic binding

energy E
(1)
X gives the electronic band gap Eg. Single-layer TMDCs are direct band

gap semiconductors whereas their bulk counterparts are mostly indirect band gap

semiconductors. The indirect band-gap semiconductors have their conduction band

minimum at a different wave vector than their valence band maximum. Therefore, ad-

ditional momentum usually provided by a phonon is required for a radiative transition

to take place at the band edges. Such indirect band gap transition is a second-order
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process in contrast to the direct band gap transition which is a first-order process.

Since the second-order process is less probable than the first-order process, the PL

intensity of an indirect band gap semiconductor is much weaker than that of a direct

band gap one20 (see Figure 1.10(a,b)).

1.5 Strain engineering and straining techniques

2D materials’ high mechanical flexibility and strain-bearing ability make it easier to

tailor their physical characteristics when subjected to external strain3,60,130,131. It

is highly desirable to have a higher degree of control over the tunability of the vi-

brational, electronic, and optical properties of 2D materials for flexible electronics

(see Figure 1.11). This can be achieved by applying various straining modes, either

in-plane or out-of-plane132. Doping engineering has already been very successful in

three-dimensional (3D) or bulk materials for the semiconductor industry, but mechan-

ical strain engineering has certain limitations on them. For instance, silicon typically

breaks at a strain level of only ∼ 1.5%. On the other hand, 2D materials can sustain

a tensile strain up to ∼ 30%, therefore there has been a great surge of interest in

developing strain-engineered 2D materials133,134. Engineering the physical properties

of 2D materials under strain also takes into account their anisotropic behavior ow-

ing to finite interlayer sliding (induced by the weak van der Waals (vdW) coupling)

and the flake thickness-dependent elastic as well as adhesive capabilities. Since the

strain-enabled band gap engineering in 2D materials has intriguing implications for

both fundamental research and commercial applications, a solid grasp of the straining

techniques is a prerequisite135. The straining techniques have been formulated with

motivation from naturally occurring phenomena (e.g. human skin-based strains) or

robotic or mechanical processes.

1.5.1 Fundamentals of Strain Engineering

The first and foremost requirement is the reversibility of the straining effects on 2D

materials. Therefore, 2D material is strained to the elastic limit beyond which the

plastic region starts, where irreversibility enters through the development of the per-

manent deformation of the 2D material, followed by the breaking point. The external

mechanical strain affects the interatomic separation in the atomically thin 2D mate-

rial, which modulates its intrinsic properties. The interatomic distance or the chem-

ical bond length increases (decreases) with the application of tensile (compressive)

strain. The bond strength becomes weaker (stronger) as the bond length increases

(decreases). Since the natural vibrational frequency (ω) is directly proportional to

the bond strength (or, force constant (k)), i.e. ω =
√

k
m
, the vibrational frequency
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Figure 1.11: The straining techniques enabling the utilization of 2D materials in
flexible straintronic applications21. Adapted with permission: ©2023, Elsevier Ltd.

decreases (increases) by applying tensile (compressive) strain to the 2D material134.

The shifting in the crystal vibrational frequency of the strained 2D material can be

easily detected using the µ-Raman spectroscopy136. The red (blue) shifting of the Ra-

man peaks corresponds to the softening (hardening) of the phonon modes. Hence, the

modulation of the physical properties of a 2D material is the direct & straightforward

consequence of the mechanical straining on the crystal lattice.

The 2D transition metal dichalcogenides (TMDCs) are semiconducting (SC) by

nature, differing from graphene, which is a zero-band gap semimetal. In 2D semicon-

ductors, the electrons are excited from the valence band (V.B.) to the conduction band

(C.B.) by absorbing energy that is equal to or greater than the electronic band gap,

leaving behind unoccupied states (holes) in the V.B.137 An electron-hole pair bounded
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by a Coulombic force of attraction is called an exciton. The radiative recombination

of the electron-hole pairs results in the emission of light, which is called ‘photolu-

minescence’ (PL). The energy corresponding to a photon, emitted as a result of the

recombination of electron-hole pair, is called an ‘optical band gap’20. Due to the finite

binding energy of the electron-hole pair, the optical band gap is slightly less than the

electronic band gap. The electronic band gap decreases (increases) with an increase

(decrease) in the lattice parameter under tensile (compressive) strain due to the phe-

nomenon of quantum confinement. Since the electronic band gap is the direct sum of

the optical band gap and the excitonic binding energy (which is negligibly affected by

the external strain)138–142. Therefore, the optical band gap of the 2D semiconductor

also decreases (increases) under the tensile (compressive) strain143,144. An indirect

band gap semiconductor has the C.B. minima and V.B. maxima at the different wave

vectors, which require additional momentum for the radiative transitions. Therefore,

the indirect band gap transition is a second-order process in contrast to the direct

band gap transition, which is a first-order process. Due to the lower probability of

indirect band-gap transitions, the PL intensity is much weaker than that for direct

band-gap transitions137. In 2D SCTMDCs, there is a transition from indirect band

gap to direct band gap, going from multilayer to monolayer145. However, a multilayer

2D SCTMDC has been demonstrated to exhibit a transition from an indirect to a

direct band gap with a dramatic increase in PL intensity under the application of

strain146.

For strain engineering research, the 2D flakes are usually prepared by using the

micromechanical exfoliation (MME) technique, as this assures that the prepared flakes

are defect-free and of the highest quality7,147. Since 2D materials are highly flexible

and stretchable, owing to the strong in-plane covalent bonding and the weak interpla-

nar van der Waals (vdW) bonding, it is always preferred to transfer them onto flexible

polymeric substrates for strain engineering purposes by using any polymer-assisted

wet or dry transfer technique. In general, the wet transfer techniques demand the

chemical etching of the deposition/growth substrate90,103, while the dry transfer tech-

niques utilize thermal softening and hardening of the polymeric stamps for hot pick-up

and release of the 2D flakes14,120,121. The dangling bonds-free surface of 2D materials

enables the direct fabrication of the heterostructures on the flexible substrates, adding

more degrees of freedom for strain engineering applications.

The strain value, developed at the strained sites of a 2D material, can be deduced

using the “Grüneisen parameters”, which describe the effect of a change in the lattice

structure on its vibrational and optical properties. The application of strain alters

the electron and phonon band structures of a lattice, which is characterized by the
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amount of shifting in the Raman and PL peak positions. The Grüneisen parameters

only deal with the strain-dependent spectral response of the 2D material, regardless

of the applied straining technique. To probe the uniaxial or biaxial strain in a 2D

material, Raman spectroscopy has been proven to be a powerful and nondestructive

tool, as the Raman active mode shifts and/or splits under the application of strain.

Group theory establishes a functional dependence of the peak positions on the strain

tensor. The Raman and PL peaks shift under a uniaxial strain148, as

ωA′ = ω0
A′ [1− γA′(1− ν)ε] (1.2)

where A′ is a rotationally invariant point-group representation of the crystal symme-

try, ω0
A′ is the zero strain frequency, γA′ is the Grüneisen parameter, ν is the Poisson’s

ratio, and ε is the amount of the uniaxial strain. On the other hand, a degenerate

phonon peak E ′, which splits into two peaks: the + peak and the − peak, shifts under

the uniaxial strain, as

ω±
E′ = ω0

E′

{
1−

[
γE′(1− ν)∓ βE′

2
(1 + ν)

]
ε

}
(1.3)

where ω0
E′ is the zero strain frequency, γE′ is the Grüneisen parameter, and βE′ is the

shear deformation potential. The ± sign in the equation 1.3 denotes the lifting of

the degeneracy under uniaxial strain. The following reasons lead to the discrepancies

in the values of the Grüneisen parameters among the reported experimental findings

related to uniaxial straining148,149: (i) the Grüneisen parameters behave anisotropi-

cally, as the frequency-shifts of the splitted phonon modes vary with the direction of

the uniaxial strain, (ii) the higher Poisson’s ratio of the underlying substrate than

that of the 2D material induces errors in the uniaxial straining experiments, (iii) the

Grüneisen parameters decrease with increasing uniaxial or biaxial strain within the

elastic limit, and (iv) the Poisson’s ratio is valid for the isotropic straining through

the substrate with good interfacial adhesion, but there is always a possibility of fi-

nite interfacial slippage during the strain-transfer process. However, in case of biaxial

strain1,149, the Grüneisen parameter is given by,

γA′ = −
(
ωA′ − ω0

A′

)
/
(
2ω0

A′ε
)

(1.4)

where ε is the equi-biaxial strain. As the biaxial strain value does not depend upon

Poisson’s ratio, therefore, the same biaxial strain value develops for both freely sus-

pended graphene and simply supported graphene over a substrate under isotropic
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out-of-plane deformation. Therefore, the biaxial strain is more reliable for deducing

the Grüneisen parameter from the straining experiments. However, any discrepancy,

in this case, may be attributed to the intrinsic strains already present in the 2D

material before performing the experiments149.

Over and above that, strain engineering also has a crucial role to play in tuning

the strongly correlated electronic states of the moiré superlattices with twisted 2D

homo- or hetero-bilayers150–152. In twisted bilayer graphene (t-BG), the positions of

Fermi energy EF (Dirac point, where the density of states (DOS) vanishes) and the

van Hove singularities vHSs (saddle points, where DOS is very large) in the electronic

band structure, can be controlled by electrostatic gating and relative rotation of the

2D layers, respectively. By introducing a small rotation between the stacked graphene

layers, the moiré patterns form, and the vHSs come closure to EF, which results in

the emergence of exciting new phases of matter153. The relative angle of rotation is

directly related to the period of the moiré superlattice, which can help in evaluating

the local strain fields in the t-BG154. As the twist angle becomes smaller (θ < 3.5◦),

the interlayer coupling strengthens and the quasi-particle velocity at the Dirac point

begins to decrease. However, for larger twist angles (θ > 5.5◦), the electronic spectra

of the graphene layers become identical to that of a single-layer graphene, resembling

the electronic decoupling of the layers155. The unconventional superconductivity at

1.7 K has been realized in t-BG, where two graphene layers are relatively twisted at

a so-called ‘magic angle’ ∼ 1.05◦. At the magic angle, the bands of the two graphene

layers hybridize and exhibit strong interlayer coupling, which results in the modulation

of the physical properties. The strong interlayer coupling in the magic-angle t-BG can

be further fine-tuned under the applied strain or pressure156,157. The band flattening

has been found to emerge in t-BG with a relative twist angle of ∼ 1.25◦ under a

small uniaxial heterostrain (interlayer relative strain) of 0.35%158. The heterostrain

may also produce higher-order vHSs in the moiré superlattice, which offers a vital

platform for enhancing the correlation effects159. Therefore, an interplay between

strain and twist might open new pathways to control the flattening of the moiré

bands and, thus, the conductivity of the t-BG159–161. Recently, Marwa Mannäı et

al 162 showed a way to find the direction and the amplitude of the applied strain in

the t-BG and t-BTMDC superlattices at a given twist angle, such that the twist

angle approaches the magic angle. Furthermore, the strain engineering of 2D TMD-

based ‘kirigami’ (an ancient Japanese art of paper cutting) patterns on a flexible

polymeric substrate have been employed for tunable and reversible photoresponsivity,

as the Kirigami architectures significantly improve the reversible stretchability as well

as flexibility163,164. The fundamental advances in strain engineering of 2D materials
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have a major impact on the development of cutting-edge technologies for the future.

Figure 1.12: (i) Gaseous air molecules, confining underneath the graphene monolayer
over a smooth SiO2/Si substrate, form graphene bubble during the micromechanical
hot exfoliation process22; Adapted with permission: ©2018, American Physical Soci-
ety. (ii-iii) Bending of a multilayered flake follows either membrane or elastic plate like
profile23; Adapted with permission: ©2019, American Physical Society. (iv) Work of
adhesion with respect to a given substrate as a function of the characteristic aspect
ratios of the blisters of different 2D materials and heterostuctures2; Adapted with
permission: ©2018, AAAS.

1.6 Adhesion mechanics of 2D materials

The adhesion mechanical behavior of the 2D elastic nanosheets over any substrate can

be understood by analyzing the topographic profiles of bubbles or buckles formed on

their surfaces. The presence of blisters on 2D material surfaces has a detrimental role

in their electronic properties. However, the topographic features of the blisters can

indirectly probe their mechanical response over the given substrate as the presence

of bubbles on an elastic sheet over a substrate ensures a finite amount of interfacial

adhesion. The measure of work of adhesion is a prerequisite for the selection of a sub-

strate to fabricate electronic devices based on 2D materials or their heterostructures.

The elastocapillarity of 2D materials results from the competitive interplay between

the elastic strain energy and the surface/interface energy, which constitute the mini-

mized potential energy of the system. The relative dominance of the bending stiffness

and the stretching stiffness (governed by the ratio of blister height to flake thickness,

i.e. h/τ) determines the shape-profile of a 2D material blister either membrane-like

or elastic plate-like (see Figure 1.12). On the contrary, the wrinkles form in 2D ma-

terial over an elastomeric substrate due to a finite mismatch in Young’s modulus
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or thermal expansion coefficient in a prestretch-release process or thermal annealing

process, respectively. The minimization of net potential energy yields the interfa-

cial adhesion energy or exfoliation energy of the 2D material over a substrate. The

elastocapillary properties of 2D materials are responsible for the formation of var-

ious nano/microstructures of 2D elastic nanosheets (see Figure 1.13).Such strained

nano/microstructures of 2D materials have significant implications in fundamental

research as well as strain engineering applications.

Figure 1.13: (a-b) Schematics and corresponding scanning electron microscope images
of nano/microstructures of 2D materials, and (c-d) bending profile of 2D multilayer
with perfectly glued and ultralubricated interfaces, respectively23. Adapted with
permission: ©2019, American Physical Society.

1.6.1 Strained nano/microstructures of 2D materials

1.6.1.1 Blisters

The out-of-plane deformation of 2D elastic nanosheets due to the confinement of

gas/liquid/nanoparticles results in the formation of bubbles, domes, tents, pyramids,

etc., which are commonly termed ‘blisters’24. The competitive interplay between the

in-plane elastic stiffness and out-of-plane bending stiffness determines the parameter

h/τ , which governs the membrane or elastic plate-like behavior of the 2D elastic sheet.

1.6.1.2 Wrinkles and Buckles

When 2D elastic nanosheets are adhered to a pre-stretched elastomeric substrate,

and then, it is released controllably, the wrinkles of the 2D elastic nanosheets form as

a result of Young’s modulus mismatch. Initially, at smaller compression levels while

releasing the pre-strain of the substrate, conformal wrinkles form, which starts delam-

inating from the substrate’s surface to form the buckles with increasing compression

level. At sufficiently larger compressions, the buckles collapse to form the folds due

to interfacial contact failure64.
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1.6.1.2.1 Methods for nano/micro-structuring of 2D materials

There are several techniques to form the various nano/microstructures of 2D materials,

e.g., blisters, buckles, wrinkles, folds, etc. Some of the major techniques are shown in

Figure 1.14.

Pressurized Blistering A flexible polymeric film carrying 2D elastic nanosheets

is suspended over a circular cavity patterned on a silicon substrate, and then, pressur-

ized to blow it in an out-of-plane direction. The pressurized bulging generates biaxial

strain at the center of the “blown-bubble”. The positive or negative pressure differ-

ence (pint − pext) results in upward or downward deflection of the membrane, which

develops tensile or compressive strain, respectively, at the center of the pressurized

bubble165,166.

The bulging or out-of-plane bending of the 2D membrane, and hence the induced

biaxial tensile strain is controlled by altering the pressure difference. As the central

deflection of the pressurized blister increases, the accumulated tensile strain at the

center also increases, which results in the red-shifting of the phonon modes and re-

duction of the band gap. Using Hencky’s model and considering unity strain-transfer

efficiency, the biaxial strain developed at the center of the bulged 2D membrane with

negligible bending stiffness is defined as follows165:

ε = σ(ν)

(
δ

a

)2

(1.5)

where σ(ν) is a constant prefactor, which depends only on Poisson’s ratio (ν), δ

is the upward deflection of the membrane, and a is the radius of the circular hole.

Alternatively, the biaxial strain on the 2D material can also be calculated using the

Grüneisen parameter (γ) for Raman or PL peaks, as166–170 ε = [ω− ω0] / [2γω0],

where ω and ω0 are the frequencies of the Raman/PL peaks at finite strain and zero

strain, respectively. Further, the investigation of the pressurized blisters in terms of

the upward deflation height, radius, and in-plane as well as out-of-plane elasticity of

the membrane is exploited for measuring the mechanical properties (such as Young’s

modulus, interfacial adhesion energy, confinement pressure, etc.) of the 2D material-

substrate system1,170.

Thermal-Mismatch Induced buckling The differing thermal expansion re-

sponse of a 2D material with respect to the underlying substrate can be exploited

as a robust tool to induce controlled in-plane equi-biaxial strain for modifying the

band structure of the 2D material. By selecting a substrate with a highly positive
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thermal expansion coefficient (TEC), the deposited 2D flakes can be subjected to a

biaxial tensile (or compressive) strain effectively by heating (or cooling) the underly-

ing substrate locally or globally. The strain in the deposited 2D flakes arises due to

(i) the mismatch in the thermal expansion coefficient with respect to the substrate,

and (ii) the interfacial shear stress, transferred from the substrate. The strain trans-

fer efficiency can be increased significantly by choosing a substrate having a high

Young’s modulus171, therefore flexible substrates are preferred in comparison to the

rigid/ solid substrates. In general, the 2D material-substrate system is mounted on

a Peltier element or a temperature-controlled stage (inside a vacuum chamber) for

detecting the altered vibrational & optical responses of the 2D material as a func-

tion of temperature through in-situ micro-Raman/PL spectroscopy. Periodic features

are marked on the surface of the flexible polymeric substrate for measuring the rela-

tive change in the length of the 2D flake as a result of the thermal-mismatch effect,

which is confirmed by continuously monitoring the optical images with varying tem-

perature171–173. The thermal-mismatch induced equi-biaxial strain applied to the 2D

material or the relative spacing (∆L/L) of the periodic features over the polymeric

substrate varies linearly with the temperature, as

ε =
∆L

L
= αsub(T − T0) (1.6)

where αsub is the thermal-expansion coefficient of the substrate, T is the temperature

at a particular strain-level, and T0 is the room temperature. The linear relationship

between the strain and the temperature is valid up to a threshold temperature (Tth),

beyond which the vdW interactions are unable to hold the 2D flake in the confor-

mal contact with the underlying substrate, thereby causing the interfacial slippage.

Therefore, once the sample is cooled down from the raised temperature (T > Tth)

to room temperature, the nanoscale blisters, wrinkles, or buckles form in the 2D

material174,175.

Molecular confinement induced blistering 2D materials can be strained lo-

cally by confining the liquid/gas molecules or nanoparticles at the 2D material/substrate

interface. The 2D material blisters are either induced spontaneously or formed inten-

tionally24. The spontaneously formed blisters inevitably form on transferring the 2D

material onto a flat2,22,176–178 or patterned substrate179 as a result of the aggregation

& confinement of naturally adsorbed surface-matter or interfacial contaminants into

the blisters. On the contrary, the intentionally induced blisters result from the inter-

calation of molecules by diffusion180,181 or charged particle irradiation182–186, physical
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manipulation of confined matter63,133,187–192 and pressurized bulging of atomically thin

2D nanosheets165,193,194. The adhesion mechanics (studies related to interfacial ad-

hesion, confinement pressure, etc.) of the 2D nanosheets depends on the nature of

the confined fluid inside the blisters, owing to the different fluid-structure interac-

tions34,195. There are several direct and indirect ways to get compositional insights

into the blisters, such as AFM-tip-assisted poking, scratching, bursting, and time-

dependent deflation of the blisters. The strain profile of an axisymmetric blister can

be used to deduce the interfacial adhesion energy & the confinement pressure inside it

using a relevant blister-test model (nonlinear elastic plate model/ membrane model/

tent model)1,133,196. The out-of-plane deflation of a blister (h) with respect to the

thickness of the 2D nanosheet (τ) helps in selecting an appropriate model. The non-

linear elastic plate model and the membrane model are applicable for h
τ
≲ 1.5 and

h
τ
> 2, respectively1. The vdW interactions, acting among the 2D nanosheet, the

substrate, and the confined matter, play a crucial role in stabilizing the blister system

and thereby determining the work of adhesion & the confining pressure. For air-filled

blisters of 2D nanosheets, the ‘fluid-structure interaction term’ is ignored, which gives

rise to the work of adhesion Γ ∝ E2D(
h
a
)4 and the confinement pressure p ∝ E2D

h3

a4
,

where E2D is the 2D elastic stiffness of the 2D nanosheet and h & a are the height

and radius of the blister, respectively1.

The Raman spectroscopy is used to measure the local strain in a 2D material,

induced due to the blister formation. For a 2D material under strain with two principal

strain components εr (radial) and εθ (azimuthal), the frequency shift of each phonon

mode is given by1,

∆ω = −γω0 (εr + εθ)±
1

2
βω0 (εr − εθ) (1.7)

where ω0 is the phonon frequency at zero strain, γ is the Grüneisen parameter, and β

is the shear-deformation potential. The shear component of the strain corresponds to

the phonon mode splitting, similar to the G peak of graphene under uniaxial strain.

At the center of the bubble, (εr = εθ), the strain is equibiaxial with no splitting

in the phonon-mode. For modulating the electronic band structure remarkably, a

relatively large strain (>5%) is needed to be developed at the center of a graphene

bubble1,197, which requires the adhesion energy of ∼ 1.2 J/m2. However, the graphene

has comparatively less interfacial adhesion with SiO2
198,199 or any other rigid/ solid

substrates200. Polymeric support or encapsulation may help to achieve larger interfa-

cial adhesion, even for multilayer graphene flakes, for the formation of the blisters of

larger aspect-ratio (h/a)133. The pressure-difference-driven diffusion of gas molecules

along the interface results in the merger of small blisters into bigger ones182. Since,



30 1.6. Adhesion mechanics of 2D materials

an equibiaxial strain develops at the center of a pressurized 2D membrane, viz. given

by165,176: ε = σ(ν)
(
h
a

)2
. Therefore, the equibiaxial strain at the center of an air-filled

blister of a 2D membrane would vary, as εcenter ∝
√

Γ/E2D, and the confinement

pressure inside the blister can be given by the following expression:

p ∝ E2D

a
(εcenter)

3/2. (1.8)

A stable out-of-plane deformation of a 2D flake is attained as a result of the

competition among the in-plane elasticity (elongation/compression) of the flake, in-

terlayer & interfacial sliding, and the surface tension of the confined matter. Several

attempts have been made to understand the out-of-plane bending of the multilayered

2D flakes23. The weak vdW interactions between the layers of a 2D multilayer im-

prove its super-lubricity behavior, which thereby stimulates the out-of-plane bending

of the flakes in comparison to their in-plane straining. Therefore, the phenomenon

of blistering of the multilayered 2D flakes is currently a great surge of interest due

to the deterministic but crucial roles of the in-plane elastic stiffness and out-of-plane

bending stiffness24,35,63,133. Some exciting phenomena on the 2D material blisters,

such as the funneling effect and the optical standing waves have also been observed

recently22,177,185,201. The funneling effect is commonly observed in the blisters of 2D

semiconductors (e.g. TMDCs, hBN, GaSe, etc.), wherein the photo-induced excitons

drift towards the tip of the blister before recombining radiatively. The 2D semicon-

ductor funnel traps the electron-hole pairs (excitons) and increases their lifetime re-

markably against recombination, making them promising candidates for single-photon

emission applications202. On the other hand, the standing waves (oscillations in Ra-

man G and 2D band intensities and frequencies) form across a graphene bubble due

to the interference of incident and reflected laser beams, which generates a series of

interference maxima & minima with a distance of λ
2
between the two maxima. The

formation of optical standing waves implies the nonuniform heat distribution in the

graphene bubble when illuminated by a laser beam22.

Indentation with AFM-tip The AFM (atomic force microscopy) tip can be

used as a nanoindentation probe to deform the 2D membranes (suspended over pat-

terned substrates, micro-cavities, or metal electrodes) in a controlled manner, which

induces a non-homogeneous localized strain. The in-situ Raman/PL and electrical

measurements are carried out for analyzing the modulated properties of the 2D ma-

terial upon bending or poking with the AFM tip. While poking a few-layer graphene

(FLG) flake suspended over patterned holes on SiN/Si chips with an AFM tip, a con-

tinuous redshift in the G and 2D peak frequencies is observed on gradually increasing
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Figure 1.14: Techniques for nano/microstructuring of 2D materials21. (i) Pressurized
bulging; (ii-iii) Thermal-mismatch-induced blisters and wrinkles, respectively; (iv-v)
AFM cantilever tip-assisted indentation; (vi) Straining from patterned substrate; (vii)
Funneling effect observed at the blister or buckle regions; (viii) Buckling-induced de-
lamination through prestretch-release process; (ix-x) Blister formation due to molec-
ular confinement. Adapted with permission: ©2023, Elsevier Ltd.

the deflection of the FLG membrane, which gets reverted to its original values after

the AFM tip is withdrawn203. Therefore, AFM-tip-induced straining is highly precise

and reversible, provided the membrane is deformed within its elastic limit.

In addition to the local band gap tuning, the out-of-plane deformation of a sus-

pended 2D membrane through nanoindentation with an AFM tip has also been uti-

lized to extract information about its mechanical properties (e.g., Young’s modulus,

fracture limit, adhesion strength, etc.)204–208. It is also possible to control the piezore-

sistive effect209 & the exciton funneling effect (mostly in 2D TMDCs) through AFM

tip-assisted bending210. In addition, a nano-tip can also be used to pattern and de-

form the 2D flakes (deposited over polymeric211 as well as SiO2/Si
212 substrates) in a

controlled & precise manner through the application of high mechanical stress. The

deformed 2D flake remains in the strained condition even after the removal of the

tip-induced mechanical stress, which can be attributed to the strong interfacial adhe-

sion of the 2D flakes to the substrate. However, the mechanical stress can be severely

reduced in order to deform a 2D material deposited over a thermosensitive polymer by
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heating the nanotip. The well-controlled and permanent strain features can be writ-

ten on different 2D TMDCs and graphene flakes, viz., deposited over thermosensitive

deformable polymers, such as polyphthalaldehyde (PPA) and poly(methyl methacry-

late) (PMMA), through thermal scanning probe lithography (t-SPL) at a tempera-

ture above the glass transition temperature of the respective polymeric substrates213.

More interestingly, it is possible to control the depth of each indent by adjusting the

temperature and the force of the nano-tip.

Substrate induced patterning Any corrugation or roughness on the substrate

helps 2D materials conform more closely due to their remarkable stretchability &

bendability (flexibility). Therefore, it is difficult to peel off or transfer the adhered

2D flakes from an underlying corrugated substrate. However, this behavior of the 2D

flakes is advantageous in terms of transferring the strain from a patterned substrate.

Different strained configurations of 2D materials (suspended or supported) can be

achieved by using different patterned substrates, as the strain (in accordance with

the strain profile of the corrugated substrate) is imposed onto the adhered 2D mate-

rial from the underlying substrate. As a consequence, the alteration in the physical

properties of the 2D material is observed up to the extent of local deformation in its

lattice structure. It has been observed that a clean array of periodically strained single

atomic layers of MoS2 on SiO2/Si pillars, forming the pinched isolated tents of MoS2

with an unprecedentedly high local atomic biaxial strain value of 3%, shows a direct-

to-indirect band gap transition as well as a strong reduction of the band gap214. The

semimetal-to-semiconductor transition of monolayer graphene with significant shifting

in G and 2D Raman modes has also been obtained by its periodic nano-modulation

from periodic grid-like nanostructured hydrogen silesquioxane (HSQ)/Si substrate215.

The development of high biaxial tensile strain values in the highly strained MoS2

layers over the SiO2 nanocones leads to an increment in the absorption bandwidth,

which enables broadband light absorption216. The point-like strain accumulation sites

of the atomically thin 2D semiconductor flakes, obtained by transferring the flakes

onto the lithographically patterned nanopillar array, result in the local modulation of

the band gap as well as the emergence of the exciton funneling effect. The photogener-

ated excitons funnel from the nanopillar valley (larger band gap regions) towards the

nanopillar crest (smaller band gap regions), thereby enhancing the exciton lifetime

against recombination, which is highly beneficial for the photodetector applications217.

The nanopillar crests act as isolated quantum emitters that exhibit high-purity single

photon emission218.
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Wrinkling through prestretch-release process The mismatch of elastic mod-

ulus between the 2D material and the substrate is utilized to generate an inhomo-

geneous strain in the 2D material through a prestretch-release process. A desired

2D flake is transferred or deposited onto a highly elastomeric polymer substrate, viz.

already pre-stretched by up to ∼ 50% along in-plane19 or out-of-plane direction219,220.

The interfacial interactions get modified due to the redistribution of strain on releasing

the previously exerted strain in the substrate, which results in the development of the

wrinkles of the 2D flake through buckling-induced delamination221. The prestretching-

induced strain in the elastomeric substrate is defined as εpre = ∆L/L× 100%, where

∆L is the change in the length of the substrate on stretching with respect to its orig-

inal length. Using the linear elastic theory, the local strain ε induced at the crest of

the wrinkles is related to the height profile, as19,219,222

ε ∼ π2hδ/
(
1− ν2

)
λ2 (1.9)

where ν is the Poisson’s ratio of the 2D flake, h is the thickness of the flake, and δ &

λ are the height & width of the wrinkle respectively, which are measured using the

atomic force microscopy (AFM). The wavelength of the wrinkles increases linearly

with the increasing thickness of the 2D flake220. The red-shifting of the positions

of Raman peaks (due to localized & accumulated tensile strain) with enhancement

in their individual intensities (due to optical interference between the light beam

scattered from the sample and the substrate) is observed at the top of the wrinkled

structures when compared to that from the flat regions. In addition, an enhancement

in the PL intensity is observed at the wrinkled regions of 2D semiconductors, which

can be explained by the “funneling effect”201. Most of the photogenerated excitons

drift towards the crest of the wrinkles, where the local strain (tensile) is maximum and

the optical band gap is minimum. Since, the majority of the excitons funnel towards

the top of the wrinkle and because of a lesser optical band gap, they recombine to

produce the PL emission light with lesser energy. Therefore, the red-shifting of the PL

peak position occurs with enhanced PL intensity, which thereby, locally modulates the

electronic structure of the 2D semiconductor222. Direct tuning of interlayer-coupling

in TMDCs hetero-bilayer is possible through the wrinkling process223. The interlayer

exciton PL intensity decreases nonmonotonically with both the increasing tensile and

compressive strains in the wrinkled TMDCs hetero-bilayers in contrast to the mono-

tonic funneling effect observed in the case of the individual single atomic layers during

intralayer transitions223. The conformal wrinkling technique can modulate the local

properties of a 2D material by changing the wavelength and switching the orientation
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of the nano-wrinkles with reversible tensile strain38,224.

Figure 1.15: (I) Blistering techniques utilized for 2D materials24: (A) trapping mat-
ter by layering, (B) intercalation of molecules, (C) manipulation of trapped matter,
(D) deformation of atomically thin drumheads. Adapted with permission: ©2021,
Elsevier Ltd. (II) Blistering techniques utilized for elastomeric or plastic sheets: (A)
pressurized bulging25, adapted with permission: ©2021, Elsevier Ltd., (B) mechani-
cal force indentation26, adapted with permission: ©2020, Elsevier Ltd., (C) fluid-flux
driven debonding (two-phase fluid flow model)27, adapted with permission: ©2013,
American Physical Society, (D) spontanesously formed air-filled bubbles on a screen-
protector plastic sheet, adapted from internet.

1.6.2 Blistering instabilities in elastomeric sheets and 2D ma-

terials

The techniques for blistering of elastomeric sheets are similar to that of 2D materials

(see Figure 1.15). In the micromechanical hot exfoliation process, there is a finite

probability of the formation of bubbles (circular blisters) in 2D flakes at the raised

temperature, however, the bubbles continue to change their shapes due to the phase-

transition of the confined gas molecules with temperature as a result of condensation

or intake of water molecules from humid environment2,36. Consequently, the instabil-

ities may arise in the bulged elastic sheet over a rigid substrate, which is, therefore,

called elastic solid-based instability34,195. The mechanical indentation-induced blister
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of a plastic sheet over a liquid layer (the liquid blister-test) shows a dynamical evo-

lution of the blister shape by varying the indentation height keeping the thickness of

the sheet constant (see Figure 1.16(i-ii)). There are several daily-life examples having

the wrinkling or crumpling instabilities, occurring either due to mass-loss or physical

compression (see Figure 1.17). Recently, Ares et al reported the wrinkling instability

around the perimeter of 2D material bubbles over 2D crystal substrates36 (see Figure

1.18(iv)). It became possible to induce a substrate-based instability in 2D material

blister systems by replacing the solid substrate with a viscoelastic substrate62,63,225.

The viscoelastic substrate-based instabilities develop due to displacement of more

viscous fluid by a less viscous fluid while debonding of a rigid or elastic sheet. The

pressurized or mechanical debonding of a rigid or elastomeric sheet from a viscous

surface may give rise to onset of viscous fluid-mechanical instabilities (see Figure

1.16(iii-vi)). The competitive interplay between the viscous stresses and the bending

stresses determines the strength of fluid-structure interactions, which plays a cru-

cial role in the onset of viscous fingering instabilities in 2D material blisters over a

viscoelastic substrate63.

Viscous fingering is a fluid dynamical phenomenon that occurs when a less viscous

fluid displaces a more viscous fluid in a confined space. In the context of an elastic-

walled Hele-Shaw cell27,30,226, which is a simplified experimental setup used to study

fluid flows, this phenomenon leads to the development of intricate and branching

patterns resembling fingers or fractals. The viscous fingering patterns mostly arise in

out-of-plane debonding of a stiff plate from a viscous surface by different ways such

as the vertical mechanical delamination, peeling-off, pressurizing at the interface, etc.

In this case, the less viscous fluid, i.e., air displaces the more viscous fluid during the

movement of the upper-bounding plate.

The viscous fingering instability can be suppressed by replacing the stiff plate with

an elastic membrane in a Hele-Shaw cell227 (see Figure 1.16(iii, iv)). An elastic-walled

Hele-Shaw cell is utilized in order to investigate the evolution of viscous fingering

patterns in the two-phase fluid flow model by varying the elasticity of the plate and

the flux-driven pressure. An elastic-walled Hele-Shaw cell consists of two parallel,

closely spaced transparent plates or walls. These walls can deform or move in out-

of-plane direction under the effect of flux-driven pressure due to their elasticity. The

narrow gap between the walls represents the confined space where the displacement

of the viscous fluid takes place. The cell is usually filled with two immiscible fluids:

a more viscous fluid (e.g., oil) and a less viscous fluid (e.g., air or water). When the

less viscous fluid is injected into the Hele-Shaw cell, it displaces the more viscous

fluid. Due to the confinement between the walls, the fluids flow in the narrow gap
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Figure 1.16: Blistering instabilities in elastic/plastic sheets. (I) Elastic solid-based
instability. (i-ii) Mechanical force indentation induced instability: (i) The liquid blis-
ter test, where a plastic sheet is subjected to a mechanical force indentation. (ii) The
solid-based instability arise in the blister depending on the indentation height to sheet
thickness ratio28. Adapted with permission: ©2008, The Royal Society. (II) Viscous
fluid-based mechanical instabilities. (iii-iv) Pressurized blistering: (iii) Viscous finger-
ing patterns in the Hele-Shaw cell can be suppressed by replacing the upper-bounding
rigid plate with an elastic membrane29. The transition from an unstable interface to
stable interface (c → b → a) occurs under the variable elasticity of the latex sheet.
Adapted with permission: ©2012, Americal Physical Society. (iv) The dynamical
evolution of viscous fingering patterns can be visualized in elastic-walled Hele-Shaw
cell under varying injected Nitrogen gas flux-driven pressure30. Adapted with per-
mission: ©2018, Cambridge University Press. (v) Vertical mechanical debonding
of upper bounding rigid plate from a viscous medium results in the development
of viscous fingering patterns at the interface31. Adapted with permission: ©2016,
American Chemical Society. (vi) Peeling of an upper-bounding elastic cover sheet
from a viscoelastic surface develops viscous fingering pattern, which depends on the
bending rigidity of the elastic sheet. The finger-length increases with the bending
rigidity of the cover sheet32. Adapted with permission: ©2000, American Physical
Society.
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Figure 1.17: Crumpling and wrinkling instabilities in daily-life examples: (I) tran-
sition from grapes to raisins due to mass-loss as a result of drying, adapted from
internet, and (II) wrinkles in the apple-skin due to mass-loss (a), and wrinkles in
human-skin due to compression33 (b), adapted with permission: ©2003, Americal
Physical Society.

between the plates. However, the flow is not always smooth and uniform; instead, it

can become unstable and form patterns225. The instability arises from the difference

in viscosity between the two fluids and the confinement of the cell. As the less viscous

fluid advances into the more viscous fluid, it tends to penetrate faster along certain

paths, creating finger-like protrusions. These fingers grow and branch out over time,

leading to complex patterns228 (see Figure 1.16). The instability can be understood

through a competition between viscous forces and capillary forces. Viscous forces

tend to spread the fluids uniformly because of viscosity difference, while capillary

forces, which are related to surface tension, tend to pinch off the less viscous fluid

into fingers. The elasticity of the cell walls plays a crucial role in enhancing the

instability. As the less viscous fluid pushes against the cell walls, it can cause the walls

to deform slightly. This deformation can amplify the fingering instability, leading to

even more pronounced patterns. The deformable walls due to their elasticity introduce

an additional degree of complexity to the system, affecting the way the fingers grow

and interact.

The thickness-dependent elasticity of the 2D materials is beneficial for the dynam-

ical evolution of the viscous fingering patterns. The elastic solid- as well as viscoelastic

substrate-based instabilities have been observed in the spontaneously formed blisters
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Figure 1.18: Blistering instabilities in 2D elastic nanosheets. (i) AFM images of
graphene bubbles of different shapes on bulk hBN substrate resulting from the an-
nealing process (at ∼ 150◦C for 20-30 min), scale bars: 500 nm, 100 nm, and 500 nm,
respectively for a, b, and c34. Adapted with permission: ©2016, Springer Nature Ltd.
(ii) AFM amplitude images of a bilayer graphene bubble and a multilayer graphene
tent, which result from the micromechanical hot exfoliation process25. Adapted with
permission: ©2021, Elsevier Ltd. (iii) AFM deflection image of ethanol nanopock-
ets formed due to confinement of ethanol molecules in between two monolayers of
graphene, scale bar: 100 nm35. Adapted with permission: ©2021, Springer Nature
Ltd. (iv) AFM topographic images showing wrinkle patterns around the perimeter of
bubbles of hBN and MoS2 flakes on graphite substrate36. Adapted with permission:
©2021, AAAS.

of graphene multilayers63. It is also possible to see the concurrence of both types

of instabilities in the 2D material blisters229. It is to be noted that the coupling of

the both types of instabilities in the blistering of thin elastic/plastic sheets has al-

ready been modelled numerically, but not realized experimentally37 (see Figure 1.19).

Therefore, such a phenomenon is extremely unique and novel for the 2D material

blisters.

The wrinkling of a 2D elastic sheet depends on the its bending stiffness and the

substrate-induced stiffness or the interfacial tension. As per the available literature

reports, Zhaohe Dai et al observed the wrinkling instability for the first time in 2D
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Figure 1.19: (I) Viscous fingering instability in an elastic-walled Hele-Shaw cell re-
sulting from two-phase fluid flow. (II) Coupled instability (concurrence of elastic
solid-based wrinkling instability and viscous fingering instability) in elastic-walled
Hele-Shaw cell, which is driven by fluid-structure interaction parameter37. Adapted
with permission: ©2014, AIP Publishing.

material blisters196, however, the study of the mechanism behind the onset of such

an instability remained unexplored. Recently, Ares et al investigated the physics

and mechanics behind such an observation in hBN and MoS2 blisters over another

2D crystal as a substrate36. The variation in the environmental conditions acts as a

crucial factor for the onset of the wrinkling instability. Diffusion of water molecules

from a humid atmosphere could be a possible reason. It has been observed that the

wrinkling instability in the 2D material blisters is more pronounceable for single-to-few

layers of the 2D material25,36,196. Such an instability disappears for the larger number

of layers due to increased bending stiffness. However, in the 2D material blisters with

larger number of layers, the tent-like or pyramidal instabilities are observed196,230.
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It is therefore, interesting to understand the mechanism behind the onset of such

instabilities.

Figure 1.20: Buckling instabilities in 2D elastic nanosheets (SEM images). (i) Con-
formal graphene wrinkles on CFx-coated PDMS substrate. Graphene is transferred
to a prestretched PDMS substrate (30% prestrain) coated with a CFx layer, and
then the prestrain is released to form the conformal wrinkles38. The CFx layer pre-
vents the interfacial contact failure in the graphene layer under larger compressions.
Adapted with permission: ©2020, American Chemical Society. (ii) Buckling-induced
delamination or buckles of MoS2 monolayer over PDMS substrate (initial prestrain
level ∼ 50%))19. Adapted with permission: ©2013, American Chemical Society.(iii)
Graphene folds over the PDMS substrate resulting from the prestretch-release process
(prestrain level ∼ 50%)39. Adapted with permission: ©2015, Elsevier Ltd.

1.6.3 Buckling instabilities in 2D materials

Wrinkles usually form at lower compression levels during the prestretch-release process

due to Young’s modulus mismatch between 2D material and the underlying flexible

substrate (see Figure 1.20(i)). However, at larger compressions, the wrinkles delami-

nate to form the buckles, which thereby collapse to form the folds43,231,232 (see Figures

1.20(ii-iii), and 1.21). Therefore, folding instability is inevitably observed in 2D elas-

tic nanosheets under larger compressions64,233. Such buckling instabilities result from

the interfacial sliding and the contact failure. Suppression of non-conformal folding

instabilities in 2D material monolayer over a soft substrate in the buckling process

may be beneficial for flexible electronic applications.

The conformal adhesion of 2D elastic nanosheets over the rough or corrugated

soft substrates can be achieved easily in comparison to similar rigid/solid substrates.

The mechanically induced pressure during the tape-assisted deposition of a 2D elastic

membrane (likewise few layer graphene flake, shown in Figure 1.22(i)) deforms the

corrugated soft substrate such that its corrugation amplitude decreases and the corru-

gated wavelength increases making the soft substrate shallower. Such a morphology

of the elastomeric substrate favors the snap-through transition (a kind of instabil-

ity, which allows a flat state of an elastic membrane over a corrugated substrate to
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Figure 1.21: Development of wrinkling instability in 2D elastic nanosheets over
smooth elastomeric substrate as a result of compression while releasing the prestrain.
(i) Buckling-induced delamination in graphene through the prestretch-release pro-
cess39. Adapted with permission: ©2015, Elsevier Ltd. (ii) Buckle to fold transition
in graphene under compression40. Adapted with permission: ©2017, RSC Publish-
ing. (iii) Topographical evolution of graphene (∼ 4 layers) on PDMS substrate during
uniaxial compression41. Adapted with permission: ©2023, Wiley-VCH GmbH. (iv)
Evolution of a simply supported graphene membrane on PMMA substrate under uni-
axial compression. The buckles collapse to form folds due to interfacial slippage.
Beyond a critical compressive strain, the mosaic patterns form42. Adapted with per-
mission: ©2019, Springer Nature Ltd. (v) Topographical evolution of MoS2 folds
under increasing compression (scale bar: 1 µm)43. Adapted with permission: ©2020,
American Chemical Society.

transition into a slightly conformal but wavy state), thereby increasing the interfacial

adhesion of the membrane. However, the adhesion decreases with increasing number

of layers (or, the bending stiffness). The suppression of buckling or folding instability

is advantageous for various practical applications such as strain sensors.

1.7 Applications

The straining techniques utilized to form the strained nano/microstructures of 2D

materials have huge scope to achieve the maximum strain limits for the larger de-

gree of freedom towards strain engineering applications21 (see Figure 1.23). The

strain-engineered 2D materials have potential applications in the efficient detection

of light, strain/pressure, or gas molecules. Furthermore, the strained nano/micro-
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Figure 1.22: (i) Superimposed AFM height and phase data showing the conformal
wrinkling of few layer graphene (FLG) on a corrugated PDMS substrate (a), schematic
showing the interaction of FLG with the corrugations while downward pushing, which
leads to conformal adhesion of FLG in stressed condition (b). This illustrates the
‘snap-through transition’ in FLG, where FLG snaps between two distinct states, i.e.,
conformal and nearly flat on the substrate surface under the effect of external stress.
(ii) AFM phase image showing the conformally adhered bilayer graphene, and less con-
formed 13-layer graphene, which depicts the suppression of ‘snap-through instability’
for thicker graphene flakes44. Adapted with permission: ©2011, AIP Publishing.
(iii) Adhesion factor (A), i.e. ratio of peak-to-peak amplitudes of the graphene and
substrate, where A = 1 represents the fully conformal state whereas A = 0 represents
the flat state. For the number of layers ∼ 61, a sharp transition between the states
occurs45. Adapted with permission: ©2012, AIP Publishing. (iv) Hierarchical pat-
terned graphene wrinkles (SEM image) having conformal adhesion with polystyrene
(PS) substrate coated with a soft CFx layer formed by CHF3 plasma-mediated poly-
merization of the PS substrate using double masking process46. Adapted with per-
mission: ©2016, American Chemical Society.

structures of 2D materials can be utilized as tools to probe their mechanical as

well as adhesion properties. The adhesion characteristics of 2D materials with var-

ious solid or soft substrates must be known prior to the micro/nanofabrication of

(opto)electronic devices utilizing 2D materials and their heterostructures. By an-

alyzing the nano/microstructures of 2D materials over the desired substrates, such

information can be retrieved.

Strain-engineered piezoelectric 2D materials can be widely used for flexible piezo-

(photo)tronic devices with improved performance. The merger of straintronics with

twistronics in 2D vdW homo- and hetero-bilayers offers a plethora of opportunities

to design new exciting magic angle superlattices having exotic properties. The strain

engineering of a 2D bilayer at an arbitrary relative angle of rotation helps in attaining
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Figure 1.23: A graphical representation depicting the experimentally achieved applied
strain limits for different straining techniques before device failure, and the theoretical
intrinsic strain limits of 2D materials21. Adapted with permission: ©2023, Elsevier
Ltd.

the relatively small magic angle, where the exotic states of strongly correlated elec-

tronic systems emerge. Furthermore, the strain-engineered kirigami patterns of 2D

materials on soft substrates provide enormous potential for tunable optoelectronics.

The strained (wrinkled, crumpled, or buckled) sites of 2D materials provide more

active sites for the extruding agents (strain/pressure) or the analyte gas molecules.

In addition, the lifetime of photo-generated charge carriers against the recombina-

tion also increases at the strained sites, which enhances the photo-current under

photo-illumination. The strain engineering of 2D materials can also be exploited

for improving the performance of the photovoltaic cells234–236 as well as energy stor-

age devices237. Moreover, the strained 2D semiconductors can also be exploited for

single-photon emitters, where the enhancement in spontaneous emission of light is at-

tributed to the ‘funneling effect’218,238. The most promising candidates for broadening

the light absorption range of solar cell devices are tunable band gap materials. The

strain-driven absorption coefficient modulates the photon-electron interactions in or-



44 1.7. Applications

der to achieve improved energy conversion efficiency239. Feng et al 240 showed that the

locally strained MoS2 monolayers, forming the ‘artificial atoms’, absorb a wide range

of the solar spectrum (2-1.1 eV) under varying biaxial strain ranging from 0-9%. As

a proof-of-concept, Hong Li et al 216 reported a broadband light absorption from 677

nm (pristine MoS2) to 905 nm (highly strained MoS2) in a photovoltaic device based

on MoS2 ‘artificial atoms’. The physical insights into the local strain development and

the instabilities in blistering and buckling would be beneficial for both fundamental

research and meticulous applications of strained 2D materials132,241.



Chapter 2

Blistering of a 2D crystal over a

viscoelastic substrate

2.1 Introduction

Graphene is the most flexible material having remarkable electronic and optical prop-

erties, which can sustain an in-plane elastic tensile strain up to ∼ 25%, whereas

silicon typically breaks even at a strain level of ∼ 1.5%60,242,243. Because of highly

strain-sensitive properties and large strain-bearing capacity, the global and local strain

engineering of 2D materials has undergone tremendous interest238,244. There are many

ways to apply global strain in 2D materials using different straining techniques such

as uniaxial straining245, cantilever bending246, horizontal247 & vertical pushing109,248

etc., but local strain engineering in 2D materials is more challenging19. However,

several techniques like laser-induced local heating249, bending with AFM tip203, and

pressurized bulging250 techniques have been employed for local straining, which show

significant modulations in the physical properties of the 2D materials.

The everlasting demand for mechanically exfoliated graphene or similar 2D flakes

has driven a search for efficient 2D material exfoliation techniques. The PVA-assisted

exfoliation (PAE) and the modified conventional or micromechanical hot exfoliation

(MHE) techniques are the most promising candidates in terms of the deposition yield,

which consists of large areas of single or few-layer graphene flakes88,251. The synthesis

& processing, as well as the atmospheric conditions, while using an exfoliation/transfer

technique, play a key role in the formation of the blisters on the surface of the exfo-

liated 2D flakes. The 2D material blisters are either formed intentionally or induced

spontaneously24. The spontaneously formed blisters are inevitably observed while

transferring 2D materials onto a flat2,22,176–178 or patterned substrate179 due to aggre-

45
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gation and trapping of naturally adsorbed surface matter or interfacial contamination

into the blisters. On the other hand, intentionally induced blisters are formed in dif-

ferent ways such as intercalation of molecules by diffusion180,181 or charged particle

irradiation182–184, physical manipulation of confined matter187,189–192,252 and pressur-

ized bulging of atomically thin drumheads165,193,194.

Blisters may be formed in 2D flakes by trapping a matter at the interface of the

flake and a substrate supporting the 2D flakes. Since, the shape of the 2D material

blisters depends on the nature of the trapped substance195,253, therefore the investiga-

tion of the confined material inside the blister is essential to understand the involved

physics and chemistry. Several efforts to investigate the phase (liquid/ gas) of the

contents confined inside the blisters are reported in the literature, mostly on the

basis of synthesis and atmospheric conditions under which the blisters form and de-

flate34,120,254–256. Furthermore, the time-dependent deflation rate193,194,257 and AFM

tip assisted scratching & bursting of the blisters258 are noticeable approaches to get

the compositional insights of the confined matter. However, direct characterization of

the blister content is still a big challenge. Recently, Beng hau Tan et al strategically

ruptured a blister using AFM tip to investigate the internal composition of MoS2

nanoblisters259.

In the 2D material blisters, the elasticity of the 2D material and the van der

Waals (vdW) interactions between the adjoining surfaces help in pressurizing the

confined matter appreciably, which can be utilized for exploring the high-pressure

physics35,193. The interlayer slippage, adhesion energy & shear strength of the 2D

material-substrate interface, and the bending & stretching stiffness of the 2D material

affect the mechanical response of the 2D material-blister system. The locally strained

2D material or pressurized blisters have been extensively exploited for deducing the

mechanical properties (such as bending rigidity, Young’s modulus, interfacial adhesion

energy, etc.) of the graphene or any other 2D material using membrane and non-linear

plate theories260–262. The membrane model is employed for the bubbles with h
τ
≳ 2

(h: height of the bubble & τ : thickness of the flake) while the nonlinear plate model

for h
τ
≲ 1.5. The out-of-plane bending stiffness dominates over the in-plane stiffness

of an elastic film or vice versa, are treated as a non-linear elastic plate or a membrane,

respectively1,23.

In general, the presence of blisters on the surface of 2D materials affects the de-

vice performance severely, and this issue has enabled new opportunities for deducing

the origin and physics behind the role and significance of the blisters. The proper-

ties of the 2D material can be tuned by engineering the shape & size of the blisters

by trapping different types of liquids of different surface energies195. The blister
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density can severely modify the carrier transport properties of the 2D flakes263. The

mechanism of obtaining locally strained 2D structures or blisters is utilized for obtain-

ing light-emitting “artificial atoms”264. The graphene nanobubbles also demonstrate

strain-induced enormous pseudo-magnetic field greater than 300 Tesla, which shows a

method to control the electronic structure of graphene even at room temperature265.

Furthermore, a circular blister with a controllable shape is a possible candidate for

its use in optical lenses with variable focal length253. Recently, the elasticity of the

confining membrane and the capillarity of the confined fluid in the nanopockets have

been utilized to develop self-cleaning ability in the vdW material interfaces35. De-

spite extensive efforts, the study of out-of-plane deformation behavior of multilayer

van der Waals (vdW) materials under a local strain is currently a great surge of

interest23,196,266.

In this chapter, we focus on a simple but strategic approach to develop sub-micron

blisters by thermally manipulating the supporting polymeric-layer content underneath

mechanically exfoliated single-crystal multilayer graphene flakes for modulating their

vibrational properties. The detailed optical, morphological, and spectroscopic inves-

tigations along with the temperature-dependent dynamics192 of the blisters reveal the

nature of the confined matter inside the sub-micron blisters. Our technique provides a

vital platform for local strain engineering of 2D multilayer, where the bending rigidity

plays a crucial role in determining its interfacial adhesion energy.

2.2 Experimental methods

2.2.1 Preparation of PVA-coated substrates

Prior to the exfoliation experiments, borosilicate glass or Pyrex (Borofloat®, RMS

Roughness < 1 nm) substrates are thoroughly cleaned in trichloroethylene, acetone,

and methanol, each for 10 min at their respective boiling temperatures and then

rinsed in isopropyl-alcohol and DI water. The glass substrates are placed overnight in

a vacuum desiccator for drying and, thereafter, cleaned with oxygen plasma for ∼ 5

min. A cleaned borosilicate glass substrate is spin-coated with 4% w/w PVA solution

(prepared by dissolving PVA powder (Alfa Aesar�, 86-89% hydrolyzed, av. Mw ∼
10,000) in DI water) at a spin speed of 1600 rpm for 60 s.

2.2.2 2D material exfoliation and PVA curing assisted blis-

tering

A Nitto tape decorated with thin flakes of graphite is placed in a conformal contact

and pressed softly on the PVA(uncured)-coated glass substrate at room temperature,
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followed by a brief heat treatment at ∼ 120◦C for 60 s on a hot plate. Thereafter, the

sample is allowed to cool down to room temperature. The Nitto tape is then peeled

off slowly, starting from one end of the substrate (Figure 2.1).

Figure 2.1: Schematic representation of PVA curing assisted blistering technique.

2.2.3 Characterizations

Optical identification of graphene flakes is carried out under a high-resolution opti-

cal microscope (Zeiss Axio Imager-M2m). The temperature-dependent Raman spec-

troscopy is carried out using a HORIBA LabRAM HR Evolution system on the identi-

fied multilayer graphene blisters, placing the sample on a LINKAM THMS600 heating

stage. The output power of laser light is kept low at ∼ 1 mW for the laser excitation

wavelength of 532 nm using a 50X air objective lens (NA=0.5) in a confocal mi-

croscopy set-up. The acquisition time is kept 20 s with a detector grating of 600 lines

mm−1, which provides a spectral resolution of 1.65 cm−1. The heating process has

been carried out with a ramp rate ∼ 100◦C/ minute with a dwell of ∼ 2 min at each

set temperature for attaining a state of thermal equilibrium before performing the

Raman measurements. The Raman line-scan of blister profiles is obtained with the

same set-up with 100X air objective lens (NA=0.8), taking the acquisition time of 10

s at room temperature under ambient conditions with a detector grating of 1800 lines
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mm−1, which provides a spectral resolution of ∼ 0.47 cm−1. Atomic force microscopy

(AFM) measurements in tapping mode have been taken with Bruker MultiMode-

8 AFM set-up. The Raman peaks are fitted with a single Lorentzian function for

analyzing the data.

2.3 Results and Discussion

We used PVA-assisted exfoliation (PAE) technique as a tool for the formation of

optically visible sub-micron blisters having size of radius a ∼ 10 µm & height h ∼
0.1 µm on the surface of multilayer graphene flakes deposited over the PVA-coated

borosilicate glass substrate, possibly due to the pressure-difference driven merger of

small blisters into bigger ones35. In the PAE technique, a Nitto tape decorated with

thin graphitic flakes is first placed onto the PVA solution (prepared in DI water)

coated glass substrate at room temperature (RT), and thereafter kept for a brief heat

treatment at a raised temperature of ∼ 120◦C. It should be noted that the PVA film

is not cured just after the spin-coating and prior to the exfoliation step, rather a

brief heat treatment process is carried out to cure the PVA and exfoliation of the

2D flakes simultaneously, which helps in the formation of blisters on the surface of

the 2D material. However, the blisters do not form if the PVA is cured just after

the spin-coating and prior to the deposition of the MLG flakes. This suggests that

the water vapor from the PVA solution possibly gets trapped between the graphene

flakes and the PVA-coated glass substrate to form the blisters, where the PVA layer

acts as an interfacial hydration layer. The AFM topographic imaging and micro-

Raman spectroscopy have been carried out on the graphene sub-micron blisters to

investigate the corresponding number of layers in the 2D flakes. It is observed that

the intensity of the deconvoluted 2D2 peak is twice that of 2D1 peak, which shows

the signature of multilayer graphene (MLG) flakes267. The PAE technique dominates

over the conventional hot exfoliation/ MHE technique in terms of the deposited large

area single or few-layer graphene flakes, but along with a moderate density of optically

visible MLG sub-micron blisters.

The optical and FESEM images of the sub-micron blisters of multilayer graphene

flakes obtained via the PAE technique are shown in Figures 2.2 and 2.3, respectively.

In the PAE technique, we realized that both (i) the variation of imposed mechanical

pressure on graphene flakes during the deposition, and (ii) the vaporization of the

water solvent from the PVA during its curing, play key roles in the formation of

differently shaped blisters. In addition, the thickness of the polymer coating, the

curing temperature, and the curing time are other crucial operating parameters for the
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Figure 2.2: [(a)-(f)] Optical images of multilayer graphene blisters (encircled in red)
over PVA-coated Pyrex substrate.

Figure 2.3: FESEM image of multilayer graphene blisters, which follow elastic-plate
profile.

formation of the blisters. In order to investigate PVA curing-assisted blister formation

further, we varied the curing temperature as well as the thickness of the PVA coating

(inversely proportional to the spinning speed & time268). On increasing the polymer

curing temperature, the deposition yield on the PVA-coated glass substrate as well as

the probability of getting blisters increases. However, the MLG blisters formed due to

simultaneous polymer curing and deposition processes at relatively high temperatures

are mostly seen to deflate within a few hours (see Figure 2.4).

In our work, we have only analyzed the deflation-free sub-micron blisters for further

studies. We observed a moderate density of deposited SLG & FLG flakes, and MLG
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Figure 2.4: Deflation of a PVA-curing induced air-filled sub-micron MLG blister with
time: a color optical image captured (with white light source) (a) just after the depo-
sition via PAE technique, (b) after time-lapse of 24 h, and [(c), (d)] AFM topographic
images, confirming the deflation.

sub-micron blisters on a thin film of PVA (spin-coated at 800 rpm for 40 s in step 1

and 2400 rpm for 20 s in step 2) cured at ∼ 120◦C for 60 s on a hot plate. On the other

hand, a relatively large quantity of MLG sub-micron blisters are obtained on a thicker

film of PVA (spin-coated at 1600 rpm for 60 s) under the same processing conditions,

which has relatively more water content. It indicates that the vaporization of the

water solvent during the heat treatment helps in the formation of the blisters. The

results show that the optimization of the synthesis & processing conditions are crucial

for the deposition of graphene flakes, and the formation of the optically visible sub-

micron blisters. We observed circular, triangular, and elliptical sub-micron blisters

(Figure 2.2) in optical and AFM topographic images, which are most likely filled

with the water solvent of the PVA. The different geometries of the blisters result

from the competing interfacial energies24, while the stable shape of the blisters by

van der Waals (vdW) interactions acting among the graphene flake, the PVA-coated

substrate, and the confined matter inside the blister.

The strain distribution across the blister has been investigated using Raman spec-

troscopy. A significant red-shift is observed in the Raman G-peak at the center of a

circular (Figure 2.5) as well as elliptical (Figure 2.6) MLG blister in comparison to the

edge of the blisters. The detailed analyses of the Raman spectra show an accumula-

tion of tensile strain at the center of the blisters. The G-peak position at the center of

the circular blister is 1577.41 ± 0.05 cm−1, which is redshifted by ∼ 1.63 cm−1 due to

relatively more tensile strain in comparison to the flat area having G-peak at 1579.04

± 0.05 cm−1 (Figure 2.5). In a circular blister (bubble), the circumferential strain (εθ)

varies linearly from the center to the edge of the bubble, while the radial strain (εr)

varies non-linearly across the bubble, but the equi-biaxial strain (εr = εθ) remains
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Figure 2.5: Multilayer graphene circular blister: (a) optical image, (b) AFM topo-
graphic image (inset: location of AFM tip operated in tapping mode), (c) Fourth-order
polynomial fitting of AFM height profile of the circular blister, (d) Room temperature
Raman spectra recorded at the points marked in the optical image along the diameter
of the circular blister. Note a red-shift of ∼ 1.63 cm−1 at the center of the blister
w.r.t. the unstrained flat region.

constant at the center of the bubble (r = 0). The Raman peak shifts linearly under

a biaxial strain εbiax at the center of a bubble according to the following equation269

∆ωG = −2γbiax
G ω0

G∆εbiax (2.1)

where γbiax
G is the Grüneisen parameter and ω0

G is the unstrained peak position

for the G-peak in case of the multilayer graphene. The Raman shift corresponds to a

biaxial strain value of

∆εbiax =
∆ωG

2γbiax
G ω0

G

≈ 0.05%
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Figure 2.6: Multilayer graphene elliptical blister: (a) optical image, (b) AFM topo-
graphic image, (c) 3D height profile, (d) Room temperature Raman spectra recorded
at the points marked in the optical image across the elliptical blister. Note a red-shift
of ∼ 6.6 cm−1 at the center of the blister w.r.t. the unstrained flat region.

where the value of γbiax
G has been taken as 1.06270,271 for quantitative analysis of

the circular sub-micron blister of MLG. The relatively smaller laser-spot size (∼ 1

µm) in comparison to the size of the circular sub-micron blister (bubble) assures the

reliability of the biaxial strain value estimated at the center. The higher the biaxial

strain at the center of the blister, the more would be the confining pressure inside the

circular blister (bubble)22,194,250. In addition, the red-shift of the G-peak at the center

of a typical elliptical blister (Figure 2.6) is ∼ 6.6 cm−1, which is ∼ 4 times larger than

the red-shift observed for the circular blister. The results indicate that manipulation

of the vibrational properties or softening of the phonon modes may be achieved by

subjecting the graphene flake to a local strain, engineered by the formation of the

blisters of different geometries.

To investigate the phase (liquid/gas) of the confined matter inside the sub-micron
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Figure 2.7: AFM 3D topographic images of the PVA-curing induced liquid-filled cir-
cular sub-micron blister of MLG over a period of 58 days, which show a negligible
deflation rate with time.

blisters, we carried out time-lapse AFM topographic imaging using the same scanning

parameters, where the deflation rates were measured in terms of a change in the height

or radius of the blisters with time. We did not observe any appreciable change in the

height profile of the blisters even after a period of 58 days (see Figure 2.7), which

indicates that the blisters are filled with a liquid. The conclusion is supported by

the literature, where no appreciable deflation rate (w.r.t. time) has been reported

for the liquid-filled blisters, in contrast to that for gas-filled blisters2,24. H2 and N2

filled blisters at graphene-SiO2 interface deflate within a few hours to a week time,

respectively,193 inspite of the fact that the graphene layer is mostly impermeable to all

gases and liquids272. Further, it should be noted that the polymeric solution of PVA

is prepared by dissolving PVA powder in DI water, which is spin-coated over the glass

substrate, followed by simultaneous curing and exfoliation of the graphene flakes at

∼ 120◦C (close to the boiling point of water as well as glass-transition temperature of

PVA) for the formation of blisters. Since, the PVA melts at a temperature of ∼ 200◦C,

therefore the possibility of confinement of the hydrocarbon vapor inside the blisters,

and any contamination from the polymeric residue is ruled out. Hence, most likely

the confined liquid inside the sub-micron blisters is water. From this observation,

we infer that the water vapor or gas molecules condense into a liquid state when
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Figure 2.8: [(a)-(d)] Real-time optical images showing the deformation of the elliptical
blister under thermal annealing process, (e) Temperature-dependent Raman spectra
at the center of the elliptical blister. The Raman spectra from RT to 175◦C superpose
on each other, which shows the absence of polymer degradation.

the stack is cooled down to room temperature during the exfoliation process, which

causes the formation of liquid-filled sub-micron blisters. The water is trapped inside

the sub-micron blisters as it does not find any escape route but may come out by

rupturing or heating the graphene blisters at higher temperatures35,192,259. We found

that the over-heat treatment while deposition of 2D flakes results in a relatively lower

density of liquid-filled sub-micron blisters. The optically visible sub-micron blisters

of different geometrical shapes (circular, triangular, elliptical, etc.) are formed far

away from the edges in multilayer graphene flakes of different thicknesses, which may

be attributed to different residual strain imposed on the 2D flakes while deposition

(Figure 2.2). However, most of the blisters are of broken axial symmetry near the
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edges of the 2D flakes because of more sliding and less confinement2,273.
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Figure 2.9: Temperature-dependent Raman spectra, measured at the center of the
elliptical blister, showing a change in G-peak position with temperature. The vertical
dashed lines are drawn as a reference for comparison of the Raman peak positions for
selected temperatures.

To gain insights into the dynamics of the sub-micron blisters, we carried out

temperature-dependent Raman spectroscopy at the center of an elliptical sub-micron

blister. The shape of the blister was imaged and tracked continuously during the

thermal treatment process under normal atmospheric conditions (Figure 2.8). A blue

shift in the G-peak is observed on raising the temperature from 25◦C up to 125◦C

(Figure 2.9), which indicates a release of the accumulated strain or flattening at the

center of the sub-micron blister. A horizontal expansion is observed in the ellipti-

cal sub-micron blister on increasing the temperature, which results in a continuous

decrement in the aspect ratio (ratio of the height of the blister to its radius, i.e., h/a)

of the sub-micron blister. The horizontal expansion of the sub-micron blister with

temperature is due to softening of the PVA (glass transition temperature ∼ 100◦C)

layer as well as the increasing kinetic energy of the confined water molecules, which

would result into a decrease in the pressure inside the blister. However, we observed

a noticeable sudden red shift in the G-peak as well as a change in the shape of the
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Figure 2.10: Optical & AFM images of the elliptical blisters captured at room tem-
perature, before and after the heat treatment (up to 200◦C).

blister above 125◦C possibly due to boiling of the confined water, which was under-

going only evaporation at the temperatures < 125◦C. The raised boiling point of the

confined water (> 100◦C) indicates a pressure greater than the atmospheric pressure

inside the blister. To estimate the pressure, we considered (i) water-filled MLG blister

on PVA-coated glass substrate as an adiabatic system (as PVA and the surrounding

air are dielectrics by nature), and (ii) boiling of the trapped water at ∼ 125◦C, where

it converts into the vapor phase. The mathematical equation used for estimating

water vapor pressure inside the MLG blister under a reversible adiabatic process is

(p0)
1−γ(T0)

γ = (p1)
1−γ(T1)

γ; where p0 (0.1013 MPa) is normal atmospheric pressure

and T0 (373.15 K) is the corresponding boiling temperature of water. It gives a pres-

sure p1 ≃ 0.13 MPa inside the sub-micron blister for adiabatic constant of water vapor

(steam) γ as 1.324274. The blister above 125◦C reshapes, possibly due to the soften-

ing of PVA and the water vapor leakage (making the strain profile stable thereafter).
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At 150◦C, we see a sudden red shift in the G-peak position (with respect to that of

125◦C), but the same as that at RT. It indicates that the redistribution of the strain in

the MLG blisters occurs in accordance with their initial shapes. The leakage of water

vapor or gas molecules releases the pressure inside the blister, which gives it a final

shape, therefore no appreciable change is observed in the G-peak position as well as

the shape of the blister above 150◦C up to 200◦C. However, a wavy pattern appears in

the Raman spectra at 200◦C, which is up-shifted on the intensity axis with unaltered

peak positions with respect to that of the MLG blister (Figure 2.8). We attribute

this finding to thermal degradation of the PVA layer at the elevated temperature275.

On cooling down to room temperature after the heat treatment, we captured optical

and AFM images of the sub-micron blister, as shown in Figure 2.10. In order to

investigate the shape and size of the blister further, the sample is heated again up to

∼ 150◦C in the ambient atmosphere for a dwell time of ∼ 10 min with continuously

monitoring the shape profile of the blister using optical microscopy. We did not ob-

serve any change in the shape & size of the blisters, however, a few wrinkles appeared

in some thinner graphene flakes (see Figure 2.11) possibly due to thermal expansion

mismatch between the graphene flakes and the PVA substrate276. It confirms the

earlier statement that the blister takes a final shape at 150◦C after the leakage of the

water vapor or gas molecules after the softening of PVA and the formation of the tiny

channels at the graphene/PVA interface (as graphene is almost impermeable to water

vapor277). Detailed optical microscopy, time-lapse AFM topographic imaging, and

temperature-dependent Raman spectroscopy allow us to consider the confinement of

water inside the sub-micron blisters.

Figure 2.11: (a) Optical image, (b) AFM topographic image of the encircled area
showing thermal-expansion mismatch induced graphene wrinkles on PVA-coated glass
(Pyrex) substrate.
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In order to estimate the mechanical properties of the PVA-supported multilayered

2D flakes (interfacial adhesion energy and confinement pressure), we have, further,

analyzed the water-filled sub-micron blisters of the MLG flakes using a blister test

model1. In a blister, the debonding strength (adhesion energy) of the 2D flakes de-

pends upon the vdW interactions acting among the flakes, substrate and the trapped

matter inside the blister34. At a given temperature, the adhesion energy and the pres-

sure inside a blister are found to increase with the degree of conformation between

the flakes and the substrate but decrease with the increasing number of layers in the

2D flakes199. In the case of our PVA-curing induced sub-micron blisters, the ratio of

bubble height to the thickness of the 2D flakes (h
τ
) is ≲ 1.5, therefore the nonlinear

plate model is applicable1. A small deflection h at the center of the sub-micron bubble

in comparison to its radius a results in a small value of the aspect-ratio (h/a ≪ 1),

which reflects the appreciable bending rigidity of the multilayered 2D flakes for their

out-of-plane deformation to form the blisters1,23,196. However, the out-of-plane de-

formation in a multilayered 2D flake depends upon its overall bending rigidity “D”,

which is related to its 2D elastic stiffness (E2D) and thickness (τ) of the 2D flakes by

D = E2Dτ2

12(1−ν2)
, where ν is the Poisson’s ratio of the 2D flakes. For a thick 2D flake

acting as an elastic plate, the overall effective bending rigidity can be expressed as

Deff = N3Et3

12(1−ν2)
∼ N3, where E is the Young’s modulus of the 2D flake consisting of

N identical layers23.

Further, the adhesion energy of 2D flakes can be estimated in two extreme interface

limits: strong-shear limit (fully bonded interface) and weak-shear limit (frictionless

interface)2,23. In our case of PVA curing-induced sub-micron blister formation, the

possibility of sliding at the interface is reduced due to the simultaneous curing of PVA

and deposition of the 2D flakes, which leads to the case of a strong-shear interface.

However, a small but appreciable out-of-plane bending is possible in 2D flakes for

the blister formation as a result of competition between the in-plane deformation of

the flake and the interlayer slippage, as the out-of-plane bending favors the interlayer

slippage, which cannot be ruled out completely in the layered materials.

We carried out quantitative mechanical analyses of the sub-micron blister using

nonlinear plate model, where the elastic energy contributions associated with the

in-plane stretching/compression (related to in-plane covalent (σ) bonds, out-of-plane

bending (due to distortion of out-of-plane π bonds) and the surface tension of the

confined water are considered in the analytical estimation of the interfacial adhesion

energy (discussed in the next section). We considered water as an incompressible

liquid inside the sub-micron blister with a constant volume V = π
3
a2h. The effective

adhesion energy per unit area (Γ) of the MLG-substrate interface can be estimated
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as, Γ = ∆γ + γw(cos θG + cos θs); where ∆γ is the change in the interfacial adhesion

energy density due to the formation of the water-filled MLG blister, which is given by,

∆γ = γGs−γGw−γsw; where γGs, γGw and γsw are the adhesion (vdW) energies per unit

area for MLG-substrate, MLG-water, and substrate-water interfaces, respectively34;

and γw is the surface tension of the confined water interacting with the 2D multilayer

& the substrate (with θG & θs as the water contact angles with the 2D flake and the

substrate, respectively)2.

The optical and AFM topographic images have been used to find out the shape

and size of the sub-micron blisters. The aspect ratio of the sub-micron blisters is

found to be shape-dependent, but size (volume) independent for a blister of particular

shape and flake thickness34. However, the size of the sub-micron blister varies with

the thickness of the 2D flake. We employed the nonlinear plate model (taking the

bending stiffness of the 2D flakes into account) for analyzing a circular sub-micron

blister or bubble (approximately axisymmetric), where the deflection profile of the

bubble is approximated to a spherical cap23. The deflection profile of the circular

sub-micron blister, which satisfies the zero-slope boundary condition at the edge of

the bubble for a pressurized elastic plate, is given as

w(r) = h

(
1− r2

a2

)2

(2.2)

which is fourth order in the radial distance r. The radius a and the central de-

flection h of the bubble are estimated by fitting the height profile of the spherical cap

(Figure 2.5(c)) obtained from the atomic force microscopy (AFM) image in tapping

mode. The height profile of the blisters is fitted to a fourth-order polynomial func-

tion of radial distance r as, w(r) = intercept + B1r + B2r
2 + B3r

3 + B4r
4; which gives

central deflection or height h as intercept and radius a as
(
−2 intercept

B2

) 1
2
.

Analytical analysis of our non-linear elastic plate model for

water-filled sub-micron blisters

For a water-filled sub-micron blister of height h on a multilayer graphene (MLG) flake

of thickness τ , satisfying the condition h
τ
≲ 1.5, the Von Karman nonlinear elastic

plate model can be used, considering the prominent effect of bending stiffness of the

PVA-supported MLG flakes. The supporting layer of PVA provides a strong-shear

interface to the MLG flakes, which prevents the sliding at the interface during the

PVA-curing assisted blister formation. The edge of the bubble is assumed to be fully

clamped onto the substrate. The deflection profile of the non-linear plate is assumed
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to be1:

w(r) = h

(
1− r2

a2

)2

(2.3)

where, r, h and, a are radial positions across the bubble, height, and radius of

the bubble respectively; with h ≪ a. This relation satisfies the zero slope boundary

condition at the edge of the bubble. We consider the strong shear limit, for which the

elastic plate outside the blister edge is not deformed. The liquid within the blister is

assumed to be incompressible with a constant blister volume V = πa2h/3. The area

of the bulged surface A′ = πa
(√

a2 + h2
)
≈ πa2 for h/a → 0. Further, the radial

displacement is assumed to take the form,

u(r) = r(a− r)
(
c1 + c2r + c3r

2
)

(2.4)

where, the three unknown parameters c1, c2 and c3 are to be determined. The 4th

order (quartic) function form of the radial displacement is used for a better approxi-

mation than a cubic function1,278.

The non-uniform strain distribution with radial and circumferential strain com-

ponents (εr, εθ) is analyzed by considering the axial symmetry of the bubble in the

model. Using Eqs. 2.3 and 2.4 the radial and circumferential strain components are

obtained, as

εr =
du
dr

+ 1
2

(
dw
dr

)2

εr = (a−r)r(c2+2c3r)+
8h2r2

(
1− r2

a2

)2
a4

+(a−r)
(
c1 + c2r + c3r

2
)
−r
(
c1 + c2r + c3r

2
)

(2.5)

εθ =
u

r
= (a− r)

(
c1 + c2r + c3r

2
)

(2.6)

At the edge (r = a), the circumferential strain εθ is zero.

The total potential energy for the multilayer graphene bubble is Πtotal = Πstretching+

Πbending + Πfluid−interaction. The elastic stretching energy per unit area of the elastic

plate (MLG flake) is

Us(r) =
E2D

2 (1− ν2)

(
ε2r + 2νεrεθ + ε2θ

)
(2.7)

The elastic bending energy per unit area is,
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Ub(r) =
D

2

[(
d2w

dr2

)2

+
1

r2

(
dw

dr

)2

+
2ν

r

dw

dr

d2w

dr2

]
(2.8)

where D is the bending stiffness of the MLG flake (elastic plate) and ν is the

Poisson’s ratio of MLG1,2.

The total potential energy for the liquid-filled multilayer graphene (MLG) bubble

can be written as

Π (a, c1, c2, c3) = 2π

∫ a

0

[Us(r) + Ub(r)] rdr + πa2∆γ (2.9)

where, ∆γ = γGc + γsc − γGs, which is the change of interface energy for the

formation of the liquid-filled blister in terms of the interfacial energy densities of MLG-

content, substrate-content and MLG-substrate interfaces, respectively. The adhesion

energy of the elastic plate (MLG) to the substrate (PVA) will be given by, Γ =

∆γ + γw(cos θG +cos θs), where, γw is the surface tension of liquid-water with θG and

θs as the water contact-angles of the MLG and the substrate, respectively. Unlike

gas-filled blisters, the height of the blister h = 3V
πa2

is not an independent variable in

equation 2.9 due to the assumption of incompressible water with a constant volume2.

For a fixed radius a and height h, the mechanical equilibrium determines the three

parameters c1, c2 and c3 by setting ∂Π
∂c1

= ∂Π
∂c2

= ∂Π
∂c3

= 0, which yields

c1 =
h2(1585− 723ν)

1386a3
(2.10)

c2 = −17 h2(9 + 5ν)

198a4
(2.11)

c3 =
32 h2(−3 + 2ν)

99a5
(2.12)

By putting the expressions for c1, c2 and c3 in the equation 2.9, we obtain the free

energy as a function of the bubble radius:

Π(a) =

{
E2D(896585 + 529610ν − 342831ν2)V4

59290a10π3 (1− ν2)
+

96DV2

a6π
+ πa2∆γ

}
Next, by setting

(
∂Π
∂a

)
V
= 0, and solving for ∆γ, we get

Γ = ζE2D

(
h

a

)4

+ 32
Dh2

a4
+ γw(cos θG + cos θs) (2.13)
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where, ζ = 896585+529610ν−342831ν2

960498(1−ν2)
and, E2D is the 2D elastic stiffness of the elastic

plate. Note that the first term on the right-hand side of equation 2.13 is the contribu-

tion of in-plane stretching, the second term is the contribution of the finite bending

stiffness, while the third term is the contribution from the fluid (liquid)-interactions

(see Appendix A).

Using the nonlinear plate model1,23,199,266,279 for our water-filled blisters consider-

ing strong shear limit at the interface of the MLG flakes (elastic plate) and the PVA

film (substrate), the interfacial adhesion energy density Γ for the PVA-supported

MLG flakes using the above equation 2.13 is estimated in the range of 58.47− 219.96

mJ/m2.

The following parameters, related to the MLG blisters, have been used for the

estimation of the interfacial adhesion energy: E2D = NEt, where N (number of

layers)= 441 → 800, Et = 340 N/m [where E (in-plane elastic modulus of graphene)

= 1.00 TPa, t (thickness of single layer graphene) = 0.34 nm]280, constant prefactor

ζ = 896585+529610ν−342831ν2

960498(1−ν2)
, taking ν (Poisson’s ratio of MLG) = 0.16199,281, γw (surface

tension of water) = 72 mN/m282, and contact angles of θs = 51◦ & θG = 100◦ for

water/PVA & water/MLG283 interfaces, respectively.

Role of radial displacement function in the determination of

the elastic strain energy for different models

We analyzed the relative change in the elastic deformation term of the total interfacial

adhesion energy (Γe
l/g; l: liquid-filled blister & g: gas-filled blister) for graphene

blisters with the same aspect-ratio (h/a) and thickness (τ), using different models

as1,2,278,284:

Γe = Γs + αΓb

where Γe is the elastic deformation (stretching (s) + bending (b)) term of the total

interfacial adhesion energy and α is the model selecting parameter which takes values

0 (for Membrane model) and 1 (for Elastic plate model).

(i) Γe
l−Γe

g

Γe
g ×100 ≃ −3.9% (For the membrane model, where, Γe

l corresponds to

the cubic function approximation to the radial displacement2 while Γe
g corresponds

to the quadratic function approximation1.)

(ii) Γe
l → Γe

g (For the membrane model, where, Γe
l and Γe

g both correspond

to the quadratic function approximation to the radial displacement.)

(iii) Γs
l−Γs

g

Γs
g × 100 ≃ −0.94%, and Γb

l → Γb
g (For the nonlinear elastic plate

model, where, Γl corresponds to the quartic (4th order) function approximation to
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the radial displacement (our work) while Γg corresponds to the cubic function ap-

proximation1.)

(iv) Γe
l → Γe

g (For the nonlinear elastic plate model, where, Γe
l and Γe

g both

correspond to the cubic function approximation to the radial displacement.)

For a better approximation of the adhesion energy, we employed the nonlinear

elastic plate model with a quartic function in the radial displacement. However, it

may be noted that by using the cubic function form of the radial displacement in

the nonlinear elastic plate model, we obtained the same expression for the adhesion

energy (excluding the fluid-interaction term) for the liquid-filled blister as that of the

gas-filled blister1; which manifests that only the fluid-interaction term in the case of

the liquid-filled blister plays a critical role in deducing the interfacial adhesion energy.

Table 2.1: Interfacial adhesion energy & confining pressure w.r.t. number of layers of
the MLG flakes (which contain the PVA curing induced approximately axisymmetric
circular sub-micron blisters).

h/τ h/a N Γ (in mJ/m2) p (in MPa)
1.64 0.028 441 219.96 1.244
1.078 0.016 490 71.16 0.296
0.805 0.013 600 62.79 0.209
0.943 0.0123 800 58.47 0.176

In our case, the height of circular sub-micron blisters is ≳ 100 nm, therefore the

nonlinear plate model and membrane model for estimating the confining pressure

would collapse with the Hencky’s solution1,199,259, which is the uppermost limit of

the pressures calculated using both the models. According to Hencky’s model, the

confinement pressure and the geometry of the blister are related by2,199,259

p− p0 = ∆p = K(ν)
NEth3

a4
(2.14)

where K(ν) ≃ 3.09199 and p0 = 1 atm. pressure = 0.1013 MPa. The maximum

confining pressure (p) inside the liquid-filled sub-micron blisters is estimated in the

range ∼ 0.176− 1.244 MPa. The pressure estimated inside the blister is greater than

the pressure estimated before at a high temperature using temperature-dependent

dynamics, which is consistent with our pressure analyses.

We analyzed the interfacial adhesion energy obtained for a few MLG sub-micron

blisters (approximately circular) of different flake thicknesses. It is observed that the

aspect ratio (h/a) of the sub-micron blisters decreases on increasing the thickness of

the 2D flakes, possibly due to an increase in the blister delamination area (size or
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Figure 2.12: [(a)-(d)]AFM topographic images of the approximately circular sub-
micron MLG blisters on flakes of different thicknesses (number of layers: N), (e)
Interfacial adhesion energy & confining pressure as a function of aspect-ratio of the
MLG blisters at room temperature.

radius) as a result of decrement in the interfacial adhesion or debonding energy of the

2D flakes (Figure 2.12). It shows that the non-linear elastic plate behavior is more

prominent for thicker graphene flakes (see Table 2.1). It is worth mentioning that

the evaluated interfacial adhesion energy might have been overestimated due to the

simplified assumptions: (i) constant radius without any delamination other than the

blister formation, and (ii) a small error in deducing the number of layers (thickness) of

graphene flakes from the AFM topographic images due to the surface roughness (RMS

∼ 1 - 2 nm) of the PVA layer. For the single-layer graphene (SLG), the interfacial

adhesion energy is expected to be higher because of its higher flexibility, which helps

it conform more closely to a polymeric substrate than the multilayer flakes.

We also observed some liquid(water)-filled approximately axisymmetric sub-micron

blisters located near the edges of the PVA-supported multilayer graphene flakes, which

satisfy the condition for the membrane model, i.e., h
τ
≳ 2 (Figure 2.13). We believe

that the interlayer sliding is prominent near the edges, which enables the indepen-
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Figure 2.13: PVA-curing induced sub-micron blisters: (a) and (d) are optical images;
(b) and (e) are AFM topographic images; (c) and (f) are AFM thickness profiles along
the marked black lines in the AFM images.

dent bending of the layers due to the weak vdW interlayer interactions, making the

effective thickness of the flake as that of the single layer. This results in the lesser

effective bending stiffness of the 2D flakes, such that, the overall bending rigidity

scales linearly with the number of layers, which corresponds to Deff = NEt3

12(1−ν2)
∼ N ,

validating the membrane limit23. This implies that interlayer sliding is possible even

for the thick-layered 2D flakes acting as elastic plates (with large bending rigidity) at

the strong-shear interface.

2.4 Summary

In summary, the simultaneous PVA curing & 2D material deposition process helps in

the formation of optically visible sub-micron MLG blisters, which is rare to achieve

in ambient and ordinary deposition conditions. The mechanism and the robust pro-

cedure of the PVA curing assisted blistering ensures the possibility for the formation

of such large sub-micron blisters of a 2D material on any flat & smooth substrate

experimentally. The appreciable adhesion of the multilayer graphene flakes with the

thin film of PVA enables them to hold a high pressure inside the blisters.

The detailed analyses of temperature-dependent optical microscopy, Raman spec-

troscopy, and AFM topographic imaging confirmed that the confined matter inside

the sub-micron blisters is liquid (water). The presence of the water-filled sub-micron
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blisters significantly modulates the vibrational properties of the 2D flakes locally as

a result of the modulated lattice structure. In this work, we put simple but strategic

efforts into understanding the physics and chemistry behind the out-of-plane bending

of the PVA-supported multilayered graphene flakes by analyzing the water-filled sub-

micron blister system using the nonlinear elastic plate model in order to estimate the

interfacial adhesion energy and the confined pressure. This study opens up new path-

ways for an alternative for local strain engineering of the 2D materials and exploiting

the bubble physics towards practical applications. The technique can be explored for

confining other liquids inside the blisters and their controlled temperature-dependent

release.
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Chapter 3

Elastic solid- and viscoelastic

substrate-based instabilities in

spontaneously formed multilayer

Graphene blisters

3.1 Introduction

Graphene is a mechanically robust two-dimensional (2D) material in terms of its re-

markably high bendability (flexibility), elasticity, and strain-bearing capacity, which

is capable of forming blisters through the confinement of different kinds of matter

such as liquid, gas, nanoparticles, etc. at the graphene/ substrate interface24,34. The

blisters on the surface of a 2D material like graphene offer local strain-sites with al-

tered physical properties, and also help in probing its adhesion mechanics, which show

huge potentiality for fundamental research as well as practical applications in flexible

& tunable electronics, optoelectronics, and nanophotonics2,22,23,49,196,218,285–288. Fur-

thermore, the properties of the 2D material can be manipulated by engineering the

size and the shape-profiles of the blisters195. Therefore, an exhaustive understand-

ing of the underlying mechanism behind the onset of instabilities in the 2D material

blisters is a prerequisite. The instabilities in the bulged elastic sheets over the rigid/

solid substrates have been elucidated by considering the interfacial slippage while

mechanical force-indentation or pressurized bulge-tests25,26,28,245,289. Chopin et al 28

investigated the mechanically indented blisters of a thin plastic sheet, adhering to a

rigid glass plate by means of a thin liquid layer, and found that a large central ver-

tical displacement or the indentor height (greater than a critical value) with respect

69
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to the thickness of the sheet, pronounceably, generates the solid-based instabilities28.

The blisters are typically circular for the small values of the ratio of blister-height to

sheet-thickness, but on further increasing the vertical displacement of the indented

plastic sheet, the delaminated front undulates along the adhering annular region due

to the interfacial slippage, giving rise to a tent-like shape of the blister, and finally,

the delaminated front behaves like an open curve to form trapezoidal, triangular

or star-like shapes. The interfacial slippage causes complexity in the conventional

blister-test models, which are generally used for deducing the interfacial adhesion

energy (debonding strength) of the elastic 2D sheets over a given substrate1,2,25,26.

The adhesion energy of a 2D flake depends upon the van der Waals (vdW) inter-

actions acting among the flake, the substrate, and the trapped matter inside the

axisymmetric blister34,195,199. However, the interplay between the vdW interactions

and the elastic stresses in an axisymmetric blister at a slippery interface may result

in the development of wrinkling instabilities289. Recently, Ares et al 36 showed that

the diffusion of water molecules from the surroundings, between the top and bottom

2D layers of two distinct 2D materials (hBN/MoS2) in a bubble, enhances the radial

tension in the top membrane and induces azimuthal stress i.e., ‘hoop compression’

in the bubble. This stress is compressive in nature outside the bubble, whose sup-

pression results in the development of solid-based instabilities in the form of radially

oriented wrinkles around the bubble. The periodic wrinkling patterns in the delami-

nated region of the membrane develop as a result of competition between its bending

rigidity (which opposes the wrinkling or favors the large wavelength of the wrinkles)

and the 2D flake-substrate vdW interactions (which support the wrinkling, and result

in the small wavelength of wrinkles)36. Recently, the elastic-wetting phenomenon has

also been exploited for elucidating the elastocapillary self-cleaning of twisted bilayer

graphene interfaces by means of the coalescence of tiny bubbles into the bigger ones35.

The conventional blister-test models assume the single phase of the confined matter

inside the blisters for simplified explanation1,2,34. However, the phase-transition of

the trapped matter has a crucial role in the formation and the stability of the blisters,

which still remains unexplored25,49,284. Therefore, a more realistic & universal model

is required to elucidate the involved mechanism behind the solid-based instabilities

(e.g. tents, pyramids, etc.) in the 2D material blisters.

The investigations of adhesion and debonding mechanisms of the thin elastic sheets

from the polymeric substrates have great significance in applications such as adhesives

& coatings, biomedical implants, micro/nanoelectromechanical devices, etc.36,290,291.

In the debonding of a rigid & stiff plate from a confined viscous fluid in the presence

of a less viscous medium, the viscous instabilities arise at the interface of the more vis-
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cous fluid and less viscous fluid292–295. The debonding process may be achieved either

by applying an out-of-plane mechanical delamination force on the upper-bounding

plate296,297 or by simply peeling off the plate starting from its one end (peeling-by-

tension)298,299 or by pressurized bulging of the plate through controlled injection of

a less viscous fluid (gas) at the interface of more viscous fluid (liquid) & the upper-

bounding plate (peeling-by-bending)29,225. The viscoelasticity of the underlying poly-

meric substrate and the elasticity of the upper-bounding plate play a key role in

the formation of the complex Saffman-Taylor-like instabilities226,227,294. Nase et al 296

showed the crossover from the “viscoelastic” regime (formation of bulk fingering in-

stabilities300,301, where the fingering wavelength varies with the initial viscous film-

thickness and the normal debonding speed) to an “elastic” regime (formation of the

interfacial crack propagation302–304, where the fingering wavelength varies only with

the initial viscous film-thickness). The process of debonding of a flat & rigid plate

from purely elastic adhesive solids like (poly)dimethylsiloxane (PDMS) polymer as a

function of temperature causes dynamical changes in viscous fingering patterns, owing

to the temperature-dependent degrees of cross-linking in the polymer226,296,301. Gong

et al 297 showed the formation of bulk fingering instabilities and cavities on mechan-

ical separation of the two rigid bounding plates confining a thin film of Polystyrene

(PS) of low molecular weight at its glass-transition temperature. Housseiny et al 295

theoretically, investigated that the taper angle & the out-of-plane bending of the

upper-bounding elastic plate over the gas-liquid interface play a critical role in the

suppression of the viscous fingering instabilities, developed while the displacement of

a viscous liquid by an injected gas in a radial Hele-Shaw cell. The classical “Saffman-

Taylor instabilities” are found to vanish by replacing the rigid plate (high bending

rigidity) with an elastic membrane (low bending rigidity) in a Hele-Shaw cell29. De-

spite extensive efforts in analyzing the viscous fingering instabilities from the conven-

tional mechanical peeling and pressurized bulging techniques in the microscale sys-

tems225,291,296,297,299, the involved mechanisms behind the instabilities in spontaneous

blistering of the elastic membranes such as 2D materials over the polymeric surfaces,

still remain unexplored. The lack of attention, paid to the spontaneous blistering of

a 2D material over any viscoelastic substrate305, led to the overlooked attempts in

viscous fingering in the 2D material blisters. The thickness-dependent elasticity of a

2D material can be utilized to investigate the growth dynamics of the viscous finger-

ing instabilities while it’s blistering over a viscoelastic substrate, as the out-of-plane

bending rigidity decreases from multilayer to monolayer of the 2D material23,36,306.

The investigations on the adhesion mechanics & the spontaneous blistering of the

2D materials are only limited to the rigid & solid substrates24,288,305,307–312, where
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the substrate-based instabilities remain absent. The spontaneous blistering of the

MLG flakes over a poly(vinyl) alcohol (PVA) substrate has been recently observed

through a polymer-curing assisted technique49, but the elastic-solid based instabil-

ities still remain unexplored in such a system. In this work, we strategically in-

vestigate the elastic-solid as well as viscoelastic-substrate-based instabilities in the

spontaneous blistering of the MLG flakes over the PVA substrate upon manipulating

the polymeric-layer content. In order to investigate the instabilities, we captured the

interface as well as the surface morphologies of the sub-micron blisters using interfer-

ence reflection microscopy (IRM) and atomic force microscopy (AFM), respectively.

The interference patterns, observed across the MLG blisters through IRM, have been

analyzed rigorously, which are found to be correlated with their height profiles. We

propose a “blister-collapse model” to elucidate the mechanism behind the onset of

solid-based instabilities on the basis of hoop compression. The interplay between the

in-plane compression/ stretching stiffness and the out-of-plane bending stiffness of

the 2D flakes while blistering determines the ratio of the blister-height to the flake-

thickness, which are correlated with the solid as well as substrate-based instabilities in

the blisters. We also investigated (i) the effect of tapering angle on the finger growth-

dynamics, and (ii) the impact of temperature on the viscous fingering patterns under

the spontaneously formed MLG blisters. Our investigations provide fundamental &

practical insights into the adhesion and debonding mechanisms of the 2D materials

for establishing a better understanding of the elastic stresses as well as the vdW

interactions acting within the 2D material blisters.

3.2 Experimental methods

3.2.1 Ice-water adsorption assisted PVA-curing induced blis-

tering of MLG flakes

Prior to the exfoliation experiments, borosilicate glass or Pyrex (Borofloat®) sub-

strates (size: 1 cm × 1 cm) are thoroughly cleaned in trichloroethylene, acetone, and

methanol, each for 10 min at their respective boiling temperatures and then rinsed in

isopropyl-alcohol and DI water. Thereafter, the glass substrates are dried and cleaned

further with oxygen plasma. A cleaned borosilicate glass substrate is spin-coated with

a thin layer of 4% w/w PVA [Alfa Aesar�, 86-89% hydrolyzed, av. Mw ∼ 10,000-

20,000, having viscosity µ ≃ 4.5 - 4.7 mPa.s (measured using Rheometer: Anton

Paar MCR102), and surface tension σ ≃ 38.1 - 38.3 mN/m (measured using Force

tensiometer: Attension Sigma-700 by Biolin Scientific at the room temperature)] at

1600 rpm for 60 s. The PVA-coated glass substrate is placed over a thermoelectric
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cooler plate at a temperature of ∼5◦C in a normal atmosphere with relative humidity

of 30±2% for 10-20 s. As a consequence, the cold and tiny water droplets (mist) get

adsorbed on the surface of the PVA-coated glass substrate. Thereafter, a Nitto tape

decorated with MLG flakes is placed in conformal contact to the PVA-coated glass

substrate, followed by a brief thermal treatment at ∼120◦C for 60 s on a hot plate.

The Nitto tape is then peeled off slowly from one of the ends of the substrate, once the

sample is rapidly cooled down to room temperature. It is to be noted that the RMS

roughness of a flat MLG flake is ∼ 0.5 nm, the RMS roughness of the spin-coated

PVA polymeric film is ∼ 1.5 nm, and the RMS roughness of Pyrex (borosilicate glass)

is ∼ 0.5 nm for selected areas of 1 µm × 1 µm each. It should also be noted that

the PVA film is not cured just after the spin-coating and prior to the exfoliation step.

The PVA polymer with the prescribed properties facilitates appreciable deposition-

yield and sufficient MLG blister-density. The hydrophobic-to-hydrophilic interface

provided by the MLG/PVA stack is found to be highly suited for the confinement of

water molecules to form the blisters.

3.2.2 Characterizations

Optical identification of the blisters of high-quality single-crystalline graphene flakes,

having elastic-solid or viscoelastic-substrate-based instabilities, has been carried out

under an optical microscope through interference reflection microscopy. The Raman

spectroscopic measurements have been carried out using a HORIBA LabRAM HR

Evolution system on the identified MLG blisters in ambient atmospheric conditions.

The output power of the laser light is kept low (to avoid local heating) at ∼1 mW for

the laser excitation wavelength of 532 nm using a 100× air objective lens (NA=0.8) in

a confocal microscopy setup. The acquisition time is kept 10 s with a detector grating

of 1800 lines mm−1. The tapping mode atomic force microscopy (AFM) measurements

in air have been performed with a standard silicon cantilever on a Bruker MultiMode-

8 AFM setup. The AFM data visualization and analyses have been carried out using

Gwyddion software.

3.3 Results and Discussion

3.3.1 Interference from a thin film of varying thickness (con-

fined water inside a blister) due to reflected light

We consider the simplified assumptions that the blister is perfectly circular (axisym-

metric) in shape, which is completely filled with water. As we did not observe a

noticeable change in the shape of the blister even after a period of 80 days (see figure
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Figure 3.1: The high-resolution optical images, showing (a) face-up oriented graphene
flakes, and (b) face-down oriented graphene flakes deposited over PVA-coated Pyrex
substrate under monochromatic-light illumination (Inset: the optical images under
white-light illumination). The optical contrast for the PVA-supported 2D flakes (in
upside-down or face-down orientation) is sufficiently higher than that for the face-up
orientation of the flakes, which significantly helps in the identification of single to few-
layer flakes47,48. Further, the different kinds of shapes of MLG flakes can be easily
characterized with the help of the interference patterns (rings or fringes), optically
visible at the ‘flake-PVA’ interfaces.

Figure 3.2: The optical images, showing the time-lapse deflation of the MLG blis-
ters, when optically visualized in [i:(a-f)] face-up orientation, and [ii:(g-l)] face-down
orientation; the optical images (a,b,g,h) are captured at the beginning just after the
deposition, (c,d,i,j) are captured after a time-lapse of ∼ 12 hours, and (e,f,k,l) are
captured after a time-lapse of ∼ 24 hours with (m & n), depicting the corresponding
AFM topographic 3D images of the blisters (shown by red squares in (k & l), respec-
tively) (scale bar: 50 µm). The Newton’s rings or interference patterns over a blister
change as the confined matter releases with time. The time-lapse deflation of the
blisters can be easily detected by analyzing the change in the interference patterns.
Therefore, any bulk or surface events (e.g. deflation, folds, fingering etc.) can be
visualized by just focusing the laser light beam at the interface of the MLG blister
and the supporting layer of PVA.
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Figure 3.3: (a) Optical image, showing the MLG sub-micron blisters with located
AFM-tip; (b) AFM topographic image captured at the edge of the MLG flake (shown
by a red square in (a)) for deducing the thickness of the flake (measured from the
PVA surface); [(c), (d)] AFM topographic 3D images, showing negligible deflation of
the blister (encircled in red in (a)) even after a period of 80 days; and (e) Raman
mapping of the G-peak position along a line (marked in red) across the blister, showing
the accumulation of tensile strain at the center of the blister with a red-shifting of
∼ 5.4cm−1 with respect to the flat region of the MLG flake49. The deflation-free nature
of the blisters, as depicted by their time-lapse AFM topographic images (captured
with standard Silicon cantilever in tapping mode with consistent parameters) allow
us to consider the confinement of water (liquid) inside the sub-micron blisters2.
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Figure 3.4: Optical images (with incident white light) of a few-layer graphene blister
in (a) face-up and (b) face-down orientation (scale bar: 20 µm). The complementary
Newton’s rings in the cases (a) & (b) are formed by the light beams, reflected from
the confined water inside the blister.

3.3), we consider the confinement of water (liquid) molecules inside the blister, for

simplicity.

Optical path difference between interfering rays: 3 and 4 in the ray-diagram (see

figure 3.5(a)),

∆ = µw(MN +NO) +
λ

2
− µairPQ

where, µair = refractive index of air = 1, µw = refractive index of confined water,

and λ = wavelength of incident light. (the additional path difference of λ
2
is due to

a phase change of π on reflection of the ray: 4 from a rare (water)-to-dense (MLG)

medium interface). In right triangle ∆PQR,

cos(90◦ − i) =
PQ

PR

since, PR = MO = MS + SO = 2MS

tan(90◦ − r) = cot r =
SN

MS

since, SN = tw,MS = PR
2

PR = 2tw tan r

PQ = 2tw tan r sin i

In right triangle ∆MSN ,

MN = NO =
tw

cos r
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hence, we get,

∆ =
2µwtw
cos r

− 2tw tan r sin i+
λ

2

taking r = 0 for normal incidence of rays, we obtain

∆ = 2µwtw +
λ

2

We consider the case, where, the radius of curvature R, and the radius of Newton’s

ring ρ are sufficiently larger than the water-film thickness tw. From figure (3.5(b)),

using Pythagoras theorem in right triangle ∆OAB, we get

tair =
ρ2

2R
= tw

.

Since, from the figure 3.5(b), we can write, tw + τg = tair + τg; where, tw, tair, and

τg are the thicknesses of confined water-film, the air-film (in between the face-down

blister and the glass slide), and the MLG flake, respectively. Therefore, it is clear

that tair = tw = h (height measured from AFM).

Figure 3.5: (a) Schematic of the Newton’s ring model & optical ray-diagram for the
interference from a tiny gap of varying height (blister) due to reflected light, and (b)
schematic representation of the curved geometry.

If, the diameter of a Newton’s ring D = 2ρ.

∆ = µw
D2

4R
+

λ

2

for a dark ring (destructive interference), ∆ = (2n+1)λ
2
, where, n = 0, 1, 2, ...., while

for a bright ring (constructive interference), ∆ = nλ, where, n = 1, 2, ....
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Therefore, for nth dark ring,

µw
ρn

2

R
= 2µwtw = nλ (3.1)

with n = 0, 1, 2, ..... This implies that the Newton’s rings are unequally spaced, with

a dark ring at the edge (i.e. at tw = 0 ⇒ n = 0).

3.3.2 Significance of h/τ in blistering the MLG flakes

The MLG bubbles (circular blisters), showing significant bending stiffness, follow the

non-linear elastic plate model (4th order of radial distance r, i.e. w(r) = h[1− ( r
a
)2]2,

for h/τ ≲ 1.51,23,49). The change in the interfacial adhesion of the MLG flakes with the

PVA substrate through blister-formation, can be expressed in terms of the interfacial

energy densities of MLG-content, substrate-content and MLG-substrate interfaces,

respectively, as ∆γ = γGc + γsc − γGs. The net interfacial adhesion energy of the

MLG flake (acting as a nonlinear elastic plate, having a significant bending stiffness

B ∼ N3) over the PVA substrate is given by, Γ = ∆γ + γl(cos θG + cos θs), where γl

is the surface tension of a liquid (water) with θG and θs are the contact-angles of the

liquid with the MLG and the substrate (PVA), respectively, which gives rise to the

following equation49:

Γ = ζE2D

(
h

a

)4

+ 32
Bh2

a4
+ γw(cos θG + cos θs)

where ζ = 896585+529610ν−342831ν2

960498(1−ν2)
, ν is the Poisson’s ratio, h/a is the aspect-ratio

of the blister, and E2D is the 2D elastic extensional (in-plane) stiffness of the MLG

flake. We can rewrite the above equation as

Γ = Γstretching/compression + Γbending + Γfluid-interaction

where the ratio of interfacial adhesion energy contributions from in-plane stretch-

ing/compression stiffness (Ist term) and the out-of-plane bending stiffness (IInd term)

is directly proportional to (h/τ)2.

3.3.3 vdW interactions affect the aspect-ratio of the blisters

The force-balance in the direction normal to the elastic sheet yields coupling between

the effective fluid-pressure (p) and the deflection (h) as follows (Föppl-von Kármán

(FvK) equation) :

p = B∇4h− T∇2h (3.2)
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where the first term depicts the effect of bending stresses (B), and the second term

depicts the effect of imposed tension (T ) in the development of net pressure (P )196,313.

The tension stresses dominate when the 2D in-plane elastic stiffness (E2D) is much

larger than the out-of-plane bending stiffness (B), this is mostly true for ‘peeling-by-

tension’ experiments (similar to our viscous fingering results in the tension-dominated

regime). Since, we observed h/τ ≳ 2 for most of the MLG blisters, which implies

the least effect of bending rigidity in the blistering of the MLG flakes, therefore

the effective bending stiffness (Beff) would scale as N (not N3) due to considerable

interlayer slippage resulting from weak interlayer vdW interactions. The FvK number

(bendability) for the multilayered 2D materials K = E2Da2

Beff
≫ 1, which resembles the

tension-dominated regime.

We assume the case of slippery interface while formation of the blister through

conventional PVA-curing induced blistering technique49. The deflection profile of an

axisymmetric MLG blister (having h/τ ≳ 2) in the membrane-limit is given by

w(r) = h

(
1− r2

a2

)
, (3.3)

where h ≪ a, and the area of the bulged surface is assumed to be A′ ≈ πa2 for

h/a → 0. The deflection profile allows the direct solution to the in-plane equilibrium of

the membrane limit of Föppl-von Kármán (FvK) equations in terms of displacements

u(r) =
3− ν

4

h2

a

(
r

a
−
(r
a

)3)
+ us

r

a
, (3.4)

where u is the in-plane displacement and ν is the Poisson’s ratio, and us accounts

for the in-plane interfacial sliding at the edge of the blister (r = a). The kinematics

results in the radial and circumferential strain fields, such that

ϵr =
du

dr
+

1

2

(
dw

dr

)2

and ϵθ =
u

r
. (3.5)

For the slippery boundary conditions, the plane-stress classical Lame solution in the

linear elastic regime can be adopted. The radial and circumferential stress components

(in the generic far-field behavior) are as follows:

Nr =
A

r2
+ Tpre and Nθ = −A

r2
+ Tpre , (3.6)

where Nr = σrτ and Nθ = σθτ ; σr and σθ are radial and circumferential stresses, re-

spectively; τ is the membrane thickness; A is a constant to be determined; Tpre (= E2Dε)
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is the mechanical pretension in the membrane, where E2D is the in-plane elastic stiff-

ness of the membrane and ε is the induced mechanical strain314. The radial stress

and displacement have to be continuous at the edge of the blister. Using equation

3.3-3.6 and linear Hooke’s law, we obtain

A =
E2Dh

2

4
and us =

(1− v)aTpre

E2D

− (1 + v)h2

4a
. (3.7)

From the continuity of radial stress across the edge of the blister, we can have

N+
r = N−

r = T = E2Dh2

4a2
+ Tpre. Since, the total free energy as well as the aspect ratio

(h/a) of the blister is determined solely by the competition between vdW and elastic

strain energies of the 2D material system. The total potential energy for the MLG

blister with a confined matter having a finite compressibility at a raised temperature

can be given by,

Π = c (T )h2 + πa2∆γ + Eint(V ) = c

(
E2Dh

4

4a2
+ Tpreh

2

)
+ πa2∆γ + Eint(V ) (3.8)

where c is a constant prefactor to be determined (unlike the case of clamped

boundary conditions, where it is a function of Poisson’s ratio ν), ∆γ is the overall

surface energy density, and Eint(V ) is the free internal energy of the blister content

of volume V = πa2h/2 and pressure P = −∂Eint

∂V
. Now, by minimizing the equation

3.8 with respect to h and a, we obtain

∂Π

∂h
= 4ch3E2D

4a2
+2chTpre−

π

2
a2P = 0 and

∂Π

∂a
= −2c

E2Dh
4

4a3
+2πa∆γ−πahP = 0.

(3.9)

By eliminating P in equation 3.9, we obtain

(
h

a

)4

+
8Tpre

5E2D

(
h

a

)2

− 4π∆γ

5cE2D

= 0. (3.10)

The real solutions of equation 3.10 exist, only when ∆γ > 0, for which the for-

mation of the blisters is energetically favorable. We can non-dimensionalize the pa-

rameters Tpre and ∆γ as T̃pre =
Tpre

E2D
and ∆γ̃ = ∆γ

E2D
, such that T̃pre ≪ 1 and ∆γ̃ ≪ 1,

since for graphene, E2D (∼ 340 N/m) is relatively very large. For the blistering of

MLG flakes at the raised temperature over the slippery interface, Tpre is negligible.

Therefore, the overall surface energy dominates over the pretension i.e. T̃pre ≪ ∆γ̃,
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we obtain (
h

a

)
=

(
4π∆γ̃

5c

) 1
4

. (3.11)

Figure 3.6: Schematic representation of the ‘blister-collapse model’: (a) water-vapor
pressure driven blistering of MLG flake, (b) the tapered region of the MLG flake
around the blister-edge collapses downwards due to phase-transition of water-vapor
into water droplets and thereby, generating a pretension, which induces the hoop
compression, (c) the suppression of hoop compression results into the development of
elastic solid-based instabilities in the blister.

3.3.4 Effect of hoop compression

We considered the slippery boundary conditions for the MLG blisters formed at the

raised temperature, where the initial radius of the blister does not remain constant.

While cooling down the sample to room temperature, the condensation of moisture-

vapor into water droplets occurs via drop-wise condensation, and simultaneously,

it allows the tapered region of the MLG flake around the blister-edge to collapse

downwards, thereby generating a radial pretension in the blister (see Figure 3.6).

The pretension causes the development of pressure within the blister28,34,196, given

by p ∼ Tpreh

a2
. The pretension induces a hoop (azimuthal) compression, which is

suppressed with the onset of the solid-based instabilities in the blister.
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For the compressive stress Tpre < 0, and the total energy of the blister-system is

given by (neglecting the contribution from the internal energy of the blister content),

Etot = c

(
E2Dh

4

4a2
− |Tpre|h2

)
+ πa2∆γ. (3.12)

By minimizing Etot with respect to a at constant h, we find(
h

a

)4

=
4π∆γ̃

c
. (3.13)

Now, the total energy of the blister (under hoop compression) as a function of a,

can be rewritten as

Etot = a2

(
2π∆γ − c|Tpre|

√
4π∆γ

cE2D

)
. (3.14)

For the blister to be unstable, the energy must be released by increasing the

perturbations, i.e. Etot ≤ 0. This results in the condition

|T̃pre| ≥
√

π∆γ̃

c
. (3.15)

In this case, the blister is highly susceptible to solid-based instabilities. In terms

of the compressive strain ε, the condition for the blister to be unstable is

|ε| ≥
√

π∆γ̃

c
. (3.16)

On the other hand, the compressive stress required for the blister to be stable (i.e

Etot > 0) is

|T̃pre| <
√

π∆γ̃

c
. (3.17)

In terms of the compressive strain ε,

|ε| <
√

π∆γ̃

c
. (3.18)

3.3.5 Partial elastic wetting analogy for the liquid-drop model

In order to find the constant prefactor c, we enforce the force balance at the con-

tact line of the blister-system at equilibrium (considering the liquid-drop model for
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simplicity)289,

cos β0 =
N+

r + γms − γls
N−

r + γlm
. (3.19)

Employing the small-angle approximation (β0 ≈ sin β0 =
√

1− cos2 β0) and for

the radial tension (having continuity across the edge of the blister) to be much greater

than any interfacial tension in the system, we can have N+
r = N−

r = T = E2Dh2

4a2
+

Tpre ≫ ∆γ (since for graphene, Young’s modulus E ∼ 1TPa), we obtain

β0 =

√
2∆γ

T + γlm
≈
√

2∆γ

T
, (3.20)

where β0 is the contact angle at the edge of the blister, ∆γ is the resultant energy

density (i.e. energy per unit area) for the blister system. Since, (1− cos β0) and the

strain components scale as h2/a2 35, therefore the contact angle can be converted to

the aspect-ratio of the blister. Using this, the equation 3.19 can be rewritten as(
h

a

)4

+ 4T̃eff

(
h

a

)2

− 4∆γ̃ = 0, (3.21)

where ∆γ̃ = γlm+γls−γms

E2D
and T̃eff = γlm+Tpre

E2D
= γ̃lm + T̃pre. Herein, the overall surface

energy density (interfacial tension) ∆γ = γlm + γls − γms, where γlm, γls and γms are

the surface energy densities for the three interfaces: membrane-liquid, substrate-liquid

and membrane-substrate interfaces, respectively.

Figure 3.7: AFM topographic images of the tent-like MLG blisters (having a pointed
tip at the center, where a maximum tensile strain accumulates). The AFM 3D profile
of a circular blister (bubble) is presented for reference.

Since, the solutions exist in the case of ∆γ̃ > 0, which means that the formation

of the blisters is energetically favorable only when ∆γ̃ > 0, where ∆γ̃ is the change
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of interfacial energy densities for the formation of a blister. We can then find out the

equilibrated aspect ratio on solving the above equation 3.21 as(
h

a

)2

= −2T̃eff + 2

√
T̃ 2
eff +∆γ̃. (3.22)

Now, we can analyze the equation 3.22 by considering different conditions:

(i) For sufficiently small strains i.e. |T̃eff| → 0 : We obtain on further simplifying

the equation 3.22 (
h

a

)
=

√
2 (∆γ̃)1/4 − T̃eff√

2 (∆γ̃)1/4
, (3.23)

which implies that for T̃eff < 0 (compressive strain), the aspect ratio (h/a) increases

with respect to that in the absence of the strain28,35.

(ii) Pretension dominates over the overall surface energy : Assuming γ̃lm ∼ ∆γ̃ ≪
T̃pre ≪ 1 and by further simplifying the equation 3.22, we obtain

(
h

a

)
T̃pre≫∆γ̃

=

(
∆γ̃

T̃eff

)1/2

. (3.24)

Therefore, the aspect-ratio is expected to decline with the increasing pretension.

(iii) Overall surface energy dominates over the pretension : Assuming T̃pre ≪ γ̃lm ∼
∆γ̃ ≪ 1, then the equation 3.22 can be rewritten as(

h

a

)
T̃pre≪∆γ̃

= (4∆γ̃)1/4. (3.25)

Therefore, the aspect-ratio is expected to rise with the increasing overall surface

energy.

Now, on comparing the equation 3.11 viz. obtained from the concept of minimiza-

tion of potential energy with the equation 3.25 viz. obtained from partial elastic-

wetting analogy, both in the case when the overall surface energy dominates over the

pretension, we obtain c = π
5
. This results in the following expression for the total

potential energy (Etot) for the 2D material blister-system at equilibrium:

Etot =
π

5

(
E2Dh

4

4a2
+ Tpreh

2

)
+ πa2∆γ. (3.26)
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Figure 3.8: Graphical representation of the scheme employed for the determination
of the height and the radius of the axisymmetric (circular) MLG blisters, following
either the elastic-plate profile or the elastic-tent profile. The parameters are eval-
uated by fitting the shape of a blister with an appropriate profile. For determin-
ing the taper angle of a blister, the slope of the blister is fitted with a line profile.
The radius a and the central deflection h of the blister is estimated by fitting the
height profile of the spherical/ conical cap obtained from the atomic force microscopy
(AFM) image in tapping mode. If the AFM height profile of a blister fits well with
the fourth order polynomial function of radial distance r (elastic-plate profile) as,
w(r) = B0 + B1r + B2r

2 + B3r
3 + B4r

4; then the characteristic parameters: central de-

flection or height h and the radius a of the blister are determined as B0 and
(
−2B0

B2

) 1
2
,

respectively. But, if the AFM height profile of a blister fits well with the 2
3

rd
power

function of radial distance r (elastic-tent profile) as, w(r) = A− Br2/3; then the char-
acteristic parameters: central deflection or height h and the radius a of the blister are

determined as A and
(
A
B

) 3
2 , respectively.

3.3.6 Elastic solid- and viscoelastic substrate-based instabil-

ities

The 2D flakes (hydrophobic in nature) have an appreciable debonding rigidity with a

polymeric film of PVA solution (hydrophilic in nature) of low molecular weight & low

concentration as a result of good interfacial adhesive interactions88,291. In the con-

ventional PVA-curing induced spontaneous blistering approach49, the water-vapor,

arising from the vaporization of the water content in the PVA film (spin-coated at

1600 rpm for 60 s over a Pyrex substrate) while curing it at a raised temperature,

gets trapped under the graphene flakes at the hydrophobic-to-hydrophilic interface,

and consequently, the vapor-pressure develops to form the blisters with stable inter-

face309,315. The shapes of blisters get stabilized once the trapped water-vapor con-

denses into the liquid phase on cooling down to room temperature2,49,257,277. Apart
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from the axisymmetric circular blisters, as obtained in our recent work49, we also ob-

tained pyramidal as well as tent-like MLG blisters. The optical interference reflection

microscopy (see Figure 3.9(a))47,316,317 of the PVA-supported graphene flakes facil-

itates an efficient optical identification (owing to enhanced optical contrast) of the

monolayer to few-layer graphene flakes and the surface & interfacial events such as

viscous fingering, deflation, blistering etc. using the interference patterns (see Figures

3.1 and 3.2). The fringes are formed due to the feeble interference of the light beams,

reflected from the top and bottom of the confined water-droplet inside the blister

(see Figure 3.5), since the optical reflection dominates over the optical transmission

through MLG flakes49,318. The fringe patterns are found to vary with the shape and

size of the blister, which can be correlated with its height profile48.

Figure 3.9: (a) The interference reflection microscopy (IRM) set-up, (b) optical image
of interference fringes at the MLG blister interface, when illuminated with monochro-
matic light (λ ∼ 605nm), (c) AFM topographic 2D image & (d) 3D image of the
blister, placed in upside-down orientation to optically visualize the interface using the
IRM set-up, and (e) comparison of the height profile obtained using optical analyses
of the interference fringe pattern with the height profile of the blister measured using
AFM, across a line marked in (d).

We observed fringes of equal as well as unequal spacing. It is well known that the

fringes of equal width (δ) appear in the wedge-shaped faces (having an inclination

angle θ = sin−1( λ
2µwδ

)). We deduced the height profile h of a blister having equally-

spaced fringes, using the formula h = d tan θ 48, where d is the horizontal distance of a

point on the fringe pattern from the edge of the blister. It matches well with the height

profile of the blister, measured using AFM (see Figure 3.9). It confirms that the blister

with equally spaced fringes consists of wedge-shaped faces. For the analyses of the



Chapter 3. Elastic solid- and viscoelastic substrate-based instabilities in spontaneously formed multilayer Graphene
blisters 87

interference pattern of unequal fringe-widths, similar to Newton’s rings319, the height

profile of the sub-micron blister can be deduced as, h = nλ
2µw

, where, n = 0, 1, 2, .... for

dark rings, µw is the refractive index of the confined water, and λ is the wavelength of

the monochromatic light source, which should be of the order of the blister-height (see

Section 3.3.1). We believe that the PVA-supported MLG sub-micron circular blister

(in upside-down orientation) with a finite radius of curvature causes the formation

of concentric fringes of unequal widths like Newton’s rings (NR) due to the variation

of the depth of the confined water-droplet in accordance to the shape-profile of the

blister.

Figure 3.10: A graphical representation of the solid-based instabilities in the blisters:
showing the variation in the shape-profiles of the MLG blisters (optical and AFM to-
pographic images) with respect to their respective aspect-ratios (h/a for axisymmet-
ric (circular) or h/L for asymmetric blisters) and the blister-height to flake-thickness
ratios (h/τ). The side length L of the typical triangular pyramidal blister was experi-

mentally determined as L =
√

4A√
3
; the side length L of the typical trapezoidal blister

was measured as L =
√
A; the side length L of the typical pentagonal pyramidal

blister was measured as L ≃
√

1.74V
h

; and the side length L of the typical hexagonal

pyramidal blister was measured as L =
√

2V√
3h
, where V is the measured volume of

the blister, A is the measured base-area of the blister, and h is the maximum vertical
deflection for an asymmetric MLG blister34. However, for an axisymmetric (circu-
lar) blister, the characteristic parameters: height (h) and radius (a), are deduced by
fitting the AFM height profile of the blister with an appropriate profile, e.g. elastic
plate, tent, etc. Red stars represent the circular MLG blisters (following the elastic
plate profile with a stable interface) from a recent work49.

In our experiments, we observe different shapes of the MLG blisters such as tent-

like, triangular, trapezoidal, pentagonal, hexagonal, star-like, etc. (see Figure 3.10),
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resulting from the elastic solid-based instabilities in the spontaneous blistering of the

MLG flakes49,273. We investigated the shape-profile of the differently shaped MLG

blisters for analyzing the instabilities. We observed that the shape-profile of the

blisters varies with the ratio of blister-height to flake-thickness (i.e., h/τ). However,

the aspect-ratio remains the same for a given shape-profile of the blisters with a

constant elasticity of the bulged nanosheet34. Using the Föppl-von Kármán model

for the deformation of thin elastic plates1,49,184, we noted that the ratio of interfacial

adhesion energy contributions from the in-plane stretching/ compression stiffness and

the out-of-plane bending stiffness is directly proportional to (h/τ)2. Therefore, the

relative dominance between the in-plane extensional stiffness and the out-of-plane

bending stiffness in the blister-formation would effectively control the parameter h/τ .

In our experiments, we noted the large values of h/τ even for the thick MLG flakes,

which analytically indicates to result from the suppression of out-of-plane bending

stresses by interlayer slippage. The interlayer sliding in the MLG flake (owing to

weak vdW interlayer interactions) allows each layer to bend independently, resulting

in the linear variation of overall bending rigidity with N (number of layers), as Beff =
NEt3

12(1−ν2)
∼ N (where E is Young’s modulus, E2D(= Eτ) is the 2D elastic stiffness,

and ν is the Poisson’s ratio of the MLG flake, t is the thickness of the monolayer

graphene (0.34 nm), and N = τ
t
is the number of layers in the MLG flake), in contrast

to N3 variation for perfectly glued multilayer23,36,184,196. The ‘Föppl von Kármán

(FvK) number’ (bendability)25 K = E2Da2

Beff
≫ 1 for the multilayered 2D flakes with

significant interlayer slippage resembles the dominance of elastic tension over the

bending stresses, and allows us to apply the membrane-limit for the MLG blisters.

We observed that the MLG blisters attain different shapes as a function of h/τ , being

typically circular for the small values of h/τ , tent-like for the moderate values of h/τ ,

and trapezoidal, triangular, or star-like for the larger values of h/τ . Therefore, a

circular blister tends to lose the axisymmetry with the increasing value of h/τ as a

result of growing elastic instability in the blister28. Thus, the competitive interplay

between the extensional and bending stresses while blistering of the multilayered 2D

flakes is correlated with the extent of solid-based instability in the blisters36. The

parameter h/τ governs the shape-profile of a blister and thereby gives rise to the

shape-dependent aspect-ratio of the blister.

The MLG blisters form at the raised temperature of ∼120◦C and thereby, attain

an equilibrium shape resulting from the vaporization of the water content (adsorbed/

absorbed) of the wet & uncured PVA film. Therefore, the interfacial slippery boundary

conditions could be reasonably assumed for the formation of the MLG blisters over

the PVA film (which is initially wet, and then gradually becomes viscoelastic as the
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temperature rises)289. However, in the absence of interfacial slippage, the analysis

of any instability mechanism in blistering is unfeasible25,28,289. The total potential

energy for the MLG blister with a confined matter having finite compressibility at the

raised temperature would be given by,

Π = c

(
E2Dh

4

4a2
+ Tpreh

2

)
+ πa2∆γ + Eint(V ) (3.27)

where c is a constant prefactor to be determined (unlike the case of clamped

boundary conditions, where it is a function of Poisson’s ratio ν 1,2), ∆γ is the change

of the interfacial energy densities for the blister-formation, Tpre(= E2Dε) is pretension,

which induces a mechanical strain (ε), and Eint(V ) is the free internal energy of the

blister-content having volume V and pressure P (= −∂Eint

∂V
). The equilibrium shape

of the MLG blister (having the volume V = π
2
a2h in the membrane-model1) can be

determined by minimizing the total energy with respect to h and a, and further, by

eliminating the pressure P as following34:
(
π
2
a2h
)
P = −h∂Eint

∂h
= −a

2
∂Eint

∂a
, we obtain

(
h

a

)4

+
8Tpre

5E2D

(
h

a

)2

− 4π∆γ

5cE2D

= 0. (3.28)

The formation of the blister is energetically favorable, only when ∆γ > 0. The

parameters Tpre and ∆γ can be non-dimensionalized as T̃pre = Tpre

E2D
and ∆γ̃ = ∆γ

E2D
,

such that T̃pre ≪ 1 and ∆γ̃ ≪ 1, since for graphene, E2D (∼340 N/m) is relatively

very large. Solving for the aspect-ratio, we obtain from the equation 3.28:

(
h

a

)2

= −4

5
T̃pre +

√
16

25
T̃ 2
pre +

4π

5c
∆γ̃. (3.29)

Therefore, the interplay between the pretension (Tpre) and the overall surface en-

ergy (∆γ) with respect to the in-plane extensional stiffness (E2D) determines the

aspect-ratio of the blisters. In our case, the blister attains the equilibrium shape

in the presence of interfacial slippage, which allows us to consider the pretension

Tpre = 0, therefore only the surface energies play a deterministic role in deducing the

aspect-ratio of the blister as

(
h

a

)
=

(
4π∆γ̃

5c

) 1
4

. (3.30)

The MLG blister, with confined water-vapor, attains the equilibrium shape at the

raised temperature, where the PVA film also gets cured. On cooling down the blister

to room temperature, the water-vapor would condense into water droplets (dropwise
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Figure 3.11: Schematic representation of the ‘blister-collapse model’, governing the
solid-based instabilities in the blisters. The tapered region of the MLG flake around
the blister-edge collapses downwards as the water-vapor condenses into the liquid
phase. (a & b) AFM topographic phase and height profile of the MLG blister (top-
view), (c & d) side and top schematic views of the MLG blister before collapse, and (e
& f) side and top schematic views of the MLG blister after collapse. The single-headed
arrows represent the elastic stresses or interfacial tensions acting at the perimeter of
the blister, whereas the double-headed arrows represent the azimuthal (hoop) stress
components, distributed across the blister.

condensation process320), which allows the tapered region around the blister-edge to

collapse downwards, thereby generating a radial pretension in the MLG blister. The

radial pretension would induce the ‘hoop (azimuthal) compression’, whose suppression

is only possible through the development of solid-based instabilities in the blister

(see Figure 3.11(e, f))28,36,225,273,321. When a circular blister collapses due to the

phase-transition of the confined matter, it attains a final shape depending upon the

parameter h/τ . We note that the parameter h/τ is different for different shapes of the

blisters, as shown in Figure 3.10. Therefore, h/τ is a crucial parameter in determining

the final shape of the blister. From equation 3.29, it can be seen that the aspect-ratio

(h/a) of the blister increases in the presence of a compressive stress Tpre < 034. It is

equivalent to the development of a pressure inside the blister, given by p ∼ Tpreh

a2
, which

enhances the aspect-ratio of the blister28,34,196. Therefore, the compressive pretension

(Tpre < 0) would play a crucial role in the development of the solid-based instabilities

in the MLG blisters. Considering the ‘blister-collapse model’ (see Figure 3.11), the

total potential energy of the blister-system can be given as
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Etot = c

(
E2Dh

4

4a2
− |Tpre|h2

)
+ πa2∆γ. (3.31)

The condition for the equilibrium state can be achieved by minimizing Etot with

respect to a at constant h, which gives
(
h
a

)2
=
√

4π∆γ̃
c

. For a blister to be unstable,

energy must be released from the blister-system, which may result in the development

of the instabilities, therefore Etot ≤ 0. This results in the condition |T̃pre| ≥
√

π∆γ̃
c
,

which would lead to solid-based instabilities in the blister. However, the compressive

stress required for the blister to be stable (i.e. Etot > 0) is |T̃pre| <
√

π∆γ̃
c
. The de-

velopment of non-uniform biaxial strain across the blister during collapse, in contrast

to the uniform biaxial strain distribution across an initially circular blister, would

lead to the generation of an asymmetric hoop compression25,49. If the hoop compres-

sion overcomes the interfacial adhesive interactions in the annular region outside the

blister-edge, then it would give rise to different shapes of the blister (e.g. triangular,

trapezoidal, pentagonal, star-like, etc.). Thus, our “blister-collapse model” elucidates

the mechanism behind the development of tent or pyramidal-like elastic solid-based

instabilities in the multilayered 2D material blisters25, in contrast to the 2D monolay-

ers, where the hoop compression results in the propagating undulations at the blister

edge, owing to the stronger interfacial vdW interactions36.

Figure 3.12: Schematic representation of the (i) formation process of viscous fingering
instabilities, (ii) axisymmterically growing MLG blister with other involved param-
eters, and (iii) fingering pattern at the edge of the blister, having a typical finger
wavelength λ.

Now, in order to find out the constant prefactor c, we employ the classical partial

elastic-wetting analogy of the liquid-drop model for simplicity, by balancing the me-

chanical and interfacial tensions in the horizontal direction at the contact line of the
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blister-system2,289,314, which gives

cos β0 =
N+

r + γms − γls
N−

r + γlm
, (3.32)

where β0 is the contact angle at the edge of the blister, and γlm, γls and γms are

surface energy densities for the three interfaces: liquid-membrane, liquid-substrate,

and membrane-substrate interfaces, respectively. From the continuity of radial stress

(Nr) across the edge of the blister, we can have N+
r = N−

r = T = E2Dh2

4a2
+ Tpre.

For the MLG blisters having h
a
≪ 1, we can employ the small-angle approximation

(β0 ≈ sin β0 =
√

1− cos2 β0), and for the radial tension to be much greater than any

interfacial tension in the system, i.e. T ≫ ∆γ, where ∆γ = γlm+γls−γms, we obtain

β0 =

√
2∆γ

T + γlm
≈
√

2∆γ

T
. (3.33)

Thus, the interplay between the mechanical tension and the surface energies de-

termines the contact angle of the confined liquid with the elastic membrane (MLG)

and the PVA substrate. The contact angle decreases with an increase in the me-

chanical tension, therefore the spherical shape of the water-capped elastic membrane

flattens with the increasing tension314. Since, (1 − cos β0) and the strain compo-

nents are found to scale as h2/a2 25,28,35, therefore the equation 3.32 can be rewritten

in terms of the aspect-ratio (h/a), i.e. similar to the expression obtained from the

free-energy minimization (equation 3.28)(see Section 3.3.5). The aspect-ratio of a

blister is expected to rise with an increase in the overall surface energy with respect

to the pretension35,289, as
(
h
a

)
T̃pre≪∆γ̃

= (4∆γ̃)1/4. Comparing this case with equation

3.30, we find the value of the constant prefactor c as π/5. Therefore, the condition,

responsible for the onset of the solid-based instabilities in the liquid-filled blister, can

be given by |T̃pre| ≥
√
5∆γ̃.

However, it remains a significant matter of interest to understand the mechanism

behind the onset of substrate-based instabilities in blistering. For this, we explored

the different synthesis & processing conditions and found that the ‘ice-water adsorp-

tion assisted PVA-curing induced blistering’ process gives rise to the development

of viscoelastic-substrate based instabilities in the form of viscous fingering patterns

under the MLG blisters. In this process, the PVA-coated Pyrex (glass) substrate is

exposed to the mist at lower temperatures before placing the Nitto tape (decorated

with MLG flakes) in its conformal contact, followed by a brief heat treatment of the

stack (at ∼120◦C for 60 s on a hot plate). The differently shaped viscous fingering

patterns have been observed under the MLG blisters of different flake-thicknesses at
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room temperature through interference reflection microscopy (see Figure 3.12, 3.13

& 3.14). It can be inferred from our experimental observations that the viscous fin-

gering patterns form as a result of the displacement of the viscoelastic PVA (more

viscous) by the water-vapor (less viscous) at the raised temperature (above the glass-

transition temperature Tg of PVA) during the water-vapor pressure driven blistering of

the upper-bounding MLG flake. A recent work by Xie et al 322 reports the mechanism

of the onset of wrinkling instability in the PEDOT:PSS polymeric film by its swelling

on water-absorption, which is absolutely ruled out for our experimental findings.

Figure 3.13: [a-e] Optical images of the viscous fingering patterns under the MLG
blisters (number of layers (N) is increasing order from left-to-right), with [f-j] the
AFM topographic 3D images and [k-o] amplitude images. The scale bar is 10 µm.

We employed the out-of-plane deformation model for the blistering of the MLG

flakes in the framework of the ‘Föppl von Kármán theory of thin elastic plates’ and the

‘simplified lubrication theory model’ for the two-phase fluid-flow in order to analyze

the viscous fingering1,2,225,323. The expansion of the blister occurs via displacement

of viscoelastic PVA (occupying the space between the MLG flake and the Pyrex

substrate) by the water-vapor flow, which concurrently helps in debonding of the

MLG flake from the viscoelastic PVA film. The role of the strength of fluid-structure

(water-vapor to MLG) vdW interactions is crucial in the onset of instabilities in

blistering of the MLG flakes, which can be analyzed in terms of a non-dimensional

parameter I, i.e., the ratio of viscous stresses in the viscoelastic PVA (fluid-mechanical

forces that tend to resist the shear deformation of the viscous medium) to the bending

stiffness of the upper bounding MLG flake (elastic restoring forces that tend to resist

the out-of-plane bending of the elastic membrane)37,227, given as I = 6µQL3

πb3Beff
, where µ is

the dynamic viscosity of the viscoelastic PVA film (at the raised temperature T ≳ Tg),

Q is the volumetric flow rate of the water-vapor, L is the blister’s overall horizontal

length scale, b is the undeformed initial thickness of the PVA film, and Beff is the
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effective bending stiffness of the upper bounding MLG flake. Since the volumetric

flow rate (Q) is proportional to the volume of the blister (V ∼ L2h), therefore we can

reframe the expression for the parameter I in terms of h/τ as

I ∝ µhL5

Beff

∝ µL5

(
h

τ

)
. (3.34)

Figure 3.14: A graphical representation, depicting the tapering-controlled viscous fin-
gering under sub-micron MLG blisters as a function of blister-height to flake-thickness
ratio (h/τ). The number of layers in MLG flakes typically decreases with increasing
h/τ . The scale bar is 10 µm. Inset shows the schematic representation of the transi-
tion from ‘peeling by bending’ regime to ‘peeling by tension’ regime.

The observations of the elastic solid-based instabilities and the viscous instabilities

in the ‘conventional’49,88 and ‘ice-water adsorption assisted PVA-curing induced blis-

tering’ approaches, respectively, can be attributed to the variation in the strength of

fluid-structure (water-vapor to MLG) interactions. The stronger fluid-structure inter-

actions give rise to the higher values of the blister-height (h) for a constant thickness

(or, bending stiffness) of the elastic membrane, and tend to suppress the viscous fin-

gering instabilities. However, the compressive azimuthal stress (hoop compression)

increases with an increase in the fluid-structure interactions I, which enhances the

susceptibility of the MLG blisters to elastic solid-based instabilities37. We noted

that the elastic solid-based instabilities are more pronounced for the large-sized MLG
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Figure 3.15: The interfacial viscous fingering instability is noticeably observed in
the bending-dominated regime in spontaneous blistering of the MLG flakes over the
viscoelastic PVA substrate (a), however, the tension-dominated regime is highly sus-
ceptible to the elastic solid-based instability (c). We also come across an intermediate
transition between the two, where both types of instabilities occur concurrently (b).
However, it is also possible that a circular blister with interfacial viscous fingering in-
stability, being prone to the elastic-solid based instability, leads to the tent-like shape
of the blister with modulated fingering pattern at the interface under phase-transition
(resulting from dropwise condensation of the confined water-vapor on cooling) driven
collapse of the blister, depicting the transition from a → b.

blisters, having large values of h/τ (see Figure 3.10), whereas the viscous fingering in-

stabilities are more pronounced for comparatively small MLG blisters, having smaller

values of h/τ (see Figure 3.14). The elastic solid-based instabilities in the large-sized

MLG blisters (larger L), having large h/τ ratio, would correspond to the case of large

I (depicting the strong fluid-structure interactions). This possibly, results from the

larger viscous stresses in the viscoelastic PVA in comparison to the bending stresses

in the MLG flakes, making the interface stable, i.e., free from the viscous instabilities.

Conversely, the viscous fingering instabilities (in ice-water adsorption assisted PVA-

curing induced blistering) occur in the small-sized MLG blisters (smaller L), having

a smaller h/τ ratio. The smaller horizontal length scales of the MLG blisters and

the reduced effect of the viscous stresses, via decrement in the dynamic viscosity of

PVA due to dilution of the PVA film by absorbed water at the raised temperature,

in comparison to the bending stresses in the upper-bounding MLG flake while blis-

tering, would result in the smaller values of I (depicting the weaker fluid-structure

interactions) (see Figure 3.14).

A particular shape of the viscous fingering pattern is attained as a result of compe-

tition between the viscous stresses and the bending stresses. The viscous instabilities

result from the two-phase displacement flow while blistering (where the water-vapor

displaces the viscoelastic PVA), whereas the elastic solid-based instabilities arise due

to the suppression of the hoop compression (induced by the radial tension, developed
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Figure 3.16: Heating assisted reshaping of the MLG blisters for corroboration of the
interfacial nature of the viscous fingering. The optical images (captured continuously
with rising temperature) and the AFM topographic 3D images (captured at room
temperature) of the MLG sub-micron blisters having viscous fingering instabilities
at the interface, during heat-treatment up to ∼200◦C in upside-down or face-down
orientation (scale bar: 50 µm). The interfacial nature of the viscous fingering insta-
bilities have been confirmed by analyzing the temperature-dependent dynamics of the
fingering patterns under the MLG blisters. The rapid & unstable axisymmetric in-
plane propagation of the more viscous PVA (viscoelastic in nature) in the less viscous
medium of water-vapor (gaseous in nature) results into the development of interfacial
viscous fingering patterns.

while the blister collapses due to phase-transition of the confined water-vapor). The

suppression of the hoop compression not only develops the solid-based instabilities

in the bulged MLG flakes but also modulates the shape of the viscous fingering pat-

terns, formed while blistering the MLG flakes. In our experiments, we did not observe

the viscous fingering instabilities in sufficiently thin graphene flakes (few-layer, N ≪
100), possibly due to the strong interfacial adhesive interactions. The blistering of

the thin elastic MLG flakes is possible, once the adhesive forces are overcome by the

fluid-structure interactions. For the blisters of thin elastic MLG flakes (N ≃ 100), the

viscous fingering instabilities (mostly in the bulk) arise concurrently with the solid-

based instabilities (see Figure 3.13). However, for the blisters of thicker & stiffer MLG

flakes, the viscous fingering instabilities are mostly interfacial and decoupled from the

solid-based instabilities (see Figure 3.14(a)). We noted that the axial symmetry of

the thicker MLG blisters is mostly maintained even after the development of the vis-

cous fingering instabilities. Since the viscous fingering instabilities are obtained as

a result of dominant water-vapor to PVA interactions over the water-vapor to MLG

flake interactions, the viscous fingering instability seems to have negligible impact on

the water-vapor driven transverse deflection of the thick MLG flakes (Figure 3.14).

The observations can be correlated to the extreme limits of I, i.e.: I → 0 corresponds

to the case of the onset of viscous fingering instabilities, where the bending stresses

dominate over the viscous stresses, whereas I → ∞ corresponds to the case of the
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onset of elastic solid-based instabilities, where the viscous stresses dominate over the

bending stresses. In our experiments, we also come across an intermediate transition

of the two extreme limits, where coupling between both kinds of instabilities is ob-

served, possibly due to comparable viscous & bending stresses (see the transition: a

→ b → c, in Figure 3.14).

Figure 3.6 depicts the variation in the shape of viscous fingering patterns under

the thicker MLG blisters with respect to the ratio of blister-height to flake-thickness

(i.e., h/τ) and the taper angle (θ). We found that the height profiles of the sub-

micron blisters (w(r)), mostly follow the tent model (2
3

rd
power of radial distance r,

i.e., w(r) = h[1−( r
a
)
2
3 ]196), independent of the ratio h/τ 1. The tents form due to sup-

pression of the hoop compression (induced due to radial tension while collapse of the

blisters)26. In order to investigate the nature of viscous fingering instabilities (whether

interfacial or bulk), as presented in Figure 3.14, we employed the thermal treatment of

the blisters, capping the fingering patterns. We analyzed the temperature-dependent

dynamics and the shape of the polymeric fingers at the MLG/PVA interface while

heating the PVA-supported MLG blisters in upside-down (face-down) orientation up

to ∼200◦C. We observed reshaping of the polymeric fingering patterns as the tempera-

ture reaches close to the melting point of the PVA (∼200◦C)275. It is to be noted that

the reshaping of the fingering patterns starts from their edges, positioned at the pe-

riphery of the blisters, which implies that the instabilities are present at the interface

not within the bulk324 (see Figure 3.16). Therefore, it corroborates our hypothesis

that the water-vapor (less viscous fluid) displaces the viscoelastic PVA (more viscous

fluid) along the interface while blistering of the MLG flakes at the raised temperature,

which leads to the development of the complex viscous fingering patterns at the inter-

face. We also found that the viscous fingering patterns vanish completely on heating

the sample at 200◦C for approx. 10 min (owing to the high thermal conductivity of the

MLG flake325). Therefore, the heat treatment of the blister-system (having viscous

fingering instabilities) in an upside-down orientation, effectively helps in eliminating

the interfacial viscous fingering pattern from the blister via the replacement of the

confined matter by the melted polymer fluid (which therefore, causes the interference

pattern across the blister to disappear).

The relation between the viscous forces and capillary forces is governed by the

capillary number27,295, Ca = µU
σ
, where µ is the dynamic viscosity of the viscoelastic

PVA, U is the instantaneous radial velocity of the circular interface, and σ is the

surface tension at the vapor-to-PVA interface. The length and width of the polymeric

fingers depend on the taper angle (θ) (which can be approximated by the aspect-ratio

(h/a) of the blister, see Figure 3.17) as well as on the capillary number (Ca)225,226,326.
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Figure 3.17: Aspect-ratio of the MLG blisters (having viscous fingering instabilities)
as a function of the taper angle. As the taper angle is increased the fingering pattern
tries to concentrate at the edges only and thereby tends to stabilize the interface. This
depicts the tapering controlled viscous fingering instabilities under the 2D material
blisters (scale bar: 10 µm).

We observed that the fingers become shorter and stubby with increasing θ as well

as h/τ (see Figure 3.14). Therefore, the wavelength (width) as well as the length of

the polymeric fingers is inversely proportional to the taper angle. We noted that for

the blisters, having lower values of h/τ (larger bending stresses), the fingering pat-

terns depict the ‘peeling by bending’ regime, where the significant bending stresses

allow the radial-growth of the blisters, but with small vertical deflection, resulting

from the radial propagation of the water-vapor through in-plane displacement of the

viscoelastic PVA, in contrast to the ‘peeling by tension’ regime (larger h/τ), where

the water-vapor to MLG (fluid-structure) interactions dominate over the water-vapor

to PVA (fluid-substrate) interactions, resulting from the planar propagation of the

confined water-vapor. Our results indicate the transition of interfacial viscous finger-

ing patterns from ‘peeling by bending’ regime to ‘peeling by tension’ regime225,226,298.
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The wavelength of the polymeric fingers follows the expression, derived by Saffman

and Taylor226,327, i.e. λ = πb
√

σ
∆µU

, where ∆µ is the viscosity-difference between

the two fluids. A simultaneous increase in θ and h/τ , tends to stabilize the interface

against the interfacial viscous instabilities. The stabilization of the interface, can be

attributed to the enhanced and dominant contribution of the viscous forces over the

restoring capillary forces326. For the smaller values of θ, the polymeric fingers grow

to much larger lengths, having appreciable mutual interactions to develop the tip-

splitting instabilities (Figure 3.14)225,328. The larger wavelength of polymeric fingers

under the MLG blisters having lower h/τ , would have resulted from the smaller ra-

dial velocity of the circular interface and the reduced viscosity of PVA at the raised

temperature. Therefore, the smaller values of h/τ & θ in the blistering of the MLG

flake are more susceptible to the onset of the interfacial viscous fingering instabilities,

where the out-of-plane bending stiffness of the MLG flake dominates over the viscous

stresses, as the water-vapor interacts more with the viscoelastic PVA substrate while

blistering.

Therefore, the hoop-compression drives the solid-based instabilities (in the form

of tent-like or pyramidal blisters) as well as substrate-based instabilities (in the form

of viscous fingering patterns) in the spontaneous blistering of the multilayered 2D

flakes over polymeric substrate, in contrast to the blistering of a single or few-layer

2D nanosheet (having lower bending rigidity) over a 2D crystal, where the hoop-

compression drives only the wrinkling instabilities around the perimeter of the bulged

nanosheet36.

3.4 Summary

In conclusion, we observed both the elastic-solid and viscoelastic-substrate-based in-

stabilities through polymer-curing-assisted spontaneous blistering of MLG flakes over

a polymeric PVA substrate upon manipulating the polymeric-layer content in the same

experiment. The interchangeable dominance of the pretension & the overall surface

energy as well as the viscous stresses in viscoelastic PVA & the bending stresses in

MLG flakes play a crucial role in the development of the solid as well as fluid (viscoelas-

tic) mechanical instabilities in the blister-system. According to our “blister-collapse

model”, the hoop compression develops while the collapse of the blister, as a result

of phase-transition of the confined water-vapor into the liquid phase, which plays a

crucial role in the development of instabilities apart from the interfacial slippage while

blistering. The growth-dynamics of the viscous fingering patterns have been correlated

with the end-results of the blistering, such as the inclination (taper) angle and the
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parameter h/τ of the MLG blisters, owing to the thickness-dependent elasticity of the

MLG flakes. Our results provide a fundamental perspective of the elastic-solid as well

as viscoelastic-substrate-based instabilities in the polymer-supported 2D material blis-

ters at the sub-micron level by exploiting the involved adhesion mechanics. This study

highlights the role of the vdW interactions acting within the blister, elastic properties

of the 2D material, viscoelastic properties of the polymeric substrate, and the physical

properties of the confined matter in the onset of the instabilities in the spontaneously

formed 2D material blister-system. This work opens new pathways for controlling as

well as manipulating the instabilities in the 2D material blister-systems. Furthermore,

the tent-like blisters might be harnessed for micro-/nanoelectromechanical sensors as

well as single-photon emitters.



Chapter 4

Dynamical evolution of viscous

fingering instability underneath

spontaneously formed blisters of

MoS2 crystal

4.1 Introduction

In recent years, the bending of 2D materials during the blister formation has been

a subject of extensive focus due to their exceptional elasticity and the weak van der

Waals (vdW) interlayer interactions23,61,230,258. The 2D material blisters offer local

strain sites with altered physical properties62,176,177,329,330. Knowing the physics and

chemistry underlying the intended266,285,331 or spontaneous formation230,290,332,333 of

blisters is extremely important for the utilization or removal of 2D material blis-

ters34,312. It has also been demonstrated that the blisters of direct band gap semi-

conductors (e.g. transition metal dichalcogenides- TMDCs) act as ‘single photon

emitters’334–337. In addition, the blisters show remarkable photo-detection capability

as the excitons have a longer lifetime against recombination due to the funneling ef-

fect64. A blister test can be used to determine the intrinsic mechanical properties of a

2D material as well as its interfacial adhesion strength with a given substrate65,288,338.

The blistering of 2D materials over rigid solid substrates has been extensively

investigated266,305. However, a lack of attention has been paid to the 2D material

blister formation over the soft polymeric substrates, possibly due to their consider-

able roughness and deformability. It’s interesting to note that a hydrophilic polymer

PVA acts as a potential substrate for mechanically exfoliated 2D materials, offering

101
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a larger deposition yield and monolayer area88,339. It has been observed that the 2D

material blister formation over the PVA substrate may lead to an unconventional

phenomenon, i.e., ‘viscous fingering’230. This type of viscous fingering matches well

with the Saffman-Taylor-like instability226 in which the length-scale of the polymeric

fingers depends on the viscous and surface tension forces, elastic properties of the

material and the thickness of the confined viscoelastic film. On the contrary, the

length-scale of surface undulations in the confined viscoelastic film developed due to

the peeling of elastic/plastic sheets from the adhesive surface does not depend on the

geometrical and material properties except the thickness of the film299,302,340–342.

The Saffman-Taylor-like instability, observed while debonding of a stiff plate from

a viscous medium due to the displacement of a more viscous fluid by an injected

less viscous fluid, gets suppressed when replacing the stiff plate with an elastic mem-

brane27,29,294. However, researchers have been unable to demonstrate a dynamic evo-

lution of the viscous fingering patterns using a single material. Recently, M. Pandey

et al 230 showed for the first time that the graphene multilayer, having thickness-

dependent elasticity, can show the evolution of viscous fingering patterns in a cold

mist adsorption-assisted PVA-curing-induced blistering process. The adsorbed ice-

water droplets over the PVA substrate locally manipulate the viscosity of the poly-

meric substrate surface, which alters its adhesive properties and thereby makes the

polymeric surface more deformable. The water vapor displaces the viscoelastic PVA

at the raised temperature, and results in the formation of viscous fingering patterns

underneath the 2D material blisters. The phase-transition of the confined matter

inside a graphene blister induces hoop compression, whose suppression results in the

formation of wrinkles around the perimeter of the blister or the tent at the center

of the blister. The wrinkling is more prominent for blisters of thin 2D flakes (single

to few layers) whereas the tent formation is more pronounced for thick 2D multilay-

ers230. Such kinds of elastic solid-based instabilities in the 2D material blisters arise

as a result of (i) phase-transition of the confined matter36,195,230,307, and (ii) interfa-

cial sliding or contact failure25,28,289. The hoop compression not only causes elastic

solid-based instabilities but also has an impact on the viscoelastic substrate-based

instabilities. M. Pandey et al 230 showed how the tent-like instability interacts with

the viscous fingering instability underneath a multilayer graphene blister. It follows

that it is quite possible for the viscous fingering instability at the interface to inter-

act with the wrinkling instability developed around the perimeter of a blister of a

relatively thin 2D elastic nanosheet. Such an investigation based on the 2D material

blisters is currently lacking in the literature. However, through theoretical modeling,

D. Pihler-Puzovic et al have demonstrated this interaction between the two types of
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instabilities in an elastic-walled circular Hele-Shaw cell37.

The onset of elastic solid or viscoelastic substrate-based instabilities and their

mutual interaction depend on the strength of fluid-structure interactions, which is

measured by the fluid-structure interaction parameter I, i.e., the ratio of viscous

stresses in the viscous fluid to the bending stiffness of the upper-bounding elastic

membrane37,225. In the cold mist adsorption-assisted PVA-curing-induced blistering

of graphene multilayers, the water-vapor displaces the viscoelastic PVA in the in-

plane direction inhomogeneously and simultaneously bends the elastic membrane in

the out-of-plane direction, thereby forming the viscous fingering patterns underneath

the blisters230. At lower values of I, where the viscoelastic substrate exhibits smaller

resistance to deformation than the upper-bounding elastic sheet, the viscous finger-

ing instability predominates over the elastic solid-based instability. Chopin et al 28

demonstrated that the parameter h/τ (ratio of blister’s height to flake thickness) reg-

ulates the shape profile of the blisters of a plastic sheet confining a liquid. M. Pandey

et al 230 showed that the parameter h/τ not only regulates the solid-based instability

or the shape profile of a multilayered 2D material blister but also the viscous fingering

instability underneath the blisters over a viscoelastic substrate. For a single or few-

layered 2D material blister, the solid-based instability occurs in the form of periodic

wrinkles around the perimeter of the blister36. Therefore, it is essential to comprehend

the involved mechanism and the factors controlling the interaction between wrinkling

and viscous fingering in the blisters. In the present work, we performed the polymer-

curing-induced blistering of MoS2 multilayers in different synthesis and processing

conditions to investigate the stability of the blisters and the interface based on the

outcome of the blistering process. We utilize the 2D material blister-test model in

the framework of ‘Föppl von Kármán theory of thin elastic plates’ and the two-phase

fluid flow model in the framework of ‘simplified lubrication theory’ to elucidate the

role of the interfacial velocity of viscoelastic polymer while blistering and the interfa-

cial adhesion strength of the 2D flakes with the substrate in the evolution of viscous

fingering patterns underneath the blisters. We also provide intriguing insights into a

scenario, where the viscous fingering instability couples with the wrinkling instability

in the MoS2 blisters. We show that the presence of a solid- or substrate-based insta-

bility results in an anomaly in the modeling, where the parameter h/τ of the blisters

attains unconventionally high values.
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Graphical abstract

Schematic representation of PVA-curing-induced blistering of MoS2 multilayer with
and without the adsorption of tiny ice-water droplets (mist) over the PVA-coated
Pyrex substrate prior to the mechanical exfoliation step.

4.2 Experimental methods

4.2.1 PVA-curing-induced blistering of MoS2 multilayers in

different synthesis and processing conditions

The blisters of micromechanically exfoliated MoS2 multilayers are formed by a PVA-

curing-induced blistering process both with and without the adsorption of tiny ice-

water droplets (mist) over the PVA-coated Pyrex substrate prior to the mechanical

exfoliation step. The steps in detail can be seen elsewhere230.

4.2.2 Characterizations

The identification of MoS2 blisters is carried out using interference reflection mi-

croscopy (IRM). The Raman and PL spectra have been acquired from the identified

blisters using a HORIBA LabRAM HR Evolution system in ambient atmospheric

conditions. The laser light output power is kept low (to prevent local heating) at

∼ 1 mW for the laser excitation wavelength of 532 nm using a 100× air objective lens

(NA = 0.8) and a detector grating of 600 lines/mm in a confocal microscopy setup.

The tapping-mode AFM measurements have been performed with a standard silicon

cantilever using a Bruker MultiMode-8 AFM setup. The AFM data visualization and
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analysis have been carried out using the Gwyddion and WSxM software packages.

Figure 4.1: (a) Nanoblisters of multilayer MoS2, having the number of layers N = 39,
formed spontaneously through conventional PVA-curing-induced blistering process.
(b) The interfacial adhesion energy and the net confinement pressure as a function of
the blister aspect ratio for 14 different nano-blisters across the flake.

4.3 Results and Discussion

We analyzed our previous experimental findings on the PVA-curing-induced blistering

of MLG flakes62,230 and observed that the conventional PVA-curing-induced blister-

ing process results in 2D material blisters of lower h/τ with a stable and regular

interface whereas the cold mist adsorption-assisted blistering process results in the

blisters of larger h/τ with a complex interface. We further, investigated the PVA-

curing-induced blistering of MoS2 flakes under the different synthesis and processing

conditions to find the crucial parameter that is directly connected to the synthesis

and processing conditions used in the experiment, whether it be the conventional

or cold mist adsorption-assisted blistering process. M. Pandey et al 62 found that

multilayered graphene blisters, formed spontaneously through the conventional PVA-

curing-induced blistering process, follow the elastic plate model, which satisfies the

condition h/τ ≲ 1.5, owing to significant bending rigidity of the multilayered flakes

having minimal interlayer slippage. We find this observation also valid for multilay-

ered MoS2 blisters formed through the same blistering process. But interestingly,

when the PVA-coated Pyrex substrate is exposed briefly to a humid atmosphere at a

lower temperature prior to the simultaneous curing and exfoliation step, the blisters

of MoS2 multilayers form spontaneously with an exceptionally high h/τ ratio230. The

existing literature suggests that the parameter h/τ is larger (> 2) for the blisters

following the membrane profile1. This hypothesis seems to be oversimplified because
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even if the condition h/τ ≲ 1.5 is no longer true, the blisters follow the nonlinear

elastic plate profile, i.e.,

w(r) = h

(
1− r2

a2

)2

(4.1)

Figure 4.2: Blisters of MoS2 multilayers having viscous fingering instability under-
neath. The scale bar is 20 µm.

which is a fourth-order function of the radial distance r. The height profile of

the blisters is fitted to a fourth-order polynomial function of radial distance r as,

w(r) = intercept + B1r + B2r
2 + B3r

3 + B4r
4; which gives central deflection or height

h as intercept and radius a as
(
−2 intercept

B2

) 1
2
. We attribute the larger h/τ to the

interlayer sliding due to weak vdW forces in between the layers of a multilayered 2D

material. Therefore, we can reasonably assume that each layer bends independently
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while blistering such that the out-of-plane bending rigidity effectively scales linearly

with the number of layers, i.e., Beff ∼ N (notN3)23,343. However, the level of interlayer

sliding is more prominent (i) during the collapse of the blister due to the phase-

transition of the confined matter, which gives rise to the tent-like shape of the blister,

and also (ii) during the ice-water adsorption-assisted PVA-curing-induced blistering

due to the ultralubricated interface resulted from the wetting230. The interfacial

adhesion energy density (Γ) of the PVA-supported MoS2 flakes consisting of N layers

can be estimated using the equation62:

Γ = ζE2D

(
h

a

)4

+ 32
Beffh

2

a4
+ γw(cos θm + cos θs), (4.2)

where E2D = Eτ is the 2D elastic stiffness of the 2D flake, τ = Nt is the thickness

of the 2D flake, N is the number of layers, t is the thickness of the monolayer, E is the

in-plane elastic modulus of the 2D material, Beff = NEt3

12(1−ν2)
is the effective bending

stiffness, ζ = 896585+529610ν−342831ν2

960498(1−ν2)
is the constant prefactor, ν is Poisson’s ratio, γw

is the surface tension of water = 72 mN/m, θm is the water contact angle with the

2D flake, and θs is the water contact angle with the substrate. For MoS2 blisters over

the PVA substrate, we use the following parameters62,65,344,345: E = 270 GPa, t =

0.65 nm, ν = 0.29, θm = 69◦, θs = 51◦.

Figure 4.3: (a) AFM topographic 2D map of the blister with coupled instability; (b)
AFM height profiles along the lines marked in (a). (c, d) AFM topographic 2D height
image and the line profile across the periphery of the blister shown by a red dotted
circle, respectively, and (e, f) optical image captured at the interface of the blister
using interference reflection microscopy, depicting three zones of the blister, and the
gray value plot profile across the periphery of the blister shown by a blue dotted circle,
respectively.



108 4.3. Results and Discussion

Hencky’s model gives a relation between the confinement pressure (∆p) and the

topography of the blister1, as

∆p = p− p0 = K(ν)
NEt

a

(
h

a

)3

, (4.3)

where p0 = 1 atm. pressure = 101325 Pa, p is the net pressure inside the blister,

and K(ν) is a constant prefactor; K(ν = 0.16) = 3.09 for graphene, and K(ν =

0.29) = 3.54 for MoS2
65,199,344. On employing the elastic plate model with modified

bending stiffness term for the MoS2 blisters formed through the conventional PVA-

curing-induced blistering process, the interfacial adhesion energy (Γ) of the MoS2

multilayer (see Figure 4.1) is estimated as ∼ 71.3 mJ/m2, and the net pressure inside

the nanoblisters is ∼ 0.15 MPa.

By employing the PVA-curing-induced blistering process after exposing the PVA

surface to cold mist, we observed that the ratio of blister height to flake thickness

(h/τ) dramatically increases, apart from observing the viscous fingering instability

at the interface (see Figure 4.2). It is clear from our observations that the elastic

plate model that is applicable for h/τ ≲ 1.5 is violated in spontaneously formed

blisters having at least one kind of instability, either the elastic solid-based instability

(tenting or wrinkling), resulting from the phase transition of the confined matter, or

the viscoelastic substrate-based instability (viscous fingering)36,230. To understand the

underlying mechanisms, we employ the 2D material blistering model in the framework

of the ‘Föppl von Kármán theory of thin elastic plates’ and the ‘simplified lubrication

theory model’ for the two-phase fluid flow in an elastic-walled circular Hele-Shaw

cell225,230. The degree of instability in blistering is governed by the fluid-structure

interaction parameter (dimensionless), i.e.,

I =
γ

Beff

, (4.4)

where γ is the viscous stiffness in the viscous fluid and Beff is the bending stiffness

of the upper-bounding elastic membrane. The parameter I has an impact on the

growth dynamics of viscous fingering patterns underneath the 2D material blisters.

The parameter I has two extreme limits: (i) I → 0, which depicts the case where the

viscoelastic substrate is easily deformable in comparison to the upper-bounding elastic

membrane; this condition is responsible for the onset of viscous fingering instability;

and (ii) I → ∞, which depicts the case where the upper-bounding elastic membrane

is easily deformable in comparison to the viscoelastic substrate; this condition is

responsible for the onset of solid-based instability. For a constant viscosity of the
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viscoelastic substrate, the parameter I depends on the blister’s length scale L and the

parameter h/τ at a unit time interval230. The fluid-structure interaction parameter I

is related to the pressure for flux-driven flow P , as

I =
PL3

Beff

∝ µL5h

τ
. (4.5)

Assuming the flux-driven pressure to be of the order of the confinement pressure

inside the 2D material blister, i.e., P ∼ ∆p. This yields an effective fluid-interaction

parameter, as

I∗ =
∆pL3

Beff

. (4.6)

Assuming, L ∼ 2a, and using equation 4.3, we obtain

I∗ ∝
(
h

t

)2(
h

a

)
. (4.7)

This approximation is valid for the case when the interlayer sliding is prominent

due to weak vdW interactions, which is possible for an ultralubricated (frictionless)

interface. Each layer of the multilayered flake attains the same bulging height h as

that of the flake itself because each layer of the 2D material bends independently.

Therefore, the effective thickness of the multilayered flake would be equal to the

thickness of the single layer36.

We also observed the concurrence of wrinkling at the perimeter of blisters of thin-

ner MoS2 flakes (N ≲ 100) and the viscous fingering at the interfaces (see Figure

4.3). The 2D material blisters form at the raised temperature of ∼ 100◦C due to

the trapping of water vapor resulting from the evaporation of water content (ab-

sorbed/adsorbed) of the PVA. The blister is of a circular shape at the raised tem-

perature due to symmetrically distributed pressure across the blister walls, which

collapses at the edge due to condensation of water vapor (gas) into the liquid phase

as it is cooled down to room temperature230. We observe three regions in a blister,

as shown in Figure 4.3(e), viz. (i) region I: the spherical or tent-like tip of the blister,

(ii) region II: viscous fingering patterns at the periphery of the blister, and (iii) region

III: the nearly deflated region of the initially circular blister due to phase transition-

induced collapse. The tip height of the blister is almost 25 times larger than the

average height of the wrinkles at the periphery of the blister (see Figure 4.3(b). On

removing the bulged upper-bounding flake using a Nitto tape, the polymeric fingers

formed at the periphery of a 2D material blister can be visualized (see Figure 4.4(e-h)).

It is clear from the topographic images 4.4(g, h)) that the viscoelastic polymer PVA
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Figure 4.4: Multilayer MoS2 blister with coupled instability: (a) AFM topographic 3D
image, (b) optical image (scale bar: 10 µm), (c, d) Raman and PL spectra acquired at
a point (red-colored, as shown in (b)) located at the center of the blister, respectively,
(e, f) AFM topographic 2D and 3D image of the viscous fingering pattern on the PVA
surface, (g, h) top-view and side-view of the polymeric fingers, respectively, and (i)
Raman spectrum acquired at the center of the pattern, indicating no degradation of
the polymer.

is radially displaced by the water vapor at the raised temperature. The polymeric

fingers are captured by the wrinkles only at the edge of the blister, which depicts

the interfacial nature of viscous fingering. The heat treatment (at ∼ 200◦C) of a

PVA-supported blister in upside-down orientation can also reveal the type of viscous

instability whether interfacial or bulk230. Due to the good thermal conductivity of the

2D material, the polymeric fingers at the periphery of the blister deform prior to the

central region of the blister, depicting the interfacial nature of the viscous fingering.

The blisters showing negligible deflation rate due to confinement of liquid water (see

Figure 4.5) facilitate the local strain engineering of the MoS2 flake (see Figure 4.6).

Interestingly, we found that the wrinkle wavelength is nearly equal to the finger

wavelength (see Figure 4.3(d, f)). Therefore, the parameters governing the wrinkling

in the thin MoS2 blister are directly related to the parameters for the onset of viscous

fingering. Finding a critical criterion for such a situation to occur would indeed be

worthwhile. According to the ‘local wavelength law’, the wrinkle wavelength is given

by36
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λw = 2π

(
Beff

Keff

)1/4

, (4.8)

where Keff is the ‘effective stiffness’, i.e., the spring constant per a unit area of a

compliant substrate, having units of [Energy]
[Length]4

. The wavelength of the polymeric fingers,

derived by Saffman and Taylor, is given by37,225

λf = πb

√
σ

∆µU
, (4.9)

where U is the instantaneous radial velocity of the circular interface, σ is the

surface tension at the water vapor to viscoelastic PVA interface, b is the undeformed

initial thickness of the PVA film, and ∆µ = µ−µ0 is the viscosity difference between

viscoelastic PVA and water vapor. Since the PVA is more viscous (µ ∼ 0.03 Poise)

than the water vapor (µ0 ∼ 0.00013 Poise), the viscosity difference ∆µ ≈ µ.

Figure 4.5: (a, c) The AFM 3D height images, and (b, d) the 2D amplitude images
of a blister with coupled instability. The onset of wrinkling instability around the
perimeter of a bubble of thin 2D flake is attributed to the phase transition of the
confined water vapor during the cooling process36. The negligible time-lapse deflation
of the polymer-curing-induced blisters at the ambient atmosphere indicates the liquid
phase of the confined matter2. The blisters can sustain more than a period of 90 days.
No new wrinkles were observed after the time-lapse, however, a few of the wrinkles
vanish due to deflation.

On setting λw ≈ λf , we obtain
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U ≈ σb2

4µ

(
Keff

Beff

)1/2

, (4.10)

where Keff ≈ γ
L4 manifests the energetic cost required to deform the viscoelastic

substrate, which should be of the order of the debonding (or, adhesion) strength of

upper-bounding membrane for the viscous fingering instability to occur concurrently

while blistering36. However, in the case of blistering of a 2D elastic membrane over

a 2D layered vdW crystal as a substrate, Keff ≈ Γ
d2
, i.e., the ratio of interfacial

adhesion energy density to the power 2 of the interlayer spacing in the 2D crystal.

Near the glass-transition temperature of the PVA substrate, the surface tension (σ)

and viscosity (µ) measurements of 4% w/w PVA solution (prepared in water) yield

σ ∼ 38 mN/m, and µ ∼ 3 mPa.s, respectively. The thickness of the PVA film (b) is

measured to be ∼ 100 nm. The interfacial velocity U can be rewritten as

U ≈ σb2

4µL2
(I)1/2, where I =

γ

Beff

=

(
6µQ

πb3

)
L3

Beff

. (4.11)

Figure 4.6: (a) Surface plot of the optical image; (b) AFM topographic 3D image
of the blister; the arrow indicates the direction of the line map of the PL spectrum;
(c, d) the line maps for the position and the PL intensity of the A-exciton peak,
respectively. The optical band gap evolves across the curvature of the blister. The
fluctuating line profile is because of the presence of wrinkles along the periphery of
the blister.

For the volumetric flow rate Q = dV
dt

∼ d(L2h)
dt

= L2ḣ, and for a given system with

fixed elastic and viscoelastic parameters, we obtain for all time:
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U = Ṙ ∼ C

(
ḣ

τ

)1/2

, (4.12)

where C is a constant prefactor. The equation 4.12 implies that a resonance

between the in-plane velocity of the radially propagating viscoelastic fluid and the

out-of-plane debonding velocity of the upper-bounding membrane leads to a condition

where both the viscous fingering and the wrinkling instability in a blister interact with

each other and occur concurrently. For the flux-driven pressure to be of the order of

the confinement pressure, i.e., P =
(
6µQ
πb3

)
∼ ∆p, I → I∗ ⇒ U → U∗. It is to be noted

that the atmospheric pressure outside the blister (i.e., p0) remains constant, which

has not been taken into account in the model to avoid complexities. This hypothesis

effectively helped us in relating the growth dynamics of the viscous fingering patterns

with the interfacial adhesion energy (Γ) and the interfacial in-plane velocity (U∗) of

the viscoelastic PVA being displaced by the water vapor while blistering (see Figure

4.7). We observed that both the parameters (Γ and U∗) simultaneously affect the

growth dynamics of the fingering patterns.

Figure 4.7: Graphical representation of circular blisters showing the dynamical evolu-
tion of interfacial viscous fingering instability with respect to the effective interfacial
radial velocity (U∗) and the interfacial adhesion energy (Γ). The scale bar is 10 µm.
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The 2D material blisters with stable interfaces form spontaneously in the conven-

tional PVA-curing-induced blistering process, where the stability of the interface is

due to the higher viscosity and stronger viscous stresses of the PVA surface. The

viscoelastic PVA remains typically static while PVA-curing-induced blistering at the

ambient condition (see Figure 4.1), however, under the cold-mist adsorption-assisted

PVA-curing-induced blistering, the viscoelastic PVA radially propagates with an ap-

preciable in-plane velocity and makes the interface unstable (see Figure 4.7). The

weaker the interfacial adhesion of the multilayered MoS2 flakes, the larger the poly-

meric finger length due to the smaller interfacial velocity of the viscoelastic PVA.

The ice-water droplets locally reduce the viscosity of the PVA and make it quite

deformable at the raised temperatures (∼ 100◦C). The adsorbed water content or

wetting results in the formation of blisters with exceptionally large values of the pa-

rameter h/τ , which indicates significant interlayer sliding during the blistering of the

2D multilayered flake. It should be noted that the blisters with a large h/τ >> 1.5,

still follow the elastic plate profile. This observation suggests that the parameter h/τ

is significantly influenced by the interlayer slippage as well as the interfacial adhesion

strength.

4.4 Summary

In summary, the synthesis and processing conditions, in addition to the interfacial

debonding strength of the MoS2 multilayers, the confinement pressure inside the blis-

ters, and the phase of the confined matter have crucial roles to play in the stability

and dynamics of the blister system. The elastic properties of the 2D material, the

viscoelastic properties of the polymeric substrate, and the physical properties of the

confined fluid affect the blistering of the 2D multilayers. The adsorption of ice-water

droplets on the hydrophilic PVA surface favors the interlayer sliding while blistering of

the 2D multilayers at the raised temperature, which results in the exceptionally high

values of the parameter h/τ , violating the non-linear elastic plate model. In the cold

mist adsorption-assisted blistering of a 2D multilayer, the lower the interfacial radial

velocity of the viscoelastic PVA, the larger the finger length. When the criterion of the

resonance between the interfacial (in-plane) velocity of the polymer and the out-of-

plane bending velocity of the 2D material is met, the solid-based wrinkling instability

occurs concurrently with the viscous fingering instability. The mechanical insights

of the blisters could potentially provide information about regulating the viscoelas-

tic substrate-based instabilities in the blistering of the 2D layered vdW materials.

The developed understanding might facilitate the next-generation applications of 2D
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materials and their blisters in flexible electronics, biomedical implants, single-photon

detection, micro-/nanoelectromechanical sensing, etc.
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Chapter 5

Pinning of graphene for conformal

wrinkling over a soft corrugated

substrate via snap-through

transition

5.1 Introduction

The thinnest two-dimensional (2D) material, graphene shows remarkable mechanical

strength as it can withstand a mechanical strain up to ∼ 20% before rapture3,64.

The ultra-high flexibility and stretchability of the 2D materials make them mechani-

cally reliable and promising materials for wearable electronics84–86. In addition, the 2D

materials show remarkably strain-sensitive electronic, optical, and vibrational proper-

ties, which make them worthy for nanoscale strain engineering80,81,109,110. The Nitto

tape-based micromechanical exfoliation method produces 2D flakes of the highest

quality amongst the other known deposition or growth techniques88. However, the

direct transfer of single-crystalline graphene flakes (hydrophobic in nature) from the

Nitto tape onto a pristine PDMS substrate faces incomplete as well as random trans-

fer, which produces low deposition yield with several delamination regions and wrin-

kles115,116,346. This transfer process is probabilistic, non-deterministic, and unselective

and demands the wettability of the PDMS substrate, which is hydrophobic by na-

ture in its pristine state. For better wettability, its surface-functionalization is carried

out through oxygen-plasma treatment before transfer117. However, it has been ob-

served that the oxygen-plasma treatment time has a substantial effect on the surface

roughness of the PDMS substrate.

117
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The surface roughness of the underlying substrate, the number of layers in the

2D nanosheet, and the interfacial adhesion play crucial roles in the conformation

or delamination of the 2D nanosheet347–350. Through the theoretical framework of

continuum mechanics, it is found that a conformally adhered 2D nanosheet over a

corrugated substrate has higher debonding strength than that over a smooth and flat

one351. The nanosheet must remain static and conformed during a mechanical strain-

ing process for an efficient and larger strain transfer. The conformity of the nanosheet

is found to vary with the amplitude and wavelength of the substrate’s surface corruga-

tion. In the literature, several ways have been proposed to strengthen the interfacial

adhesion between the 2D flakes and the substrates, such as (i) by polymeric encapsu-

lation of the 2D flakes352,353, (ii) by increasing the substrate’s surface wettability117,

(iii) by anchoring the flake with metallic clamps at the edges109, etc. These methods

have their individual pros and cons. Despite extensive efforts in achieving good inter-

facial adhesion of 2D nanosheets, a lack of attention has been paid to the substrate’s

surface roughness manipulation through surface-engineering methods, possibly due

to the fact that the substrate’s surface roughness negatively impacts the interfacial

adhesion of the 2D nanosheets. The adhesion characteristics of a 2D nanosheet over a

substrate are investigated by analyzing the topographical features of the delaminated

regions (blisters, folds, buckle delaminations, wrinkles, etc.)2,62,115,230,354,355. The wrin-

kled/buckled nano-/microstructures of 2D materials over polymeric substrates are

commonly observed in thermal-mismatch-induced straining356,357 and polymer-based

transfer processes14,105,120,121,358,359. In addition, a significant Young’s modulus mis-

match between a 2D material and an elastomeric substrate results in the formation

of the wrinkles of the 2D material through a conventional prestretch-release pro-

cess19,33,39,46,224,355,360–362. However, the interfacial contact failure or sliding results in

the formation of buckling-induced delaminations, folds, or fractures50,350. The physi-

cal properties of the wrinkled/buckled 2D nanosheet alter in accordance with the local

deformation of the lattice structure222. It has been observed that the probability of

the onset of the buckling-induced delamination of the 2D nanosheet reduces severely

by O2-plasma treatment of the PDMS surface223. The plasma treatment forms a stiff

skin layer at the top of the PDMS surface but may also induce unwanted surface

cracks118. Therefore, it is highly challenging to obtain the conformal adhesion of the

2D elastic nanosheets over hydrophobic elastomeric substrates such as PDMS.

Recently, Teng Cui et al 350 reported that the interfacial fatigue propagation at

the graphene-polymer interface causes mechanical folding instabilities in the graphene

membrane under loading-unloading cycles. The ultralow bending stiffness of the

2D materials makes them susceptible to out-of-plane buckling delamination over the



Chapter 5. Pinning of graphene for conformal wrinkling over a soft corrugated substrate via snap-through transition119

stretchable substrates at small compressions due to elastic modulus mismatch. How-

ever, there is a spontaneous transition from buckle delamination to fold due to in-

terfacial slippage at higher compression above 10%50. The folding instability must

be suppressed in order to achieve good conformal adhesion of a 2D elastic nanosheet

over a flexible substrate. The conformal and stretchable nano-/microstructures of

2D materials on flexible substrates have outstanding implications in healthcare mon-

itoring systems, artificial electronic skins, and wearable strain/pressure sensing ap-

plications363–365. Current studies have been especially focussing on maximizing the

structural compliance of the implanted devices363. The conventional electronic skins

based on metal matrix have lower stability, poor compatibility with human skin, and

low strain-sensing capability because of their low sensitivity and poor stretchabil-

ity366. Graphene, on the other hand, is a very robust material for conformal artificial

electronic skins due to its exceptional sensitivity, stretchability, durability, and bio-

compatibility. In addition, the high transparency, thermal stability, flexibility, and

biocompatibility of PDMS assure the mechanical reliability of the device367. The

PDMS (Sylgard 184) exhibits stable mechanical properties with negligible elastic hys-

teresis under a cyclic loading-unloading process. In addition, it immediately regains

the steady state independent of the deformation rate, making it a promising sub-

strate for wearable sensors368. The conformal wrinkles of single or even few-layered

2D materials over polymeric substrates allow tuning of the out-of-plane interlayer

coupling in the 2D layered vdW materials to result in tunable mechanical proper-

ties46,223, and also show remarkably enhanced mechanical, electrical, and thermal

properties363,369–373. Despite devoted theoretical footing for the wrinkling of the 2D

elastic membranes, the quest for a scalable experimental approach for creating con-

formal wrinkles over the corrugated soft substrates without forming folds or buckle

delaminations still continues374–376.

The conventional prestretch-release process at higher prestrain values (≳ 5%) re-

sults in the formation of folds or buckle delaminations in the 2D elastic nanosheets

such as graphene, MoS2, etc. over a smooth PDMS substrate50,350,377. The substrate

roughness, interfacial adhesion, and elastic moduli mismatch affect the surface trac-

tion of the 2D material under compression, which determines the effective shear stress

at the interface that causes buckling instability to develop. In this work, we showcase

the utilization of the prestretch-release process for the pinning of the graphene mem-

brane over periodic depressions on a PDMS substrate. We found that this technique

effectively suppresses the mechanical folding instabilities in the 2D elastic nanosheets.

The membrane is pinned via ‘snap-through transitions’. A ‘snap-through transition’

occurs to change the morphology of an elastic 2D nanosheet from a flat state to a
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near conformal state over a corrugated substrate378. Similarly, a morphological switch

(transition) of a buckle delamination from one stable configuration to another under

the application of strain is called ‘snap-through buckling instability’333,379–384. The

elastic membranes are susceptible to snap-through instability in the presence of exter-

nal strain40,385–387. It has been observed that the stress-transfer efficiency for graphene

over a smooth & flat PDMS substrate under uniaxial stretching is as low as ∼ 3%81,388

because of its weak interfacial adhesion with the PDMS substrate (∼ 0.007 J/m2)389.

However, by exploiting the membrane pinning method, the stress-transfer efficiency

can be severely enhanced. Herein, we utilized the differently rippled PDMS sub-

strates to investigate the role of substrate roughness in the adhesion mechanics of

the graphene membrane under a stress loading-unloading cycle. The ripples on the

PDMS substrates are formed through low-energy ion beam (IB) irradiation at dif-

ferent angles of incidence390–393. The ripple patterns on the PDMS surface undergo

morphological evolution through ion beam irradiation not only under the varying an-

gles of incidence391 but also under the varying ion energy390,394 as well as the PDMS

annealing temperature395. Our work offers fundamental as well as practical insights

into the membrane pinning mechanism for conformal wrinkling over a corrugated

soft substrate under the prestretch-release process at the nanoscale. This technique

can be exploited to obtain hierarchical graphene architectures46. The regulation of

the graphene configuration over the engineered surfaces opens up new pathways for

conformal and tunable electronics215,382,393.

Graphical abstract depicting the conformal wrinkling of graphene over a soft corru-
gated substrate through pinning via snap-through transitions.
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5.2 Experimental methods

5.2.1 Fabrication of PDMS substrates

First, the silicone elastomer base and silicone elastomer curing agent of the Dow Corn-

ing SYLGARD-184 kit (Sigma Aldrich) taken in a 10:1 ratio by mass, are properly

mixed in a petri-dish for 10 min to make a homogeneous solution. The solution is

kept inside a vacuum desiccator for 5 min to pop out the bubbles formed in the PDMS

solution during the stirring. The mixture is then spin-coated at 200 rpm for 90 s on

a 4-inch borosilicate glass wafer to ensure better flattening of the polymer surface.

The spin-coated PDMS is cured in a convection oven at 100◦C for 1 h after letting it

settle down for 10 min. The PDMS film is peeled from the wafer once it cools down

to room temperature. The PDMS sheet (∼ 250 µm thick) is cut into smaller sheets

of dimensions 1 cm × 1 cm to use as flexible substrates for further investigation.

5.2.2 Ion-beam bombardment assisted rippling of PDMS sub-

strates

Low energy (500 eV) argon ion beams, extracted from a Kaufman-type broad-beam

ion source, are incident on a pristine flat/smooth PDMS substrate. All experiments

are conducted in an ultra-high vacuum (UHV) chamber of base pressure 8×10−8 mbar

and working pressure of 1×10−4 mbar. To avoid the impurity, special care has been

taken using the load lock system attached to the UHV chamber. The ion flux is set to

2.87×1015 ions/cm2/s, the ion fluence is set to 8.62×1017 ions/cm2, and the angle of

incidence of the ion beam with respect to a normal to the PDMS substrate’s surface

is set to 0◦, 30◦, and 60◦, sequentially, each for a bombardment period of 5 min. We

obtain the surface nanoripples of different corrugation profiles. The pristine PDMS

substrate surface has a root mean square (RMS) roughness of ∼ 5 nm. Ion beam (IB)

irradiation, however, causes the RMS roughness to dramatically increase up to ∼ 30

nm.

5.2.3 Sample fabrication and PVA-assisted wet transfer pro-

cess

PVA-assisted exfoliation (PAE) technique is used to deposit graphene flakes onto

a PVA-coated borosilicate glass (Pyrex) substrate62,88, wherein the deposition of

the high-quality single-crystalline graphene flakes from a Nitto tape decorated with

graphitic flakes in conformal contact with the substrate takes place while curing the

PVA film. The graphene/PVA/Pyrex stack, in upside-down orientation, is aligned &
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placed in conformal contact with a smooth or rippled “prestretched-(poly)dimethylsiloxane”

(p-PDMS) substrate (uniaxially stretched by 40% of its length using a two-point

stretching tool). The PVA film is dissolved with continuously but gradually falling

DI water droplets over it for ∼ 6 h at room temperature, which thereby leaves behind

the graphene flakes on the p-PDMS substrate. No water intercalation between the

graphene flakes and the PDMS substrate (as both are hydrophobic by nature) helps

the water-soluble layer of PVA to get dissolved properly, and a clean & complete

transfer of the graphene flakes is obtained with their unaltered relative positions.

The graphene/p-PDMS stack, held with the straining stage, is then dried overnight

under reduced pressure for better adhesion. Thereafter, the uniaxially prestretched

PDMS substrate is released controllably, which generates periodic wrinkles or buckle

delaminations of the graphene flakes on the PDMS substrate (see Figure 5.1).

5.2.4 Characterizations

Optical identification of the graphene flakes has been carried out under a high-

resolution optical microscope. The Raman spectroscopic measurements have been

carried out using a HORIBA LabRAM HR Evolution system on the identified 2D

flakes in ambient atmospheric conditions. The output power of the laser light is kept

low (to avoid local heating) at ∼ 1 mW for the laser excitation wavelength of 633 nm

using a 100× air objective lens (NA=0.8) with a detector grating of 600 lines mm−1

in a confocal microscopy setup. The laser spot size is of the order of 1 µm. For the

Raman mapping, the acquisition time is set to 1 s for single accumulation with a step

size of 160 nm. The atomic force microscopy (AFM)-based topographical measure-

ments have been performed with a standard silicon cantilever (in tapping mode) on

a Bruker MultiMode-8 AFM setup. The AFM data visualizations and analyses have

been carried out using the Gwyddion and WSxM software packages. The field emis-

sion scanning electron microscopy (FESEM) images of the samples (after gold coating)

were captured with JEOL JSM-7610F Plus setup for morphological characterization.

5.3 Results and Discussion

The conventional prestretch-release process (as depicted in Figure 5.1) has been ex-

tensively utilized for controlled buckling of the 2D elastic nanosheets19,39,360. The mi-

cromechanically exfoliated single or few-layer graphene (SLG/FLG) flakes (hydropho-

bic in nature) are deposited onto prestretched (by 40% of its original length) PDMS

substrate having a flat or rippled surface (see Figure 5.2) by employing the ‘PVA-

assisted wet transfer process’. Due to the large elastic modulus mismatch between

the graphene membrane and the PDMS substrate (106 : 1), periodic wrinkles (confor-
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Figure 5.1: Schematics showing (i) the buckling-induced folds and delaminations of a
2D elastic membrane over a flat & smooth surface of PDMS, and (ii) the conformal
wrinkling of a 2D elastic membrane over a corrugated surface of PDMS, resulting
from the conventional prestretch-release process.

mal deformation of the membrane and the substrate) or buckle delaminations develop

over the substrate upon release of the prestrain.

The interfacial behavior in the context of the substrate’s roughness and slipperiness

has an impact on the buckling topography of a 2D elastic nanosheet, in addition to

the elastic properties of the 2D material, thickness of the nanosheet, and the amount

of compressive stress50,350,396 (see Figures 5.3 and 5.4). Now, in order to analyze the

role of substrate surface corrugation in the adhesion mechanics of the graphene flakes

under the prestretch-release process, we utilize the PDMS substrates rippled or pat-

terned through IB irradiation. The low-energy (500 eV) argon ion beams, incident on

the pristine PDMS substrate at different incident angles, produce surface ripples of

different corrugation profiles as a result of the stress-driven instabilities. For the IB

irradiation at the angles of incidence of 0◦ and 60◦ to the normal to the PDMS sur-

face, we obtained serpentine-shaped ripples (see Figure 5.2(b & d, respectively)), but

interestingly, at an angle of incidence of around 30◦ a nearly periodic trench (depres-

sion) pattern in addition to the ripples is obtained on the PDMS surface (see Figure
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Figure 5.2: AFM topographic 3D images of (a) the flat & smooth surface of a pris-
tine PDMS substrate and (b, c, and d) rippled PDMS surfaces obtained through IB
irradiation at angles of incidence of 0◦, 30◦, and 60◦, respectively, with respect to a
normal to the PDMS substrate’s surface.

Figure 5.3: (a, b) Optical and corresponding AFM height image of a fewlayer graphene
flake having folds (standing and fallen) over a smooth PDMS substrate, (c, d) Optical
and corresponding AFM height image of a hetero-fewlayer MoS2/graphene flake hav-
ing folds (standing and fallen) over a smooth PDMS substrate. The folds are optically
visible and appear as white belts. The applied prestrain level is ∼40%.
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Figure 5.4: (a, b) Optical and corresponding AFM height image of a mechanically
exfoliated fewlayer graphene flake over a smooth PDMS substrate that is partially
suspended to the graphite substrate. The prestretch-release process results in the
formation of folds and buckle delaminations; (c) AFM line profiles across the lines
marked in (b), where the line profiles 1 and 2, respectively correspond to the folds
and buckle delaminations of fewlayer graphene flake over smooth PDMS and graphite
substrate, respectively. This infers that the degree of mechanical folding instability
depends on the substrate roughness and interfacial adhesion, in addition to the elastic
properties of the 2D material, the thickness of the 2D nanosheet, and the amount
of compressive stress, as reported by Jaehyung Yu et al 50. The more slippery the
interface, the larger will be the height of the folds.

5.2 (c)). The competition between the bending energy of the homogeneous silica-like

stiff skin layer (formed due to ion beam irradiation) and the stretching energy of the

soft supporting layer of PDMS plays a crucial role in determining the ripple parame-

ters or the corrugation profile391. The ion beam collision-induced local heating effect

increases the local degree of crosslinking in the PDMS, which varies with the angle

of incidence of the ion beam. As the degree of crosslinking increases, the number of

polymeric chains in the PDMS decreases. Consequently, its stiffness (toughness) in-

creases and the free volume in the polymer decreases locally, which restricts the local

movement of the reactive ions. The thermal effect-driven restriction in the movement
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of the ions would reduce their penetration depth into the PDMS substrate395. The

penetrating energetic ions collide with the PDMS structure and thereby, erode the

molecules out of the structure. After the reorganization of the atoms on the surface,

thinner silica-like skin layers form in the PDMS substrate, which results in the forma-

tion of ripples of smaller corrugation wavelengths. Therefore, a competitive interplay

between the sputtering-induced self-diffusion and thermally activated self-diffusion

processes determines the growth dynamics of the surface instability in the form of

ripples397.

Figure 5.5: Optical, AFM phase, 2D & 3D height images, and corresponding line
profiles across the lines marked in red (respectively, from left to right in a row) of
the graphene flakes (single to few layers) over the smooth (i-v), and rippled PDMS
surfaces obtained through IB irradiation at the angles of incidence of 0◦ (vi-x), and
60◦ (xi-xv). The optically visible white belts across the graphene flakes depict the
buckling-induced folds. The shaded portions in graphs represent the graphene folds
distinguishing it from the PDMS surface corrugations.

We observed folds of SLG/FLG flakes not only over the smooth PDMS substrate

but also over the randomly oriented serpentine ripples on the PDMS substrates (ob-

tained from argon ion beam incident angles: 0◦ and 60◦) in the uniaxial prestrain-

release process with a prestrain level of 40% (see Figure 5.5). The compressive stress

resulting from the uniaxial loading-unloading cycle leads to local activation of the

buckle delamination regions alongside the existing wrinkles, which spontaneously col-

lapse to form the folds350. The collapsed folds appear as white belts through high-

resolution optical microscopy and FESEM imaging50 (see Figure 5.6). The wrinkle-

to-fold transition occurs due to interfacial sliding in a stress-release process for a

significant prestrain level350. The prestretch-release process not only induces the



Chapter 5. Pinning of graphene for conformal wrinkling over a soft corrugated substrate via snap-through transition127

Figure 5.6: (a) Optical image of graphene folds over an ion-beam irradiated PDMS
surface having serpentine ripples, (b) the corresponding FESEM image, and (c) the
zoomed-in FESEM image depicting the folds of graphene over the rippled PDMS
substrate.

buckling zone but also propagates the buckle wave-fronts dynamically from the edges

toward the internal region, and the wrinkle-to-fold transition occurs in the buckling

zone. The ultra-low bending stiffness and high self-adhesion of the single to few-layer

graphene flakes give rise to the formation of the hair-pin-shaped folds, however, the

buckle delaminations are more pronounced for the multilayered flakes50. We noticed

that as the roughness of the PDMS surface increases the density of the graphene

folds decreases with the increasing width of the folds due to rising friction under com-

pression (see Figure 5.5). The roughness of the substrate influences the interplay of

interfacial slippage and delamination under compression. As the compressive stress

reaches a threshold value (σthr) at a point, the delamination of the membrane occurs

spontaneously, depending upon the interfacial adhesion energy (Γ) of the 2D elastic

membrane and the substrate, such that50

σthr =
√
2E2DΓ. (5.1)

Hence, it is possible to suppress the mechanical folding instabilities in 2D elastic

nanosheets under compression by altering the interfacial adhesion by means of ma-

nipulating the substrate’s surface roughness. It is therefore compelling to search for

an appropriate surface feature that can offer a conformal as well as durable adherence

to the graphene membrane without causing any folding instability. Interestingly, we

observed conformal wrinkles of graphene flakes (which are free from folds) over pe-

riodically trenched PDMS surfaces obtained with IB irradiation at an incident angle

of around 30◦ (see Figures 5.7(b), 5.8(c), 5.9, and 5.10). However, the randomly ori-

ented ripples of PDMS are inefficient to suppress the mechanical folding instability

in a 2D elastic nanosheet at a larger compression level during the release of pre-

strain. We note that almost equally & parallelly spaced unidirectional depressions
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Figure 5.7: The topographic line profiles, across the lines marked in the corresponding
AFM images (at the right), across the corrugations over the rippled (at 0◦ (a), 30◦

(b), and 60◦ (c)) PDMS surfaces.

Figure 5.8: AFM-based amplitude images of the single to few-layer graphene flakes
over the PDMS substrates((a) flat, and (b-d) patterned at different angles of incidence:
(b) 0◦, (c) 30◦, & (d) 60◦). The folds are inevitably observed (as shown in a, b, and d)
in the prestretch-release process except for the trenched PDMS substrate (as shown
in (c)).
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Figure 5.9: (i) Pinning of graphene membrane over the corrugated PDMS substrate
via snap-through transition under the prestretch-release process. (ii) AFM topo-
graphic 3D image of the wrinkled graphene over a corrugated PDMS substrate having
trenches, obtained through IB irradiation at an angle of incidence of 30◦. (iii) Zoomed-
in AFM topographic 3D image of the wrinkled graphene over trenches. (iv) FESEM
image of the wrinkled graphene on the corrugated PDMS substrate (the red point
indicates the wrinkled graphene region, and the yellow point indicates the corrugated
PDMS region). (v) Topographic pinned configuration of the graphene membrane over
a periodic depression. The line profiles correspond to the lines marked in black (for
PDMS trench) and blue (for graphene wrinkle) in figure (iii). (vi) A schematic rep-
resentation of the pinned configuration.

(trenches), having a maximum wavelength of ∼ 0.5µm and a maximum depth of

∼ 50 nm, on the ion-irradiated surface of the PDMS, help in the conformal wrinkling

of SLG/FLG flakes under the prestretch-release process. The degree of conformation

of a membrane having single to few atomic layers of carbon atoms (SLG/FLG flake)

increases with an increase in the corrugation wavelength of a rippled substrate351. It

has been observed that single-layer graphene conforms more closely to a corrugated

substrate having a larger curvature398,399. Therefore, a larger corrugation wavelength
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of the depressions on the PDMS substrate would prevent the atomically thin 2D

flakes from forming folds under the prestretch-release process. This indicates that

a better conformation of the graphene flakes is expected over a ‘corrugated PDMS

substrate in a prestretched state’ in comparison to its normal state. When uniaxial

tensile stress is applied in a direction normal to the axis of the periodic depressions

in the plane of the trenched PDMS surface prior to the deposition of graphene, the

depressions become shallower & broader (see Figure 5.9(i)-b). The shallower depres-

sions allow the graphene membrane to conform more closely, which thereby helps in

its conformal wrinkling under compression while the prestrain is released (see Fig-

ure 5.9). The graphene membrane does not conform close enough to the trenches

over the PDMS surface directly, but under extension, the trenches broaden enough to

make the membrane snap-through due to interfacial slippage. When the prestretched

PDMS substrate is released, the pinning of the membrane over the periodic trenches

takes place. As a result, the membrane adheres to the trenches conformally. As a

consequence, the graphene membrane conformally adheres to the protrusions in the

neighborhood of the trenches on the PDMS substrate without forming folds or buckle

delaminations.

It should be noted that the thickness of the soft PDMS substrate is sufficiently

large in comparison to that of the graphene membrane, which is consistent with the

thin-film buckling theory350,400. The critical compressive stress for the onset of the

wrinkling is given by, σc = Ẽg

4

(
3Ẽs

Ẽg

)2/3
, where Es and Eg are Young’s modulus of

the PDMS substrate and the graphene membrane, respectively, and Ẽ = E
1−ν2

, where

ν is the Poisson’s ratio396. The wrinkling is favored for σ > σc. The release of the

prestrain leads to the development of purely sinusoidal wrinkles of the graphene flake

of thickness τ with a wrinkle amplitude δ0 = τ
√

σ
σc

− 1, and a wrinkle wavelength

λ0 = 2πτ
(

Ẽg

3Ẽs

)1/3
= πτ√

ε
, where ε = σc/Ẽg, is the elastic modulus mismatch strain.

Under the prestretch-release process with a significant prestrain level of 40%, the

wrinkle-to-buckle delamination transition would have begun at the lower values of

compression, but at the later stages of the compression, the buckle comes into closure

proximity due to vdW interactions and snaps into the form of a fold on the slippery

interface40,350.

The out-of-plane bending energy, in-plane strain (stretch/compression) energy,

pinning (adhesion) energy of the graphene membrane, and surface roughness of the

corrugated substrate play crucial roles in determining the equilibrium configuration

profile (pinned or depinned) of the membrane over the corrugated soft substrate. As

the Föpple von Kármán (FvK) number (bendability) of the layered 2D materials is
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Figure 5.10: Optical, AFM phase, superimposed height & amplitude, zoomed-in 3D
height images, and corresponding line profiles, across the lines marked in red, (respec-
tively, from left to right in a row) of the wrinkled graphene (SLG (a, p) & FLG (f,
k)) flakes over the trenched PDMS substrates obtained through IB irradiation at an
angle of incidence of 30◦. Note that the mechanical folding instabilities are suppressed
effectively.

very large, i.e. κ = E2Da2

Beff
≫ 1, where Beff = Eτ3

12(1−ν2)
≈ NEt3

12(1−ν2)
is the effective

out-of-plane bending stiffness (as each layer of a layered 2D material bends indepen-

dently23,401), and E2D = Eτ is the in-plane (2D) elastic strain stiffness of the graphene

membrane of thickness τ = Nt, having the number of layers N , Young’s modulus E,

the Poisson’s ratio ν, and the thickness of each layer of graphene t. The in-plane

elastic strain energy dominates over the out-of-plane bending energy. The length

scale parameter in the continuum model402, i.e. l =
√

Beff

E2D
, determines a crossover

from the bending rigidity-dominated regime (δg < l) to the in-plane strain-dominated

regime (δg > l), where δg is the corrugation amplitude of the graphene membrane. For

the standard elastic parameters of single-layer graphene, l ≈ 0.1 nm, which implies

that the elastic in-plane strain-dominated regime is more favorable for graphene. This

regime favors the pinned configuration of graphene over the trenched PDMS substrate,

which is attained via its snap-through transition over the shallower depressions402.

At the snap-through condition, the pinning or interfacial adhesion energy of the
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graphene membrane becomes equal to its elastic strain energy over the trenched PDMS

substrate, and the morphological transition occurs from the less conformal (or flat)

state to the more conformal state, as depicted in Figure 5.9(i)-b. The elastic mod-

ulus mismatch-induced out-of-plane buckling or folding under in-plane compression

is suppressed due to pinning of the graphene membrane over the trenches (depres-

sions) on the rippled PDMS substrate via snap-through instability380 (see Figure

5.10). For the corrugated graphene membrane having corrugation amplitude δg and

corrugation wavelength λ0 over a trenched PDMS substrate, the out-of-plane bend-

ing energy is given by Eb ≈ Beff
δ2g
λ2
0
, and the in-plane elastic stretching energy is

Es ≈ E2D
δ4g
λ2
0

351,402. The interfacial adhesion (pinning) energy density of the graphene

membrane is Γ0 ≈ Epin/λ
2
0. The competitive interplay between the aspect ratio

(
δg
λ0

)
and the elasticity of the corrugated membrane determines the configuration (pinned

or depinned) of the membrane over the corrugated substrate. In the regime (δg > l),

where the elastic in-plane strains are dominant and also responsible for the depin-

ning of the membrane402, the membrane favors the pinned configuration in the limit
Epin

Es
> 1, which results in (simplified approximation)

δg
λ0

<

(
Γ0

E2D

) 1
4

. (5.2)

This infers that the shallower depression favors the pinning of the membrane un-

der the prestretch-release process (see Figure 5.9(i)-b)402. The pinned configuration

is always a local minimum of the total energy of the system. As a simplified assump-

tion, a conformally adhered graphene membrane on a sinusoidally corrugated PDMS

surface, having a corrugation wavelength of λ0 and corrugation amplitude δs, attains

a corrugation amplitude of δg due to vdW interactions (as shown in Figure 5.9(vi)).

For fully conformal wrinkles, the corrugation amplitude of graphene equals to that

of the substrate, i.e. δg ≈ δs. From the minimization of the total free energy of the

system (by following the approach by Aitken and Huang351), the interfacial adhesion

energy density (Γ0) of the membrane, having an equilibrium separation h0 from the

substrate’s surface in the pinned state, turns out to be351,376,378 (see Appendix B)

Γ0

E2D

≈ 1

24

(
2πδg
λ0

)4

. (5.3)

For the pinned graphene membrane over the trenched PDMS substrate in our ex-

periment, the above equation 1.4 yields the interfacial adhesion energy of the order

of 2.2 J/m2. The adhesion strength is almost 5 times larger than that reported for

monolayer graphene on a smooth silicon oxide substrate199. The ultrastrong adhe-
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Figure 5.11: (a) Optical image of wrinkled single-layer graphene over a trenched
PDMS substrate, and (b) the corresponding Raman spectrum taken at a point. (c)
AFM 3D height image of the wrinkled graphene flake, (d) a two-point uniaxial strain-
ing tool; (e, f) Raman maps of 2D peak position for the area indicated by the green
square in figure (a) under the applied tensile strain-level of (e) 0%, and (f) 40%, re-
spectively.

sion of the graphene membrane over the soft corrugated substrate results from the

pinning effect. An increase in the corrugation wavelength while prestretching the

trenched PDMS substrate favors the snap-through transition of the membrane from

flat morphology to a conformal state, which gives rise to the pinning effect while

releasing the prestrain. Though the degree of interfacial adhesion improves via the

optimized substrate’s surface engineering through the prestretch-release process, in or-

der to release any residual strain and to attain a fully conformal state of the graphene

wrinkles over the rippled PDMS surface with periodic depressions, repeated stress

loading-unloading cycles could be performed81,403. We analyzed the strain distribu-

tion across the wrinkled single-layer graphene under the varying applied tensile strain

in the clamped PDMS substrate using a two-point bending/stretching tool (as shown

in Figure 5.11) with in-situ µ-Raman mapping. The characteristic 2D peak is typi-

cally found to red-shift up to a tensile strain level of 40% applied uniaxially across
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the adhered graphene flake. Since the laser spot size (∼ 1 µm) is not consistent with

the corrugation wavelength or width (≲ 0.5 µm) of the wrinkles, the acquired Raman

signals mainly manifest the strain distribution across the flat regions of the wrinkled

flake. As an estimate, the flat regions of wrinkled graphene experience a uniaxial ten-

sile strain of ∼ 0.2%39,404 at an applied tensile strain level of 40% (see Figure 5.11(f)).

On stretching the trenched PDMS substrate uniaxially, the corrugation amplitude

(depth) of the depressions on the substrate’s surface would reduce to match the cor-

rugation amplitude of the graphene membrane, which would further strengthen the

interfacial bonding. The stronger conformation of graphene would reduce the prob-

ability of the graphene wrinkles to alter their orientation during loading-unloading

cycles405. Such a wrinkled architecture obtained via the pinning of graphene over the

trenched PDMS substrate could be beneficial for conformal and tunable electronics.

5.4 Summary

In summary, the corrugation profile of the polymeric substrate plays a crucial role in

the buckling of the 2D elastic nanosheet under the prestretch-release process. The me-

chanical folding instabilities in the graphene membrane over a flat & smooth flexible

substrate are inevitably observed at higher compressions in the prestretch-release pro-

cess due to a significant elastic modulus mismatch. On the contrary, the snap-through

transition of the graphene membrane across the shallower & nearly periodic depres-

sions (trenches) on a prestretched PDMS substrate helps in the conformal wrinkling

of the membrane on releasing the prestrain. Hence, we present a technique to manip-

ulate the corrugation profile of a trenched soft substrate using the prestretch-release

procedure to suppress the mechanical folding instabilities and thereby achieve confor-

mal adherence of the graphene membrane through the pinning mechanism. This work

opens up new pathways for achieving the substrate-regulated morphologies of the 2D

elastic nanosheets. The conformal wrinkling of the 2D nanosheets may be harnessed

for designing functional nanoelectromechanical conformal devices.



Chapter 6

Conclusions and Outlook

6.1 Conclusions

� The adhesive and mechanical behavior of 2D materials over diverse solid or soft

substrates can be derived through the formation of different nano/microstructures

of 2D materials like blisters, wrinkles, buckles, etc.

� Polymer-curing-assisted blistering (PCAB) technique is an efficient technique to

form the bubbles of 2D flakes over a polymeric substrate.

� The elastic solid and substrate-based instabilities in the naturally occurring 2D

material blisters arise respectively due to phase-transition of the confined matter

with temperature, and viscous fingering while blistering of 2D flake, respectively.

� The confinement pressure inside a blister is directly related to the fluid-structure

interactions, which impact the interfacial velocity of a more viscous fluid (poly-

mer) being displaced by a less viscous fluid (water vapor) while blistering of a

2D elastic sheet.

� The pinning of 2D elastic nanosheets over periodic trenches via snap through

transitions under prestretch-release process suppresses the mechanical folding

instabilities under larger compressions.

6.2 Scope and Outlook

The adhesion-driven mechanical instabilities in the blistering and buckling of 2D ma-

terials have significant implications in fundamental research and straintronic appli-

cations. The elastocapillarity and adhesive interactions responsible for the onset of
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Figure 6.1: Schematic depicting the scope of the blistering and buckling of 2D elastic
nanoshhets.

the elastic solid- or the viscoelastic substrate-based instabilities are not yet com-

pletely understood. Therefore, still some more dedicated efforts are highly sought

for. It would be really interesting if one can visualize the dynamics of viscous fin-

gering patterns with in-situ formation of 2D material blister since this event occurs

in a very small time period. A more detailed investigation of coupled instabilities in

the 2D material blisters over a viscoelastic substrate may contribute in the growth of

this multidisciplinary field. The controlled formation of nano/microstrcutures (bub-

bles/tents/wrinkles/buckles/folds) of 2D materials by utilizing various straining tech-

niques (Figure 6.1) has shown an upsurge of interest for meticulous straintronic appli-

cations, such as single photon detection, nano/microelectromechanical sensors, flexible

gas sensors, photodetectors, strain sensors, etc.



Appendix A

Review of previous analytical

blister-test models

A.1 Analysis of previous analytical models for liquid-

filled blisters

A.1.1 Membrane model1 for liquid-filled blisters with quadratic

form of radial displacement

The membrane theory ignores the bending stiffness of the film, giving rise to relatively

simple solutions. Here, the boundary condition at the edge of the bubble is relaxed,

which results in a kink (infinite curvature) at the edge. For an elastic thin film to be

treated as a membrane, the ratio of the height of the bubble to the thickness of the

membrane h
τ
≳ 2.

Considering an axisymmetric bubble with radius a and central deflection h, with

a deflection profile,

w(r) = h

(
1− r2

a2

)
We assume the area of the bulged surface A′ ≈ πa2 for h/a → 0. In addition, for the

deformation to be kinematically admissible, a radial displacement is assumed as

u(r) = u0
r

a

(
1− r

a

)
where, u0 is an unknown parameter. Taking the strong shear limit of the interface,

which restricts the deformation of the membrane outside the blister edge, the free
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energy for the blister can be obtained as a function of two kinematic parameters:

Π (a, u0) = 2π

∫ a

0

Us(r)rdr + πa2∆γ,

where, Us is the elastic stretching energy; ∆γ = γmc+γsc−γms = Γ−γl (cos θs + cos θm),

is the change of interface energy for the formation of a liquid-filled blister in terms of

the interfacial energy densities of membrane-content, substrate-content and membrane-

substrate interfaces, respectively; γl is the surface tension of the liquid with θm and

θs as the liquid contact-angles of the membrane and the substrate, respectively. The

bubble height h = 2V/πa2 is taken as a constant for the incompressible liquid with a

constant volume.

For a fixed radius, the mechanical equilibrium requires that(
∂Π

∂u0

)
a

= 0

which gives u0 → −2h2(−3+v)
5a

. Putting u0 into the expression of the free energy, we

get:

Π(a) =
16E2D(23 + 18ν − 3ν2)V 4

75a10π3 (1− ν2)
+ πa2∆γ

The total free energy consists of the elastic strain energy and the fluid-interaction

term. The competition between the two terms minimizes the free energy to give an

equilibrium blister radius, as (
∂Π

∂a

)
V

= 0

using the above equilibrium condition, the adhesion energy of the membrane to the

substrate can be obtained, as

Γ =
5E2Dh

4

8ϕa4
+ γl (cos θs + cos θm)

where, ϕ(ν) =
75(1−ν2)

8(23+18ν−3ν2)
and E2D is the 2D elastic stiffness of the membrane.

A.1.2 Membrane model by Sanchez et al.2, for liquid-filled

nanoblisters with cubic form of radial displacement

The interfacial adhesion energy (Γ) of a membrane, satisfying the condition h
τ
≳ 2,

has the contributions from the stretching of the membrane, bending of the membrane

and the interactions of the fluid with the membrane & the substrate.
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Γ = Γstretching + Γbending + Γfluid−interaction

In the membrane model1, the bending term is omitted due to consideration of neg-

ligible bending rigidity (i.e. Γbending → 0). The phase of the fluid (liquid(l) or

gas(g)) confined inside the blisters decides the kind of modeling to be applied for

deducing its mechanical response2. In the membrane model for a liquid-filled blister,

the volume of the blister is taken as constant and the fluid-interaction term is in-

cluded for estimating the interfacial adhesion energy due to the finite surface tension

of the incompressible liquid. On the other hand, the membrane model for a gas-filled

blister1 follows the ideal-gas law, where the central deflection (h) is taken as a vari-

able, the fluid-interaction term is neglected and the total potential energy for the

graphene bubble is balanced by the interfacial adhesion energy for a fixed number of

gas molecules inside the bubble.

Assuming the edge of the blister to be fully clamped onto the substrate due to

strong shear interactions that resist slippage along the interface. There are two limit-

ing cases: blisters with fully clamped edges (strong shear limit) and with frictionless

sliding interfaces (weak shear limit). On following a simple membrane analysis for

strong shear limit, where the deflection profile of the liquid-filled blister on a mem-

brane is assumed to be:

w(r) = h

(
1− r2

a2

)
where, h ≪ a, and the area of the bulged surface is assumed to be A′ ≈ πa2 for

h/a → 0. To calculate the elastic strain energy of the membrane, a cubic form of the

radial displacement is assumed viz. kinematically admissible:

u(r) = u0
r

a

(
1− r2

a2

)
+ us

r

a
,

where u0 is an unknown parameter and us accounts for the in-plane interfacial sliding

at the edge of the bubble (r = a). For the strong shear limit, us = 0. The cubic

function form of the radial displacement is used for a better approximation than a

quadratic function used in the previous section. For a liquid-filled blister, the liquid

within the blister is assumed to be incompressible so that the volume of the blister,

V = πa2h/2, remains constant.

Using the equilibrium condition, the interfacial adhesion energy can be obtained,

as

Γ =
E2Dh

4

ϕa4
+ γl (cos θm + cos θs)



140 A.1. Analysis of previous analytical models for liquid-filled blisters

where, the dimensionless coefficient ϕ = 24(1−ν)
5(7−ν)

for the strong shear limit, E2D is the

2D elastic stiffness of the membrane, γl is the surface tension of the liquid with θm

and θs as the liquid contact angles of the membrane and the substrate, respectively.

For graphene (ν = 0.16) in the strong shear limit, ϕ = 0.6.

A.1.3 Nonlinear elastic plate model1 for liquid-filled blisters

with cubic form of radial displacement

In the Von Karman nonlinear elastic plate theory (h
τ
≲ 1.5), the edge of the bubble

is assumed to be clamped with zero slope. The bending stiffness of the thin film is

taken into account. The volume of the bubble with radius a and central deflection h

is V = π
3
a2h, for the deflection profile,

w(r) = h

(
1− r2

a2

)2

which satisfies the zero-slope boundary condition at the edge of the bubble. The area

of the bulged surface A′ ≈ πa2 for h/a → 0. In addition, the radial displacement is

assumed to take the form

u(r) = r(a− r) (c1 + c2r)

where, c1 and c2 are two unknown parameters. Taking the strong shear limit of

the interface, which restricts the deformation of the elastic plate outside the blister

edge. The free energy for the blister can be obtained as a function of two kinematic

parameters:

Π (a, c1, c2) = 2π

∫ a

0

[Us(r) + Ub(r)]rdr + πa2∆γ,

where, Us and Ub are the elastic stretching and bending energy, respectively. ∆γ =

Γ− γl (cos θs + cos θp) is the change of interface energy for the formation of a liquid-

filled blister, where, γl is the surface tension of the liquid with θp and θs as the liquid

contact-angles of the elastic plate and the substrate, respectively. The bubble height

h = 3V/πa2 is taken as a constant for the incompressible liquid with a constant

volume.

For a fixed radius a and height h, the mechanical equilibrium determines the two

parameters c1 and c2 by setting ∂Π
∂c1

= ∂Π
∂c2

= 0, which yields

c1 =
(179− 89ν)V2

14a7π2
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c2 =
3 (−79 + 13ν)V2

14a8π2

By putting the expressions for c1 and c2, we obtain the total free energy as a function

of the bubble radius:

Π(a) =

{
E2D(7505 + 4250ν − 2791ν2)V 4

490a10π3 (1− ν2)
+

96DV 2

a6π

}
+ πa2∆γ

Next, by setting
(
∂Π
∂a

)
V
= 0, and solving for ∆γ, we get

Γ =
80ηE2Dh

4

3a4
+

32Dh2

a4
+ γl (cos θs + cos θp)

where η = 7505+4250ν−2791ν2

211680(1−ν2)
, E2D is the 2D elastic stiffness of the elastic plate, D is

the bending stiffness of the elastic plate.
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Appendix B

Adhesion mechanical model for

conformal wrinkles of graphene on

a corrugated soft substrate

B.1 Corrugation of graphene membrane induced

by sinusoidal ripples on PDMS substrate

We consider the case of conformally adhered wrinkles of graphene over the sinusoidally

corrugated PDMS substrate to avoid the complexities in the system351,376,378.

The separation between the membrane and the corrugated substrate is assumed

to be h(x) = hm + (δg − δs) sin(2πx/λ0). For a given corrugation wavelength of the

substrate λ0 and corrugation amplitude of the substrate δs, the corrugation amplitude

of the membrane δg and the mean separation hm can be determined by minimizing

the total free energy of the system.

The total free energy of the system is given by the sum of the vdW interaction

energy and the elastic strain energy, as

Ũtotal (hm, δg) = ŨvdW (hm, δg) + Ũg (δg) . (B.1)

The vdW interaction energy per unit area can be approximated as

ŨvdW (hm, δg) ≈ UvdW (hm) + U1 (hm)

[(
δg
h0

)2

+

(
δs
h0

)2
]
, (B.2)
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where

UvdW(h) = −Γ0

[
3

2

(
h0

h

)3

− 1

2

(
h0

h

)9
]
,

and

U1(h) =
9Γ0

2

[
−
(
h0

h

)5

+
5

2

(
h0

h

)11
]
,

where h is the separation between the membrane and the surface, h0 is the equilibrium

separation in the pinned state, and Γ0 is the interfacial adhesion (pinning) energy

per unit area, i.e. Γ0 = Epin/L
2. The interfacial vdW interaction pronounceably

acts between the substrate and the bottom layer of the layered 2D material. The

interactions with the other layers, being further apart and shielded by the bottom

layer, are much weaker and thus ignored in our model.

The total elastic strain energy of the membrane is the sum of the elastic modulus-

mismatch strain energy, the bending energy, and the stretching energy. To the leading

orders of the corrugation amplitude δg, the elastic strain energy density of the mem-

brane is given by351

Ũg (δg) ≈
E2Dε

4

(
2π

λ0

)2

δ2g +
Beff

4

(
2π

λ0

)4

δ2g +
3E2D

64

(
2π

λ0

)4

δ4g (B.3)

where ε is the mismatch strain, Beff = Eτ3

12(1−ν2)
≈ NEt3

12(1−ν2)
is the effective bending

stiffness (as each layer of a layered 2D material bends independently), and E2D = Eτ

is the in-plane (2D) elastic stiffness of the graphene membrane of thickness τ = Nt,

having the number of layers N , Young’s modulus E, the Poisson’s ratio ν, and the

thickness of each layer of graphene t.

For the equilibrium state, by setting ∂Ũtotal/∂δg = 0, we obtain

9Γ0

2h0
2

[(
h0

hm

)5

− 5

2

(
h0

hm

)11
]
=

E2Dε

4

(
2π

λ0

)2

+
Beff

4

(
2π

λ0

)4

+
3E2D

32

(
2π

λ0

)4

δ2g , (B.4)

and by setting ∂Ũtotal/∂hm = 0, and for the case of pinning, we assume h0 ≪ hm;

we obtain (
hm

h0

)5

∼

[(
δg
h0

)2

+

(
δs
h0

)2
]
. (B.5)

For fully conformal wrinkling of the graphene membrane, the in-plane elastic

stretching energy dominates over the bending energy402, and δg ≈ δs. The exist-

ing experimental investigations suggest that the condition h0 ≪ δg is valid in our

experiments as well. On substituting equation B.5 into equation B.4, we finally ob-
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tain
Γ0

E2D

∼ ε

9

(
2πδg
λ0

)2

+
1

24

(
2πδg
λ0

)4

. (B.6)

The first term can be neglected as the critical strain (ε) for the onset of wrinkling of

the graphene membrane over the PDMS substrate is negligible. The wrinkling of 2D

elastic nanosheets is energetically more favorable than buckle delamination because

of their ultralow bending stiffness350. Equation B.6 indicates that the compressive

elastic modulus-mismatch strain (ε < 0) would lower the interfacial adhesion between

the flake and the substrate.



146 B.1. Corrugation of graphene membrane induced by sinusoidal ripples on PDMS substrate



Bibliography

[1] Kaimin Yue, Wei Gao, Rui Huang, and Kenneth M. Liechti. Analytical methods

for the mechanics of graphene bubbles. Journal of Applied Physics, 112(8):

083512, 2012. doi: 10.1063/1.4759146. URL https://doi.org/10.1063/1.

4759146.

[2] Daniel A. Sanchez, Zhaohe Dai, Peng Wang, Arturo Cantu-Chavez, Christo-

pher J. Brennan, Rui Huang, and Nanshu Lu. Mechanics of spontaneously

formed nanoblisters trapped by transferred 2d crystals. Proceedings of the Na-

tional Academy of Sciences, 115(31):7884–7889, 2018. ISSN 0027-8424. doi: 10.

1073/pnas.1801551115. URL https://www.pnas.org/content/115/31/7884.

[3] A. K. Geim and K. S. Novoselov. The rise of graphene. Nature Materials, 6

(3):183–191, Mar 2007. ISSN 1476-4660. doi: 10.1038/nmat1849. URL https:

//doi.org/10.1038/nmat1849.

[4] R. R. Nair, P. Blake, A. N. Grigorenko, K. S. Novoselov, T. J. Booth,

T. Stauber, N. M. R. Peres, and A. K. Geim. Fine structure constant de-

fines visual transparency of graphene. Science, 320(5881):1308–1308, 2008. doi:

10.1126/science.1156965. URL https://www.science.org/doi/abs/10.1126/

science.1156965.

[5] Da Zhan, Jiaxu Yan, Linfei Lai, Zhenhua Ni, Lei Liu, and Zexiang Shen.

Engineering the electronic structure of graphene. Advanced Materials, 24

(30):4055–4069, 2012. doi: https://doi.org/10.1002/adma.201200011. URL

https://onlinelibrary.wiley.com/doi/abs/10.1002/adma.201200011.

[6] Francesco Bonaccorso, Antonio Lombardo, Tawfique Hasan, Zhipei Sun, Luigi

Colombo, and Andrea C. Ferrari. Production and processing of graphene and 2d

crystals. Materials Today, 15(12):564–589, 2012. ISSN 1369-7021. doi: https://

doi.org/10.1016/S1369-7021(13)70014-2. URL https://www.sciencedirect.

com/science/article/pii/S1369702113700142.

147

https://doi.org/10.1063/1.4759146
https://doi.org/10.1063/1.4759146
https://www.pnas.org/content/115/31/7884
https://doi.org/10.1038/nmat1849
https://doi.org/10.1038/nmat1849
https://www.science.org/doi/abs/10.1126/science.1156965
https://www.science.org/doi/abs/10.1126/science.1156965
https://onlinelibrary.wiley.com/doi/abs/10.1002/adma.201200011
https://www.sciencedirect.com/science/article/pii/S1369702113700142
https://www.sciencedirect.com/science/article/pii/S1369702113700142


148 Bibliography

[7] Xisai Zhang, Yang Li, Wenqian Mu, Wenqi Bai, Xiaoxue Sun, Mingyu Zhao,

Zhijie Zhang, Fukai Shan, and Zhenyu Yang. Advanced tape-exfoliated method

for preparing large-area 2d monolayers: a review. 2D Materials, 8(3):032002,

may 2021. doi: 10.1088/2053-1583/ac016f. URL https://dx.doi.org/10.

1088/2053-1583/ac016f.

[8] Min Yi and Zhigang Shen. A review on mechanical exfoliation for the scalable

production of graphene. J. Mater. Chem. A, 3:11700–11715, 2015. doi: 10.

1039/C5TA00252D. URL http://dx.doi.org/10.1039/C5TA00252D.

[9] Fang Liu. Mechanical exfoliation of large area 2d materials from vdw crystals.

Progress in Surface Science, 96(2):100626, 2021. ISSN 0079-6816. doi: https://

doi.org/10.1016/j.progsurf.2021.100626. URL https://www.sciencedirect.

com/science/article/pii/S0079681621000149.

[10] Yuan Huang, Eli Sutter, Norman N. Shi, Jiabao Zheng, Tianzhong Yang, Dirk

Englund, Hong-Jun Gao, and Peter Sutter. Reliable exfoliation of large-area

high-quality flakes of graphene and other two-dimensional materials. ACS Nano,

9(11):10612–10620, 2015. doi: 10.1021/acsnano.5b04258. URL https://doi.

org/10.1021/acsnano.5b04258. PMID: 26336975.

[11] Zhujun Huang, Abdullah Alharbi, William Mayer, Edoardo Cuniberto, Takashi

Taniguchi, Kenji Watanabe, Javad Shabani, and Davood Shahrjerdi. Ver-

satile construction of van der waals heterostructures using a dual-function

polymeric film. Nature Communications, 11(1):3029, Jun 2020. ISSN 2041-

1723. doi: 10.1038/s41467-020-16817-1. URL https://doi.org/10.1038/

s41467-020-16817-1.
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parameter of the g mode of strained monolayer graphene. Phys. Rev. B, 83:

115449, Mar 2011. doi: 10.1103/PhysRevB.83.115449. URL https://link.

aps.org/doi/10.1103/PhysRevB.83.115449.

[150] Nathanael P. Kazmierczak, Madeline Van Winkle, Colin Ophus, Karen C.

Bustillo, Stephen Carr, Hamish G. Brown, Jim Ciston, Takashi Taniguchi, Kenji

Watanabe, and D. Kwabena Bediako. Strain fields in twisted bilayer graphene.

Nature Materials, 20(7):956–963, Jul 2021. ISSN 1476-4660. doi: 10.1038/

s41563-021-00973-w. URL https://doi.org/10.1038/s41563-021-00973-w.

[151] Ying Han, Libo Gao, Jingzhuo Zhou, Yuan Hou, Yanwen Jia, Ke Cao, Ke Duan,

and Yang Lu. Deep elastic strain engineering of 2d materials and their twisted

bilayers. ACS Applied Materials & Interfaces, 14(7):8655–8663, 2022. doi:

10.1021/acsami.1c23431. URL https://doi.org/10.1021/acsami.1c23431.

PMID: 35147415.

[152] Sameer Kumar Mallik, Sandhyarani Sahoo, Mousam Charan Sahu, Anjan Ku-

mar Jena, Gopal K. Pradhan, and Satyaprakash Sahoo. Polarized moiré phonon
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[228] Eduardo O. Dias and José A. Miranda. Taper-induced control of viscous finger-

ing in variable-gap hele-shaw flows. Phys. Rev. E, 87:053015, May 2013. doi:

10.1103/PhysRevE.87.053015. URL https://link.aps.org/doi/10.1103/

PhysRevE.87.053015.

https://doi.org/10.1021/nl504276u
https://doi.org/10.1021/acs.nanolett.1c00724
https://doi.org/10.1021/acs.nanolett.1c00724
https://doi.org/10.1021/acs.nanolett.9b02178
https://doi.org/10.1146/annurev-fluid-122316-045106
https://doi.org/10.1146/annurev-fluid-122316-045106
https://royalsocietypublishing.org/doi/abs/10.1098/rspa.1958.0085
https://royalsocietypublishing.org/doi/abs/10.1098/rspa.1958.0085
https://link.aps.org/doi/10.1103/PhysRevE.87.053015
https://link.aps.org/doi/10.1103/PhysRevE.87.053015


180 Bibliography

[229] Mukesh Pandey, Rajeev Ahuja, and Rakesh Kumar. Viscous fingering insta-

bilities in spontaneously formed blisters of mos2 multilayers. Nanoscale Adv.,

pages –, 2023. doi: 10.1039/D3NA00563A. URL http://dx.doi.org/10.

1039/D3NA00563A.

[230] Mukesh Pandey, Rajeev Ahuja, and Rakesh Kumar. Hoop compression driven

instabilities in spontaneously formed multilayer graphene blisters over a poly-

meric substrate. Nanotechnology, 34(17):175301, feb 2023. doi: 10.1088/

1361-6528/acaf33. URL https://dx.doi.org/10.1088/1361-6528/acaf33.

[231] Teng Cui, Kevin Yip, Aly Hassan, Guorui Wang, Xingjian Liu, Yu Sun, and

Tobin Filleter. Graphene fatigue through van der waals interactions. Science

Advances, 6(42):eabb1335, 2020. doi: 10.1126/sciadv.abb1335. URL https:

//www.science.org/doi/abs/10.1126/sciadv.abb1335.

[232] Md Akibul Islam, Boran Kumral, Guorui Wang, Teng Cui, Yaoping Hou, Peng

Pan, Xinyu Liu, and Tobin Filleter. Fatigue behavior of polymer encapsulated

graphene to mitigate interfacial fatigue damage. Advanced Engineering Mate-

rials, n/a(n/a):2300336. doi: https://doi.org/10.1002/adem.202300336. URL

https://onlinelibrary.wiley.com/doi/abs/10.1002/adem.202300336.

[233] Yanlong Wang, Chunxiao Cong, Weihuang Yang, Jingzhi Shang, Namphung

Peimyoo, Yu Chen, Junyong Kang, Jianpu Wang, Wei Huang, and Ting Yu.

Strain-induced direct–indirect bandgap transition and phonon modulation in

monolayer ws2. Nano Research, 2015.

[234] Gyan Michael, Gongwei Hu, Dongqi Zheng, and Yan Zhang. Piezo-phototronic

solar cell based on 2d monochalcogenides materials. Journal of Physics D:

Applied Physics, 52(20):204001, mar 2019. doi: 10.1088/1361-6463/ab0ac4.

URL https://doi.org/10.1088/1361-6463/ab0ac4.

[235] Rafael Roldán, Andrés Castellanos-Gomez, Emmanuele Cappelluti, and Fran-

cisco Guinea. Strain engineering in semiconducting two-dimensional crystals.

Journal of Physics: Condensed Matter, 27(31):313201, jul 2015. doi: 10.1088/

0953-8984/27/31/313201. URL https://dx.doi.org/10.1088/0953-8984/

27/31/313201.

[236] Haoshen Ye, Haohao Sheng, Dongmei Bai, Junting Zhang, and Jianli Wang.

Strain and electric field tuned electronic properties of bas/mose2 van der

waals heterostructures for alternative electrodes and photovoltaic cell in

http://dx.doi.org/10.1039/D3NA00563A
http://dx.doi.org/10.1039/D3NA00563A
https://dx.doi.org/10.1088/1361-6528/acaf33
https://www.science.org/doi/abs/10.1126/sciadv.abb1335
https://www.science.org/doi/abs/10.1126/sciadv.abb1335
https://onlinelibrary.wiley.com/doi/abs/10.1002/adem.202300336
https://doi.org/10.1088/1361-6463/ab0ac4
https://dx.doi.org/10.1088/0953-8984/27/31/313201
https://dx.doi.org/10.1088/0953-8984/27/31/313201


Bibliography 181

photocatalysis. Physica E: Low-dimensional Systems and Nanostructures,

120:114055, 2020. ISSN 1386-9477. doi: https://doi.org/10.1016/j.physe.

2020.114055. URL https://www.sciencedirect.com/science/article/pii/

S1386947719318892.

[237] Pan Xiong, Fan Zhang, Xiuyun Zhang, Shijian Wang, Hao Liu, Bing Sun, Jin-

qiang Zhang, Yi Sun, Renzhi Ma, Yoshio Bando, Cuifeng Zhou, Zongwen Liu,

Takayoshi Sasaki, and Guoxiu Wang. Strain engineering of two-dimensional

multilayered heterostructures for beyond-lithium-based rechargeable batteries.

Nature Communications, 11(1):3297, Jul 2020. ISSN 2041-1723. doi: 10.1038/

s41467-020-17014-w. URL https://doi.org/10.1038/s41467-020-17014-w.

[238] Zhiwei Peng, Xiaolin Chen, Yulong Fan, David J. Srolovitz, and Dangyuan Lei.

Strain engineering of 2d semiconductors and graphene: from strain fields to

band-structure tuning and photonic applications. Light: Science & Applications,

9(1):190, Nov 2020. ISSN 2047-7538. doi: 10.1038/s41377-020-00421-5. URL

https://doi.org/10.1038/s41377-020-00421-5.

[239] Tuan V. Vu, Hien D. Tong, Truong Khang Nguyen, Chuong V. Nguyen,

A.A. Lavrentyev, O.Y. Khyzhun, B.V. Gabrelian, Hai L. Luong, Khang D.

Pham, Phuc Toan Dang, and Dat D. Vo. Enhancement of monolayer snse

light absorption by strain engineering: A dft calculation. Chemical Physics,

521:5–13, 2019. ISSN 0301-0104. doi: https://doi.org/10.1016/j.chemphys.

2019.01.017. URL https://www.sciencedirect.com/science/article/pii/

S0301010418312308.

[240] Ji Feng, Xiaofeng Qian, Cheng-Wei Huang, and Ju Li. Strain-engineered arti-

ficial atom as a broad-spectrum solar energy funnel. Nature Photonics, 6(12):

866–872, Dec 2012. ISSN 1749-4893. doi: 10.1038/nphoton.2012.285. URL

https://doi.org/10.1038/nphoton.2012.285.

[241] Jin Myung Kim, Md Farhadul Haque, Ezekiel Y. Hsieh, Shahriar Muham-

mad Nahid, Ishrat Zarin, Kwang-Yong Jeong, Jae-Pil So, Hong-Gyu Park, and

SungWoo Nam. Strain engineering of low-dimensional materials for emerg-

ing quantum phenomena and functionalities. Advanced Materials, 35(27):

2107362, 2023. doi: https://doi.org/10.1002/adma.202107362. URL https:

//onlinelibrary.wiley.com/doi/abs/10.1002/adma.202107362.

[242] F. Bonaccorso, Z. Sun, T. Hasan, and A. C. Ferrari. Graphene photonics and

optoelectronics. Nature Photonics, 4(9):611–622, Sep 2010. ISSN 1749-4893.

https://www.sciencedirect.com/science/article/pii/S1386947719318892
https://www.sciencedirect.com/science/article/pii/S1386947719318892
https://doi.org/10.1038/s41467-020-17014-w
https://doi.org/10.1038/s41377-020-00421-5
https://www.sciencedirect.com/science/article/pii/S0301010418312308
https://www.sciencedirect.com/science/article/pii/S0301010418312308
https://doi.org/10.1038/nphoton.2012.285
https://onlinelibrary.wiley.com/doi/abs/10.1002/adma.202107362
https://onlinelibrary.wiley.com/doi/abs/10.1002/adma.202107362


182 Bibliography

doi: 10.1038/nphoton.2010.186. URL https://doi.org/10.1038/nphoton.

2010.186.

[243] Chen Si, Zhimei Sun, and Feng Liu. Strain engineering of graphene: a review.

Nanoscale, 8:3207–3217, 2016. doi: 10.1039/C5NR07755A. URL http://dx.

doi.org/10.1039/C5NR07755A.

[244] F. Guinea, M. I. Katsnelson, and A. K. Geim. Energy gaps and a zero-field

quantum hall effect in graphene by strain engineering. Nature Physics, 6(1):

30–33, Jan 2010. ISSN 1745-2481. doi: 10.1038/nphys1420. URL https:

//doi.org/10.1038/nphys1420.

[245] Tao Jiang, Rui Huang, and Yong Zhu. Interfacial sliding and buckling of

monolayer graphene on a stretchable substrate. Advanced Functional Mate-

rials, 24(3):396–402, 2014. doi: https://doi.org/10.1002/adfm.201301999. URL

https://onlinelibrary.wiley.com/doi/abs/10.1002/adfm.201301999.

[246] Keliang He, Charles Poole, Kin Fai Mak, and Jie Shan. Experimental demon-

stration of continuous electronic structure tuning via strain in atomically thin

mos2. Nano Letters, 13(6):2931–2936, 2013. doi: 10.1021/nl4013166. URL

https://doi.org/10.1021/nl4013166. PMID: 23675872.

[247] Xin He, Hai Li, Zhiyong Zhu, Zhenyu Dai, Yang Yang, Peng Yang, Qiang

Zhang, Peng Li, Udo Schwingenschlogl, and Xixiang Zhang. Strain engineering

in monolayer ws2, mos2, and the ws2/mos2 heterostructure. Applied Physics

Letters, 109(17):173105, 2016. doi: 10.1063/1.4966218. URL https://doi.

org/10.1063/1.4966218.

[248] A. M. Dadgar, D. Scullion, K. Kang, D. Esposito, E. H. Yang, I. P. Herman,

M. A. Pimenta, E.-J. G. Santos, and A. N. Pasupathy. Strain engineering and

raman spectroscopy of monolayer transition metal dichalcogenides. Chemistry of

Materials, 30(15):5148–5155, 2018. doi: 10.1021/acs.chemmater.8b01672. URL

https://doi.org/10.1021/acs.chemmater.8b01672.

[249] Gerd Plechinger, Andres Castellanos-Gomez, Michele Buscema, Herre S J

van der Zant, Gary A Steele, Agnieszka Kuc, Thomas Heine, Christian Schüller,

and Tobias Korn. Control of biaxial strain in single-layer molybdenite using local

thermal expansion of the substrate. 2D Materials, 2(1):015006, mar 2015. doi:

10.1088/2053-1583/2/1/015006. URL https://doi.org/10.1088/2053-1583/

2/1/015006.

https://doi.org/10.1038/nphoton.2010.186
https://doi.org/10.1038/nphoton.2010.186
http://dx.doi.org/10.1039/C5NR07755A
http://dx.doi.org/10.1039/C5NR07755A
https://doi.org/10.1038/nphys1420
https://doi.org/10.1038/nphys1420
https://onlinelibrary.wiley.com/doi/abs/10.1002/adfm.201301999
https://doi.org/10.1021/nl4013166
https://doi.org/10.1063/1.4966218
https://doi.org/10.1063/1.4966218
https://doi.org/10.1021/acs.chemmater.8b01672
https://doi.org/10.1088/2053-1583/2/1/015006
https://doi.org/10.1088/2053-1583/2/1/015006


Bibliography 183

[250] Rui Yang, Jaesung Lee, Souvik Ghosh, Hao Tang, R. Mohan Sankaran, Chris-

tian A. Zorman, and Philip X.-L. Feng. Tuning optical signatures of single-

and few-layer mos2 by blown-bubble bulge straining up to fracture. Nano

Letters, 17(8):4568–4575, 2017. doi: 10.1021/acs.nanolett.7b00730. URL

https://doi.org/10.1021/acs.nanolett.7b00730. PMID: 28628325.

[251] Xisai Zhang, Yang Li, Wenqian Mu, Wenqi Bai, Xiaoxue Sun, Mingyu Zhao,

Zhijie Zhang, Fukai Shan, and Zhenyu Yang. Advanced tape-exfoliated method

for preparing large-area 2d monolayers: a review. 2D Materials, 8(3):032002,

may 2021. doi: 10.1088/2053-1583/ac016f. URL https://doi.org/10.1088/

2053-1583/ac016f.

[252] Hong ping Zhang, Liangzhi Kou, Yan Jiao, Aijun Du, Youhong Tang, and

Yuxiang Ni. Strain engineering of selective chemical adsorption on monolayer

black phosphorous. Applied Surface Science, 503:144033, 2020. ISSN 0169-

4332. doi: https://doi.org/10.1016/j.apsusc.2019.144033. URL https://www.

sciencedirect.com/science/article/pii/S0169433219328491.

[253] T. Georgiou, L. Britnell, P. Blake, R. V. Gorbachev, A. Gholinia, A. K. Geim,

C. Casiraghi, and K. S. Novoselov. Graphene bubbles with controllable cur-

vature. Applied Physics Letters, 99(9):093103, 2011. doi: 10.1063/1.3631632.

URL https://doi.org/10.1063/1.3631632.

[254] Pantelis Bampoulis, Vincent J. Teernstra, Detlef Lohse, Harold J. W. Zandvliet,

and Bene Poelsema. Hydrophobic ice confined between graphene and mos2. The

Journal of Physical Chemistry C, 120(47):27079–27084, 2016. doi: 10.1021/acs.

jpcc.6b09812. URL https://doi.org/10.1021/acs.jpcc.6b09812.

[255] S. J. Haigh, A. Gholinia, R. Jalil, S. Romani, L. Britnell, D. C. Elias, K. S.

Novoselov, L. A. Ponomarenko, A. K. Geim, and R. Gorbachev. Cross-sectional

imaging of individual layers and buried interfaces of graphene-based heterostruc-

tures and superlattices. Nature Materials, 11(9):764–767, Sep 2012. ISSN 1476-

4660. doi: 10.1038/nmat3386. URL https://doi.org/10.1038/nmat3386.

[256] Ke Xu, Peigen Cao, and James R. Heath. Graphene visualizes the first wa-

ter adlayers on mica at ambient conditions. Science, 329(5996):1188–1191,

2010. ISSN 0036-8075. doi: 10.1126/science.1192907. URL https://science.

sciencemag.org/content/329/5996/1188.

https://doi.org/10.1021/acs.nanolett.7b00730
https://doi.org/10.1088/2053-1583/ac016f
https://doi.org/10.1088/2053-1583/ac016f
https://www.sciencedirect.com/science/article/pii/S0169433219328491
https://www.sciencedirect.com/science/article/pii/S0169433219328491
https://doi.org/10.1063/1.3631632
https://doi.org/10.1021/acs.jpcc.6b09812
https://doi.org/10.1038/nmat3386
https://science.sciencemag.org/content/329/5996/1188
https://science.sciencemag.org/content/329/5996/1188


184 Bibliography

[257] Lee W. Drahushuk, Luda Wang, Steven P. Koenig, J. Scott Bunch, and

Michael S. Strano. Analysis of time-varying, stochastic gas transport through

graphene membranes. ACS Nano, 10(1):786–795, 2016. doi: 10.1021/

acsnano.5b05870. URL https://doi.org/10.1021/acsnano.5b05870. PMID:

26720748.

[258] Cinzia Di Giorgio, Elena Blundo, Giorgio Pettinari, Marco Felici, Antonio Poli-

meni, and Fabrizio Bobba. Exceptional elasticity of microscale constrained mos2

domes. ACS Applied Materials & Interfaces, 13(40):48228–48238, 2021. doi:

10.1021/acsami.1c13293. URL https://doi.org/10.1021/acsami.1c13293.

PMID: 34592817.

[259] Beng Hau Tan, Jun Zhang, Jing Jin, Chin Hong Ooi, Yi He, Renwu Zhou,

Kostya Ostrikov, Nam-Trung Nguyen, and Hongjie An. Direct measurement of

the contents, thickness, and internal pressure of molybdenum disulfide nanoblis-

ters. Nano Letters, 20(5):3478–3484, 2020. doi: 10.1021/acs.nanolett.0c00398.

URL https://doi.org/10.1021/acs.nanolett.0c00398. PMID: 32271023.

[260] Joseph D. Wood, Christopher M. Harvey, and Simon Wang. Adhesion toughness

of multilayer graphene films. Nature Communications, 8(1):1952, Dec 2017.

ISSN 2041-1723. doi: 10.1038/s41467-017-02115-w. URL https://doi.org/

10.1038/s41467-017-02115-w.

[261] Yonas Tsegaye Megra and Ji Won Suk. Adhesion properties of 2d materials.

Journal of Physics D: Applied Physics, 52(36):364002, jul 2019. doi: 10.1088/

1361-6463/ab27ad. URL https://doi.org/10.1088/1361-6463/ab27ad.

[262] Deji Akinwande, Christopher J. Brennan, J. Scott Bunch, Philip Egberts,

Jonathan R. Felts, Huajian Gao, Rui Huang, Joon-Seok Kim, Teng Li, Yao

Li, Kenneth M. Liechti, Nanshu Lu, Harold S. Park, Evan J. Reed, Peng

Wang, Boris I. Yakobson, Teng Zhang, Yong-Wei Zhang, Yao Zhou, and

Yong Zhu. A review on mechanics and mechanical properties of 2d ma-

terials—graphene and beyond. Extreme Mechanics Letters, 13:42–77, 2017.

ISSN 2352-4316. doi: https://doi.org/10.1016/j.eml.2017.01.008. URL https:

//www.sciencedirect.com/science/article/pii/S235243161630236X.

[263] Nicolas Leconte, Hakseong Kim, Ho-Jong Kim, Dong Han Ha, Kenji Watanabe,

Takashi Taniguchi, Jeil Jung, and Suyong Jung. Graphene bubbles and their

role in graphene quantum transport. Nanoscale, 9:6041–6047, 2017. doi: 10.

1039/C7NR00339K. URL http://dx.doi.org/10.1039/C7NR00339K.

https://doi.org/10.1021/acsnano.5b05870
https://doi.org/10.1021/acsami.1c13293
https://doi.org/10.1021/acs.nanolett.0c00398
https://doi.org/10.1038/s41467-017-02115-w
https://doi.org/10.1038/s41467-017-02115-w
https://doi.org/10.1088/1361-6463/ab27ad
https://www.sciencedirect.com/science/article/pii/S235243161630236X
https://www.sciencedirect.com/science/article/pii/S235243161630236X
http://dx.doi.org/10.1039/C7NR00339K


Bibliography 185

[264] Anastasia V. Tyurnina, Denis A. Bandurin, Ekaterina Khestanova, Vasyl G.

Kravets, Maciej Koperski, Francisco Guinea, Alexander N. Grigorenko, An-

dre K. Geim, and Irina V. Grigorieva. Strained bubbles in van der waals het-

erostructures as local emitters of photoluminescence with adjustable wavelength.

ACS Photonics, 6(2):516–524, 2019. doi: 10.1021/acsphotonics.8b01497. URL

https://doi.org/10.1021/acsphotonics.8b01497.

[265] N. Levy, S. A. Burke, K. L. Meaker, M. Panlasigui, A. Zettl, F. Guinea,

A. H. Castro Neto, and M. F. Crommie. Strain-induced pseudo–magnetic

fields greater than 300 tesla in graphene nanobubbles. Science, 329(5991):

544–547, 2010. ISSN 0036-8075. doi: 10.1126/science.1191700. URL https:

//science.sciencemag.org/content/329/5991/544.

[266] Elena Blundo, Tanju Yildirim, Giorgio Pettinari, and Antonio Polimeni. Ex-

perimental adhesion energy in van der waals crystals and heterostructures from

atomically thin bubbles. Phys. Rev. Lett., 127:046101, Jul 2021. doi: 10.

1103/PhysRevLett.127.046101. URL https://link.aps.org/doi/10.1103/

PhysRevLett.127.046101.

[267] Andrea C. Ferrari. Raman spectroscopy of graphene and graphite: Disorder,

electron–phonon coupling, doping and nonadiabatic effects. Solid State Commu-

nications, 143(1):47–57, 2007. ISSN 0038-1098. doi: https://doi.org/10.1016/

j.ssc.2007.03.052. URL https://www.sciencedirect.com/science/article/

pii/S0038109807002967. Exploring graphene.

[268] Un Gi Lee, Woo-Byoung Kim, Do Hyung Han, and Hyun Soo Chung. A modified

equation for thickness of the film fabricated by spin coating. Symmetry, 11(9),

2019. ISSN 2073-8994. doi: 10.3390/sym11091183. URL https://www.mdpi.

com/2073-8994/11/9/1183.

[269] Wei Pan, Jianliang Xiao, Junwei Zhu, Chenxi Yu, Gang Zhang, Zhenhua Ni,

K. Watanabe, T. Taniguchi, Yi Shi, and Xinran Wang. Biaxial compressive

strain engineering in graphene/boron nitride heterostructures. Scientific Re-

ports, 2(1):893, Nov 2012. ISSN 2045-2322. doi: 10.1038/srep00893. URL

https://doi.org/10.1038/srep00893.

[270] M. Hanfland, H. Beister, and K. Syassen. Graphite under pressure: Equa-

tion of state and first-order raman modes. Phys. Rev. B, 39:12598–12603, Jun

1989. doi: 10.1103/PhysRevB.39.12598. URL https://link.aps.org/doi/

10.1103/PhysRevB.39.12598.

https://doi.org/10.1021/acsphotonics.8b01497
https://science.sciencemag.org/content/329/5991/544
https://science.sciencemag.org/content/329/5991/544
https://link.aps.org/doi/10.1103/PhysRevLett.127.046101
https://link.aps.org/doi/10.1103/PhysRevLett.127.046101
https://www.sciencedirect.com/science/article/pii/S0038109807002967
https://www.sciencedirect.com/science/article/pii/S0038109807002967
https://www.mdpi.com/2073-8994/11/9/1183
https://www.mdpi.com/2073-8994/11/9/1183
https://doi.org/10.1038/srep00893
https://link.aps.org/doi/10.1103/PhysRevB.39.12598
https://link.aps.org/doi/10.1103/PhysRevB.39.12598


186 Bibliography

[271] Elena del Corro, Alberto Otero de la Roza, Mercedes Taravillo, and Valent́ın G.
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