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Atomically thin 2D materials exhibit strong intralayer covalent bonding and weak interlayer van der Waals
interactions, offering unique high in-plane strength and out-of-plane flexibility. While atom-thick nature of 2D
materials may cause uncontrolled intrinsic/extrinsic deformation in multiple length scales, it also provides new
opportunities for exploring coupling between heterogeneous deformations and emerging functionalities in
controllable and scalable ways for electronic, optical, and optoelectronic applications. In this review, we discuss
(i) the mechanical characteristics of 2D materials, (ii) uncontrolled inherent deformation and extrinsic
heterogeneity present in 2D materials, (iii) experimental strategies for controlled heterogeneous deformation of
2D materials, (iv) 3D structure-induced novel functionalities via crumple/wrinkle structure or kirigami structures,
and (v) heterogeneous strain-induced emerging functionalities in exciton and phase engineering. Overall,
heterogeneous deformation offers unique advantages for 2D materials research by enabling spatial tunability of
2D materials’ interactions with photons, electrons, and molecules in a programmable and controlled manner.

Materials can exhibit drastically different characteristics
depending on the dimensionality of their crystal structures
[1]. Distinct from both bulk (3D) materials and low-dimensional
materials prepared traditionally by simply reducing the size of
3D materials, two-dimensional (2D) materials exhibit unique
mechanical, electrical, optical, and thermal characteristics be-
cause of quantum confinement effects and a lack of surface
dangling bonds [2]. 2D materials are atomically thin, layered
crystalline solids exhibiting intralayer covalent bonding and
interlayer van der Waals interactions [3], offering high in-plane
strength and out-of-plane flexibility. Thus, the unique character-
istics of atomic thinness with high crystal and electronic quality
in 2D materials show promise for exploring the coupling
between mechanical deformations and emerging functionalities
at the nanoscale such as electron transport, optical properties,

and chemical phenomena.

© Materials Research Society 2020

Because of the atomically thin nature of 2D materials,
external influences, especially mechanical deformation, can
strongly impact their electronic properties. For example,
strain-induced lattice distortions of graphene, a 2D sheet of
covalently bonded carbon atoms in a hexagonal lattice, were
found to create pseudo-magnetic fields and give rise to pseudo-
quantum Hall effects [4, 5]. This demonstrated the importance
of coupling between the mechanical and electronic properties
in 2D materials and led to the development of “strain
engineering,” by which 2D materials are mechanically de-
formed to induce electronic structure changes. Further explo-
ration of this field resulted in extensive exploration into the
mechanical properties of various 2D materials.

The first definitive measurements of the mechanical prop-
erties of single-layer graphene were conducted using atomic
force microscope (AFM) nanoindentation [6]. Graphene,
which was first successfully isolated as a single atomic layer
from its bulk materials via a micromechanical cleavage tech-

nique [7], has a predicted intrinsic strength exceeding that of
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any other materials [8]. Static AFM deflection measurements of
suspended graphene over microscale holes [Fig. 1(a)] enabled
direct determination of elastic properties by minimizing the
effects of sample geometry uncertainty and unknown load
distributions, such as stress concentrations at clamping points.
By pressing on the suspended sheet using AFM tips with
calibrated spring constants, Young’s modulus was extracted
from the resultant force-displacement behaviors [6, 9].
Figure 1(b) shows the distribution of the extracted effective
elastic modulus of graphene. Graphene exhibited Young’s
modulus of 1 TPa, establishing it as the strongest material ever
measured [6]. Figure 1(c) shows Young’s modulus and bending
stiffness [2] of various 2D material monolayers other than
graphene [10], including insulating/dielectric diatomic hexag-
onal boron nitride (h-BN) [11, 12], direct band gap transition
metal dichalcogenide (TMD) monolayers, such as molybde-
num disulfide (MoS,) [13] and tungsten diselenide (WSe,)
[14], and monoatomic buckled crystals (Xenes) of phosphorene
[15]. As shown in Figures. 1(c), 2(D) materials exhibit very low
bending stiffness where they are at least seven orders-of-
magnitude lower than bulk materials including nanowire/
nanomembranes (e.g., InAs, GaAs, Ge, and Si nanowires or
nanomembranes) and at least nineteen orders-of-magnitude

lower than conventional III-V semiconductor compounds.

Inherent deformation of 2D materials

Prior to exploring mechanical deformation control via strain
engineering of 2D materials, we must first consider the intrinsic/
extrinsic uncontrolled deformations present in 2D materials. The
stability of 2D layers had been a long-standing theoretical debate
with planar graphene presumed to not exist in the free state due
to thermodynamic instability under ambient conditions. Yet
perfectly flat 2D crystals still cannot exist in the free state,
according to both theory and experiments [16, 17, 18]. Accord-
ing to the Mermin-Wagner theorem [19], a 2D membrane can

exist but will exhibit strong height fluctuations, resulting in

a tendency to be corrugated. It has been theoretically predicted
[Fig. 2(A)] and experimentally observed [16] that 2D crystals
become stable under small degree of corrugation, with out-of-
plane deformations reaching 1 nm, leading to increased elastic
energy but with suppressed thermal vibrations. However, it has
been reported that such intrinsic instabilities (or ripples) of
graphene can be fully suppressed by deposition onto an
appropriate substrate [17]. Non-contact mode AFM results
[Fig. 2(B)] showed that the height variation of graphene
mechanically exfoliated on a mica substrate was less than 25
pm over micrometer-length scales, demonstrating “ultraflat”
graphene. This result provides an insight into the importance
of appropriate substrate selection, as atomically thin graphene
may simply reflect the roughness of its underlying substrates.
As the demand for scalable manufacturing of large-area
and high-quality graphene increases, chemical vapor deposition
(CVD) growth of graphene on catalytic substrates has been
widely adopted because of its relatively large coverage, low cost,
and efficiency [20]. However, uncontrolled extrinsic deforma-
tion, such as wrinkles, in CVD-grown 2D membranes can
severely alter their performance, causing anisotropic electrical
mobility, local charge accumulation, reduced mechanical
strength, and diminished thermal conductivity [21]. Such
wrinkles form because of the mismatch of thermal expansion
coefficients (CTE) between CVD-grown graphene and its Cu
growth substrate. During the cooling phase of the CVD process,
this mismatch induces a strong compressive strain (~2% with
a graphene growth temperature around 1000 °C) large enough to
overcome the activation energy for wrinkle/buckle formation
[Fig. 2(C)]. Wafer-scale growth of wrinkle-free single-crystal
graphene on hydrogen-terminated germanium was reported,
which was accomplished by using extremely weak adhesion,
relatively small CTE mismatch, and unidirectional alignment
enabled by the germanium(110) surface [22]. This revealed that
wrinkle formation is also strongly dependent on the crystallo-

graphic orientation of the substrate. Similarly, wrinkle-free
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Figure 1: Mechanical properties of 2D materials. (a) Schematic illustration of AFM nanoindentation on suspended graphene over holes. (b) Histogram of elastic
response of graphene. (c) Comparison of mechanical properties (Young’s modulus and bending stiffness) of various 2D materials. (a, b) Reprinted with permission

from Ref. 6.

© Materials Research Society 2020

cambridge.org/JMR

www.mrs.org/jmr

Journal of Materials Research



Downloaded from https://www.cambridge.org/core. University of Illinois at Urbana - Champaign Library, on 05 Apr 2020 at 21:45:12, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1557/jmr.2020.34

B M 22 s

0 Si0, substrate
= 0 Graphene/SiO,
= 1.0 = Mica substrate
% m Graphene/mica
=
-}

5 0.5
20
5

-]

o

£

Strain-free Gr £
£
=
o
]
I

Strain due to At I -10.0
during cooling down
20.0
€6 t%‘i{f Yoo s
£ f} Grwithwrinkles ¢ (&S S % £
TR m — AR £
EAAAA S :“:m‘ (" =
et o
D S o)
666 6 66 T
Sl -":"t.-"
e (D) 200

Graphene bubbles (S) Graphene tent (S)

- L4 v

0 200 nm

(E)

Figure 2: Intrinsic and extrinsic uncontrolled deformation of 2D materials. (A) Intrinsic ripples in monolayer graphene. (B) Substrate-dependent height variation of
graphene and demonstration of ultraflat graphene deposited on a mica substrate. (C) Thermal expansion mismatch induced wrinkles during the CVD growth of 2D
materials. (D) Crystallographic orientation-dependent wrinkle formation. (E) AFM topographic scans of transfer-induced nanoscale blisters, including bubbles and
tents. (A) Reprinted with permission from Ref. 18. (B) Reprinted with permission from Ref. 17. (C, D) Reprinted with permission from Ref. 21. (E) Reprinted with
permission from Ref. 26.

monocrystalline graphene was grown using Cu(111) thin film on [Fig. 2(D) top panel], and there is strong coupling between
a sapphire substrate [Fig. 2(D)]. Cu(111) [Fig. 2(D) bottom] Cu(111) and graphene, enabling strain energy retention in the
exhibits relatively smaller thermal expansion than Cu(100) graphene lattice rather than wrinkle formation.
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Another unexpected deformation present in 2D crystals
emerges during the transfer from a growth substrate to a target
substrate. 2D material-based approaches often require multiple
transfers and precise manipulation of 2D materials in sample
preparation. In this process, gas (air) or liquids (e.g., water and
hydrocarbons) become inevitably trapped and spontaneously
form nanometer-scale bubbles or tents [23, 24, 25, 26] as shown
in Fig. 2(E). Gas-filled bubbles were generally deflated within
a few hours, whereas liquid-filled bubbles showed less than 30%
height change after three months [24]. These nanobubbles and
nanotents have been used as a strain engineering tool to study 2D
materials in response to nonuniform in-plane strain distributions,
such as pseudo-magnetic fields [5], elastic properties [25], and
large-scale quantum emitters [27]. However, although spontane-
ous nanobubbles/nanotents enabled observation of interesting
effects on material characteristics, uncontrolled extrinsic defor-
mation exhibits randomness to use outside of basic research of
the strain effect. The difficulty in controlling the formation of
nanoblisters (nanobubbles or nanotents) has remained a chal-
lenge. Thus, the existing lack of precise control over deformations
and strain fields in 2D materials motivated exploration into

approaches for controlling deformation in 2D materials.

Controlled deformation of 2D materials

While 2D materials’ atomically thin nature inevitably causes

uncontrolled intrinsic/extrinsic out-of-plane deformations in
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multiple scales and varying morphologies, it also offers new
opportunities for exploring heterogeneous deformations in
programmable and scalable ways, which in turn allows for
emerging physical phenomena or novel functionalities of de-
formed 2D materials. Prior to our discussion of specific spatial
heterogeneity that modulates relevant properties, we will first
review several important strategies for the controlled deforma-
tion of 2D materials in solid-state processes.

Epitaxial growth is one of the well-known approaches for
creating strain in the vicinity of the interface of thin films with
dissimilar lattice constants. Contrary to the vertical stacking,
mostly observed in thin film epitaxy [28], weak van der Waals
interaction between 2D material layers and easy interlayer
sliding inhibit effective deformation of vertically stacked 2D
heterostructures. However, epitaxial growth of lateral 2D
heterostructures has been experimentally and theoretically
demonstrated to impart different types of strains to adjacent
2D materials. Xie et al. investigated WS,~WSe, lateral hetero-
structures grown by metal-organic chemical vapor deposition
(MOCVD) [29]. Noticeably, the triangular 2D superlattice of
WS,-WSe, sustained a significant degree of lattice mismatch
(~4%) in the absence of dislocation or other macroscopic
defects. As a result, there was remarkable strain exerted on both
WS, (tensile) and WSe, (compressive) which also caused
highly periodic nanoripples on the WSe, because of its very
low bending stiffness and buckling instability [Fig. 3(a)].
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Figure 3: Epitaxial lateral 2D heterostructures with nanoscale ripples. (a) WS,-WSe; lateral heterostructure showing rippling of WSe, due to lattice mismatch and
compressive strain. AFM height map (top) and profile (right bottom) and schematic illustration of ripple formation (left bottom). (b) AFM height map for nanoplate
Bi,Se;-Bi,Tes lateral heterostructure with rippling along Bi,Tes strips. (c) Molecular dynamics simulation of the strain distribution on a triangular 2D MoS,-WSe,
lateral heterostructure. (a) Reprinted with permission from Ref. 29. (b) Reprinted with permission from Ref. 30. (c) Reprinted with permission from Ref. 31.
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Similarly, Bi,Se;/Bi,Te; nanoplates laterally grown by the
solution process (thickness ~16 nm) exhibited ripple struc-
tures because of a large lattice mismatch (~5.9%) [Fig. 3(b)]
[30]. Interestingly, the ripple wavelength and amplitude were
highly tunable by changing the Bi,Te; strip width, with
a structure highly predictable by continuum mechanics calcu-
lations. In a theoretical approach, molecular dynamics (MD)
simulation also demonstrated misfit strain-induced buckling of
2D lateral heterostructures [31], which revealed exponential
decay of tensile/compressive strain from the lateral interface
with a strain decay length of 1.5 nm and a critical ripple
generation width of 11.5 nm in the MoS,-WSe, system. In
addition to parallel configurations of 2D heterostructures,
triangular lateral heterostructures were examined in the MD
simulation, which showed out-of-plane buckle formation in the
regions with larger lattice constants (i.e., compressive strain),
similar to the reported experimental results [Fig. 3(c)]. On the
other hand, Zhang et al. [100] reported that lateral p-n
junctions of WSe,-MoS, heterostructures (lattice mismatch
~3.8%) can only sustain 1.76% strain, while misfit dislocation
partially released the remnant strain energy. The differing
tendency of those lateral heterostructures, particularly in terms
of the presence of energy-releasing defects, might be attributed
to different growth processes, superlattice dimensions, or
underlying substrates.

Another approach for creating controlled deformations of
2D materials is to use pre-patterned, 3D-microstructured
substrates. There have been various types of nanostructured
templates for tunable strain and properties, such as nanorods/
nanotents [32, 33, 34, 35], nanogaps [36], nanowires [37], and
nanocones [38]. Figure 4(A) shows graphene nanotents

suspended over high-aspect-ratio SiO, nanopillars [35]. It
was revealed that the geometry of nanopillar arrays determined
how graphene was deformed on the substrate, including
conformal deformations, partial collapses, and suspended
configurations. Similarly, Li et al. reported periodically strained
MoS, monolayers on SiO, nanocone structures [Fig. 4(B)] [38].
Because of the capillary force-induced conforming of MoS,
onto the nanopatterns, the resultant artificial lattice of MoS,
successfully induced tensile strain in MoS,, which was verified
using photoluminescence (PL)/Raman characterization and
scanning tunneling microscope (STM) analysis. Recently, Liu
et al. also demonstrated nanoscale roughness control of di-
electric layers for MoS, field-effect transistors (FETs) [39]. The
surface roughness from 0.1 to 2 nm was tuned by differing
dielectric materials or pre-patterning fabrication, which en-
hanced the field-effect mobility of MoS, FETs by an order of
magnitude higher than conventional values because of the
heterogeneous deformation and localized strain of MoS,.
While the most of templating approaches use viscoelastic
stamping or simple wet transfers, further improvement in
interfacial integrity and reduced damage of suspended 2D
materials on 3D structures are important for precisely con-
trolled deformation, particularly in high-aspect-ratio struc-
tures. Choi et al. investigated graphene integrated with 3D
microstructured surfaces via stepwise swelling, shrinking, and
adaptation processes [Fig. 4(C)] [40]. Specifically, a pre-patterned
3D elastomer substrate was first swollen with solvent before
graphene was transferred onto it. While the as-transferred
graphene was first suspended over the complex 3D structure
without making conformal contact, post shrinkage of the
graphene/substrate caused by evaporation of the absorbed

Figure 4: Heterogeneous deformation of 2D materials on 3D architecture. (A) Scanning electron microscope (SEM) image of a graphene nanotent on a SiO,
nanopillar. (B) False color SEM image of monolayer MoS, transferred onto a SiO, nanocone structure. (C) Schematic diagram of high integrity 3D architecturing via
swelling, shrinking, and adaptation. (D) SEM images of graphene on various 3D structures prepared by the sequential process shown in (C). (A) Reprinted with
permission from Ref. 35. (B) Reprinted with permission from Ref. 38. (C, D) Reprinted with permission from Ref. 40.
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solvent enabled the graphene to be gradually integrated onto
the surface of the 3D structure (adaptation step). Figure 4(D)
shows the successfully adapted graphene, even over the sharp
and dense edges of the 3D structures, because of reduced
capillary and tensile stress in the graphene during the drying
step.

Buckle delamination and conformal deformation are addi-
tional important and versatile approaches for enabling hetero-
geneous deformation of 2D materials as tensile/compressive
strains are applied alternatively to crests or valleys of wrinkle/
crumple structures. In general, shape-memory polymers or
prestrained elastomers are used as the substrate to achieve
wrinkle/crumple structures, with an optional stiff skin layer
between the 2D materials and the substrate. Releasing the
prestrain forms a crumple structure because of the modulus
mismatch between the softer substrate and the stiff skin layer
or 2D material. Figure 5(a) demonstrates that shrinkage of
a prestrained shape-memory polymer can deform 2D materials
in either uniaxial or biaxial direction [41, 42]. By heating above
the glass transition temperature of prestrained polystyrene
(PS), graphene/graphite lateral heterostructures were buckle
delaminated because of macroscopic compressive strain
(~70%), resulting in crumple structures [Fig. 5(b)]. This
method not only maintains the electrical properties of the 2D
materials but also allows for high tunability of the 3D
architecture by changing the degree of shrinkage, thickness of

b
S
/ /
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2D layers, and the local/global heating regime. Furthermore,
another degree of freedom for tailoring the multiscale hierar-
chical 3D structure can be endowed by depositing a different
thickness skin layer on top of the shape polymer [43, 44].
Figure 5(c) shows a spatially heterogeneous crumple structure
of graphene on a fluorocarbon (CF,)/PS substrate, which was
enabled by stepwise patterning of differing fluorocarbon skin
layer thicknesses.

In additional to shape-memory polymers, elastomeric
substrates [e.g., polydimethylsiloxane (PDMS) and very high
bond (VHB) films] can be used to generate crumple structures
by prestretching the substrates, transferring the 2D materials,
and then releasing the prestrain [45, 46, 47, 48, 49, 50, 51, 52,
53, 54, 55, 56]. A major benefit of elastomeric substrates is that
they allow for dynamic tuning and reversible mechanical
reconfiguring of heterogeneous deformation and strain in 2D
materials, whereas the large Poisson effect can generate trans-
verse cracks in the case of uniaxial wrinkle/crumple structures.
In contrast to the efforts thus far to avoid cracks or macro-
scopic defects in the crumple structure, Leem et al. demon-
strated the use of cracks for heterogeneous crumple formation
of graphene. To accomplish this, they first formed a stiff silica
skin layer on unstretched siloxane-based elastomers, followed
by post-stretching and graphene transfer [Fig. 5(d)] [52]. The
post-stretching caused cracks in the skin layer, allowing the

compressive strains in the graphene to be highly localized over

Prestrain localizations
) 4 ) ¢
— >

(d) w4 W,

Figure 5: Buckle delamination-induced wrinkle and crumple formation of 2D materials on prestrained substrates. (a) Schematic illustration of the crumpling of
graphene via shrinkage of a shape-memory polymer. (b) Concomitant crumpling of a graphene/graphite heterostructure with different crumple dimensions due to
differing thicknesses. (c) Heterogenous graphene crumples formed by different thicknesses of a fluorocarbon skin layer on a shape-memory polymer. (d) Localized
graphene wrinkles on an elastomeric substrate created by cracking a stiff SiO, skin layer. (a, b) Reprinted with permission from Ref. 41. (c) Reprinted with

permission from Ref. 44. (d) Reprinted with permission from Ref. 52.
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the crack regions, whereas the graphene on uncracked SiO,
regions maintained its flat structure.

We have discussed three important strategies for control-
ling deformation of 2D materials including epitaxial growth of
lateral heterostructures, templating on 3D pre-patterned sub-
strates, and shrinkage of prestrained substrates. In addition,
there are other approaches to control deformation via liquid or
colloidal processing such as crumpled microballs [57], liquid-
phase shrinkage of wrinkles [58], and transfer-induced wrin-
kles driven by substrate hydrophilicity [59], which have not
been extensively discussed in this review. All the aforemen-
tioned deformation strategies enable control of the spatial
heterogeneity of 2D materials in multiple length scales with
programmed out-of-plane deformation. As a consequence, we
can expect that the resultant macroscopic 3D structures or
nanoscale in-plane strains may modulate 2D material inter-
actions with external stimuli and working environments (e.g.,
light, electric bias, and liquid molecules) and induce new
functionalities of 2D materials, which will be discussed in the

following sections.

Structuring of 2D materials, including crumpling as discussed
in the previous section, enables advanced optoelectronic and
photonic applications owing to the structure-driven modifica-
tions of plasmonic resonance and material densifications. It has
been demonstrated that mechanical crumpling of graphene can
be used to create different surface structures while maintaining
reversibility [41, 45, 49, 60], allowing for tunable plasmonic and
optical properties. Recently, strong plasmonic resonances with
broadband tunability were realized with the use of such
mechanical reconfigurability of crumpled graphene [61]. Sim-
ulations showed that crumpled structures enable spectral
tunability for plasmonic resonances from mid- to near-infrared
ranges due to the shape-induced efficient coupling of light to
the graphene plasmons and the subsequent strong confinement
of the excited plasmons in crumpled graphene. As shown in the
near-field distribution of graphene plasmons [Fig. 6(a)], crum-
pled graphene exhibited strong plasmon confinement with
a high near-field intensity enhancement of ~1 x 10* in the
apex and valley regions of crumpled graphene structures.
Furthermore, as the aspect ratios of the crumple height-to-
wavelength increased from 0.25 to 2.0, the plasmonic resonance
wavelength redshifted from 4.5 to 11.3 pm, suggesting a struc-
turally dependent functionality/tunability of both far- and
near-field plasmonic resonances.

Large stretchability and mechanical reconfigurability en-
abled by crumpled structures of 2D materials also allow for

spectral emissivity tuning [50] owing to the mediated

© Materials Research Society 2020

interference with incident light and surface structures. A recent
study on emissivity control by mechanical reconfiguration of
graphene enabled selective emitters that can affect the radiative
cooling and heating management within solar irradiance and
atmospheric transmissions. The capability of stretching and
releasing induced dynamic topographic changes further en-
abled ultraviolet to mid-infrared emissivity control [Fig. 6(b)].
Periodic topography induced significant emissivity changes
because of the modified interference with light and selective
transmissivity reductions. The emissivity spectrum of crumpled
graphene was tuned by controlling the pitch of the crumples,
their predominant geometric parameter. As the pitch increased,
the spectral region dominated by the diffraction-induced peaks
shifted to longer wavelengths and narrowed the high emissivity
region. The emissivity variations were a result of multiple
diffraction and interference phenomena of photons over
adjacent crumple features, demonstrating a novel functionality
induced by structural changes of 2D materials.

In addition to optical absorption tuning via structuring 2D
materials, crumpled 2D materials in photodetectors showed
mechanical tunability of optical absorption and further enhanced
strain-tunable photoresponsivity [45, 49, 51]. Photoresponsivity
was increased by more than 400% owing to increased graphene’s
surface areal density [45] with strain. This was the first
demonstration of photoresponsivity tuning of a 2D material-
based photodetector via strain engineering [Fig. 6(c)]. However,
the limited photoabsorption of graphene still remains a challenge.
To improve the photoresponsivity, various hybrid systems have
been introduced. A hybrid structure of crumpled graphene
integrated with gold nanoparticles was shown to have a more
than 1200% increase in plasmonically enhanced photorespon-
sivity over graphene-only photodetectors [49]. Most recently,
a hybrid photodetector system consisting of photonic nano-
structures (ie., colloidal photonic crystals) on crumpled gra-
phene demonstrated a dual function of the color change and
electrical signal change in response to applied strain. Such
a unique combination enabled both direct visual perception
of strain via color responsivity as well as electrically quantifiable
strain measurements that outperformed crumpled graphene
strain sensors by more than 100 times [51].

Another well-known structure-induced functionality is tun-
able wettability. The wettability of surfaces can be strongly affected
by their surface roughness. The degree of tunability is important
for many industrial applications including coating, printing, and
lubrication [62]. For this reason, crumpled 2D materials have been
explored for water contact angle (WCA) modulation. The WCA
measured on multilayer graphene on biaxially pre-strained VHB
polymeric substrates varied from 105° (unfolded or flat) to 152°
with applied strain [Fig. 7(a)] [53]. The degree of crumpling
additionally affected the degree of wettability of graphene
[Fig. 7(a)]. When the graphene was flat, the water droplet made
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Figure 6: Structure-induced functionality of 2D materials: stretchable and strain-sensitive crumpled graphene. (a) Mechanically reconfigurable plasmonic
resonances of uniaxially crumpled graphene structures showing variance with respect to height-to-wavelength (h/A.) ratio. L. is the plasmonic resonance
wavelength. (b) Comparison of the computed emissivity values using rigorous coupled wave analysis (RCWA) and finite-difference time-domain (FDTD) methods
under varying crumpling pitch. (c) Schematic illustrations of a strain-tunable photodetector based on crumpled graphene (left) and the resulting strain-tunable
photoresponsivity (right). (a) Reprinted with permission from Ref. 61. (b) Reprinted with permission from Ref. 50. (c) Reprinted with permission from Ref. 45.

conformal contact to the graphene (Wenzel state), whereas when
the graphene was highly crumpled, the water droplet remained in
the Cassie-Baxter state, exhibiting superhydrophobicity (WCA >
150°). Furthermore, dual-scale control of morphology enhanced
tunability compared with single-scale approaches [46]. The surface
wettability could be dynamically and reversibly controlled by
crumpling vertically-grown (ie, nanoflower) MoS,, which
exhibited a broadened WCA tunability range from 80 to 155°
with strain dependency [Fig. 7(b)]. The crumpled nanoflower
MoS, also demonstrated reduced contact angle hysteresis com-
pared with as-prepared nanoflowers, demonstrating tunable in-

teraction at the liquid-2D materials interface.

© Materials Research Society 2020

Last, apart from advances in stretchability and flexibility of
2D materials based nanodevices [2], there is an additional need
to maintain desired device functionalities under various de-
formation. In other words, a novel functionality of strain
insensitivity can be introduced by modulating strain distribution
via structuring 2D material-based platforms. Recently, kirigami,
an art of paper cutting to enable out-of-plane deformations of
2D thin films to create 3D structures, has been adopted as
a strain-insensitive, reconfigurable means for various applica-
tions, including multidirectional photodetection/imaging [63]
and motion detection [64]. The first demonstration of a kirigami

structure using 2D materials was a highly stretchable graphene
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Figure 7: Structure-induced functionality of 2D materials: tunable wettability. (a) WCA of a water droplet on highly crumpled graphene (152°) and on unfolded
graphene (103°). Contact angle measurement as a function of biaxial compressive strain in graphene (right). (b) Schematic illustration (top) and scanning electron
microscope images (bottom) of crumpled nanoflower MoS,. WCA measurement as a function of macroscopic compressive strain. (a) Reprinted with permission

from Ref. 53. (b) Reprinted with permission from Ref. 46.

transistor [Fig. 8(a) left panel] [65]. Liquid-gated electrical
response measurements [Fig. 8(a) right panel] showed no
significant change when the device was stretched up to 240%.
This result implied that the graphene lattice experienced
minimal strain because of the kirigami-inspired structure. More
recently, a free-standing kirigami-inspired graphene electrode
encapsulated in thin polyimide layers demonstrated strain-
insensitive electrical performance up to 240% stretching and
mixed-mode strains, including shear and 720° torsion [Fig. 8(b)]
[66]. Notably, a solution-gated graphene FET developed using
the same kirigami structure exhibited strain, torsion, and shear
insensitivity. This was primarily achieved through a desired
structuring of graphene, redistributing stress concentrations via

out-of-plane buckling at the kirigami notches.

Strain-induced functionalities of 2D materials

We have discussed the functionalities that emerge due to
heterogeneous out-of-plane deformations of atomically thin
materials, enabled by wrinkles, crumples, and kirigami struc-

tures. Although these approaches exploit the effective coupling

© Materials Research Society 2020

between macroscopic deformations and their corresponding
properties, another crucial way of modifying the functionalities
of 2D materials is to engineer their in-plane lattice strain. This
has gained significant interest because the high strengths and
flexibilities of atomically thin materials enable improved
sensitivity and greater robustness to external strain when
compared with conventional bulk materials. The resulting
strain-induced modulations of electron/phonon band struc-
tures combined with heterogeneous deformations provide
unique opportunities for controlling a wide variety of 2D
material properties, including enhanced photosensitivity [67],
increased hydrogen evolution reactivity [68], higher field-effect
mobility [39], tunable photoluminescence [69], dynamic phase
transitions under ambient conditions [70], and anisotropic
thermal management [71, 72]. In this part of our review, we
will discuss in detail the strain-induced exciton dynamics and
phase transitions in 2D TMD semiconductors, with more focus
on heterogeneous deformation. One can find other review
articles regarding more general aspects of strain engineering for
2D materials [73, 74].
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Figure 8: Structure-induced functionality of 2D materials: strain insensitivity. (a) Stretchable graphene transistor based on in-plane kirigami springs (left). Electrical
response showing conductance (G) as a function of liquid-gate voltage (V| ) with a source—drain bias (Vsp) of 100 mV. (b) Highly deformable free-standing kirigami-
inspired graphene electrode (top). Strain-insensitive electrical performance (bottom) under stretching (left) and twisting (right) deformation. (a) Reprinted with

permission from Ref. 65. (b) Reprinted with permission from Ref. 66.

Excitons, electron-hole pairs bound by Coulombic attrac-
tion, are highly important for understanding the optical and
optoelectronic properties of 2D semiconductors because of
their strong binding energy (E, > 500 meV) and enhanced
stability even under ambient conditions, attributed to the
reduced screening effects in lower dimensional structures
[75]. In particular, the interactions of incident light and 2D
semiconductors (e.g., absorption and photoluminescence) can
be tuned by strain-induced modulations of the electron/
phonon band structures. For instance, uniaxial tensile strain
to monolayer/bilayer MoS, causes the splitting of the in-plane
Raman peak (E') and linear decrease in exciton energy because
of asymmetric lattice distortions and reduced optical band gap
under tensile strain [69]. Interestingly, the PL intensity of MoS,
dropped significantly under tensile strain, opposite to trend
observed in WSe, [76], because the optically forbidden indirect
KT transition started to have a lower energy than the optically
active direct KK transition. Another important aspect to be
considered is exciton-phonon coupling [77]. The different PL
characteristics of various 2D TMDs under strain (e.g., PL

© Materials Research Society 2020

linewidth, peak symmetry and radiative decay rates) were
attributed to competition between momentum-forbidden in-
tervalley transition and bright direct transition, as well as the
effectiveness of intravalley phonon scattering (e.g., phonon
band splitting). The reduced phonon scattering caused direct
KK transition excitons to remain in the light cone and
accelerated radiative decay.

While uniform deformation of 2D materials itself provides
opportunities for controlling various PL characteristics, spa-
tially heterogeneous deformation endows another important
factor to strain-induced 2D exciton engineering, that is, strain
gradient in the real space. This enables us to control exciton
flux by prompting excitons to drift toward localized strain
regions where they possess the lowest energy. Feng et al
theoretically proposed an exciton funneling-based 2D energy
harvester [Fig. 9(a)] [78]. The indentation tip was used to
generate heterogeneous strain around the tip, inducing a strain
gradient up to 9% localized biaxial strain as shown in the color
map on monolayer MoS,. The calculated absorption spectra
[Fig. 9(b)] indicate continuous shifts to lower energy under
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increasing tensile strain, enabling photon absorption with
a wide range of wavelengths and, thus, effective solar energy
harvesting. Furthermore, excitons excited at the wider band gap
regions were subject to funneling toward the highly strained
regions (ie., narrower band gap), while the strong exciton
binding energy prevented dissociation of excitons into in-
dividual electrons and holes until they reached the electron-
hole selective buffer layers at the tips [Fig. 9(c)].

The experimental evidence for exciton funneling has been
suggested in various types of heterogeneous deformations such
as buckle delamination and rigid templates. For instance,
buckle delamination of few layered MoS, [55], WSe, [48],
ReS, [56], and black phosphorus [47] on elastomeric substrates
demonstrated that heterogeneous strain is exerted along the
buckle structure, and the strain gradients between the crests
and valleys of the buckles led to exciton drift toward lower
energy regions. This was supported by Raman spectra [55, 79],
AFM/PL profiles [48], and PL enhancement [56, 80]. Similarly,
monolayer MoS, on a SiO, nanocone template revealed PL
enhancement at the peaks of the nanocones with localized
tensile strain [38]. Time-resolved spatial photoluminescence of
WSe, on SiO, pillars revealed exciton drift toward the tensile-
strained points, while strain also affected the diffusivity and
mobility of excitons [81].

Exciton funneling in strained 2D materials has been widely

investigated for single-photon emission at low temperature. In

EEEEEEEE:
Height Inm

(d)

single-photon emitters, photon distribution becomes anti-
bunched and there is a reduced chance for simultaneous
observation of more than one photon. Antibunched photons
are of vital importance as the unit entity for quantum in-
formatics and quantum cryptography. Thus, it drew unprece-
dented attention when 2D WSe, layers exhibited characteristic
quantum emitter properties at localized points at cryogenic
temperatures [82, 83, 84, 85]. Following the initial observation,
it was additionally found that nanoscale strain gradients play
a significant role in quantum emitters because the energy
gradients cause excitons to be localized and confined in
nanoscale traps. There are several approaches for inducing
highly localized strain for 2D quantum emitters, including
nanorod arrays [32, 33, 34], nanogaps [36], nanowires [37],
piezoelectric substrates [86], and microactuators with nano-
pyramids [87]. Figure 9(d) shows an AFM image of monolayer
WSe, (dotted line) transferred over gold nanogaps (yellow bar)
with a gap distance of 100 nm. The normalized PL intensity
map measured at 10 K is presented in Fig. 9(e), which reveals
stronger PL emission from WSe, suspended over nanogaps
than that of flat WSe,. The PL spectra are of very narrow
linewidth and have highly polarized characteristics with respect
to the nanogap direction. The nanogap-induced 2D quantum
emitters also show photon counts less than unity at zero time
delay as shown in the second-order correlation function g(z)(r)
[Fig. 9(f)].
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Figure 9: Heterogeneous strain engineering for exciton funneling and quantum emitters. (a) Schematic diagram of a funneling-based solar energy harvester
using strained monolayer MoS,. (b) Theoretically calculated absorption spectra of monolayer MoS, as a function of biaxial strain. (c) Schematic diagram of
conduction/valence band edges of strained MoS, and the resulting exciton funneling along the energy gradient. Electron holes move in the same direction
because of the strong exciton binding energy observed in 2D materials. (d) AFM height map of 2D WSe, suspended over a gold nanogap. (e) Normalized PL
intensity map at cryogenic temperature, showing highly localized quantum emission at the nanogaps. (f) Second-order correlation function measured from 2D
WSe, over a nanogap, revealing photon antibunching at zero time delay. (a—c) Reprinted with permission from Ref. 78. (d-f) Reprinted with permission from

Ref. 36.
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Another interesting feature of heterogeneously strained 2D
materials is the dynamic modulation of phase stability. Partic-
ularly, the metal-to-insulator transition in 2D TMDs has been
of great interest both for fundamental questions in how phase
transition occurs by strain as well as for practical applications
such as hydrogen evolution catalysis [88], Ohmic contact
devices [89], and phase change transistors and memristors
[90, 91]. The crystal structures of the semiconducting 2H and
metallic 1T' phases in 2D TMDs are schematically illustrated in
Fig. 10(a). The atomic stacking of metals and chalcogens in the
2H phase is ofafl, but it changes into an ofyo stacking
sequence in the 1T and 1T’ phase [70]. Most of those 2D TMDs
have 2H phases that are stable polymorphs at room temper-
ature and 1T’ phases at high temperatures, but the energy
barrier between the 2H and 1T’ phases diminishes under strain,
eventually resulting in a phase transition from the 2H to 1T’
phase [70, 92]. Figure 10(b) illustrates the phase stability
boundaries of various TMDs as a function of strain in a-axis
or b-axis directions [directions shown in Fig. 10(a)]. In this
theoretical diagram, only WTe, has a stable 1T" phase at room
temperature, whereas other 1T" TMDs only appear under
specific applied strains in either direction. MoTe, shows a smaller
strain requirement for 2H-1T" phase transition, and the critical

z 2H 1T
® 0 00

9000 y

strain for achieving 2H-1T" phase transition in MoTe, was
estimated to range from 0.3% to 3% [70], making it as an
appealing candidate for strain-induced phase change applications.

While the aforementioned theoretical simulations on
strain-induced phase transition deal with uniform deformation
or homogeneous strain, the experimental demonstration of
strain-induced phase transition of 2D TMDs has been achieved
mostly via heterogeneous, localized strain induced by sharp
tips, propagating cracks, etc. For instance, Song et al. in-
vestigated phase transitions of 5- to 20-nm-thick MoTe, by
applying localized strain with AFM tips and characterizing the
in situ Raman spectra and electrical conductivities [93]. It was
shown that only 0.2% of strain was required to promote phase
transitions from the insulating 2H phase to the metallic 1T’
phase [Figs. 10(c) and 10(d)], reducing the phase transition
temperature from 855 °C to room temperature. Apte et al. also
observed microscopic phase transitions in monolayer (Mo,W)
Se, alloy (Mo:W = 2:1) at the strain-concentrated crack tips
using scanning transmission electron microscopy (STEM) and
molecular dynamics simulations [94]. They determined that
the stress buildup around crack tips caused an irreversible
phase transition from 2H to 1T phases in both MoSe, matrix
and WSe, patches [Fig. 10(e)]. More recently, a strain-induced
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Figure 10: Metal-to-semiconductor phase transition in 2D semiconducting materials. (a) Schematic illustration of the crystal structure of the semiconducting 2H
phase, metastable 1T phase, and stable, distorted metallic 1T" phase. (b) Theoretically simulated phase stability diagram with the locus of critical strain for phase
transition in the a- and b-direction. (c) Thin MoTe, flake suspended over the Si patterned hole. (d) Raman spectra of MoTe, at different locations with inducing
strain by AFM tip (~0.2% equiaxial strain). (e) Nanoscopic 2H-1T phase transition in (Mo,W)Se, near the propagating crack tip. (a, b) Reprinted with permission
from Ref. 70. (c, d) Reprinted with permission from Ref. 93. (e) Reprinted with permission from Ref. 94.

© Materials Research Society 2020

cambridge.org/JMR

www.mrs.org/jmr

Journal of Materials Research

—_
N



Downloaded from https://www.cambridge.org/core. University of Illinois at Urbana - Champaign Library, on 05 Apr 2020 at 21:45:12, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1557/jmr.2020.34

B M 22 s

phase change transistor was realized by electric field-induced
strain on 13-nm-thick MoTe, [91]. Large in-plane tensile stress
(0.58 GPa) was applied to MoTe, by the ferroelectric substrate
and 35 nm of Ni contact pad, which generated 0.4% in-plane
strain in MoTe, near the metal contact area. After several
cycles, the device began to exhibit nonvolatile switching be-
havior because of the electrically conducting 1T’ phase
spreading from the metal contact area.

These experimental results may imply that localized high
strain may facilitate the nucleation of phase transition, while the
role of strain gradients in phase transition has yet to be
investigated. In addition, it remains a challenge to realize spatially
controlled phase transitions via precisely programmable local
strain and strain gradients, which would allow for strain-induced
memristors [90] and contact resistance—controlled devices [89,

95] as demonstrated in other 2D phase transition approaches.

In conclusion, controlling the deformation of 2D materials with
spatial heterogeneity is an effective and versatile approach for
engineering functionalities via either macroscopic out-of-plane
structures or lattice strains combined with strain gradients.
Significant efforts have been devoted to understanding the unique
mechanical characteristics of 2D materials and exploiting them to
achieve programmable and precisely controlled deformation at
multiple length scales. As we have discussed, heterogeneous
deformation via epitaxial lateral growth, flexible substrates, and
kirigami structures realized emerging properties such as confined
plasmons, enhanced photoresponsivity, tunable wettability, and
strain insensitivity. Furthermore, heterogeneous strain fields in 2D
semiconductors offered varying opportunities for achieving exci-
ton flux or localized exciton distribution, as well as dynamic phase
transitions without requiring chemical or thermal treatments.

In addition to the efforts thus far, there are several
perspectives for future research on heterogeneous deformation
of 2D materials. First of all, extending the material palettes for
controlled deformation beyond graphene and few TMDs is of
great importance as it will yield more degrees of freedom for
tuning diverse functionalities other than optical and electronic
applications. For instance, there is a growing interest in 2D
magnetism and ferromagnetic-antiferromagnetic transitions by
means of strain engineering for improved controllability and
higher Curie temperatures, which have been only demonstrated
in theoretical simulations [96, 97]. Moreover, the anisotropic
thermal conductivity in heterogeneously deformed 2D materi-
als has been theoretically demonstrated to be very effective for
nanoscale thermal management, but further experimental re-
search must be performed for implementing strain architecture
into thermal characterization [71, 72]. In addition to homoge-

neous 2D materials, artificially stacked or laterally grown 2D

© Materials Research Society 2020

heterostructures are also important candidates for heteroge-
neous deformation because of their combinatorial freedom and
interesting physical phenomena such as long-lived interlayer
excitons or angle-dependent Moiré potentials.

Expanding the capabilities of controlled deformation in 2D
materials will also require the development of deformation
strategies compatible with varied operating conditions, such as
at low/high temperatures, under extreme pressures, or sub-
merged in fluids. For instance, many-body interactions or
superfluidity of heterogeneously deformed 2D materials can
be interesting subjects for condensed matter research because
of the localized strain effects on various bosons and fermions,
although they often require extreme cryogenic temperatures
[98, 99]. Electrochemical properties such as supercapacitance
or enhanced electric double layers (EDLs) of crumpled 2D
materials in liquid phases are also intriguing research areas and
will require a more rigorous understanding of how 2D material
interactions with deforming substrates are influenced by the
surrounding liquid structure and electrostatic forces.

Last, another important issue to investigate in the future is
how to improve tunable deformations, such as with precise control
of strain/structure, higher strains, and dynamic reconfigurability.
As it has been recently demonstrated, 3D architecture combined
with microelectromechanical systems (MEMSs) or piezoelectric
devices can be a promising approach for enhanced precision via
electrical control of strain and highly tunable functionalities (e.g.,
phase transition [91] and quantum emitters [87]). In addition,
more conformal and high-aspect-ratio deformation that may
induce higher strains and strain gradients than conventional
approaches would offer even greater opportunities for strain
engineering of excitons, phonons, and phase transitions to the
extent only theoretical simulations have been demonstrated.
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