Elastically strained nanowires and
atomic sheets
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Deformation is one of the most fundamental aspects of materials. While mechanical failure
is an outcome of deformation to be avoided, elastic deformation can have a pronounced
and positive impact on materials properties. The effect of elastic deformation becomes even
more evident at low dimensions, because at the micro/nanoscale, materials and structures
can usually sustain exceptionally high elastic strains before failure. The purpose of this
overview is to present a summary of recent progress on elastically strained nanowires and
atomic sheets. First, we will demonstrate that nanowires can sustain large elastic strains,
and their bending modulus increases exponentially as the nanowire diameter decreases.
Second, the elastic strain has been found to significantly modify the electronic structure of
semiconductor nano/microwires to induce a metal-insulator transition at room temperature
and to efficiently transform the mechanical energy into electricity. These recent developments
point to potential future applications based on the elastic strain engineering of nanoscale

materials.

Introduction

Strain is a universal phenomenon pertinent to the synthesis,
fabrication, and applications of all types of materials. Strain
can have two distinct regimes: In the plastic regime, materi-
als generally undergo irreversible changes, such as failure or
property degradation. Elastic deformation, on the other hand,
can induce reversible changes to materials properties, from
electronic and chemical to optical; this is called elastic strain
engineering (ESE). A particularly successful application of
strain engineering is pushing the limit of miniaturization of
silicon-based field-effect transistors.! By alternating deposi-
tion of Si and Ge layers, the interlayer lattice mismatch creates
controllable strain in the silicon crystal. The precisely con-
trolled strain breaks the crystal field symmetry and reduces
the scattering of carriers by phonons, resulting in substantially
increased carrier mobility, which allows for further reduction
in the channel size.

“Magnified” strain effects in nanowires

The strength of a material depends very strongly on its
dimensions. Typically, smaller structures can tolerate larger
deformations before yielding. For a given rod structure under
a bending deformation, the smaller the radius of the rod (dis-
tance to the rod axis), the larger the strain it can sustain at the
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maximum elastic loading stress.> Therefore, it is anticipated
that ESE can be profitably explored in materials with reduced
dimensions, such as nanowires and atomic sheets.

Rapid progress in device miniaturization has led to the quick
rise of flexible, nanoscale devices for which one-dimensional
nanowires and atomic sheets such as graphene are particularly
promising candidate materials. These materials possess unusual
electronic properties, frequently arising from giant surface
effects and strong quantum confinement. Thanks to their
reduced dimensions, these materials also exhibit superb
mechanical properties, some of which (e.g., graphene) are
among the strongest human-made materials. Moreover,
unlike in strain-engineering in the conventional microelec-
tronics industry, where uniform strain is often employed to
enhance materials properties, in these low-dimensional wires
and sheets, inhomogeneous strain fields can also be generated,
providing unprecedented opportunities to explore paradigms
of ESE. Therefore, nanowires and atomic sheets are ideal plat-
forms to explore novel elastic strain effects and device concepts
at the nanoscale.

Wong et al. were among the first to address the size
effects of mechanical properties of nanotubes and SiC nano-
rods using atomic force microscopy (AFM).* They found
that the strengths of SiC nanorods were substantially greater
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the bandgap energy decreased (was red-shifted)
by about 110 meV for a smaller nanowire
~100 nm in diameter under a large elastic ten-
sile strain up to ~7.3%, which is nearly double
the value of ~59 meV for a larger nanowire
of 760 nm in diameter under a tensile strain
of 1.7%. A two-step linear feature involving
bandgap reduction caused by strain and a cor-
responding critical strain was observed in ZnO
nanowires with diameters <300 nm. The same
group also observed unusually large elastic
1. strains in copper nanowires approaching the
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1 ; s r T T increases very sensitively with the increase in
bending strain under AFM tip manipulation.'
Yu’s group conducted a systematic investiga-
tion of strain modulation on the optical emis-

Figure 1. Sample size effects on the bending Young’s modulus in (a) metallic Ag nanowires*
and (b) ceramic zinc oxide nanowires.® In both cases, the modulus (E) increases dramatically
with a decrease in the nanowire diameter (D).

sion energy and electronic fine structures of

than those found previously for SiC bulk structures. The size
effect of nanowires is also reflected in the variation of the
Young’s modulus upon bending as a function of the nanowire
diameter. Yu’s group* systematically investigated metallic
silver nanowires by precisely placing individual Ag nanowires
of different diameters over microhole arrays via focused ion
beam milling. A calibrated AFM tip was used to push down
on the middle point of each suspended Ag nanowire. From
measurement of the force applied with each push and the cor-
responding displacement, the bending Young’s modulus could
be easily deduced, as shown in Figure 1. It is somewhat sur-
prising to observe that the bending Young’s modulus increases
from the bulk value of ~76 GPa to as high as ~160 GPa as
the diameter of the nanowire decreases to ~20 nm. Similar
observations were found for other brittle ceramic materials.
For example, Zhu and co-workers® studied ZnO nanowires by
applying an alternating electric field at the tip of a single ZnO
nanowire, causing it to undergo bending vibrations (Figure 1b).
The bending Young’s modulus increased exponentially with
decreasing ZnO nanowire diameter, from the bulk value of
~140 GPa to ~200 GPa at a diameter of 20 nm. A core—shell
model was proposed to explain the abnormal increase.

Han and Zhang carried out a systematic investigation of the
mechanical properties of a series of semiconducting nanowires
(Si, SiC, and glassy silicon oxide, which are all brittle in bulk
form).*? The size-dependence of the energy bandgap of ZnO
nanowires under elastic tensile strain is particularly interest-
ing, observed via in situ cathodoluminescence measurements
in a scanning electron microscope (SEM). They found that the
maximal strain and the corresponding bandgap modification
increased with decreasing nanowire diameter.!” For example,
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ZnO nano/microwires under elastic bending
deformation."* ' To confirm that the bending deformation is
in the elastic regime, a single ZnO nanowire was pushed and
bent on a silicon substrate, before applying a drop of liquid
to release the bent nanowire from the substrate and return it
to its original straight form. The bending strain modifies the
near-edge emission energy of ZnO nanowires, as revealed by
cathodoluminescence (CL) spectroscopy at liquid nitrogen
temperature (~81 K). Figure 2 presents a collection of CL
spectra along the axial positions of a single ZnO nanowire
bent into an “L” shape. These were obtained from 13 axial
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Figure 2. Elastic strain modification of the emission energy
of cathodoluminescence of a bent ZnO nanowire. Evidence of
elastic bending strain modification on the optical properties
of bent ZnO nanowires via high spatial/energy resolution
cathodoluminescence (CL) at 81 K. CL spectra correspond to
locations along the nanowires bent into L- and S-shapes.'®
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positions corresponding to different radii of bending curvature
(and different bending strains).!* Clearly, the energy of the
near-edge emission is altered by the changing bending strain,
resulting in an overall red-shift with increasing strain. A ZnO
nanowire bent into an “S” shape displays similar red-shifting
at the two bent positions (maximum strains)."* Obvious peak

broadening is also observed.

Considering the electron beam scattering
volume at the working accelerating voltage and
the exciton diffusion length, wires of larger
diameters would allow better resolution of the
strain modification route for the optical proper-
ties of ZnO. As shown in Figure 3, a hexagonal-
shaped ZnO microwire, with a diameter ~3 pm
and length of several hundreds of pum, was
used for systematic analysis.!* Nine posi-
tions marked with “I” to “IX” were selected
for a CL line scan analysis along the radial
direction. Because at each position the wire
has a different bending radius of curvature, it
undergoes different elastic bending strains.
Across the cross-section at each line scan
position, there exists a linear strain ranging
from tensile to compressive. Clearly, the two
free ends marked “I”” and “IX” are strain-free. To
present the change rate of the local strain along
the axial direction, a novel parameter called the
strain gradient [ is proposed, which is defined
as the inverse of the radius p of the bending
curvature: § = 1/p. With a scan step ~100 nm,
more than 30 CL spectra were collected along
the cross-section at each line-scan position. The
complete sets of the CL spectra collected at the
nine positions are presented in Figure 3, and
the corresponding strain gradients are marked
as well. The two dominant exciton peaks shift
linearly with the strain gradient.'

CL spectroscopy in the SEM not only guar-
antees very high spatial resolution compared
to laser excitation but also has high energy
resolution at low temperature, allowing for
the collection of very clean spectra that make
the subsequent analysis much more straight-
forward. Therefore, a systematic CL spectros-
copy analysis was conducted at liquid helium
temperature (~5.4 K), as shown in Figure 3. A
representative series of CL spectra are pre-
sented that were obtained from a line scan along
the cross-sectional direction of another bent
ZnO microwire. Surprisingly, modification of
the bending strain is asymmetric, that is, at the
tensile side, a mono red-shift with an increase
in the tensile strain can be seen. However, on
the compressive side, blue-shifting, broaden-
ing, and peak splitting occur with increasing
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compressive strain. Such a strain gradient effect is unique
and representative for nanowire structures under non-uniform
bending deformation, as the strain gradient causes a built-in
field that can manipulate the transport of the carriers, leading
to possible new concept devices.

Elastic strain also has significant effects on other func-

tional properties of the nanowires.'®?° Yang et al. investigated
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Figure 3. (a) Strain gradient effects in ZnO microwires. (a) Top left: Scanning electron
microscope image of a ZnO microwire with a diameter of ~3 pm and hexagonal cross-
section, and (top right) nine axial positions selected for cathodoluminescence (CL) spectral
line scans along the nanowire radial direction (r). The resulting CL spectra (bottom) show
the effect of the change from compressive to tensile strain across the wire at strained
locations.™ (b) Emission photon energy as a function of strain of a bent ZnO microwire
with a diameter of ~2.5 um at ~5.4 K."® Mono red-shift occurs with the increase in the
tensile strain, while blue-shift, broadening, and peak splitting occur with the increase in the

compressive strain.
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the piezoresistance of a single p-silicon nanowire under
uniaxial tensile/compressive strain and observed a so-called
giant piezoresistance phenomenon.'® Liu et al. theoretically
constructed an elastically strained silicon nanoribbon, which
consists of a normal and a strained unit cell, called a single-
element electronic heterojunction superlattice.’ In such a
strained configuration, it is predicted that, due to the strain
effect and quantum confinement, it is possible to manipulate
the motion of carriers via elastic strain.

Wau et al. demonstrated another excellent example of elastic
strain manipulation of nanowire properties.?® Via simple tip
manipulation of the bending deformation of a single-crystal
vanadium dioxide nanowire, they were able to control the
metal—insulator transition at room temperature, which normally
happens at an elevated temperature in its bulk counterpart, as
shown in Figure 4.

Wang’s group at the Georgia Institute of Technology has
used the elastic bending deformation of ZnO micro/nanowires
to create new kinds of nanogenerators?' ¢ and flexible strain
sensors.””*® Figure 5 summarizes the main physical principle
as to how elastic bending strain converts mechanical energy
into electricity using piezoelectric ZnO nanowires. The initial
nanogenerators are based on a tungsten AFM tip bending ver-
tically arrayed ZnO nanowires, and the output arises from the
unique coupling of piezoelectric and semiconducting proper-
ties. It is found that a metal (tungsten tip)-semiconductor (ZnO
nanowires) Schottky barrier plays a crucial role and governs
the whole power generating process. Specifically, no output
current is collected when the tungsten tip first touches the
nanowire and pushes the nanowire, and power output occurs
only when the tip touches the compressive side of the bent
nanowire. So far, flexible high-output nanogenerators based
on ZnO nanowire arrays have already been demonstrated that
can charge light-emitting diodes® and could potentially be
used in wireless microelectronic devices.”” The excellent
mechanical and strain-enhanced physical properties have made
semiconductor nanowires competitive and promising candi-
dates for use in flexible solar cells®® and supercapacitors.*

Figure 4. Elastic bending strain manipulation of metal (bright
contrast)-insulator (dark contrast) transition at room temperature
in VO, nanowires.?®
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Figure 5. Nanowire nanogenerators based on piezoelectric ZnO
nanowires: Elastic bending strain transfers mechanical energy
into electricity, revealing a unique coupling of piezoelectric and
semiconducting properties in a metal-semiconductor Schottky
barrier governed transport process. V,,, potential at the metal tip;
V,, potential at the nanowire; /, current.?!-2527

Graphene, the strongest material

Graphene is a two-dimensional atomic carbon sheet that dis-
plays remarkable and distinctive electronic and mechanical
properties®' 33 (see the December 2012 issue of MRS Bulletin).
Its unique electronic properties, which arise from a linear
Dirac-like band dispersion near the Fermi level, have led to
novel physics and have stimulated intensive investigations into
high mobility all-carbon electronics. Because graphene con-
sists of a two-dimensional sheet of covalently bonded carbon
atoms, its intrinsic tensile strength is predicted to exceed that
of any other material. This enormous strength is the motiva-
tion for the current use of carbon-fiber reinforcements, whose
strength still falls well short of the intrinsic value of the fibers,
in advanced composites. Replacement or supplementation
with graphene may permit even higher performance compos-
ite materials.

Lee et al. experimentally verified the ultrahigh strength
of graphene.** As shown in Figure 6, the elastic properties
and intrinsic breaking strength of freestanding monolayer
graphene membranes were studied by nano-indentation using
AFM. Analysis of the shape of the force-displacement curves
yields a Young’s modulus of ~1 TPa, equivalent to the basal-
plane stiffness of graphite—as expected due to the weak
interlayer interaction. To deduce the breaking strength from
the measured breaking force, finite element analysis simulated
the experiment, employing a nonlinear constitutive model of
the stress—strain behavior. The simplest such model yields an
intrinsic strength of 130 GPa. Subsequent analysis employing
a more detailed nonlinear anisotropic model yielded a more
accurate value of 100 GPa from the same data.* This ultrahigh
strength demonstrates that graphene is the strongest material
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Figure 6. Elastic properties and intrinsic breaking strength of
freestanding monolayer graphene membranes suspended on
microholes by atomic force microscope (AFM) nanoindentation.
The schematic (c) depicts how force is applied with the AFM
tip, and scanning electron microscopy (a) and AFM images
((b) intact and (d) fractured) show the graphene before and after
measurements. (a) | is a hole without graphene; Il is a hole with
graphene; and Il is broken graphene.

ever measured, and shows that atomically perfect nanoscale
materials can be mechanically tested to deformations well
beyond the linear regime. In more recent work, Lee et al. have
demonstrated that this ultrahigh strength is maintained even in
the presence of grain boundaries, opening up the possibility of
large-area applications.

The ultrahigh mechanical strength makes it possible to impart
very large elastic strains, which can significantly engineer the
electronic states of graphene.’’* In particular, strain causes
shifts in the location of the Dirac points in the electronic band
structure in the same way as an applied mag-

Figure 7. Demonstration by scanning tunneling microscopy
of quantized Landau levels occurring in bubbled graphene—a
result of strain-induced pseudo-magnetic fields greater than
300 T.*®®

regimes in condensed matter and to achieve deliberate me-
chanical control over electronic structure in graphene.

Feng et al.***! presented a recent example demonstrating
strain engineering of an atomic sheet. They considered the
possibility of tuning the optical absorption and charge carrier
dynamics in an atomically thin semiconducting membrane.
The central idea proposed is to utilize the spatial variation of
the bandgap induced by the elastic strain field to direct the
flow of charge carriers and create a spatial concentration
of excitons or charge carriers. Using this idea, a photovoltaic
device that is made from a strain-engineered MoS, mono-
layer was proposed. As shown in Figure 8, the atomic sheet
is subject to a central load configuration under a mechanical
indenter, whereupon an inhomogeneous strain field is focused
toward the center of the membrane. The strain field thus

netic field. A particularly dramatic example
of this effect was demonstrated by Levy and
co-workers on highly strained nanobubbles
in graphene grown on a Pt(111) substrate, as
shown in Figure 7. Via detailed measurements
and simulation of the scanning tunneling
spectra, they found that the bending strain
of the bubbled graphene caused enormous
pseudo-magnetic fields greater than 300 Tesla,
resulting in quantized Landau levels.** These
results*** suggest that strain engineering at
nanoscale energy levels can be a viable means
to control the electronic structure of graphene
even at room temperature. The experimental
demonstration of the enormous pseudo—
magnetic fields also provides a new basis
to study the charge carriers in previously
inaccessible extremely high magnetic field

External load

d membrané

Hole-selective
buffer layer

Anode

Figure 8. Strain-engineered artificial atom as a broad-spectrum solar energy funnel.
Mechanical indentation of a monolayer sheet of MoS, creates a strain gradient and

corresponding variation in bandgap, resulting in broad spectrum absorption and funneling
of charge carriers to the indentation site.*
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produced then modulates the exciton spectrum of the semicon-
ductor to create an effective built-in field, concentrating the
charge carriers toward the center of the funnel-shaped device.
Feng et al. proposed that a strain-engineered funnel device
will capture and concentrate a broad range of the solar spec-
trum as schematically shown in Figure 8. Very recently, using
photoluminescence imaging, a strain-induced reduction of
the direct bandgap and funneling of photo-generated excitons
toward regions of higher strain was experimentally observed
in MoS, monolayers.** In another experiment, Nam et al.
induced a strain gradient along Ge nanowires to induce charge
carrier concentration similar to conventional semiconductor
heterostructure. This effect was probed by spatially resolved
photoluminescence measurements.*

Summary and outlook

Semiconductor nanowires and graphene are representative
1D and 2D nanostructures, respectively, which can tolerate
much higher elastic deformation compared to their bulk
counterparts. Just as classical chemical doping allows for the
fabrication of a wide range of optoelectronic devices, such
as photovoltaic cells, semiconductor lasers, light-emitting
diodes, and field-effect transistors, elastic strain offers another
degree of freedom to continuously and reversibly tune the lat-
tice parameter in nanowires and atomic sheets, and to modu-
late the electronic states and even carrier dynamics. We would
like to point out that although there has been exciting prog-
ress already made in the elastic strain engineering of nano-
wires and atomic sheets, many challenges remain in this field.
Innovative ideas, novel means of characterization, and more
powerful and effective methods of theoretical calculations
and simulations are needed before the dream of new concept
strain-modulated nanodevices is realized and changes our
daily lives.
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