Downloaded via UNIV OF ILLINOIS CHICAGO on September 27, 2019 at 20:59:27 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

& Cite This: ACS Nano 201

9, 13, 3730-3738 www.acsnano.org

Strain-Energy Release in Bent Semiconductor
Nanowires Occurring by Polygonization or

Nanocrack Formation

Zhiyuan Sun,T Chunyi anng,T Jinglong Guo,f£ Jason
and David N. Seidman®*

T. Dong,T Robert F. Klie,i Lincoln J. Lauhon,*’T

TDepartment of Materials Science and Engineering, Northwestern University, 2220 Campus Drive, Evanston, Illinois 60208-3108,

United States
*Department of Physics, University of Illinois at Chicago, Chicago,

Ilinois 60607, United States

$Center for Atom-Probe Tomography (NUCAPT), Northwestern University, 2220 Campus Drive, Evanston, Illinois 60208-3108,

United States

© Supporting Information

ABSTRACT: Strain engineering of semiconductors is used to
modulate carrier mobility, tune the energy bandgap, and drive
growth of self-assembled nanostructures. Understanding strain-
energy relaxation mechanisms including phase transformations,
dislocation nucleation and migration, and fracturing is essential
to both exploit this degree of freedom and avoid degradation of
carrier lifetime and mobility, particularly in prestrained
electronic devices and flexible electronics that undergo large
changes in strain during operation. Raman spectroscopy, high-
resolution transmission electron microscopy, and electron
diffraction are utilized to identify strain-energy release
mechanisms of bent diamond-cubic silicon (Si) and zinc-
blende GaAs nanowires, which were elastically strained to >6%

at room temperature and then annealed at an elevated temperature to activate relaxation mechanisms. High-temperature
annealing of bent Si-nanowires leads to the nucleation, glide, and climb of dislocations, which align themselves to form

grain boundaries, thereby reducing the strain energy. Herein, Si

nanowires are reported to undergo polygonization, which

is the formation of polygonal-shaped grains separated by grain boundaries consisting of aligned edge dislocations.
Furthermore, strain is shown to drive dopant diffusion. In contrast to the behavior of Si, GaAs nanowires release strain
energy by forming nanocracks in regions of tensile strain due to the weakening of As-bonds. These insights into the
relaxation behavior of highly strained crystals can inform the design of nanoelectronic devices and provide guidance on

mitigating degradation.
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lastic strain is used to modulate the bandgap and charge

carrier mobility of semiconducting crystals, providing

an important degree-of-freedom in semiconductor
device engineering.l Plastic deformation, or the nucleation
and migration of dislocations to relieve strain, must
concurrently be controlled to avoid electronic device
degradation and failure.”* Dislocation nucleation and migra-
tion are activated by strain and temperature, leading to
thresholds for plastic relaxation specific to the device geometry
and operating conditions. For example, in highly scaled field-
effect transistors (FET), such as Fin-FETs with strained
channels, high operating temperatures can activate dislocation
nucleation, which degrades charge mobilities, reduces the
threshold voltage, and increases the leakage current.*”’
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Flexible electronic devices must survive hundreds of thousands
of cycles without fatigue and/or creep, which could result from
strain-activated dislocation nucleation and migration. Because
relaxations leading to degradation originate at the atomic scale,
a nanoscopic understanding of relaxation mechanisms is
essential to the engineering of reliable electronic and photonic
devices.

Intriguingly, single-crystal semiconductor nanowires repre-
sent an exciting platform for the development of nanoelectric
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devices® and exploration of the nanoscale origins of mechanical
properties.” Due to the perfection of the interiors and surfaces
of nanowires, their elastic properties approach theoretical
predictions, making them excellent candidates for fundamental
studies of the onset of dislocation nucleation and fracture upon
tensile stretching and bending.'”™"* In the absence of pre-
existing defects, which may decrease nucleation barriers of
additional defects, semiconductor nanowires, including Si and
GaAs, can tolerate large elastic deformation without plasticity
or fracture in tension'* and/or bending“’15 at room
temperature. This suggests that they may also be more
resistant to degradation in some device contexts. In contrast,
plasticity is readily observed in ductile metal nanowires, such as
Au and Pd, in which dislocations nucleate at the surface upon
bending.'*'*"”

Advances in microelectromechanical systems (MEMS)
testing stages and in situ transmission/ scanning electron
microscopy (T/SEM) have enabled many important studies
of the mechanical properties of nanowires.""'®" Tt is,
however, emphasized that even brittle semiconductors may
display plasticity under electron-beam illumination, which
facilitates the nucleation and migration of dislocations.'”’
While studies that observe extrinsic plasticity”' are numerous,
there have been far fewer investigations of thermally activated
intrinsic plasticity of nanowires, which are completely free of
measurement artifacts. Thermal annealing of strained nano-
wires, with observations before and after annealing, can be
used to explore the metastable quasi-equilibrium configura-
tions of imperfections in nanowires that relieve strain. The
thresholds for dislocation nucleation and migration in
nanoscale single-crystals based on experiments better represent
the possible performance limits of these materials.

Herein, we report analyses of strain relaxation mechanisms
in bent Si and GaAs nanowires, subjected to high-temperature
annealing to explore fundamental thresholds for plastic
relaxation. The nanowires are maintained in bent config-
urations on flat substrates and then annealed at a high
temperature to activate relaxation mechanisms that are
inaccessible at room temperature. Silicon nanowires transform
from continuously bent single crystals to discrete polygonal
grains following the nucleation and strain-driven alignment of
edge dislocations into periodic grain boundaries. Strain also
drives the diffusion of P and B dopant atoms, providing an
additional relaxation mechanism. Polygonization was first
observed in 1949°” by bending and annealing macroscopic
crystals of iron-silicon,”® Zn,** GaAsP,*® Si,”® or NaCl,*’ at an
elevated temperature. At elevated temperatures, dislocations
generated by the bending strain can rearrange themselves end-
to-end by a combination of glide and climb mechanisms. While
polygonization has been observed in a metal nanowire,”® it has
not been reported for brittle semiconductor nanowires.
Additionally, we find that bent GaAs nanowires do not
polygonize as a result of dislocation glide and climb. Instead,
they exhibit a mixture of plastic and brittle behavior as they
relax into polygonal morphologies resulting from the formation
of nanoscale cracks propagating from the nanowire’s surfaces
under tensile strain. Both relaxation modalities reveal ways to
release the bending strain energy in semiconductor nanowires
at elevated temperatures.

RESULTS AND DISCUSSION

Silicon nanowires grown using a gold droplet mediated vapor—
liquid—solid process (see Experimental Methods) were
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transferred to native-oxide-coated Si substrates to generate
regions of compressive and tensile strains, varying from 0 to
7% (Figure 1). Electron backscatter diffraction (EBSD)

Emax=d/2R

Figure 1. Mechanical transfer creates continuously varying strain
in Si nanowires. (a) Optical microscope image of bent Si
nanowires. (b) SEM micrograph of a bent Si nanowire. (c)
EBSD pattern taken from the region indicated by the red circle in
(b), which is utilized to determine the nanowire’s growth direction
and out-of-plane direction. (d) Schematic diagram of the elastic
strain profile generated by bending, where the maximum tensile
(compressive) strain at the outer (inner) surface is given by d/2R,
where d is the nanowire’s diameter and R is the bending radius;
the black dashed curve is the so-called neutral plane, which is well
known from linear elasticity theory of the bending of macroscopic
beams.

analyses of 31 nanowires with average diameters of 100 nm
demonstrated that the nanowires are (112)-oriented bicrystals
with {111} planes parallel to the substrate (Figure 1b, Figure
S1) due to the dimensions of the two {111} facets on opposite
sides of a Si nanowire.”’ At room temperature, the deformation
mode is anticipated to be elastic for the range of strains
examined in this study.'"'* The outer surface of the bent
region is under tensile strain, while the inside region is under
compressive strain, with the maximum strain given by d/2R,
where d is the nanowire’s diameter and R is the bending radius
according to the Euler—Bernoulli elastic theory of the bending
of beams (Figure 1d). The magnitude of the strain decreases
linearly toward the center of the Si nanowire, which is the so-
called neutral plane of the bent Si nanowire.

Correlated Raman microscopy and scanning electron
microscopy (SEM) were utilized to map the elastic strain
distribution at room temperature and observe strain relaxation
activated by annealing at an elevated temperature (Figure 2).
Toward this end, bent nanowires were annealed in 5% H,
(balance N,) at 920 °C for 4 min with the expectation that
dislocations will be nucleated at a nanowire’s surface'”*' and
migrate” under the influence of the strain gradients created by
bending and dislocation-dislocation interactions. Prior to
annealing, imaging of a Si nanowire’s Raman scattering
intensity (Figure 2a) and the full-width at half-maximum
(fwhm) (Figure 2b) confirmed that the peak elastic strain

occurs at the position of the maximum bending radius (Figure
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Figure 2. Analysis of elastic strain variations using Raman spectroscopy. (a) Integrated intensity of F,, mode at 519 cm™!, prior to annealing
the nanowire to a maximum strain of 4.4%. (b, c) Map of fwhm of F,, mode before (b) and after (c) thermal annealing. (d) SEM image of a
bent region indicated by the blue square in (c); white arrows indicate the positions of the polygonization walls, which are grain boundaries
consisting of edge dislocations. (e) Raman spectra of strain-free region (green), region of 4.4% strain before annealing (blue), and the
strained region after annealing (green). The blue and red colored arrows in (b) and (c) indicate the locations where Raman spectra were
acquired. (f) Raman spectra before and after annealing the nanowire with a maximum strain of 2.5%; note that relaxation is not observed.

2b, blue arrow); the tensile and compressive strains in the
inner and outer bending surfaces produce opposite peak shifts
of the F,; mode, leading to an overall increase in the fwhm
values in the strained regions of the nanowire (Figure 2e,f). !
For nanowires above a critical strain threshold of 3%, discussed
further below, annealing to 920 °C reduces the fwhm values
(Figure 2e) preferentially at the position of maximum bending
strain (Figure 2c, red arrow). This implies a reduction in the
elastic strain and concomitantly the elastic strain energy, within
the region sampled by the confocal Raman measurement
(~500 nm fwhm); that is, the elastic strain energy has been
relaxed. In these regions, we also observe microscopic bending
in the form of abrupt changes in direction in the SEM images
(Figure 2d). The abrupt bends correspond to grain boundaries
that consist of edge dislocations. In contrast, for a nanowire
below a critical strain threshold, no change in the Raman fwhm
is observed (Figure 2f), and its morphology is unchanged. As
demonstrated below, annealing of highly strained Si nanowires
leads to relaxation of the elastic strain energy through plastic
deformation, which involves the nucleation of edge disloca-
tions. Furthermore, the global strain energy in the bent region
is reduced as a result of polygonization,®® which has not
heretofore been reported in semiconductor nanowires.

At elevated temperatures, the stress in the bent region drives
collective dislocation motion, which leads to polygonization or
the formation of discrete crystalline grains joined by grain
boundaries consisting of aligned and regularly spaced edge
dislocations (Figure 3, Figure S2). High-angle annular dark-
field (HAADF) STEM imaging establishes that edge
dislocations with [110]-type Burgers vectors align with
approximately equal spacing to form low-angle (<10°) grain
boundaries (Figure 3c—f), which are visible as abrupt changes
in the nanowire axis in the SEM images. Images of high-angle
(>20°) grain boundaries are presented in the Figure S3. The
bright contrast effects surrounding the edge dislocations
indicates segregation of Au atoms, which are incorporated in
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the nanowire from the Au catalyst during VLS growth,*** to

the tilt grain boundaries, forming Cottrell atmospheres®®
(Figure 3c,d; Figure S4). Both 1/2[1 1 0] and 1/2[0 1 1]
dislocations are observed (Figure 3d,e). A grain boundary can
be composed of both types of edge-dislocations (Figure 3c) or
only one type of edge-dislocation (Figure 3f). The dislocation
spacing D at tilt or twist boundaries can be calculated from the
Read—Shockley equation, which is applicable for either a
symmetric tilt or twist grain boundary for any value of 0:

b
D 2 /(sin(6/2) )
where b = 0.383 nm, the magnitude of the 1/2[0 1 1] Burger’s
vector, and @ is the tilt angle (radian), which is 11.1° (0.19
rad) for the tilt boundary in Figure 3f. The calculated
interdislocation spacing, 1.98 nm, is very close to that
measured value utilizing a HRTEM image, 2.03 nm.

The process of polygonization proceeds sequentially through
three steps: (1) [1 1 0] edge dislocations identified in Figure 3
are generated at the surface of the nanowire;”' (2) the edge
dislocations glide on {1 1 2}-type slip planes; and (3) the edge-
dislocations climb normal to {1 1 2}-type slip planes and align
themselves in dislocation arrays to form symmetric tilt grain
boundaries.'> In polygonization, the climb of edge dislocations
is the rate-limiting step; climb involves nonconservative
motion of an edge dislocation because it requires mass
transport mediated by thermally activated vacancy migration,
and the activation energy for migration of a vacancy’® *®
exceeds that of nucleation. Polygonization by edge dislocation
climb has been observed previously in macroscopic Ge crystals
subjected to the same bending strain geometry as used
herein.”” A more detailed study on iron-silicon specimens
demonstrated that edge dislocations form and slip at relatively
low-temperatures (600 °C), whereas polygonization occurs
only at a higher temgerature once thermally activated
dislocation climb occurs.”® Although polygonization has been
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b=1/2[1 1 0]

b=1/2[0 1 1]

Figure 3. (a) A polygonized Si nanowire with six tilt grain boundaries indicated by white arrows. (b) Schematic diagrams of edge dislocations
formed by annealing, which involve both glide (red arrow) and climb (green arrow) processes to form symmetric tilt grain boundaries
between the straight segments. (c) HAADF STEM image of a symmetric tilt grain boundary. Inset: fast Fourier transform of image in (c)
indicating the [1 1 1] zone-axis and crystal rotation at the bend. (d) Edge dislocations from the green box in (c). Blue dots indicate a Burgers
circuit identifying the edge dislocations shown in (e) green arrow 1/2[1 1 0], red arrow 1/2[0 1 1]. (f) Array of [0 1 1] edge dislocations at a

symmetric tilt grain boundary.

observed in bulk specimens, it is worth noting differences in
dislocation nucleation and motion between bulk Si and Si
nanowires. First, because nanowires are single crystals, the
surface is the source of dislocations, which form more easily at
the surface due a reduced activation energy; the large surface-
to-volume ratio of Si nanowires implies that dislocation
generation per unit volume is greater in nanowires than bulk
in Si. Second, the small nanowire diameter (~100 nm) implies
that polygonization can occur with rather short glide and climb
distances compared to bulk specimens, and therefore faster. In
summary, polygonization is kinetically more favorable in
nanowires. A more extensive discussion of polygonization in
bulk Si is found elsewhere.*® Herein, we consider how the
activated nature of dislocation nucleation, glide, and climb
leads to the observation of a threshold strain for polygonization
of a nanowire, analyzed using Raman spectroscopy studies as
described below.

Dislocation nucleation is a thermally activated process
occurring at a rate, v, that is modeled using the following

: 41,42
equations:
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( AGact(O-i T))
v = Nyyjexp| ——————
kyT 2)
and
AG, (o, T) = AUac{l - l][1 - i]
Ty Ot 3)

where T is the sample temperature in Kelvin, T}, is the melting
temperature in Kelvin, o is the stress in the direction along
which the dislocation forms, o,y is the athermal strength (a
constant), AU, is the nucleation barrier at zero Kelvin and
zero strain, N is the number of equivalent nucleation sites, v, is
an attempt frequency for crossing the nucleation barrier, and «
is a material-dependent constant. Dislocation formation occurs
preferentially at regions of high stress due to a lowering of the
nucleation barrier as modeled by eq 3. A detailed study of Si
nanowires demonstrates that the type of dislocation (perfect or
partial) and the region of nucleation (tensile or compressive
region) depends on the sign and magnitude of the strain.”'
The yield point is the strain below which dislocation
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Figure 4. Impact of peak strain on polygonization. (a) Raman peak fwhm between the polygonally shaped grains before (blue) and after
(red) thermal annealing for 24 nanowires with maximum strain values ranging from 0 to 7%. (b—d) The number of polygonal walls, the
angles between the polygonal grains, and polygonal segment lengths as a function of the maximum strain values observed before annealing,
respectively. The typical segment length of 100 nm is 4 times the diameter of the nanowire or 400 nm.

nucleation is not observed, and the yield point stress decreases
with increasing temperature.*” For the annealing temperature
of 920 °C in this study, plastic relaxation clearly occurs in
regions where the initial elastic strain is greater than or equal to
~3% as measured by decreases in the Raman mode’s fwhm
(Figure 2e and Figure 4a). Hence, the yield point for Si
nanowires is less than or equal to 3% at 920 °C. Observations
of 24 nanowires demonstrated that the Si peak width increases
linearly as a function of the maximum strain value prior to
annealing (Figure 4a, blue symbols), consistent with
approximately linearly increasing elastic strain (compressive
or tensile). Upon annealing, plastic relaxation reduces the
fwhm in regions of >3% strain (Figure 4a, red symbols),
providing evidence for plastic deformation with a strain
threshold related to the formation of dislocations.

Between 3.0 and 4.5% strain, the degree of strain relaxation
increases with the initial strain, confirming the role of strain in
nucleation of dislocations and their migration, which leads to
relaxation through polygonization. Above 4.5% strain, the
Raman spectra’s fwhm values achieve plateaus, and no further
strain relaxation is observed. This can be explained by first
observing that the angle between grain boundaries reaches a
constant value of ~30° (Figure 4c), while the average grain’s
length achieves a plateau length at ~400 nm, which is four
times the nanowire diameter (Figure 4d). The confocal Raman
measurement, with a spatial fwhm value of ~500 nm, samples
both the relaxed region and the grain boundary region in which
the dislocation arrays produce elastic strain fields.”> Hence, the
Raman spectra’s fwhm no longer changes as a function of the
initial strain. The plateau in the angle between grain
boundaries (Figure 4c) and their length (Figure 4d) also
indicates that the final nanowire state is metastable, where
relaxation is limited by the distance over which dislocations
can climb during annealing. In principle, two small-angle grain
boundaries can coalesce to form a single grain boundary with a
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lower grain boundary energy than two small-angle grain

boundaries.** Indeed, while the polygonization angle initially

increases as a function of time due to grain boundary

coalescence, it eventually ceases to increase due limits on

dislocation climb,**** which is consistent with our observa-

tions of plateaus in the angle and length of a grain boundary.
The velocity of dislocation climb can be modeled as**

|

where T is the sample temperature in Kelvin, o is stress, AGgyg
is the vacancy migration activation energy, and D is the pre-
exponential factor of the expression for the diffusivity of a
vacancy at room temperature. Similar to other plastic
deformation and creep processes, dislocation climb is the
rate-controlling step for polygonization, because dislocation-
climb requires diffusion of vacancies in Si, which has a higher
activation energy than does dislocation glide.***” At a lower
temperature or a lower stress state, the climb process is less
likely to occur.®’ As with dislocation nucleation, there is a
stress (strain) threshold below which the climb velocity is
negligible at given temperature and therefore polygonization
cannot occur. Observation of 55 Si nanowires with different
strain (stress) levels indicates a strain threshold of between 3.5
and 4% (Figure 4b) for polygonization, which is greater than
the dislocation nucleation threshold value of 3% (Figure 4a), as
anticipated. Once the initial strain (stress) is partially relaxed
to produce an angle of 30° between the ~400 nm long
polygonal segments, the driving force for dislocation climb is
insufficient to promote further coalescence of the polygonally
shaped grains. Additionally, the interfacial strain between the Si
nanowire and the Si substrate, which is not quantified herein,
may also play a role in determining the precise values of the
observable parameters, including the threshold for plastic

kT

(e}
rig, X —D, exp| —
climb T 0 P(

(4)
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Figure S. Redistribution of dopants in a strained Si nanowire. (a, b) Distributions of P and B dopants, respectively, in cross sections of bent
Si nanowires after thermal annealing, where P or B is enriched at the tensile or compressive side, respectively; scale bar = 25 nm. The solid
green lines correspond to 80 atomic % Si isoconcentration surfaces, which indicate the surface of the nanowire. (c) An SEM image of a bent
P-doped Si nanowire. Scale bar is 2 ym. (d, e) Radial P dopant profiles from strained (d) and unstrained (e) regions in (c), as indicated by
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Figure 6. (a) SEM image of a bent GaAs nanowire annealed for 1 h at 450 °C. The inset figure displays a high-magnification SEM image
indicated by the white rectangle. (b) TEM image of a bent and annealed GaAs nanowire. Inset: FFT of the image in (a) indicating both
crystal rotation and strain relief at the crack. (c) A 10 nm-wide averaged line scan along the blue and red dashed lines in (b) displaying ¢,
variations in blue along the outer (top) and inner (bottom) radii in red of the nanowire. The scan direction is from the top-to-the-bottom of

each line.

relaxation and the average angles between the polygonal grains
and their lengths.

Although the Raman spectra do not exhibit any evidence of
irreversible relaxation via dislocation formation below 3%
strain, following annealing at 920 °C, additional activated
processes could affect the nanowire structure. Specifically,
density functional theory calculations have demonstrated that
dopant solubility is modified by strain depending on both the
dopant atom’s size and charge states: In Si, small negatively
charged dopant atoms, like boron (B), are more soluble under
compressive strain, while large positively charged dopant
atoms, like phosphorus (P), are more soluble under tensile
strain.*®* We, therefore, anticipate that under the non-
uniform strain profile present in a bent nanowire, dopant
atoms will be driven to the location with the highest solubility
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if their diffusion is thermally activated. Atom-probe tomog-
raphy (APT) with atomic ppm level chemical sensitivity was
employed to analyze dopant redistribution in bent B-doped or
P-doped Si nanowires (see Experimental Methods).”® Figure
Sa)b displays the cross-sectional P and B distributions,
respectively, after bending and annealing. In addition to the
anticipated P segregation at the Si/SiO, interface,”’ the P
concentration is greater on the side of the nanowire subjected
to tensile strain. Correspondingly, the B concentration is
greater in the region under compressive strain. As a control,
APT analyses were performed of both the strained (Figure 5d)
and unstrained (Figure Se) regions of the same nanowire
(Figure Sc). The region without external strain has a
symmetric P distribution, while the bent region shows an
enhanced P concentration on the side under tensile strain,
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which displays an unsymmetrical P segregation pattern. We
note that the maximum strain in the nanowire displayed in
Figure Sc is 2.4%, which is below the threshold for dislocation
nucleation, ~3%. That implies that dopant diffusion could
provide an alternative strain release mechanism at strain levels
below the threshold for dislocation nucleation.

The distinct relaxation behavior of elastically strained GaAs
nanowires provides an informative contrast to the case of
polygonization in Si nanowires. {(111)-oriented GaAs (zinc-
blende structure) nanowires grown by a Ga-droplet seeded
process (see Experimental Methods) were elastically strained
at room temperature following the same procedures used for Si
nanowires. They were then annealed in vacuum for 1 h at
temperatures between 380 and 550 °C, which is above the
brittle-to-ductile transition temperature, about 310 °C.>?
Surprisingly, GaAs nanowires bent to strains of up to 6%
and vacuum annealed for 1 h at 380 °C exhibited no evidence
of polygonization (Supporting Information Figure SSa);
apparently, this temperature is not high enough to activate
dislocation climb, which motivated annealing at higher
temperatures. Upon annealing at 550 °C, nanoscale pits form
on the surface of unstrained nanowires due to the congruent
evaporation of Ga and As atoms,*> > and cracks form in bent
nanowires in the regions of tensile strain (Figure SSb).
Annealing at an intermediate temperature of 450 °C avoids
pitting in unstrained regions, but nevertheless produces cracks
at regular intervals in regions of tensile strain (Figure 6a,
Figure S5c), thereby demonstrating an alternative strain relief
mechanism to polygonization. As with the Si nanowires, there
is a strain threshold (~3%) above which relaxation is activated
(Figure S5d); the fact that cracks are only observed in regions
of tensile strain above a threshold strain indicates that surface
decomposition (leading to pitting and crack formation) is also
strain activated; that is, the covalent bonds have been
weakened. Furthermore, decreases in the fwhm values of the
Raman spectra are not observed below ~3% strain (Figure S6),
providing further evidence for an activated process. The above
discussion assumes that the observed behavior patterns are not
dominated by pre-existing defects; the regular spacing of cracks
supports this claim.

Based on the SEM observations above and prior studies of
the brittle-to-ductile transition temperature, we conclude that
the mobility of dislocations in (111)-oriented GaAs nanowires
is insufficient to produce polygonization prior to decom-
position of GaAs, perhaps due in part to the high surface-area
to volume-ratio. Instead, a crack forms at a nanowire’s surface,
enabling the crystal to relieve strain energy through crack
formation accompanied by crystal rotation and slip with
respect to the substrate. To confirm this hypothesis, HRTEM
imaging was performed on bent and annealed GaAs nanowires
(Figure 6b). The crystal rotation and strain relief along the
nanowire’s long axis are qualitatively observed in shifts of the
(2 2 2) Bragg reflection in the fast-Fourier transform (FFT)
pattern. Using geometric phase analyses, changes in ¢, along
the outer- and inner-radii were extracted, Figure 6c, top and
bottom, respectively. We observe a discrete change along the
outer radius, reflecting relaxation of both tensile strain and
crystal rotation. In contrast, the strain variation along the inner
radius is continuous, as the crystal remains continuous. Further
analysis of selected areas of the nanowire is displayed in Figure
S7. There are two likely reasons why the crack does not bisect
the entire nanowire. First, the interface with the substrate
resists slip of the nanowire; this is evident from the initial
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bending strain fixed by the substrate in these experiments.
Second, the formation of dislocations at the tip of a crack may
cause an accumulation of compressive strain that impedes its
further motion.*® The variations in contrast in HRTEM images
are consistent with this interpretation, but detailed analysis of
the dislocation structure is beyond the scope of this research.
We note that the polygonization observed in Si nanowires is
also enabled by translation of the nanowire with respect to the
substrate, that is, slip.

CONCLUSION

In summary, we have investigated strain-energy release
mechanisms in Si and GaAs nanowires by annealing bent,
elastically strained nanowires supported by rigid substrates. We
find that Si nanowires reduce their strain energy by
polygonization due to the nucleation, slip, and climb of
(110)-type dislocations. Polygonization, traditionally studied in
bulk metals and semiconductors, is reported in nanowires.
Combined SEM and Raman microspectroscopy studies
identify a threshold strain for plastic relaxation, consistent
with the thermally activated nature of the nucleation of
dislocations and their migration. Polygonization is not
observed below a strain of 3.5%, which is the yield point of
Si at 920 °C. In contrast to Si nanowires, bent GaAs nanowires
release their strain energy by forming regularly spaced cracks in
regions of tensile strain due to the greater rate of strain-
activated decomposition of GaAs relative to dislocation climb.
Importantly, the final structure is also polygonally shaped,
demonstrating that the global strain-energy relaxation mech-
anism in Si and GaAs is qualitatively similar, while the local
relaxation mechanisms associated with the polygonal walls in Si
and cracks in GaAs are distinctly different physical phenomena.
Our findings may be used to analyze likely failure modes and
define reliable operating regimes for nanoscale flexible
electronic devices. These strain-energy relief mechanisms
may also be used to fabricate new geometries of semi-
conducting nanostructures, such as geometric junctions with
fixed angles defined by the crystallography and dislocation
structure of the semiconductor itself.

EXPERIMENTAL METHODS

Nanowire Growth. Silicon nanowires were grown via vapor—
liquid—solid (VLS) mechanism by a chemical vapor deposition
(CVD). Au nanoparticles S0—100 nm diameter were used as the
catalysts. Before nanowire growth, commercial Au colloid solution
was diluted by S times with water and deposited onto a Si (100)
substrate precoated with poly-L-lysine. The substrate was then
transferred to our CVD chamber and annealed in H, at 460 °C for
10 min. The nanowires were synthesized at 450—460 °C and at a total
pressure of 40 Torr using SiH, as the Si precursor, H, as the carrier
gas and PH; (200 ppm in He)/B,H; (100 ppm in He) as doping
precursors. The n-type nanowires were synthesized at 460 °C with
SiH,, PH;, and H, flow rate of 1, 20, and 60 sccm. The p-type
nanowires were synthesized at 450 °C with SiH,, B,H,, and H, flow
rate of 2, 5, and 100 sccm. The intrinsic nanowires were synthesized
at 460 C with SiH, and H, flow rate of 2 and 100 sccm.

Transmission Electron Microscopy (TEM). The atomic
resolution Z-contrast images and energy dispersive X-ray spectroscopy
(EDS) mappings of polygonized Si nanowires (shown in Figure
3¢,d,f) were collected using a JEOL ARM200CF aberration-corrected
scanning transmission electron microscopy (STEM) operated at an
accelerating voltage of 200 kV. The instrument is equipped with a
cold-field emission gun and a probe spherical-aberration corrector,
which permits better than 80 pm spatial resolution under optimal
operating conditions. The Z-contrast images were acquired using a
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high-angle annular dark-field (HAADF) detector with a collection
angle variable from 90 to 175 mrad. The probe convergence
semiangle was set to 29 mrad. High-resolution transmission electron
microscopy (HR-TEM) images of bent GaAs nanowires with
nanocracks (shown in Figure 4b) were taken along [1 1 1] zone
axis using JEOL ARMB300F transmission electron microscope,
operated at 300 kV. Geometric phase analysis around the crack of
GaAs nanowire was performed using the GPA plug-in for Digital-
Micrograph.

Atom Probe Tomography (APT). To prepare APT sample, the
strained nanowires on a flat substrate were coated with 80 nm zinc
oxide via atomic layer deposition (ALD) first. Then the nanowire
together with the coating and the substrate was lift-out in a FEI Helios
dual-beam focused ion beam (FIB) with micromanipulator system
and welded onto a commercial Si micropost. Finally, ion-beam
annular milling was carried out to remove extra materials to get a
needle-shape tip with around 100 nm diameter. APT was performed
on a local-electrode atom-probe (LEAP) 4000X Si from CAMECA at
35 K and background pressure of 3.5 X 107!! Torr. The evaporation
of the specimen is controlled by a pulsed 355 nm ultraviolent focused
laser at the rate of 1—1.5 ions every 100 pluses. The laser energy is set
to be 25 pJ at a pulse rate of 250—500 k Hz. The APT data were
reconstructed by the program IVAS 3.6.12 (CAMECA, Madison, WI)
to reproduce the shape of the nanowire.
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