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Elastic-plastic and fracture properties are key issues in char-
acterizing materials’ mechanical behavior, and they have been
extensively studied for over a century for bulk structured ma-
terials.[1–3] Silicon is one of the most important and represen-
tative materials for these studies owing to its extremely impor-
tant applications.[4,5] Silicon nanowires (NWs) are one of the
most important nanostructures used for fabricating various
electronic and optoelectronic nanodevices,[6,7] and they could
be a building block for the construction and assembly of func-
tional nanometer-scale systems. Although the electrical and
optical properties of Si NWs have been extensively studied,
only limited information is available about the structure–me-
chanical property correlations of Si NWs. This is likely due to
the difficulty of carrying out in situ tensile or bending mea-
surements on individual NWs. The elastic-plastic strains re-
tained in NWs can significantly affect their electronic proper-
ties by perturbing the band structure or changing the Fermi
energy of the nanostructures.[8] For example, the applied
strains of continuous torsion on carbon NTs could result in
chirality variation and therefore introduce a distinct conduc-
tance oscillation from metallic to semiconductor.[9] A strain-
induced giant piezoresistance effect has also been observed
for Si NWs.[10]

Results of studies of the elastic-plastic behavior of Si NWs
are of technological importance. Silicon NWs are a potential
candidate for building devices that are to be integrated with
microelectronics and microelectromechanical systems
(MEMS). They are also an outstanding candidate for con-

structing devices for flexible electronics. Several approaches
have been developed to study the mechanical properties of
NWs and nanotubes (NTs) based on atomic force microscopy
(AFM) at nanometer-scale spatial resolution.[11,12] The major
limitation of AFM measurements is that they are unable to
reveal the atomic-scale structural evolution process during
the in situ elastic-plastic-fracture process. Transmission elec-
tron microscopy (TEM) has been one of the most important
and effective tools with a capability of atomic level imaging
for investigating the in situ mechanical properties of single
NWs and NTs,[13,14] although ex situ studies have to be car-
ried out.[15,16] Direct and in situ atomic level imaging during
tensile testing is fundamentally important to view and pro-
vide true physical insight into the elastic-plastic and fracture
processes,[12,13] but this type of study is challenging experi-
mentally.
In this report, we present in situ TEM observation of the

elastic-plastic-fracture processes of a single Si NW recorded
at atomic resolution. The study directly shows the strain-in-
duced structural evolution process of Si NWs and its large-
strain plasticity (LSP). Our results indicate that the LSP of Si
NWs via a brittle-ductile transition originates from a disloca-
tion-initiated amorphization. This behavior is in contrast to
the mechanical behavior of bulk Si. Our observation reveals a
phenomenon and mechanism of the Si NW mechanics and is
fundamentally important for Si-NW-based nanotechnology.
The in situ Si NW elastic, elastic-plastic, and plastic defor-

mation investigations were carried out by ultrahigh-resolution
TEM (UHRTEM) by axially extending the Si NWs by means
of a mechanical force created by a TEM specimen-supporting
grid under electron beam irradiation, as reported in detail
elsewhere[17,18] (also see the Experimental section and Sup-
porting Information, Fig. S1). Figure 1a–d shows a series of
images of a single Si NW that was extended by the force creat-
ed by the skrinkage of the broken colloidal thin film (see Ex-
perimental section). A clear plastic deformation was observed
at the center of the NW. We did not see an abrupt brittle
cleavage crack, instead, the NW transformed from crystalline
structure to amorphous at the central region of the axially ex-
tended NW. Of the nine Si NW samples (ranging from 15 to
70 nm in diameter) we have studied, all showed a large elastic
strain if the NW diameter was below 70 nm, and a large plas-
tic deformation rate was achieved. The strain rate was kept at
a level of ca. 10–5 s–1. A reduction in diameter as large as
426% (the ratio of initial diameter over breakpoint diameter
as a percentage) and 125% elongation ratio were obtained at
ambient temperature for a NW with an original diameter of
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26 nm, as shown in Figure 1a–d. The series of images in Fig-
ure 1e–h shows another example of an axial tensile event of a
Si NW, in which buckling of the extended NW was observed,
which is similar to the case of carbon NTs.[16] The diameters
of the axially extended NWs were measured prior to and after
the plastic elongation. The axial elongation of the Si single-
crystalline NWs can be revealed by comparing the corre-
sponding lengths l0 and lf in Figure 1.
Table S1 (Supporting Information) summarizes the diame-

ters of the nine extended NWs together with the NWs’ orien-
tation. All of the Si NWs have [110] growth direction. The Si
NWs’ plasticity was evaluated by the diameter reduction ratio
r0/rf, as a percentage, where r0 and rf are the initial and final
diameters of the Si NW, respectively. For the NW with
r0 = 26 nm and rf = 6.1 nm, a diameter reduction ratio of
426% and an elongation of 125% were obtained. This reveals
the nature of the LSP. Figure 2 shows a plot of the diameter
reduction ratio versus the Si NW diameter. Extrapolation of
the plot gave a brittle–ductile transition diameter of around
60 nm for ambient temperature. Reference data[19] of size-de-
pendent Young’s modulus of Si are shown in the same figure.
When the NW’s diameter is larger than 60 nm, an abrupt brit-
tle fracture can be expected.

We now explore the mechanism of the superplastic defor-
mation of Si NWs through an in situ axial tensile experiment
using TEM. Figures 3a and b show low-magnification images
of a Si NW being extended at the initial elastic–plastic transi-
tion and in the final broken state, respectively. Figure 3c is a
HRTEM image of the axially extended Si NW at the initial
elastic–plastic transition. Figure 3d is an HRTEM image of
the extended Si NW at a later time. Figure 3e is an enlarged
HRTEM image taken from the framed region indicated in
Figure 3c. Based on the first-order approximation, we may as-
sume that the white dots in the HRTEM images are the pro-
jections of Si–Si “dumbbell” atomic pairs,[20] as in conven-
tional lattice images. The HRTEM image was simulated by
multiple-slice theory[21] and the simulated HRTEM image for
the perfect lattice is inserted in Figure 3e, in which every
white dot is regarded as a Si–Si dumbbell atomic pair. Track-
ing the extended Si NW HRTEM image carefully, we find the
initial elastic–plastic transition is characterized by activation
of plastic dislocations. In Figure 3e, a Burgers vector circuit is
drawn around a dislocation and the Burgers vector projection
can be directly determined. The dislocation Burgers vector is
determined as (1/2)<110>, which is also possibly a projection
of <112>, as shown in Figure 3e, a 60�-type dislocation.[20]

This type of dislocation is dominant in this low-temperature
plastically deformed Si NW. We suggest that this dislocation
was activated on the {111} shuffle planes. Figure 3f shows the
two-dimensional (2D) projection of the diamond-type crystal-
line structure of the Si lattice along [110]. The two types of
well-known {111} shuffle and glide planes are indicated in Fig-
ure 3f. Theoretically,[22] the activation of dislocations on the
{111} shuffle planes takes less energy (0.1G) than on glide
planes (0.35G) at low temperatures, where G is the shear
modulus. We have revealed that the dislocations were emitted
equivalently on the two (111) and (111) planes with respect to
the external loading force direction and the NW longitude di-
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Figure 1. a–d) A Si NW during the in situ application of axial tension.
The arrows indicate the corresponding positions of the extended nano-
wire throughout the procedure. The original diameter of the Si NW was
26 nm and after plastic elongation the diameter reduced to 6.1 nm. e–
h) Another example of extending a Si NW, this time with buckling charac-
ter. The axial elongation of the Si single-crystalline NWs can be revealed
by comparing the corresponding l0 and lf.
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Figure 2. The diameter reduction ratio as a function of nanowire diame-
ter in the case of axial tension at a low temperature close to room tem-
perature. Young’s modulus values as a function of diameter are plotted
in the same figure for comparison.



rection (see Supporting Information, Fig. S3). Although the
dislocation movement from one Peierls potential valley to an-
other was directly revealed in a high temperature experiment
in a Si thin film,[23] our results suggest in this study that the
generation of dislocations, rather than increased mobility of
dislocations, triggered the initiation of plasticity of Si NWs at
room temperature or close to room temperature. In a study of
high-pressure-induced plasticity, phase transformations of
b-Sn structure[24] could be induced, however, our present re-
sults exclude the occurrence of this type of phase transforma-
tion. The availability of high shearing stress and slip systems
on the {111} shuffle planes initiated plastic dislocations.
Further, following the initiation of dislocation plasticity, with

increased strain, we observed LSP of the axially extended Si
NWs at low temperatures. Throughout the whole procedure
we did not observe any cracks, even at the atomic scale. The
LSP of Si single-crystalline NWs was characterized by the con-
tinuous development of disorder in the lattice through emis-
sion of dislocations and disordering of crystalline structures

and further amorphization and plastic
necking, as shown in Figure 3d. Three
fast Fourier transform (FFT) diffraction
patterns are shown in Figure 3g–i, corre-
sponding to the areas A–C (Fig. 3d) of
the NW, respectively. These indicate that
areas A and C are crystalline and B has
transformed to a disordered structure.
The fraction of the disordered structure
with respect to the original crystalline
structure varies as a function of distance
from the most strained region of the nar-
rowest location of the superplastically
deformed Si NW. This indicates that
LSP of the axially extended Si NW is a
continuous process involving creation of
dislocations and disordering of the crys-
talline lattice, consistent with the theo-
retical calculation.[25] We also measured
the thickness of the NW surface with dis-
ordered structure before (Fig. 3c) and
after (Fig. 3d) axial extension. This re-
vealed that, during the process of axially
extending the Si NW, the surface disor-
dered lattice area of the Si NW ex-
panded along the radial direction from
the original thickness of 3 nm (indicated
by two blue arrows) to 7 nm (indicated
by two bold red arrows). At the thinnest
(most necked) region, the crystalline Si
lattice completely transformed to a dis-
ordered structure. This observation
demonstrates that the plasticity and LSP
are surface-effect-triggered phenomena.
It is known that the surface of a Si

NW may be covered by a thin oxide
layer. It is important to investigate the

role possibly played by oxygen diffusion into the lattice, espe-
cially in the strained area, during plastic deformation. This
study was carried out using in situ electron energy loss spec-
troscopy (EELS) in an attachment to the transmission elec-
tron microscope; data were acquired simultaneously while
conducting the axial tensile tests on the Si NW. Figure 4a,b
shows two sets of EELS spectra taken from a Si NW before
and after superplastic deformation. For each set of EELS
analysis, 32 spectra were taken across the diameter of the Si
NW; here we have chosen seven of them to demonstrate that
neither prior to nor after the superplastic deformation did the
SiOx surface layer diffuse radially into the inner layers of the
Si NW, especially not in the highly strained area. Figure 4a
shows a series of EELS spectra taken from the Si NW prior to
plastic deformation. Figure 4b shows the corresponding EELS
spectra taken from the superplastically deformed Si NW with
a neck. The corresponding locations at which the EELS spec-
tra were taken are schematically indicated in Figure 4c,d.
From comparison of the fine structure of the Si L edge with
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Figure 3. Atomic-level in situ high resolution electron microscopy study of an axially extended Si
NW. a,b) Low magnification images prior to and after the Si NW is plastically broken. c) HRTEM
image of the Si NW in a status of elastic-plastic transition and prior to severe plastic deformation.
d) The same Si NW after large-strain plastic deformation with a neck in the middle of the NW.
g–i) The FFT electron diffraction patterns taken from areas A–C in (c), respectively. e) Enlarged
HRTEM image taken from the framed region in (c), which indicates the initiation features of plas-
ticity with dislocations. The dislocation structure is highlighted by dotted red lines. A Burgers vec-
tor circuit is drawn, indicating a perfect edge dislocation. The simulated HRTEM images of the per-
fect crystalline lattices and the head–tail connection model are shown as insets. f) Schematic
atomic structure of Si atomic lattice projected along the [110] orientation; the shuffle and glide
planes are indicated.



standard samples, a thin, ca. 3.5 nm thick SiOx surface layer
was revealed, identified by the EELS spectra presented in
Figure 4a. This is consistent with the result directly derived
from HRTEM observation as shown in Figure 3c. The images
in Figure 4a,b were taken along the same line across the NW
at a time interval of 1 h. The Si L2–3 edge characters of amor-

phous Si and SiOx from the literature[26] are also shown in Fig-
ure 4e and f, respectively, for comparison. We notice that the
EELS spectra of the surface areas show typical SiOx amor-
phous features with an L2-3 edge at 103 eV for both Figure 4a
and b. The thickness of the surface SiOx layer was reduced to
ca. 3.0 nm after superplastic deformation. This is in agree-
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Figure 4. Series of EELS spectra and EDS line scans taken from a Si NW prior to and after large-strain plastic deformation. Both series of EELS spectra
were taken across the NW width. a) A series of spectra taken from the Si NW prior to plastic deformation. b) A series corresponding to the NW with a
superplastic necking feature. c,d) Schemes of the locations at which the spectra were taken for (a) and (b), respectively. e,f) Reference [26] EELS spec-
tra for the Si L edge of Si and amorphous SiOx, respectively. g,h) Line scan EDS spectra of elemental oxygen and silicon for the Si NW before and after
neck formation. The surface oxygen layer thickness was measured as the distance from the starting position A or A¢ to the first peak position of oxygen
in both oxygen spectra.



ment with the diameter reduction due to plastic necking and
attributed to the surface atomic diffusion process. The shapes
of the Si L2-3 edge of the EELS spectra acquired from posi-
tions C, D and E (Fig. 4a,c) have obvious distinctive features
in comparison to the spectra acquired from locations A, B
and F, G. The Si L2-3 edge of spectra C, D, and E (Fig. 4a)
starts at 98 eV, which is a typical feature of crystalline Si,
while the spectra C¢, D¢, and E¢ (Fig. 4b,d) show features of
disordered Si. As revealed in the reference EELS spectra,[26]

the difference between crystalline Si and amorphous Si is not
pronounced. This confirms that sp3 bonding is preserved in
the plastic-deformation-induced disordering of Si structure.
We do not find any evidence of b-Sn-type phase transforma-
tions from either the electron diffraction or the EELS analy-
sis. We also conducted in situ energy dispersive X-ray spec-
trometry (EDS) line scans on the Si NWs prior to and after
deformation. Figure 4g,h shows the K-edge spectra from the
in situ EDS line scans of silicon and elemental oxygen across
the Si NW prior to and after necking deformation. There is an
oxygen-rich layer in the oxygen spectra both prior to and after
plastic deformation. The oxygen-rich layer is about 3 nm prior
to plastic deformation, which is close to the EELS analysis re-
sults and the HRTEM observation. With plastic necking, the
oxygen layer was reduced to about 2.5 nm, remaining at the
same level, as shown in Figure 4h. This confirms the in situ
EELS analysis results that the oxygen in the thin SiOx layer
did not diffuse along the radial direction to contribute to the
initiation of dislocation plasticity and LSP of Si NWs.
From the direct atomic-scale imaging of emitted disloca-

tions at ambient temperature in Si NWs during axial tensile
experiments, we can correlate the plasticity and LSP of Si
NWs with dislocation velocity and the Young’s modulus. The
plasticity of a particular material (i.e., whether it is brittle or
ductile) is controlled by the dislocation velocity, which is re-
garded as the rate of emission of dislocations and/or disloca-
tion motion. It is given by[5]

m ¼ Asm exp
�
�U
kBT

�
ð1Þ

where v is dislocation velocity, A and m are constants, s is
shear stress, kB is the Boltzmann constant, T is absolute tem-
perature, and U is the activation energy of a dislocation. The
activation energy can be regarded as a constant that reflects
the atomic–atomic interactions and bonding characters and
can be correlated to shear modulus G and elastic modulus E
by U�Ga0 and U�Ea0/[2(1 + c)],[27–29] where a0 is the lattice
constant and c is the Poisson ratio. The NW’s surface structure
differs from that of the bulk material and it strongly affects
the NW’s physical, chemical, and mechanical properties[30]

due to pronounced surface effects.[31] The elastic modulus of
Si is related to the size of the NW, and it decreases with de-
creasing NW diameter and film thickness.[19,32] By assuming
that a0 and c are constants, we have the simple relation

UN ¼ EN

EB
UB ð2Þ

where UB and EB are the dislocation activation energy and
Young’s modulus of bulk silicon, respectively, and UN and EN

are those of the NW. Then we obtain the dislocation velocity
in the NWas

mN ¼ AsmNexp
�
�ENUB

KBkBT

�
ð3Þ

Using UB= 2.2 eV[5] and EB= 169 GPa,[19] we obtained the
correlation of dislocation activation energy for the NWs UN

with the diameter of the NWs, as shown in Figure 5a; the ex-
trapolated Si NW’s Young’s modulus is also plotted in the
same figure. We see that the dislocation activation energy UN

decreases with decreasing NW diameter, reaching a value of
0.716 eV at a diameter of 15 nm, significantly lower than the
2.2 eVof bulk materials. We also compared the dislocation ve-
locity for Si NWs as a function of NW diameter at room tem-
perature. In Figure 5b the normalized dislocation velocity ra-
tio v/vav is plotted as a function of the Si NW diameter, where
vav is the average dislocation velocity for Si NWs. We see v in-
creases rapidly with decreasing NW diameter. The plasticity
evaluation parameter, that is, the diameter reduction ratio
(Fig. 2, the star curve), is plotted in the same figure. We see
that v/vav shows a similar tendency to the diameter reduction
ratio. This tendency demonstrates that the plasticity, that is,
the diameter reduction ratio of Si NWs, is correlated with the
dislocation velocity.
In summary, room-temperature LSP of single-crystalline Si

NWs was directly observed by axial tensile experiments car-
ried out in situ in an ultrahigh-resolution electron microscope.
The LSP resulted in a fourfold reduction in NW diameter be-
fore fracture occurred, which is three orders of magnitude
higher than that of bulk Si. The ambient temperature Si NW
tensile plasticity was initiated by the emergence of a high den-
sity of dislocations, followed by the development of a continu-
ous disordered lattice by the emission of dislocations and for-
mation of disordered crystalline structures, before it finally
became amorphous and the plastic formation of long necks
occurred, which eventually resulted in fracture. The size-de-
pendent fracture mechanism is attributed to the scale-related
dislocation activities. These unusual phenomena present new
fields of nanomechanics for semiconductor NWs. These dis-
coveries also open up new applications of Si NWs in devices
exposed to strain.

Experimental

Fabrication of Si NWs: A thermal evaporation technique was em-
ployed to fabricate the Si nanostructures [S1]. The evaporation source
material was SiO powder. Commercial SiO was ground to a powder
then put into a closed chamber, in which the Al2O3 substrate was lo-
cated above the powder. The chamber was pumped to lower than
10 Pa. After this, 0.53 � 105 Pa of mixed Ar (90%) and H2 (10%) gas
was filled into the reaction chamber as the ambient gas. The graphite
plate was selected as the heating material. The SiO powder was
heated to about 1200 �C. The temperature of the Al2O3 substrate was
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about 900 �C. After the temperature had been kept at 1200 �C for
20 min, the power supply was cut off and the temperature allowed to
decrease to room temperature naturally. Yellow sediments were
found on the substrate. These yellow sediments, which are Si NWs
with a thick SiOx layer, were thoroughly washed with HF at room
temperature. The thickness of SiOx surface layer was effectively re-
duced or totally removed. Freshly made Si NWs were distributed on a
TEM copper grid with colloidal/carbon supporting thin film. The gen-
eral morphologies of the Si NWs are shown in Figure S1a,b. The elec-
tron diffraction analysis shown in Figure S1c demonstrates high qual-
ity Si NWs with [110] longitudinal orientation. Some of the
morphologies and microstructural details of the Si NWs can be seen
in [S2–S5].

Axial Tensile Testing of the Si NWs: As shown in Figure S2, a re-
cently developed method [17,18] was used to conduct axial tensile
testing of Si NWs at an ultrahigh-resolution transmission electron mi-
croscope along a particular crystallographic orientation. A copper

TEM grid with a colloidal/carbon thin film was
used to apply an external mechanical driving
force to deform the nanowires. The Si NW tensile
tests were through controllable electron irradia-
tion/heating of the specially designed celloidin/
carbon supporting film on a TEM Cu grid (the
colloidal/carbon supporting film must have the
proper thickness). Randomly distributed nano-
wires occasionally bridged two (designed) broken
parts of the colloidal/carbon supporting film.
Upon controlled irradiation/heating by the elec-
tron beam at particular designed positions, the
celloidin/carbon thin film underwent polymeriza-
tion shrinkage by linear contraction of 4–5% and
pulled the Si NWs axially. The elastic modulus of
the celloidin/carbon thin film is about 1–2 GPa
and the Poisson ratio is 0.25–0.35.

The in situ axial-extensile experiment was con-
ducted with two high-resolution electron micro-
scopes. One was a regular high-resolution trans-
mission electron microscope with LaB6 filament
(JEOL 2010) and the second one was a JEOL ul-
trahigh-resolution scanning transmission electron
microscope with a field emission gun (JEOL
2010 F). The point resolution is 0.19 nm. Both
transmission electron microscopes have a 20�
double tilt specimen holder and an energy disper-
sive X-ray spectrometer. The electron energy loss
spectrometer (Model GIF200, Gatan, Pleasan-
ton, CA) was attached to the JEOL 2010 F. Most
of the axial tensile tests were conducted with the
regular high-resolution transmission electron mi-
croscope with LaB6 filament. Some of the in situ
UHRTEM tensile tests on the [110]-oriented Si
nanowire were conducted with the JEOL 2010F
to achieve atomic level resolution imaging simul-
taneously with the axial tensile tests to elucidate
the atomistic mechanisms. During the tensile
tests, the electron beam was spread to about
20–50 lm to avoid the effects of electron irradia-
tion on the Si NWs. The operating voltage for
both HRTEM observations was 200 kV and with
a low electron flux dose rate around
5�1019 e cm–2 s–1. The increased temperature of
the Si NW specimens due to electron beam heat-
ing was estimated to be a few degrees above
room temperature based on [S6].

Simulation of the HRTEM Images: The cubic
structured Si atomic model was built with the com-
mercial software CrystalKit and the HRTEM sim-
ulation was conducted with Mactempas. The mul-
ti-slice approximation method was used in

simulating the HRTEM images. The simulated HRTEM image was ob-
tained under the conditions of 250 � thickness and defocus with –
100 �.

EELS and EDS Analysis: The in situ electron energy loss spectros-
copy (EELS) line scan experiments were obtained using a scanning
transmission electron microscope (STEM). The EELS spectra were
taken using the Gatan Digitalgraph and Digiscan system with a Digis-
can camera. The energy resolution was about 1.0 eV and the spatial
resolution was 1.4 �. The EELS spectra were taken across the Si
nanowire diameter with a step size of 1 nm; the collection time for
each spectrum was 5 s. Specimen drifting was compensated automati-
cally. The collected raw EELS spectra were background subtracted.
EDS line scan analysis was also conducted simultaneously with the
HRTEM imaging and the axial tensile tests on the Si NWs.

Received: November 27, 2006
Revised: May 7, 2007
Published online:j

C
O
M

M
U
N
IC

A
TI
O
N

6 www.advmat.de � 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. 0000, 00, 1–8

10 20 30 40 50 60 70

0.60

0.65

0.70

0.75

0.80

0.85

0.90

0.95

1.00

1.05

50

55

60

65

70

75

80

85

90

 

 Young's modulus 

Y
o

u
n

g
's

 m
o

d
u
lu

s
 (

G
P

a
)

D
is

lo
c
a

ti
o

n
 a

c
ti
v
a

ti
o

n
 e

n
e

rg
y
 (

e
V

)

Nanowire diameter (nm)

 Activation energy 

10 20 30 40 50 60 70

-8

-6

-4

-2

0

2

4

6

10 20 30 40 50 60 70

0

100

200

300

400

500

600

700

D
ia

m
e

te
r 

re
d

u
c
ti
o

n
 r

a
ti
o

 (
%

) 

ln
 ν

ν/
a
v

 Reduction ratio (experimental)  

 Dislocation velocity (calculated)

Nanowire diameter (nm)

(a)

(b)

Figure 5. a) The dislocation activation energy of nanowires UN with respect to the diameter of
the nanowires. The extrapolated Si NW Young’s modulus is also plotted. b) The normalized
dislocation velocity ratio v/vav as a function of the diameter of the Si nanowires. The diameter
reduction ratio is plotted in the same figure for comparison.
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Nanowires

X. D. Han, K. Zheng,
Y. F. Zhang, X. N. Zhang,
Z. Zhang,* Z. L. Wang* ............. j –j

Low-Temperature In Situ Large-Strain
Plasticity of Silicon Nanowires

The large-strain plasticity (LSP) of
single-crystalline silicon nanowires
(Si NWs) observed in situ at room
temperature by axial tension experi-
ments carried out in an ultrahigh-reso-
lution electron microscope is reported.
The LSP is demonstrated to result in a
fourfold reduction in NW diameter
before fracture (see figure), which is
three orders of magnitude higher than
that of bulk Si.


