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ABSTRACT: Initial or residual stress plays an important role in nanoelectronics. Valley
degeneracy in silicon nanowires (SiNWs) is partially lifted due to built-in stresses, and
consequently, electron−phonon scattering rate is reduced and device mobility and
performance are improved. In this study we use a nonlinear model describing the force-
deflection relationship to extract the Young’s modulus, the residual stress, and the
crystallographic growth orientation of SiNW beams. Measurements were performed on
suspended doubly clamped SiNWs subjected to atomic force microscopy (AFM) three-
point bending constraints. The nanowires comprised different growth directions and two SiO2 sheath thicknesses, and underwent
different rapid thermal annealing processes. Analysis showed that rapid thermal annealing introduces compressive strains into the
SiNWs and may result in buckling of the SiNWs. Furthermore, the core−shell model together with the residual stress analysis
accurately describe the Young’s modulus of oxide covered SiNWs and the crystal orientation of the measured nanowires.
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Over the past decade, silicon nanowires (SiNWs) have
attracted a great deal of attention as future building

blocks for nanoelectronics. Researchers have described, for
example, SiNWs-based electronic devices,1−3 nanoelectrome-
chanical systems (NEMS),4−6 and chemical and biological
sensors,7−9 in many of which the mechanical properties of
SiNWs play an important role.10 Moreover, the ability to
measure and control the initial stress of electronic devices
(sometimes referred to as residual tension when dealing with
postprocessing effects) is an important and exciting possibility,
due to piezoresistive effects that may improve device
performance. Indeed, strain engineering is nowadays used
quite extensively in the microelectronics industry.11−13 In this
respect, SiNWs have an unusually large piezoresistive
coefficient, as reported by He and Yang,10 thus increasing the
motivation for SiNW strain engineering applications. Under-
standing the mechanical properties of SiNWs and being able to
quantify and control them, are of crucial importance for
successful realization of such applications.
Different measurement schemes have been introduced to

study the physical and mechanical properties of SiNWs,
including scanning (SEM) and transmission electron micros-
copy (TEM),14−20 nanoindentation techniques,21,22 dynamic
resonance measurements,4,23 and atomic force microscopy
(AFM) based three-point bending measurement setup.23−34

The advantage offered by the last two methods is the ability to
perform measurements directly on fabricated devices, such as
doubly clamped SiNW beams, thus taking process influences
into consideration.
A doubly clamped beam may develop residual stresses during

clamping or due to subsequent processing, or may accom-
modate an inherent initial stress all of which can affect its
electronic properties. In this study, a new approach is
introduced for the analysis of three-point bending experiments
of doubly clamped SiNW beams taking initial stress into

account. This method enables us to accurately extract the NW’s
Young’s modulus and the wire crystallographic growth
orientation. This unique postprocessing characterization
enables to extract relevant wire parameters even after device
fabrication has been completed.
Doubly clamped suspended SiNW beams were fabricated in

a single step e-beam lithography (EBL) process discussed
elsewhere.35 SiNWs were deposited upon a sacrificial PMMA
layer (MicroChem), spin-coated on a 100 nm Si3N4 passivated
Si wafer. Two subsequent PMMA layers, corresponding to a
standard EBL lift-off process, were spin coated on the SiNW
bearing die. The SiNWs were optically located, and EBL was
used to define anchoring electrodes. The die was then placed in
a high-vacuum e-gun evaporation system, and evaporation was
carried out using a homemade rotating tilted stage to achieve
better encapsulation of the SiNW within the metal; circum-
ferential embedding of the SiNW has been noted as a key factor
for better elastic response of the studied system.36 NiCr/Au
source and drain electrodes were deposited until the NW was
embedded within the two constraints. The encapsulation of the
SiNWs between the two PMMA layers and the circumference
metallic anchoring contacts were essential for providing
untwisted deformation of the studied wires and negligible
shear strains throughout the three-point bending experiments.
Three-point bending experiments were carried out within a

DI-Veeco Nanoscope V AFM system in a Nanoman environ-
ment that allows control of tip oscillation and 3-D position.
Figure 1 shows a schematic description of the AFM-based
three-point bending experiment. Figure 1a,b corresponds to a
typical SiNW before and after bending, respectively.
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Prior to the bending tests, devices were carefully imaged by
AFM tapping mode, to verify the beam shapes and to identify
the axial center point. The transversal center point was found
within the Nanoman environment and is the highest point
during a transversal pass over the NW with drive and feedback
on. The vertical deflection of the NW was recorded during the
undriven piezoelectric controlled descent of the tip to the NW.
The total descent, generated by the piezoelectric crystal, is
divided between the deflections of the device and the AFM
cantilever

= +z z zpiezo SiNW cantilever (1)

where zpiezo and zcantilever are measured quantities, thus allowing
the extraction of the device’s deflection, zSiNW. The AFM
cantilever obeys Hook’s law, Fapplied = zcantilever·kcantilever, so a
single measurement yields the force−deflection (F−D) curve.
Since the AFM’s output signals are electronic voltages,
calibration is performed on a hard substrate to transform the
raw cantilever deflection data into distance units. The bending
tests were repeated several times for each device with
reproducible results, showing the rigidity of the constraints,
and the elastic nature of the devices within the measured range.
Rapid thermal annealing (RTA) was performed in a

dedicated furnace; the process includes heating the post-
fabrication die to 300−400 °C in a forming gas atmosphere.
Several devices were measured before and after RTA, and the
mechanical influence of RTA was examined. Figure 2a,b shows
TEM images of unoxidized and oxidized SiNWs, respectively.
The different SiO2 sheath thickness is clearly discernible.

Thicknesses of 2 and 7 nm were used to calculate ESi from the
resulting Eeff using eq 14, depending on the NWs used for
device fabrication.

Figure 3 depicts a typical measured F−D curve and two
fitting curves, obtained by the analytical model discussed

shortly. The beam’s diameter and length are extracted from the
AFM measurements. The inset presents two cross sections
taken from the topography image showing the substrate region
and the suspended device. Measurements were also performed
on similar devices before and after RTA. Nickel-silicide has
been used to improve metal/semiconductor contacts in SiNW
devices.37−39 At temperatures of 300−500 °C, Ni atoms diffuse
into the SiNW creating various Ni-silicide compounds.40,41 The
silicidation process creates compressive strains along the SiNW,
as confirmed by TEM measurements.16 Hence, devices are
expected to have smaller initial stress values after RTA; indeed,
values may even be negative.
Figure 4 shows measured F−D curves taken from the same

device before and after RTA at 400 °C for 30 s. In other cases,

devices altered their geometry following RTA to yield an arched
beam, implying buckling due to axial compression. Figure 5a
presents a typical SEM image of a horizontal beam used in the
reported experiments; Figure 5b shows an arched beam
resulting from the same beam after RTA. The mechanical
properties of arched beams differ from those of horizontal
beams and will be discussed in a separate publication.42

Figure 1. Schematic diagram of the SiNW beam, clamped by an
embedding metallic contact, subjected to a point force applied by an
AFM tip. (a) The beam prior to bending. (b) The beam during
bending test. The total descent, zpiezo, is the sum of the NW deflection,
zSiNW, and the cantilever deflection, zcantilever.

Figure 2. (a) TEM image of a SiNW taken from the same wafer made
for device fabrication. A native SiO2 sheath of about 2 nm is clearly
visible. (b) TEM image of a thermally oxidized SiNW. The SiO2 layer
is usually about 7−8 nm thick. The inset shows the diffraction pattern
taken from the NW core, showing the ⟨111⟩ zone axis.

Figure 3.Measured F−D curve (blue dots) and fitted curves according
to the analytical model with and without initial stress (red and green
curves, respectively). The extracted parameters are Eeff = 140 GPa, σ0 =
96 MPa, and Eeff = 160 GPa for fitting with/without initial stress,
respectively. Inset shows an AFM topography image of two cross
section lines taken from the suspended NW (red) and substrate
surface (blue).

Figure 4. Measured F−D curve (blue and black dots) and fitting
curves (red and green lines) for a SiNW before and after RTA at 400
°C. Fitting results before RTA, Eeff = 123 GPa and σ0 = 159 MPa, and
after RTA, Eeff = 113 GPa and σ0 = 45 MPa.
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To extract the relevant NW parameters, such as Young’s
modulus, residual tension, and crystallographic growth
orientation, an analytical model for the three-point bending
experiment is developed. The starting point is the basic
differential equation of continuous mechanics that determines
the equilibrium position of a doubly clamped beam of length L
subjected to point force, Fz,̂ at its center43
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where u(x) is the transversal displacement in the z direction, x
is the beam longitudinal axis, E is the effective Young’s
modulus, I is the area moment of inertia, and T is the overall
tension along the wire. The first term originates from the beam
bending, and the second term is attributed to initial tension and
stretching along the axial direction of the beam. The overall
tension is given by
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where T0 is the residual or initial tension, Lrelx is the relaxed
length of the beam (with zero strain), and L is the length of the
beam between the two clamping points. The relaxed beam
length may be smaller or larger than L, depending on whether
the initial tension is positive or negative, respectively. However,
a simple calculation shows that Lrelx/L = E/(E + σ0), where σ0 =
T0/S, and S = πR2 is the circular beam cross section. In many
experiments that use the three-point bending method, Young’s
modulus is much larger than σ0 (by at least few hundreds),
rendering the approximation Lrelx ≈ L completely justified.
After integrating eq 2 with respect to x and assuming that T

> 0 for the forthcoming analysis, the following analytical
solution is found for the common boundary conditions of
doubly clamped beam (u(0) = u(L) = u′(0) = u′(L) = 0):
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Plugging eq 4 back into eq 3 yields
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For small deflections and low T0, eq 5 may be expanded in
powers of T to obtain
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The latter equation offers two main observations. First, we see
that the relevant small parameter of the expansion is α = L2T/
EI = (L/L0)

2, which measures the ratio between the stretching
and bending contributions to the beam deflection. Second,
rewriting eq 7 in the following manner

α≡ =F F
EI

L
u L f

192
( /2) ( )ext 3 (8)

yields the well-known linear beam deflection approximation for
f(α) = 1. This relationship is commonly used in the literature to
extract the Young’s modulus of the beam.26,29−32 The
disadvantage of the linear model is that it is applicable only
for deflections that are smaller than the beam’s thickness and is
extremely sensitive to initial stresses, as will be discussed below.
For deflections greater or comparable to the beam’s thickness
(referred to as large deflections), tensile forces due to stretching
become significant, and the force-deflection (F−D) curve
deviates substantially from linearity. This can be described by
adding a cubic term, giving only a rough approximation.25

It was only in 2006 that Heidelberg et al.25 introduced a
model consisting of a Pade ́ approximation to the analytical
solution of the beam equation that produces a F−D curve for
the entire range of deflections. This model was further used
only in subsequent work by co-workers.28,33 In this study, we
follow the analysis performed by Heidelberg et al.25 and
introduce also the exact set of equations and relevant
approximations for the case of initial stresses.
The first step is to find f(α). Plugging eq 5 into eq 8 and

eliminating F results in

α α=
− α

α
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Inserting eqs 8 and 9 into eq 6 yields
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For a given set of F−D data, eqs 8 and 10 are solved self-
consistently, thus finding the two unknowns, E and T0. This
procedure is very slow to converge, and if the residual tension is
negative, which is quite common, the obtained result might be
wrong, depending on the initial guess for the two unknown
variables. To facilitate this procedure and to develop better
intuition regarding the beam deflections, various approxima-
tions may be applied. In Yaish et al.44 we present a detailed
theoretical analysis that compares different approximations for
the F−D curve. The final conclusion was for displacements that
are up to 10 times the NW radius, E and T0 can be extracted

Figure 5. SEM images of a horizontal SiNW beam (a) and an arched
beam (b). Arched beams have a characteristic F−D curve that is
significantly different from that of horizontal beams. Scale bar − 0.5
μm.
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with excellent agreement (less than 2% difference) by fitting the
F−D data to eq 8 using the following approximation:
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and ϵ = u2S/I. These equations are valid for both elongation
(T0 > 0) as well as compression (T0 < 0) residual stresses.
The resulting Eeff is the effective Young’s modulus of the

composite structure that comprises a Si core and a SiO2 shell.
The flexural rigidity of a core−shell system is given by45

= +E I E I E Ieff eff core core shell shell (13)

where I is the area moment of inertia (which is πr4/4 for a
cylinder and π(router

4 − rinner
4)/4 for a cylindrical shell) and

Ecore(shell) is the Young’s modulus of the core(shell). Together,
the following relationship for the effective modulus is derived:46
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where Eshell = 70 GPa,47 and dcore (dtotal) is the NW core (total)
diameter. The circular cross sections were verified by high
resolution scanning electron microscopy and high resolution
transmission electron microscopy images of several typical
wires. Surprisingly, the relative strength of the stretching and
bending rigidities, represented by α, is very similar (within
10%) for the two common circular and hexagonal cross
sections, and as a result, the Young’s modulus and residual
stresses extracted from the experimental data for these two
cases are very close.
Equipped with the theoretical model and the fitting

procedure, the effective Young’s modulus and the residual
tension may be extracted from the experimental curves. Figure
3 depicts two fitting curves for the experimental data, obtained
by the analytical model (eqs 8 and 11), including and not
including the initial stress along the beam (red and green
curves, respectively). The fitting results are Eeff = 140 GPa,
which corresponds to ESi = 193 GPa with a 2 nm oxide sheath
according to the core−shell model (eq 14), and σ0 = 96 MPa;
the stress-free model yields Eeff = 160 GPa, which corresponds
to ESi = 230 GPa.
The calculated Young’s modulus for the core is in excellent

agreement with bulk Si in the ⟨111⟩ direction (E⟨111⟩ = 190
GPa), a result that is expected considering the NWs used.48

The high result obtained for the stress-free case does not agree
with Si elastic moduli, and the fitting quality is lower than for
the nonzero σ0 case. This result emphasizes the importance of
including the residual stress in the model, in comparison with
the stress-free case.
Figure 6a depicts the resulting Eeff (black circles) for our

three-point bending experiments conducted on nine SiNW
devices. Seven devices had native oxide (dshell ≈ 2 nm) and two
were oxidized (dshell ≈ 7 nm). These results were compared
with the core−shell model introduced by eq 14. This model,
however, offers four relevant possibilities for our study: two
shell thicknesses (2 and 7 nm) and two expected core Young’s
moduli, Ecore (E⟨110⟩, ⟨112⟩ = 170 GPa, and E⟨111⟩ = 190 GPa).
The red and magenta continuous lines correspond to
unoxidized SiNWs with Ecore = 170 and 190 GPa, respectively,

while the blue and light blue lines represent oxidized wires with
Ecore = 170 and 190 GPa, respectively. Note the good
agreement between the theoretical model and the measured
data, and the dependence of Eeff on the NW diameter, as
predicted. Figure 6b shows the resulting Ecore vs NW diameter
(black circles). The colored dashed lines correspond to the
theoretical bulk values of the Young’s moduli of silicon. The
experimental data are scattered nicely along these two dashed
lines, confirming our previous knowledge that these SiNWs
have ⟨110⟩, ⟨112⟩, and ⟨111⟩ crystallographic growth
orientation. The average Young’s moduli obtained from these
devices are 169 ± 10 and 194 ± 12 GPa, respectively. These
results are in good agreement with the theoretical values of 170
and 190 GPa. Interestingly, the residual stress for these NWs
ranges between −30 and 450 MPa, with no obvious correlation
between NW diameters and stress.
The resulting residual stress can also be modified after device

fabrication. This possibility is essential for tuning the electrical
properties of the wire to achieve optimal operation. One
method is attributed to RTA, as presented in Figure 4. Fitting
results before RTA treatment are Eeff = 123 GPa and σ0 = 159
MPa, which corresponds to Ecore = 173 GPa, while after RTA
treatment Eeff = 113 GPa and σ0 = 45 MPa, yielding Ecore = 154
GPa.
Eeff is smaller since NiSi Young’s modulus is smaller than Si

Young’s modulus (reported to be about 130 GPa49) and
because parts of the SiNW turn into NiSi during RTA. A
significant change of about −115 MPa in the initial stress was
found, corresponding to compression during RTA. This result
is expected since the unit cells of the various silicide phases are

Figure 6. (a) Core−shell model prediction with Ecore = 170 or 190
GPa, 2 or 7 nm shell, and Eshell = 70 GPa (solid colored lines, see main
text) alongside the extracted fitting results for the effective Young’s
modulus (black circles). (b) Core Young’s modulus calculated
according to the core−shell model from the fitting results (black
circles). The colored dashed lines correspond to E⟨110⟩,⟨112⟩ = 170 GPa
and E⟨111⟩ = 190 GPa.
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bigger than the silicon unit cell, thus elongating the NW and
reducing the original positive strain.
In conclusion, three-point bending experiments were

performed on fabricated doubly clamped SiNW beams of two
oxide sheath thicknesses, before and after RTA. An analytical
model was used to extract the Young’s modulus and the initial
stress for these wires. Excellent agreement was found between
the extracted Young’s moduli of these SiNWs and the predicted
values for bulk silicon based on the NW crystallographic growth
orientation. This analysis supports the core−shell model in that
it properly describes the elastic properties of SiNWs with
diameters above 20 nm and may be used as a postfabrication
characterization tool for NW crystal orientation.
RTA was found to cause axial compressive stress within the

SiNW, to such extent that some devices experienced Euler−
Bernoulli buckling instability and formed arched beams.
Further research is needed to analyze the mechanical properties
of these arched devices.
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