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In this work, strain in silicon free standing beams loaded in uniaxial tension is experimentally and
theoretically investigated for strain values ranging from 0 to 3.6%. The fabrication method allows
multiple geometries (and thus strain values) to be processed simultaneously on the same wafer while
being studied independently. An excellent agreement of strain determined by two non-destructive
characterization techniques, Raman spectroscopy and mechanical displacement using scanning electron
microscopy (SEM) markers, is found for all the sample lengths and widths. The measured data also
show good agreement with theoretical predictions of strain based upon continuum mechanical
considerations, giving validity to both measurement techniques for the entire range of strain values. The
dependence of Young’s modulus and fracture strain on size has also been analyzed. The Young’s
modulus is determined using SEM and compared with that obtained by resonance-based methods. Both
methods produced a Young’s modulus value close to that of bulk silicon with values obtained by
resonance-based methods being slightly lower. Fracture strain is analyzed in 40 sets of samples with
different beam geometries, yielding values up to 3.6%. The increase in fracture strain with decreasing
beam width is compared with previous reports. Finally, the role of the surface on the mechanical
properties is analyzed using UV and visible lasers having different penetration depths in silicon. The
observed dependence of Raman shift on laser wavelength is used to assess the thermal conductivity of
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deformed silicon. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4765025]

. INTRODUCTION

Suspended silicon beams and nanowires are being
widely used in micro- and nano-electromechanical systems
(MEMS and NEMS) and in nanowire gate-all-around (GAA)
transistors. The superior surface-to-volume ratio of these
sub-micrometer dimension structures compared with their
macro counterparts makes them highly sensitive to chemical
and biological detection and consequently very attractive in
fabricating and developing MEMS based sensors.'™ Like-
wise, nanowire gate-all-around devices exhibit superior
electrostatic control of the gate compared with planar devi-
ces, which results in improved performance.*”

Stress engineering is used in MEMS and NEMS for fabri-
cating and developing piezoresistive based sensors, e.g., pres-
sure and force sensors.® In microelectronics, compressive and
tensile stresses increase carrier mobility in pMOS and nMOS
transistors, respectively.”” However, common problems associ-
ated with undesirable or excessive mechanical stresses are also a
source of many reliability issues.'®!" Precise knowledge of me-
chanical properties such as Young’s modulus, fracture strain,
and fracture stress is needed. The mechanical, thermal, and elec-
trical properties of bulk silicon are well known and have been
extensively studied.'> However, they change significantly at the
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nanoscale.'*"> This is because the surface-to-volume ratio sig-
nificantly increases and the surface atoms start to play a more
important role in the physical properties of the material. In sol-
ids, during the process of creating a new surface, the free energy
increases.'® The charge distribution at the surface and in the
bulk is different due to the absence of atoms above the free sur-
face.!” As a result, the surface atoms rearrange in order to mini-
mize their positional energy.'® This surface reconstruction is
considered to be the leading mechanism for the observed change
in some physical properties in silicon at the nanoscale, for exam-
ple elasticity and thermal conductivity.'®'® Thus, with devices
well into the nanometer regime, a fundamental understanding of
the mechanical properties in silicon suspended beams and nano-
wires is crucial.

Numerous testing methods have been previously used to
perform mechanical tests in silicon free-standing beams repli-
cating nanowires. Buckling and bending are common dedicated
methods. In general, they use an atomic force microscope
(AFM) tip to deform a cantilever or nanowire and thereafter
measure the exerted force.’>** Other techniques use singular
mechanisms to supply the needed deformation force, for exam-
ple by inserting a material between cantilevers or by using a
polymer spun over the base of an array of nanowires pillars to
create a contraction force which deforms the nanowires.”>>* In
these techniques, it can be difficult to precisely control the
exerted force. Often a probe for the specimen manipulation is
required.”> Methods based on buckling and bending are also

© 2012 American Institute of Physics
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frequently complicated by the non-linear analysis associated
with the specimen deformation. Further challenges arise
from the difficulty in obtaining large and uniform ranges of
strain with precision, especially in long free-standing beams
which are required for generating high values of strain. In
silicon high strain values are necessary to maximize the
potential of the MEMS and NEMS devices.

Tensile testing machines provide a very direct stress-
strain measurement and the capability of probing high values
of stress. However, the tensile testing stages developed often
have complex designs which can complicate the stress-strain
analysis.”*® Problems derived from external loading such
as sample manipulation, gripping issues, and misalignment
are also encountered.??™! Furthermore, most tensile testing
machines require an electrical based actuator to pull the sam-
ple specimen, which generally involves an additional power
supply and high precision.

A large number of characterization techniques are capable
of measuring strain in silicon structures, including x-ray dif-
fraction (XRD),32 transmission electron microscopy (TEM),
and convergent beam electron diffraction (CBED).>** How-
ever, not all of those are suitable for nanoscale analysis. XRD
is a non-destructive technique which requires limited effort in
sample preparation and can directly measure strain from a
crystalline lattice, but its spatial resolution is limited to several
micrometers and requires large sample areas. TEM and CBED
provide high resolution measurements but require time-
consuming destructive sample preparation. Raman spectros-
copy is also widely used for strain characterization. It is
non-destructive and does not require sample preparation. It can
readily achieve spatial resolution below 1 yum, while measuring
stress levels down to 25 MPa.*® In this paper, we use Raman
spectroscopy to characterize strain in arrays of silicon beams
in a wide range of geometries under uniaxial tensile stress
along the [110] direction. The induced strain is varied and con-
trolled by using different beam geometries of a large number
of structures fabricated on the same chip. This on-chip tensile-
testing technique was recently reported by Gravier er al.®’
for measuring the mechanical properties of micro- and
nanometer-thick films while avoiding the issues described
above. The method has previously been successfully applied to
test the mechanical properties of aluminium, palladium, and
polysilicon thin films.*’~" In this work, strain values ranging
from 0 to 3.6%, equivalent to an applied stress of ~6GPa,
have been investigated in silicon. Raman spectroscopy and
scanning electron microscopy (SEM) are used to characterize
strain, and the measured results are compared with analytical
calculations. The impact of the surface-to-volume ratio on the
mechanical properties of silicon is studied by analyzing the
changes in Young’s modulus and fracture strain. Surface
effects are analyzed with Raman spectroscopy by using a UV
laser characterized by a low penetration depth and comparing
results with a visible laser which senses the whole thickness of
the silicon samples. The discrepancy between the Raman shifts
measured using the UV and visible lasers is used to investigate
the thermal conductivity in strained silicon.

The paper is organized as follows. Section II describes the
fabrication details and measurement conditions. Section III A
presents the strain data extracted using Raman shifts and SEM
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images of released microstructures and discusses the accuracy
of the analysis. The experimental data are compared with ana-
lytical calculations, and the range of elasticity in silicon is
evaluated alongside other experimental and theoretical work.
Section III B addresses the variation in Young’s modulus and
fracture strain with beam geometry. The role of the surface in
the size dependent physics is analyzed in Sec. IIIC. The
impact of strain on the thermal conductivity of silicon is dis-
cussed in Sec. III D. Finally, the main conclusions are summar-
ized in Sec. IV.

Il. EXPERIMENTS

The samples consist of six arrays of silicon beams having
beam widths of 1, 2, 4, 6, 8, and 10 um. The beams are under
tensile stress along the [110] direction. Each array is com-
posed of thirty beams with lengths varying between 3 and
1300 um and a constant thickness of 200nm. The induced
stress is provided by a silicon-nitride beam (actuator) attached
to the silicon sample. The actuator widths are 10 and 15 um
and the thickness is 400 nm. The length of the actuator is var-
ied between 175 and 1988 um. The total length of the actuator
and sample is kept constant and four different configurations
with lengths of 500, 1000, 1500, and 2000 um were fabricated
(Fig. 1). Thus, the total number of samples is 6 x 30 x 2
x 4 =1440. The large number of samples has allowed us to
investigate the size effects and surface effects on the mechani-
cal properties of strained silicon for a large range of geome-
tries and stress values.

Fig. 2 shows the complete fabrication process. It starts
with a standard (100) SOI (silicon-on-insulator) wafer with a
400 nm-thick top silicon film. An oxide layer is thermally
grown above the silicon film and thereafter used as a mask
for patterning the silicon into beams. After sample patterning
using plasma etching, a second oxide layer is thermally
grown and a window opened where the actuator contacts the
sample. A 400 nm-thick silicon nitride layer is then deposited
by low pressure chemical vapor deposition at high tempera-
ture (800 °C) and patterned for making the actuator. Finally,
the sample (Si) and actuator (SizN,) are released by etching
the silicon dioxide sacrificial layer with hydrofluoric acid
(HF). A critical point drying process completes this step for

FIG. 1. The array of microstructures used in this work. Every array consists
of 30 samples with lengths ranging from 3 to 1300 um, six different widths
(1 - 10 um), and two different actuator widths (10 and 15 ym). The thickness
of the samples and actuators are 200 and 400 nm, respectively. The total
length, i.e., sample and actuator, is also varied between 500 and 2000 pm.
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FIG. 2. The fabrication process flow for the MEMS-based silicon beams. An
induced stress due to the contraction of the actuator appears in the silicon
sample beam after the final release process.

avoiding stiction with the substrate. As a result of the silicon
nitride high deposition temperature and the difference in
thermal expansion coefficients between silicon nitride
(2~6-10"% K1) and silicon (2 ~2.3-10"° K™ 1),* the sili-
con nitride undergoes internal stress relaxation after the final
HF release. This induces a tensile stress in the silicon sam-
ple. Additional fabrication details can be found in Ref. 37.

In order to determine strain in the samples by SEM, a
pair of cursors was fabricated alongside the silicon beams
(Fig. 3(a)). One cursor is positioned at the actuator side
(mobile cursor) and the other is positioned at the substrate

(a)

Actuator

Mobile
cursor

Fixed
cursor

(b)

FIG. 3. (a) Mobile and fixed cursors attached to the actuator and silicon
nitride sidewalls, respectively, allow accurate SEM measurements of the dis-
placement u (inset); (b) SEM micrograph of a sample showing four pairs of
cursors. Multiple cursors are used to minimize error in strain estimated by
SEM measurements.
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sidewalls (fixed cursor). The displacement between the mobile
and fixed cursors (inset in Fig. 3(a)) is directly measured by
SEM inspection and converted to strain ¢ using the logarith-
mic norm (true strain). This logarithmic norm is generally
used in large deformation behavior.*’ Strain is given by

e=In <LOL—: u> , (1)

where L, is the initial sample length before the device
release (step 8 in Fig. 2) and u is the mobile cursor displace-
ment after the device release (step 9 in Fig. 2). In order to
minimize the error in the strain determination, additional
pairs of cursors per sample (four in the present structures)
can be implemented and the resulting displacements aver-
aged (Fig. 3(b)). The accuracy for the SEM measurements is
estimated to be 50 nm.

Assuming silicon in the elastic regime and uniaxial
stress along the [110] direction, strain is converted to stress
using Hooke’s law:

0 = 8E11(). (2)

Here, ¢ and ¢ are the uniaxial stress and strain, respectively,
along the [110] direction, and E¢ is the Young’s modulus
of bulk silicon for the [110] direction (E; ;o= 169 GPa).*!
Raman spectroscopy was used to analyze strain in the
silicon beams. A laser beam is focused onto the sample
which generates an energy transfer between the incident pho-
tons and the sample, i.e., phonons. The difference in fre-
quency between the incident and scattered light results in a
Raman spectrum relating to the phonon energy with a char-
acteristic peak centered at ~520cm ™' for unstressed silicon
(Fig. 4).3° In this work, we have used the silicon substrate as
the reference to calibrate the peak position. After calibration,
the peak position was found to be located at 520.7cm .
When stress is applied, the peak shifts towards a lower
Raman frequency for tensile stress and a higher Raman fre-
quency for compressive stress. In both cases the difference
in peak position for unstressed and stressed samples relates

Unstrained
1000 | 520 cm™
Tensile A Compressive
—_ i a w A i
S 800 | strain b h strain
3 i | i
~ i | i
2> 600 i i
B i ' i
< i | i
g 40| H | H
£ i ! i
200 | i ! i
;A | [
’ \, ’ \
0 4= A | d AT L

460 480 500 520 540 560 580
Raman shift (cm-1)

FIG. 4. Typical Raman spectra in silicon. In the absence of stress, silicon
exhibits a major peak centered at ~520cm ', Tensile strain will cause a
peak shift towards lower frequency values whereas compressive strain will
shift the peak position to higher frequency values.
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to the applied stress (Fig. 4).>° The Raman measurements
were performed in backscattering configuration using a com-
mercial LabRam HR 800 confocal laser system with a high
numerical aperture (0.9). A visible laser with wavelength
/=458 nm and penetration depth ~300 nm** was used to
characterize strain in the bulk of the silicon samples and a
UV laser with wavelength =364 nm and penetration depth
~15 nm** was used to analyze strain near the surface.

For each sample, the laser was focused at three locations
near the centre of the beam length, with each measurement
separated by 1 um. Each measurement consisted of 3 accu-
mulations and an integration time of 10 seconds per accumu-
lation in order to optimize measurement accuracy. The
Raman information presented for each sample corresponds
to the median of the three measurements. For the subsequent
analysis, each peak on the Raman spectra was deconvolved
using a Gaussian-Lorentzian distribution to determine the
peak position and thus strain. The deconvolution process is
less accurate for peaks located near the silicon substrate peak
(520.7cm™") as the high intensity of the substrate peak can
mask the other peaks. The maximum difference in peak
deconvolution between the three measurements at each loca-
tion was found to be ~0.33 cm ™", corresponding to the sam-
ples with the smallest strain (peak position ~520.7 cm ™).
For the samples with higher stress levels, the peak position is
clearly resolved and the error in peak position is smaller
(~0.05cm ™", which corresponds to ~26 MPa stress). The
error bars for the measurements are very small and are there-
fore not presented in the figures.

Ill. RESULTS AND DISCUSSION
A. Elastic strain measurements

The strain and stress induced in the beam can be theoret-
ically deduced from force equilibrium conditions between
the actuator and sample beam. Figure 5 compares the struc-
ture deformations and force equilibrium involved before and
after the sacrificial oxide removal during device fabrication.
Figure 5(a) shows the expected deformation which will be
experienced by the actuator with no attached sample after
the sacrificial oxide etching. Following release, the actuator
is free to contract by an amount u,, due to its internal stress
relaxation. In contrast, the loaded actuator in Fig. 5(b)
can only contract by an amount u smaller than ug... Thus,
assuming the actuator has a Young’s modulus £, and a cross
section S, the load condition can be expressed by”’

J. Appl. Phys. 112, 114506 (2012)

Ufree u
e 7| > 3)
1 La

F=E,S,

where Lo and I represent the actuator length with and with-

Upree __

out the load, respectively, before release. The value % = 82’“
represents the mismatch strain of a free actuator (i.c.y without
an attached sample beam) and is obtained by measuring the
cursor positions via SEM images inspection. In our case,
&ms = 0.00324.

Using Eq. (3), for the sample beam:

u
F=E S(LO> , 4)

where E, S, and L, represent the Young’s modulus, cross sec-
tion, and initial length, respectively, before release of the sil-
icon beam. Mismatch strain is not considered since the
silicon sample is produced from blanket SOL.** Combining
Egs. (3) and (4) to enforce equilibrium, the contracted
amount u is estimated as

u=- L—IU n L%) , (5)
where 7 has been defined as r = £ ¢-

SEM measurements were carried out to determine strain
by direct inspection of the displacement u of the attached cur-
sors. The cursor displacement is compared with the estimated
values extracted from the theoretical analysis assuming
E=169GPa and E,=240GPa (measured by nanoindenta-
tion**). Figure 6 shows a comparison of SEM and theoretical
estimates of the cursor displacement for 1 um-wide samples
with beam lengths in the range 160 to 1300 um. There is an
excellent agreement between SEM and theory. The maximum
observed difference is 0.14 um (~0.08% strain) and the
average difference is 0.07 um (~0.04% strain). This validates
the on-chip testing structures as a suitable method to obtain
specific values of strain within a large and uniform range of
sample lengths.

Displacement values from SEM cursor measurements
were converted to strain using Eq. (1). Figure 7 shows the
variation in strain for three beam widths (1, 2, and 4 um)
with length L, (before release). There is a general //L de-
pendency in the measured values of strain, as expected from
Eq. (1). At short lengths, u and L values become similar in
magnitude and the resultant strain significantly increases.

Restricted contraction

\ FIG. 5. Schematic showing how the

actuator contracts. (a) Actuator is free to

contract, i.e., with no attached sample.

(b) Actuator is restricted by an attached
sample. The actuator deformation u with
the attached load is smaller than that of

the free actuator u,,.. Due to the actuator
contraction after release, a tensile stress

(a) Free contraction (b)
e ;
1
ificial | (Sist(ié)'O) l
N sacrificial layer | I
Before re Z !
Si substrate i
1
:i i
After rel . :
s
ufms :

(F-F") is induced along the silicon sample.
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FIG. 6. SEM measurements and theoretical calculations of the cursor dis-
placement u, representing strain (Fig. 3). There is an excellent agreement
between theory and SEM measurements.
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FIG. 7. The strain variation with sample length obtained from direct SEM
measurements of cursor displacement. There is a //L, dependency in the
measured values of strain. At short lengths, both « and L, values become
similar in magnitude and the resultant strain increases significantly. The
measured strain for a given length and thickness becomes smaller for the
wider samples as a result of smaller applied stresses.

The increase is more pronounced for the 1 um-wide samples
than for the 2 and 4 um-wide samples. This is because for a
given length and thickness the 1pum-wide beams have a
higher applied stress due to the inverse relationship between
stress and cross-section (o = F/S).

Raman data were converted to strain to compare with the
cursor measurements and analytical estimates of strain.
Raman measurements can be affected by sample heating from
the irradiating laser.*>*® Using low laser power circumvents
heating effects, however higher laser powers increase the
Raman spectra peak intensity and aids accurate identification
of peak position. To determine the maximum laser power that
could be delivered to the sample before data interpretation
becomes erroneous through heating effects, preliminary tests
were undertaken. The effects of sample heating were consid-
ered for the 1 and 4 um-wide samples by using different
power attenuation filters. By changing the filters the power
delivered to the sample is varied from 1 to 100%. The result-
ing Raman peak is shown in Fig. 8. For the visible radiation,
there is no Raman peak shift observed for delivered laser
powers below 30 and 200 uW for the 1 yum- and 4 um-wide

J. Appl. Phys. 112, 114506 (2012)
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FIG. 8. Raman power tests on 4 um-wide samples using a visible laser
(2=458nm). Sample delivered powers (P,) higher than 0.2 mW can intro-
duce shifts in the Raman peak position due to laser sample heating rather
than strain. For 1 yum-wide samples P, must be reduced below 0.03 mW.

samples, respectively, due to a bigger heat evacuation cross-
section (Fig. 8). In order to avoid any heating, the delivered
power was kept under 30 uW for all the samples. For the UV
radiation, the maximum delivered power could not be meas-
ured directly. In order to accurately identify peak positions, a
minimum attenuation filter of 10% on the UV laser was neces-
sary. Compared with the visible radiation, an additional
Raman peak shift due to sample heating is observed. This is
0.05cm™" for the 4 um-wide samples and 0.17cm ™" for the
1 um-wide samples.

The evolution of the Raman frequency peak with the
sample length for the visible radiation (A =458 nm) in the
4 ym-wide samples is depicted in Fig. 9. There is a progres-
sive down-shift towards lower frequencies at shorter sample
lengths. This corresponds to an increase in the applied tensile
stress due to longer actuator lengths and agrees with the trends
in strain observed by analytical and SEM cursor displacement
methods (Fig. 3(b)).

Figure 10(a) shows the variation in Raman shift with the
beam length for the 4 um-wide samples and lengths ranging
from 60 to 1300 um. Raman shifts are converted to strain
using the phonon deformation potentials of Anastassakis

\
L =60 um

L =120 ym

&
- A g0
L= 24ML e
L =480 pm

L =900 pm

|_=1300u‘m_A

Intensity (a.u.)

520 530 540
Raman shift (cm-')

500 510

FIG. 9. Raman spectra for varying sample lengths. There is a progressive
downshift of the Raman peak position at shorter sample lengths (longer actu-
ator lengths) due to the proportional increase in applied stress with the actua-
tor length.
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FIG. 10. (a) Variation in Raman peak position for samples with lengths ranging from 60 to 1300 um. (b) Strain values for the same samples after conversion

from Raman shifts.

et al. (Fig. 10(b)).*” For uniaxial stress along the [110] direc-
tion, the relation between Raman shift and strain is given by

Aw =337 ¢, (6)

where Aw represents the difference between the stress free
frequency value wo=520.7cm™ ' and that measured with
applied stress. Figure 11 compares experimental values of
strain (determined by SEM and Raman spectroscopy) and
strain determined analytically for the 1 and 2 yum-wide sam-

@ ;4
O SEM

25 8

: B ORaman (A = 458 nm)
~ 20} 8 O Theory
5 5
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£ 15} 3
i 8
& 8
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8
05 r ° Y
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Sample length (pm)

(b)
o5 | B ©SEM
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- 15| 8
= B
= 83
» 10 | o o
05 °
: 2 pm-width LI
0 o o
00 1 1 1 1 1 1

0 200 400 600 800 1000 1200
Sample length (um)

FIG. 11. SEM, Raman measurements, and theory show excellent agreement
in strain values for all geometries: (a) 1 um- and (b) 2 um-wide samples.

ples. The average discrepancy for the range of lengths is
found to be ~0.05% strain (equivalent to 80 MPa stress)
between the two experimental techniques and theory. This
small error validates the accuracy in conversion from Raman
wavenumbers to strain.

The good agreement obtained between theory and experi-
ments confirms the technique is suitable for accurate analysis
of strain in suspended silicon beams, thin films, and nanowires
in the range 0-3% (equivalent to a mechanical stress of
5GPa). This range of values is similar to that used in other
experimental work in bulk silicon.*®*’ Kozhusko er al.*®
using nonlinear surface acoustic wave (SAW) pulses, meas-
ured the critical fracture strength of single crystal silicon and
obtained values in the range 5—7 GPa. Ando er al.** measured
the fracture strain in single crystal silicon samples 50 yum-
long, 50 um-wide, and 5 um-thick along the [110] direction
and found an average fracture strain of 3.4%. The ideal tensile
strength has also been calculated for a perfect crystal. > A
range of values from 15 to 22 GPa was obtained depending on
the stress orientation. However, unlike perfect crystals, real
materials contain defects such as impurities, dislocations, and
vacancies which reduce the tensile strength. Thus, the ideal
tensile strength must be considered as an upper limit for a real
material.

Finally, the strain distribution along the silicon sample
was investigated. Raman measurements were carried out in
three different locations along the sample length; at each end
and in the centre. This is in contrast to the previous Raman
analysis where each measurement was performed at three
locations near the centre of the beam length. Figure 12 shows
the Raman spectra for the 4 yum-wide samples. Since no sig-
nificant differences are observed, it is concluded that strain is
homogeneously distributed along the sample length. Strain
distribution is particularly important in silicon nanowires
where small changes in strain can significantly modify the
silicon band gap and electron effective mass m*.>>>> Any
such changes cause a change in carrier mobility, which
affects performance in nanowire based devices. Standard
deviations and normality tests with a 95% confidence inter-
val were carried out for the SEM measurements from the
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FIG. 12. Raman spectra corresponding to a 4 um-wide sample in three differ-
ent locations along the sample length. No difference in peak position was
found between the three locations indicating a homogenous strain distribution.

four measured cursor displacements Au (Fig. 13(a)) and
Raman frequency shifts Aw (Fig. 13(b)). For both types of
strain measurement, p-values > 0.05 are obtained which vali-
dates the null hypothesis, i.e., a normal distribution. The small
standard deviations, g, =0.09603 and o4, = 0.06345, con-
firm good uniformity in both SEM and Raman measurements.

B. Size effects on the silicon mechanical properties

The mechanical properties of silicon such as the Young’s
modulus and fracture strain have been previously reported and
found to be size dependent.'*'>=%>* Based on our SEM and
Raman measurements, we have analyzed the dependence of
Young’s modulus and fracture strain on beam size and com-
pared the findings with previously reported results.

1. Young’s modulus

To analyze the size dependency of the Young’s modu-
lus, five arrays of silicon samples with widths between 1 and
4 um were studied. In order to calculate the Young’s modu-
lus, we first determine the applied stress using Eq. (3), which
can be written as

S a [ Ufree u

s\t Lo

c=E, @)

Eq. (7) does not require use of Young’s modulus in silicon.
The Young’s modulus of the sample can be subsequently
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FIG. 14. The stress—strain curve for a sample and weighted linear fitting
(dashed line). Stress and strain are both determined from SEM measure-
ments. The fitted line is drawn assuming a zero sample mismatch strain and
residual stress and crosses over the region of maximum cursor displacement
(minimum Young’s modulus fluctuation). The Young’s modulus is extracted
from the slope of the fitted line.

extracted from the slope of the stress-strain curve by apply-
ing a least squares linear fit. The main error in stress and
strain determination, hence in Young’s modulus, results as a
consequence of the cursor displacement variations. To mini-
mize the error in Young’s modulus determination, the fitted
line is drawn to span over the region where the cursor dis-
placement variations is minimum. The analysis of the first
derivative of the Young’s modulus with respect to the cursor
displacement shows that the region where the Young’s mod-
ulus is less prone to fluctuations occurs around the maximum
of the cursor displacement curve (Fig. 6). In addition, the
constriction of zero mismatch strain and residual stress
forces the fitted line to cross at the origin. Figure 14 shows
the stress-strain curve and the fitted line used to extract the
Young’s modulus for a 1 um-wide array of samples. The fit-
ted line corresponds to a Young’s modulus of 169 GPa.

The average Young’s modulus for the five arrays of
samples was found to be 165 GPa and the standard deviation
was 5 GPa. Thus, within the accuracy of the SEM measure-
ments, our results confirm that the Young’s modulus of the
samples is similar to that of bulk silicon, i.e., 169 GPa. These
results are summarized in Table 1.

The Young’s modulus of 200nm-thick silicon free-
standing beams was previously determined using dynamic
resonance-based measurements.” An average value of
~160 GPa was found, which is within 5% of the bulk value.

(a) (b)
99 99
1 pm-width LS 1 pm-width FIG. 13. Normality tests with 95% confi-
gg Y, % / gg dence intervals of (a) SEM discrepancies
- 80 s yd - 80 of displacement u for 1 um-wide samples
S /°/ S corresponding to the four cursors measure-
o 60 y Mean 03771 © 60 ments per sample, (b) Raman discrepan-
a 40 ooy 003 | & 40 ] S cies in frequency shifts for samples
20 ) 20 / / / P-Value  0.174 c.orresponding to three measurement locq-
10 L 10 o tions per sample. P-values>0.05 vali-
7 / / / y dated a normality distribution in both sets
1 / of measurements. Standard deviations are
00 01 02 03 04 05 06 07 5T 03 o3 02 Oa—"009603and o, —0.06345.

Au SEM (um)

Aw Raman (cm™)
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TABLE I. Experimental Young’s modulus extracted using Eqgs. (1) and (7).

Sample A B C D E
Width (um) 4 2 2 1 1
Young’s modulus (GPa) 166 171 161 160 169
Average (GPa) 165

Standard deviation (GPa) 5

This result is slightly smaller than the present findings
obtained by SEM. Discrepancies in Young’s modulus eval-
uated using different techniques have previously been
reported. Jin ef al.>® compared different techniques to extract
the Young’s modulus including resonance, electrostatic pull-
in, SEM, and TEM. They observed a general decrease in
Young’s modulus with decreasing nanobeam thickness,
although the onset of the reduction in Young’s modulus
occurred at higher thicknesses for the resonance and pull-in
methods compared with SEM and TEM. A decreasing trend
in Young’s modulus with decreasing thickness has also pre-
viously been reported.57 Other groups, however, have found
no Young’s modulus size-dependency,”>*° and in some
cases, a Young’s modulus increase with decreasing thickness
has been reported.’® Table II compares our measurements
with these data. Ab initio calculations predict a size depend-
ency in Young’s modulus for dimensions below 10nm.**°!
Several effects including surface stress,62’63 native oxide,("F66
loading conditions,®” and material defects'>®® are believed
to affect the Young’s modulus and mechanical properties in
general. Nevertheless, none of them can individually explain
all the differences observed between various experiments
and theory. Sadeghian er al."® used molecular dynamics
simulations to study the size-dependent elasticity of silicon
nanocantilevers and concluded that the differences between
experiments and theory could be reduced if surface effects,
native oxide layers, and fabrication-induced defects were
included in the simulation.

2. Fracture strain

In order to study the effect of structure dimensions on frac-
ture strain, forty arrays of thirty samples, each with different
geometries, were studied. Fracture strain was analyzed by vis-
ual inspection of the last unbroken sample within each array.

TABLE II. Comparison of Young’s modulus extracted using different methods.

J. Appl. Phys. 112, 114506 (2012)
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FIG. 15. The dependence of fracture strain on the surface-to-volume ratio.
The increase in fracture strain with increasing surface-to-volume ratio
appears to flatten at the highest ratios.

For the 1 pum-wide nanowires, 3.6% strain corresponding to
~6GPa (assuming E =169 GPa) stress was obtained. This
value is in good agreement with previous experiments in silicon
nanowires with similar dimensions along the [110] direction.®°
Figure 15 shows the dependence of fracture strain on
surface-to-volume ratio, calculated from the sample geome-
try. The data show that fracture strain increases with increas-
ing surface-to-volume ratio, although this tendency seems to
stabilize at the highest surface-to-volume ratios. An analysis
of samples with smaller dimensions would confirm that the
general increasing trend is also preserved at high surface-to-
volume ratios. Figure 16 shows the same relationship for
samples having the same actuator widths but different sam-
ple widths. There is a 2% increase in fracture strain (from
around 1% to 3%) as the sample width is reduced from
10 um to 1 um. These results agree with other recent studies
of the fracture strain in silicon.’*®” Steighner et al.*° investi-
gated the size-dependence of silicon nanowire strength under
tensile stress. Nanowires with diameters ranging from 268 to
840nm and with different orientations were studied, and
fracture strain was found to decrease with increasing diame-
ter. The magnitude of the change was further dependent on
crystal orientation. Tang er al.%” studied the fracture mecha-
nisms of silicon nanowires grown along the [111] direction
with diameters ranging from 9 to 42 nm. Under tension, the
silicon nanowires deformed elastically before exhibiting an

Work Method Loading Orientation Young’s modulus(GPa)
Lietal® Resonance Bending 110 142
Gordon et al. AFM force modulation and tapping Bending 111 100, 140, 185
Sadeghian er al.© Electrostatic pull-in instability Bending 110 161
Sohn et al? AFM indentation - 111 70-240

Static SEM cursor displacement Tensile 110 165
Our work Dynamic resonant methods Tensile 110 160

Ref. 14, Young’s modulus is extracted by cubic interpolation from the supplied data for a thickness of 200 nm.
PRef. 20, selected results for vapor-liquid-solid grown nanowires with diameters of 700, 480, and 450 nm, respectively.
“Ref. 57, Young’s modulus is extracted by cubic interpolation from the supplied data for a thickness of 200 nm.

dRef. 58, chemically grown nanowires with diameters between 80-600 nm.
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FIG. 16. The dependence of fracture strain on the sample width. There is an
increase in fracture strain with reducing sample width.

abrupt brittle fracture, and again there was an increase in ten-
sile strength with decreasing diameter. However, under
bending they observed that the silicon nanowires deformed
plastically.®’

Fracture mechanisms in crystals are complex and have
been studied both experimentally and theoretically,*#367:69-71
The fracture process is frequently initiated at a flaw or at a sur-
face defect.®! Since defects are usually randomly distrib-
uted,® there is a decreased probability of defects in smaller
structures.>™®’ This could explain the increase in fracture strain
with decreasing size. However, other factors such as inhomo-
geneous defect distributions are also believed to affect the frac-
ture strain of brittle materials such as polycrystalline silicon.”
Previous work on polycrystalline silicon, based on Weibull
analysis, predicts the fracture originates on the edges, corners,
and surface of the specimens.”>’* Weibull failure analysis is
usually employed to study the fracture of brittle materials
based on the weakest link hypothesis (worst flaw).” The valid-
ity of the Weibull analysis, however, has been questioned at
the micrometer scale.”>’® There is little information on the
impact of the defects distribution in silicon nanowires under
tensile stress, but it is possible that this may also play a role in
the variation in fracture strain observed here.

C. Surface effects

Surface effects such as surface stress, contamination, and
native oxide can affect the mechanical properties of the mate-
rial.®*¢%"7 The surface stress is the reversible work per unit
area required to stretch a surface elastically.”® It originates
from the reconstruction, relaxation, and molecular adsorption
of atoms on the surface.’***”7 Sadeghian et al.%* studied the
effect of changes in the stiffness of silicon cantilevers on their
resonance frequency in air and vacuum due to surface stress.
They observed that when the cantilever dimensions approach
the nanometric regime, the change in resonance frequency due
to surface stress becomes significant. Zang er al.”’ studied the
effect of molecular adsorption on the bending of nanocantile-
vers and observed that their behavior significantly differs com-
pared with microscopic and macroscopic thick cantilevers. The
work shows that the classical Stoney’s equation used to calcu-
late the bending curvature required modification when the
thickness of cantilevers is reduced to a few nanometers.

J. Appl. Phys. 112, 114506 (2012)

Native oxide can also affect the mechanical properties
of silicon nanowires. The smaller Young’s modulus of SiO,
(~73 GPa20’79) compared with silicon and the thickness of
the native oxide layer itself (2-5 nm®") are contributing fac-
tors to the observed changes to the Young’s modulus in
nanowires.**%

In order to study the impact of surface effects in the
structures, we have compared the Raman spectra obtained
using the visible and UV lasers, since the signal from the
visible laser primarily probes the bulk whereas the UV laser
provides information nearest to the surface. Figure 17 shows
the strain for the 4 yum-wide samples having lengths in the
range 60 — 1300 um. Only minor discrepancies of ~0.05%
strain between the two radiations are found across the entire
range of strains (~0 to 2.6%). For the 2 and 1 um-wide sam-
ples, the discrepancies are slightly larger, 0.10% and 0.16%,
respectively. Both lasers have penetration depths signifi-
cantly larger than the thickness of the native oxide layer and
both lasers are optically transparent in silicon dioxide.
Therefore, additional factors other than surface effects alone
must contribute to the discrepancies in strain determined
using the two lasers. For example, additional heating from
the UV laser heating may play a role. This is discussed in
Sec. IIID.

D. Thermal conductivity

Previous work on the thermal conductivity of solids and
liquids, including some covalent semiconductors under pres-
sure,* concluded that thermal conductivity increases in
semiconductors with compressive strain, aside from a small
decrease observed in silicon under uniaxial stress. Similar
results were found through molecular-dynamics simulations
in diamond films®' and more recently in silicon nanowires
and thin films.%? In general, these studies agree on two fac-
tors; first that stress-induced defects, which increase phonon
scattering, dominate thermal conductivity, and second, that
the overall thermal conductivity continually decreases as the
applied strain changes from compressive to tensile. Gan

25 % O\ =364 nm
© OA=458nm
2.0 | 6%
9
: 1.5 :'“:‘: 0.05
= 8o |
g 8
n 10 ¢ o
]
8 ©
05 I 4 um-width °8 o
M S © o o
0-0 1 1 1 1 1 1

0 200 400 600 800 1000 1200
Sample length (pm)

FIG. 17. The strain determined by Raman measurements using UV and visi-
ble radiations. There is good agreement in strain values across the entire range
of strains and geometries. Since the UV radiation probes only ~ 15nm while
the visible radiation probes the whole sample thickness (200nm), the data
suggest that strain is homogenous throughout the structures.
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FIG. 18. The variation in strain discrepancy (between UV and visible
Raman measurements) with induced strain (measured with SEM). A slight
increase in discrepancies with strain is observed (slope of dotted lines).
However, the significant scatter in data suggests that other factors such as
laser heating have to be considered.

et al® investigated the thermal conductivity change with
strain in heavily doped silicon cantilevers with dimensions
of 225 x 42 x 5 um® and found that the thermal conductivity
increases from 110 to 140 Wm ™ 'K~ when the compressive
strain increases from 0.1 to 0.3%. Other factors such as sur-
face stress,84 geometry,82 and defects® are also shown to
affect the thermal conductivity of nanostructures.

In order to investigate changes in thermal conductivity
with strain, we have used the discrepancy in the UV-visible
Raman shift of the nanostructures as a measure of heat evacu-
ation. Figure 18 shows the variation in UV-visible measure-
ments with strain determined by SEM. For the data
acquisition, the UV and visible laser powers are kept constant.
Therefore, any significant change in UV-visible discrepancy
could indicate a change in heat evacuation related to the ther-
mal conductivity. However, only a slight increase in discrep-
ancy with strain is observed (highlighted by the dotted lines)
and the scatter in data is too large to ascribe this to changes in
thermal conductivity or surface effects. Consequently, we
believe that other factors such as a less effective heat evacua-
tion in samples with smaller dimensions are likely to dominate
the results.®®

IV. SUMMARY AND CONCLUSIONS

Strain has been characterized in arrays of free-standing
silicon beams using Raman spectroscopy, SEM measure-
ments, and analytical calculations. The beams were fabri-
cated with a wide range of geometries under uniaxial tensile
stress along the [110] direction. The induced strain was var-
ied and controlled by the beam geometry and fabrication pro-
cess which enabled a large number of structures to be
fabricated on the same chip. The beam geometries (1440 in
total) comprised six different widths of 1, 2, 4, 6, 8§, and
10 um with lengths varying between 3 and 1300 yum and a
constant thickness of 200nm. SEM and Raman data were
converted to strain values and compared with analytical cal-
culations. There is a good agreement between Raman, SEM,
and theory. The small average discrepancies in strain
between experiment and theory (~0.05% using Raman and

J. Appl. Phys. 112, 114506 (2012)

~0.04% using SEM) confirm that accurate conversion of
Raman measurements to strain is possible in the range 0 to
3% strain. The good agreement between characterization
techniques also gives validity to the on-chip test structures as
a method to produce accurate strain levels in beams over a
large range of sample lengths.

The dependency of Young’s modulus and fracture strain
on beam size has also been studied. Static SEM measure-
ments showed that the Young’s modulus of 200 nm-thick
samples is close to that of bulk silicon. This result was
shown to be slightly higher to that obtained previously with
dynamic resonance methods for the same thickness. The dis-
crepancies between the two methods and the variation in the
extracted values using SEM measurements (standard devia-
tion =5 GPa) indicate that the Young’s modulus and its
determination depends on internal and external factors
including surface stress, native oxide, loading conditions,
and the measurement technique.

The fracture strain was investigated by visual inspec-
tion of the last unbroken sample within forty arrays of thirty
samples and values up to 3.6% were identified. The fracture
strain was shown to increase with decreasing beam width
due to the increased surface-to-volume ratio for smaller
widths. The variation in fracture strain with surface-to-
volume ratio is considered to arise from a lower probability
of defects in smaller structures and the likelihood that frac-
ture originates in material flaws or surface defects. Homo-
geneity of the defect distribution may also affect the
fracture strain.

UV and visible lasers having penetration depths of
15nm and 300 nm in silicon, respectively, were used to study
the role of the surface on the size dependent material proper-
ties. Small discrepancies in Raman shift between the two
lasers were attributed to a small increase in sample heating
using the UV laser. The variation of thermal conductivity
with tensile strain was thus investigated using the discrep-
ancy between Raman measurements as a measure of heat
evacuation. Within the range of strain studied (0-3%) and
limited by the scatter in the data, a small decrease in thermal
conductivity was found for the most tensile strained samples
compared with bulk silicon.
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