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ABSTRACT: The accurate manipulation of strain in silicon
nanowires can unveil new fundamental properties and enable
novel or enhanced functionalities. To exploit these potential-
ities, it is essential to overcome major challenges at the fabrica-
tion and characterization levels. With this perspective, we have

investigated the strain behavior in nanowires fabricated by

patterning and etching of 15 nm thick tensile strained silicon
(100) membranes. To this end, we have developed a method to
excite the “forbidden” transverse-optical (TO) phonons in
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single tensile strained silicon nanowires using high-resolution polarized Raman spectroscopy. Detecting this phonon is critical
for precise analysis of strain in nanoscale systems. The intensity of the measured Raman spectra is analyzed based on three-
dimensional field distribution of radial, azimuthal, and linear polarizations focused by a high numerical aperture lens. The effects of
sample geometry on the sensitivity of TO measurement are addressed. A significantly higher sensitivity is demonstrated for
nanowires as compared to thin layers. In-plane and out-of-plane strain profiles in single nanowires are obtained through the
simultaneous probe of local TO and longitudinal-optical (LO) phonons. New insights into strained nanowires mechanical

properties are inferred from the measured strain profiles.
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Strain and stress nanoengineering has emerged as a powerful
strategy to expand the capabilities of Si-based nanoscale
technologies.' "' This is attributed to the profound influence of
strain on band structure and lattice symmetry of Si, which gives rise
to advantageous electronic and optical properties. For instance,
since the 65 nm technology node, the precise control of the amount
and distribution of strain in Si devices has been used to ensure the
continuity in performance enhancement and scaling of CMOS
technology.l’2 Moreover, strain engineering was demonstrated to
alleviate design difficulties and performance degradation faced in the
emerging nanowire-based architectures such as trigate and gate-all-
around nanowire MOSFETSs." In addition to these applications in
boosting the performance of Si transistors, the influence of strain in
conjuncture with other quantum effects can also be exploited to
design and engineer novel Si nanowire devices. In this perspective
and based on the fact that the electronic structure of nano-
materials can be tuned through quantum confinement or
topological symmetries, recent theoretical studies suggested
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that strain can be employed to control the intrinsic properties
of a single chemically homogeneous nanowire with the
potential to induce charge separation without doping or
creating an interface with other material.>” These ab initio
calculations demonstrate that local engineering of strain along
the axis of a quantum-size Si nanowire can induce lowest
unoccupied molecular orbitals and highest occupied molecu-
lar orbitals states to be localized in separate regions.*” This
effect results mainly from the crystal structure of the Si
nanowire and quantum confinement effects strengthen the
energy level offsets. Consequently, in a partially strained Si
nanowire, the frontier energy levels of the strained part are
simultaneously higher and lower than the unstrained part,
effectively forming a type-II homojunction.
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Figure 1. Schematic illustration of the process flow for the fabrication of background-free UT-SSOI using thin layer transfer. (a) Growth of relaxed
Sipg2Geo.15 relaxed buffer layer on Si(100) substrate; (b) growth of biaxially tensile strained Si on Sig g Ge 15 and subsequent hydrogen ion implantation
into the grown heterostructure; (c) bonding of the hydrogen-implanted onto a host substrate on which Ge layer was grown followed by deposition of
SiO, layer; (d) thermal annealing-induced layer exfoliation around the hydrogen implantation depth; (e) cross-section transmission electron
microscopy image of the heterostructure obtained after the removal of the residual SiGe. Inset: high-resolution image of the 15 nm thin strained
membrane and the corresponding diffraction pattern. (f) Scanning electron microscopy of the array of nanowires fabricated by electron beam
lithography and reactive ion etching. The thickness, the width, and the length of the nanowires are 15 nm, 30 nm, and 1 m, respectively.

The exploitation of the full potential of strain-engineered Si
nanowire devices raises two major challenges. First, the precise
control of strain during the fabrication process remains an out-
standing task, which becomes even more difficult for quantum-
size nanowires. Several processes have been proposed so far
including the realization of germanium—silicon core—shell
nanowires synthesized through metal-catalyzed vapor phase
epitaxy.” This process is, however, associated with a number of
undesired morphological instabilities.'> The use of local stres-
sors such as SiGe alloys and Si nitride lines can also be used to
introduce strain, but this method can hardly be scaled as
dimensions shrink."® The second challenge is related to devel-
opment of accurate, less invasive, and sensitive techniques to
probe on the nanoscale the strain and the associated changes in
the nanowire properties. A number of techniques have been
proposed to measure the amount and distribution of strain in Si
nanoscale systems.'*"'” However, each of these techniques
suffers a number of limitations such as being invasive or
insensitive to all strain components, or having a limited spatial
resolution. Tip-enhanced Raman spectroscopy is one of the
promising technigues to investigate the strain distribution in
the nanoscale,">*° however, the electric polarization condition
around the tip-apex has not been well characterized as it
strongly depends on the tip geometry and light illumination
method.

In this work, we utilized ultrathin tensile strained silicon-on-
insulator (UT-SSOI) membranes to fabricate strained Si nano-
wires using a top-down approach. The local strain and the
involved free surface-induced strain redistribution during the
formation of the nanowire are investigated using high-resolution
polarized micro-Raman spectroscopy. We describe a method that
permits the excitation of the “forbidden” transverse-optical (TO)
phonons, which is critical for an accurate analysis of the strain in

ultrathin strained Si nanowires. In-plane and out-of-plane strain
profiles in single nanowires are obtained through this simulta-
neous probe of local longitudinal-optical (LO) and TO phonons.
The profile of strain associated with TO Raman shifts across
individual strained nanowires is analyzed and compared to LO
related shifts. The intensity of the measured Raman spectra is
analyzed based on three-dimensional field distribution of radial,
azimuthal, and linear polarizations focused by a high numerical
aperture (NA) lens. The effects of sample geometry on the
sensitivity of TO measurement are considered. New insights into
strained nanowires mechanical properties are also discussed
based on the measured strain profiles.

Fabrication of Ultrathin Tensile Strained Si Nanowires.
Figure la—d illustrates the process employed to fabricate UT-
SSOI membranes. The 15 nm thick strained Si membranes were
generated by the epitaxial growth of Si on ~500 nm thick
Si;«Ge, (x ~ 0.18) relaxed buffer layers deposited on Si(001)
substrate. Using direct wafer bonding and ion-cut process,” the
strained membrane was then transferred onto a handle substrate
capped with ~120 nm thick layer of Ge grown by molecular
beam epitaxy. Prior to direct bonding, both substrates were
covered by a plasma-enhanced chemical vapor deposited SiO,
layer. Figure le shows a cross-sectional transmission electron
microscopy of the obtained structure with the Ge interlayer.
Ordered arrays of strained Si nanowires were fabricated using
these UT-SSOI membranes by combining electron beam litho-
graphy (JEOL JBX-6300) and reactive ion etching. The etching
process was carried out at a temperature of —60 °C in a mixture
of SF4 (100 sccm) and O, (S sccm) at a power of 40 W. The
etching conditions were optimized to avoid damage at the newly
formed nanowire edges. The investigated nanowires have a
length of 1 um and a diameter of 30 nm (Figure 1f). All the
nanowires are aligned along the [110] direction and separated by
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~500 nm from each other. The introduction of a highly
absorptive Ge layer underneath the buried oxide was used to
suppress the Si substrate background during Raman analysis*>
(see Figure S1 in Supporting Information). Using this material,
only vibrational modes intrinsic to strained nanowires are
detected. The Ge—Ge peak™ centered at 301.0 cm ™ is far from
interfering with the Si—Si peak of the strained membrane. This
peak is insensitive to the stress in the SSOI and can be used as
“wavenumber calibration” for Raman analysis as instabilities may
occur during the experiment. For instance, slight changes in the
light pass may result in a shift of the strained Si peak. These
minute changes are caused by the polarizers, analyzers, and other
optics associated with micro-Raman spectroscopy techniques
and/or small changes in the focusing of the laser on the sample
during scanning. These instabilities could make the strain
analysis fraught with large uncertainties.

Methodology of TO Phonon Excitation in Strained Si
Nanowire. Though imaging with only LO phonon is enough
to obtain the in-plane strain distribution, Raman shifts from TO
phonon are required for a more accurate characterization of
strain. Indeed, the simultaneous probe of LO and TO phonons is
of compelling importance to estimate both in-plane and out-of-
plane strains. These quantities are critical to predict and control
hole and electron relative mobility, which are related to vertical
and lateral stress distributions.”* In conventional backscattering
geometry, the detection of Si(001) Raman scattering from TO
phonon is generally forbidden. However, this is not the case
when using high NA objective lens in terms of both excitation
and detection of TO phonons. In an early report, Brunner et al.**
have observed weak symmetry forbidden phonon modes in
compressively strained Si film using polarized Raman spectros-
copy under backscattering configuration with an objective lens
having a NA of 0.95. Additionally, TO phonons can, in principle,
be measured with off-axis**’ (oblique) polarized Raman spec-
troscopy or when the sample is not (001)-oriented.*® Therefore,
it is important to note the excitation of TO phonons in Si(001)
cannot be restricted in micro-Raman spectroscopy analysis even
under the backscattering configuration.25’29’30 Indeed, TO pho-
non in strained Si(001) films under the backscattering config-
uration was recently excited and detected using linearly
x-polarized light (parallel to the surface) focused with a high
numerical aperture (NA) lens.>"** This is because the z-polar-
ized component (longitudinal field) of focused light, which
excites TO phonons, can be effectively generated using a high
NA lens. However, y-polarized component, which is often
ignored when using a linearly x-polarized excitation, is no longer
negligible when a high NA lens is used due to depolarization
effect. This depolarization effect at the diffraction-limited focus
spot is considered in our analysis. The coexistence of LO phonon
contribution in Raman signal due to y-polarized component,
which cannot be suppressed by the analyzer during TO phonons
measurement, reduces the accuracy of the technique. In this
work, the effect of depolarization at focus generated by a high NA
lens of different incident polarizations on the sensitivity and
accuracy of TO phonons excitation is investigated. The relative
intensities of TO and LO Raman modes have been taken into
consideration to accurately interpret the Raman data of strained
Si nanowires. Notwithstanding the numerous attempts to excite
and detect TO phonons,” > our work presents the first
experimental investigation of TO-related strain behavior in
individual nanostructures. It is also worth mentioning that the
«xy-polarized component (transverse field) of the focus light can

also excite TO phonons but the detection efficiency is generally
too small since the radiation dipole is oriented normal to the
surface. The electric field intensity distributions from a tightly
focused lens is first calculated at different incident polarizations
and then operated to the Si Raman tensor to estimate the Raman
intensities of LO and TO optical phonons. Using a circular mask
to block low NA components of the lens, radial, azimuthal, and
linear polarizations are investigated.

Polarized micro-Raman measurement was carried out in
backscattering configuration using a modified inverted optical
microscope with a PZT driven xy stage® (see Figure S2 in
Supporting Information). The polarization of the expanded
incident beam, ~15X, from 532 nm laser was controlled via
combination of a polarizer, half-waveplate and an 8-segmented
radial-waveplate (Zpol: Nanophoton Inc.).** Focusing the radial
and azimuthal light by a high NA lens generates a strong
longitudinal (z-polarized) and pure transverse (xy-polarized)
electric field, respectively. Radial or azimuthal light can be easily
obtained by properly selecting the polarization of the incident
light using the half-waveplate. Removing the radial-waveplate
provides the linear polarization. The polarization-controlled
incident light passed through a circular mask to reject the low
NA component (NA < 1) and was then focused by a high NA
(= 1.4), oil immersion lens. The mask is used to enhance the
z-component. The backscattered Raman signal was collected by
the same objective lens and delivered to an analyzer before being
recorded by a spectrometer equipped with a liquid nitrogen-
cooled charged couple device camera (CCD). The experimen-
tally obtained wavelength re}laeatability and accuracy using Lor-
entzian fitting is ~0.02 cm™ . This was obtained by calculating
the standard deviation from 10 Raman measurements. The
system spectral resolution (grating = 1800 g/mm, focal length =
640 mm, slit width = 100 #m) is ~0.02 nm. The accuracy and
sensitivity of our Raman analysis were confirmed using high-
resolution transmission electron microscoy-based methods. Col-
lection of Raman signal uses the full NA of the lens. For the linear
polarization experiment, the incident light was x-polarized
parallel to the length of the nanowire, which is in the [110]
direction (See Figure S2 in Supporting Information), and the
scattered light was analyzed parallel and perpendicular to the
nanowire axis. The nanowire affixed on the xy translation stage
was scanned with a step size of 50 nm (accuracy of 1.5 nm). At
each step, the scattered Raman spectrum was recorded at
different combinations of incident polarization and analyzer
orientation relative to a fixed nanowire azimuth. A single Lorentz
function was fitted to the Raman spectrum obtained using linear
polarization, z(x,x)Z setting (LO-active), to determine the peak
frequency of LO phonons. On the other hand, a double Lorentz
fit function was applied for z(x,y)z setting (TO-active) to
decompose and determine the peak frequency of TO phonons.
As demonstrated below, this is justified by the coexistence of
both LO and TO phonons in the obtained spectrum. It should be
stressed that during double Lorentzian fitting, the LO peak
position was fixed and assumed equal to the value obtained from
the single Lorentzian fit of z(x,x)Z setting. This was done at each
position in the nanowire simply because the LO phonon peak
position varies along the nanowire due to the nonuniform
distribution of strain. Likewise, single and double Lorentzian
fittings were applied for the incident azimuthal and radial
polarization, respectively. This is because azimuthal polarization
detects mostly LO phonon while radial polarization excites and
detects both LO and TO phonons. In the double Lorentzian fit of
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radial polarization, the LO peak value was fixed and takes the
value obtained from the single Lorentzian fit of the azimuthal
polarization. An exposure time of 120 and 30 s at 145 uW power
was used for TO-active and LO-active condition, respectively. At
this experimental condition, we made sure that heating due to
laser energy is negligible by systemically analyzing the measured
signals as a function of the laser power in the range of 31316
UW.* It is also worth mentioning that the dimensions of strained
Si nanowires (thickness = 15 nm and width = 30 nm) are large
enough to prevent phonon confinement effects.*>*®

The scattering efliciency, I, depends on the polarization vector
of both the incident (e;) and the scattered (e,) light, and is
generally expressed as>’

Lo Y leRel’ (1)
i

where R; is the Raman polarizability tensor for ™ active phonon
mode and e; and e, are the incident and scattered electric field
unit vectors, respectively. The superscript T denotes transpose of
the scattered electric field vector. The Raman tensor for Siin the
absence of stress is derived by Loudon®” and expressed in crystal
coordinate system X = [100], Y= [010] and Z = [001]. They are
given by

00 0 00 d
Ry=|0 0 df, Reg=]0 0 0],
0d o d 00
0d o
Ry=|d 0 0 (2)
00 0

where d is a constant that is dependent on the Raman polariz-
ability of the sample. For backscattering from a (001) surface, Ry
and Ry are the Raman tensor by the TO, and TO,, respectively,
whereas Ry corresponds to LO phonons. In order to accurately
obtain the contributions from LO and TO, we quantitatively
compare the intensities of LO and TO phonons at different
incident polarizations (linear, radial, and azimuthal) using a high
NA lens. Since the edges of the nanowire are aligned along [110]
direction, the Si Raman tensor in the crystal axes (XYZ) needs to
be transformed in the sample coordinate (xyz) axes using tensor
rotation. The Raman tensor in the sample coordinate axes is>®

. 0 0 d . 0 0 d
RR=-—7|0 0 d|, R=— —d |,
V2 d d o V2 d d o0
d 0 0
R=|0 —d 0 (3)
o 0 o0

In the typical backscattering configuration of most micro-
scopes, the z-axis is taken as the laser beam propagation direction,
while the analyzer, e, polarization direction takes either x- or
y-axis. In this work, we utilized a high NA lens to take advantage
of the higher z-component of light at the focus. On the basis of
the Raman polarization selection rules,”>** this z-polarized light
excites the TO phonons. However, as we increase the NA of the
lens, the depolarized (y-component) light at the focus also

increases and becomes comparable to the z-component for
linearly x-polarized incident light.** This contribution from
depolarized light cannot be eliminated when scattered Raman
is analyzed as in the case of polarized micro-Raman measure-
ments, that is, z(x, y)Z. In order to describe the scattering process
that involves illumination and collection by high NA lens, we
cannot assume ¢; to be constant across the focal volume. In the
focus, the polarization of light has components along x, , and z.*°
For instance, in the z(x, y)Z setting, the excited LO phonon
arising from the generated depolarized (y-polarized) field over-
laps with the TO phonon resulting from the created longitudinal
(z-polarized) field. To take into account the effects of the x, y, and
z-components of the light on the intensity of detected Raman,
numerical calculations aimed to determine the electric field
intensity (|ei|2) distributions from a tightly focused lens were
performed for 15 nm thick strained Si membrane. The resulting
values are operated to the transformed Si Raman tensor to
estimate the Raman intensities of LO and TO phonons. Another
factor we need to examine is the change in the amplitude of the
x- and y-polarized light during laser focusing into Si membrane,
which has a very high refractive index comparable to bulk silicon
(n=4.15 + 0.043i at 532 nm).*' This change in the amplitude of
the x- and y-polarized light can be easily taken into account by
calculating the Fresnel equations in order to obtain the transmis-
sion and reflection coefficients of p- and s-polarized light at
different media of known refractive index.*” In this particular
experiment, light propagates into a three-layer system consisting
of oil (Oth from oil-immersion objective lens), strained-Si (1st)
and SiO, (2nd). These Fresnel coefficients were calculated by
taking into account the multiple reflections at oil/strained Si and
strained Si/SiO, interfaces. We neglect the contributions from
the highly absorptive Ge-layer in the model because the polarized
micro-Raman setup is confocal and that the multiple reflections
from Ge-layer are assumed to be small due to the high refractive
index of Ge. To model the effect of the high NA lens used for
illumination on the Raman spectrum, we numerically calculated
the (|ei|2) over the finite solid angle subtended by the objective.
Hence, to integrate all the non-negligible effects discussed above
on the intensity of the Raman mode, eq 1 can be replaced by

S EscaX(G) ¢; 77)
I =1 Z /0 /0 R(a,ﬁ, y) EscaY(el 4)) 77)
! EscaZ(G) ¢) 77)
E, 2
x |Ri*R(a,B,7)| Ey sin 0d0d¢
E,

(4)

where, Ij is the incident intensity, 77 is the angle setting of the
analyzer with respect to the x-axis, and 0 and ¢ are the polar and
azimuthal angles. The explicit form of E,, E,, and E, depends on
whether radial, azimuthal, or linear incident polarization is used
(see Supporting Information, Section A). E..(¢,0,7) is the
scattered electric field defined from the objective transfer matrix
that describes the radiation dipole collection efficiency of a high
NA objective lens (See Supporting Information, Section A). R;
is the Raman tensor in the crystal coordinate (XYZ) system,
which can be easily transformed into sample coordinate (xyz)
system using the well-known Euler rotation matrix,* R(a,B,y)
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Figure 2. (a) Electric field distribution on the surface of the strained Si membrane and the corresponding calculated Raman intensities (normalized at
each setting) using eq 4 at various analyzer and polarizer settings. Image size is 1 x 1 um® For each setting, the TO/LO Raman intensities were
calculated in three-dimensional (3D) and tabulated. Note: The observed maximum Raman intensity is found at the SiO, and strained Si interface.
(b) Raman spectra measured from the strained membrane at different experimental configurations. (c) Comparison between numerical and

experimental normalized total intensities obtained from panels a and b.

(see Supporting Information Section C). The integration over
the solid angle, sin & d6d¢, is confined only to the collection cone
for the scattered light. This scattered intensity is a complex func-
tion whose explicit form is determined by the Raman polariz-
ability tensors. In the absence of stress, the three optical phonons
of Si have the same frequency (degenerate).”® However, in the
presence of stress, these Raman modes lift their degeneracy. There-
fore, aside from the changes in the intensity of the Raman mode,
variations in the frequency of LO and TO phonons can be analyzed.

LO and TO phonons in UT-SSOI membrane Figure 2a
shows the numerically obtained 1 x 1 um® electric field
distributions at the surface of strained Si at different polariza-
tions. These distributions were obtained for a 532 nm light
source focused with a high NA (1.0 < NA < 1.4) oil lens (See
Figure S2 in Supporting Information). The electric field dis-
tributions were normalized at each incident polarization for
comparison. For linearly x-polarized light, it can be seen that
the depolarized, y-, and normal, z-components, are nonzero with
comparable amplitude. This suggests that for high NA illumina-
tion, the three Raman modes in eq 4 are excited. The excited

Raman intensity of the three Raman modes denoted by TO;,
TO,, and LO can be determined by operating the field distribu-
tion with the Raman tensor of Si at different analyzer settings as
indicated in Figure 2a. Similar to electric field distribution, the
calculated excited Raman intensity for each analyzer setting was
also normalized for the sake of clarity. The normalization is done
relative to the maximum Raman intensity for each analyzer
setting. In the case of Si nanomembrane (film), the Raman
intensity is normalized to the maximum intensity of the excited
LO signal for each analyzer setting. But in the case of nanowires,
Raman intensity is normalized to maximum Raman intensity of
either TO; or LO signal. From this we note that the normalized
LO intensity in z(x, x)z s of the same contrast as the normalized
LO in the z(x, y)z setting. The normalized TO intensity in the
z(x, x)Z setting have the same intensity as normalized TO in the
z(x, y)z setting. Thus, the LO intensity is very strong compared
to TO intensity even after scaling the value of TO to 20 times.
When the analyzer is set parallel to y-axis (# = 90), TO and LO
can be detected simply because the strong LO excited by
x-polarized light is mostly blocked by the analyzer. In polarized
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micro-Raman spectroscopy under backscattering geometry, the
system setting described above is represented as z(x, y)z in Porto
notation. Though both z(x, )z and z(x, y)Z settings contain LO
and TO modes, the TO/LO ratio difference between settings is
significant. In the case of z(x, )z, the TO/LO ratio is ~0.90.
On the other hand, for z(x, x)z, TO/LO ratio is ~0.04. Owing to
this, we define the z(x, y)Z setting as TO-active and the z(x, x)Z as
LO-active. The TO/LO ratio is calculated by integrating the
intensity in three dimensions over the 15 nm thick UT-SSOI
membrane and over the diffraction-limited focus spot, which is
defined by 1.22A/NA (~464 nm). For the radially polarized
light, we can generate relatively higher z-components, ~2X, of
the light compared to linear polarization. However, both x- and
y-components have the same light intensity unlike in linear
polarization where the depolarized light is weak and somewhat
comparable to z-components. Nevertheless, radially polarized
light can also be suitable for TO characterization because TO
spatial resolution is approximately twice better as compared to
linear polarization. The Raman intensity distribution of radially
polarized light is tightly focused and locally observed at the center
as opposed to the two intense split feature of the field distribution
in the linear polarization. For azimuthal polarization, mostly LO
mode is detectable because the z-components of the electric field
are zero. Thus we define azimuthal polarization as LO-active and
radial polarization as TO-active. The difference in the intensity of
TO; and TO, in Figure 2a can be easily understood from
polarization selection rules.”®**” In TO,, the generated Raman
arising from the transverse electric fields cancels each other
because of the presence of negative sign in the Raman tensor, R,
(See eq 3). In the case of TO}, the Raman signals excited from
the transverse fields add up. Figure 2b shows some variations in
the total Raman intensity at different experimental configura-
tions. The total intensity (area under each Raman spectrum) was
determined and compared with numerically calculated intensity
in Figure 2a. Figure 2b shows the Raman spectra from the
strained membrane at various incident and scattered polariza-
tions. The measured Si—Si Raman peak was found to be centered
at ~514.3 cm ™, about ~6.2 cm ™! below its unstrained Si—Si
peak (gray vertical line) position, ~520.5 cm ' at room
temperature.** The biaxial strain is estimated using”’

1 (q N Siy P) (& + &) (s)

Ws; Si1 + Sip 2

We—gi = Ws; +

where ¢, and ¢, are the two in-plane strain components, ®._g;
and wg; are the Raman frequency shifts (in cm ") of strained and
unstrained Si, respectively. The S;; = 7.68 and S$;, = —2.14
(in GPa) are the elastic compliance tensor elements, while p =
—1.85 X w% and g=—-231x % are the phonon deformation
potentials for bulk Si.*>*® The sensitivity and reliability of strain
analysis based on eq 5 were confirmed using strained nanome-
mebranes with different strain levels and TEM-based methods.
The corresponding biaxial tensile strain of &, = €,, = 0.75% was
estimated for the membrane. Figure 2¢ shows the comparison of
the numerical and experimental results. Good agreement be-
tween the two sets of data is observed.

LO and TO Phonon Profiles in Strained Si Nanowire. When
characterizing strain in nanoscale devices such as strained
nanowires, it is very important to know the location of the peak
position or high intensity areas of the E,, E,, and E, light
components relative to the nanostructure. This is because the
detected Raman can either be LO or TO or a combination of

both modes depending on the location of the nanowire relative to
the peak position of the field at the focus. From the calculations
described in Figure 2a, the best setting to obtain LO and TO
optical phonon at the same position on the strained Si nanowire
is to locate the nanowire at the center of the focus and first obtain
LO peak position using z(x, x)z and then switch to radial
polarization by inserting the Z-pol to obtain the peak position
of TO using z(rad, y)Z setting. This is because the intense part of
Raman intensity distributions for LO and TO are colocated at the
center of the focus for both the z(x, x)Z and z(rad, y)Z setting as
indicated in Figure 2a.

Figure 2a shows the calculated Raman distribution from TO-
active, z(«x, y)z and z(rad, y)z configuration for strained Si
nanowire with lateral dimensions of 30 nm and 1 #m and a
thickness of 15 nm. We can see that TO/LO ratio increases
significantly for the nanowire under z(x, y)z and z(rad, y)z
setting and reaches 126.81 and 8.10, respectively. This calculated
TO/LO intensity ratio is one to 2 orders of magnitude higher
compared to the calculated ratio for the strained membrane. It is
important to mention that the TO/LO ratio changes depending
on the width of the nanowire. Another interesting observation is
that the characterized area (strength and location of Raman peak
intensities) along the nanowire between z(x, y)z and z(rad, y)z
setting is different. The sensitivity of TO detection under linear
polarization is higher than radial polarization based on the TO/
LO ratio. However, the strength of the TO Raman signal in radial
polarization is higher than linear polarization at a fixed laser
power. Hence, radial polarization is advantageous compared to
linear polarization when low power is needed for TO character-
ization in strained nanowire. This is because nanowire heats up
easily compared to the strained membrane.

Figures 3a,b shows the measured Raman spectra at the center of a
single UT-SSOI nanowire using z(x, y)Z and z(rad, y)Z settings,
respectively. For comparison, the measured Raman from LO-active,
z(x, y)z and z(azi, x)z, configurations were plotted. We can clearly
see that the TO-active is broader than the LO-active condition for
both radial and linear incident polarizations (Note that the spectral
accuracy for this analysis is ~0.02 cm ™~ "). This is because the TO-
active condition consists of contributions from both LO and TO
phonons. Note that the data presented is taken at the same laser
power and that is not deconvoluted with system spectral resolution
and laser line width. The broadening of the Raman width can be
interpreted as strain-dependent overlap of the nondegenerate three-
phonon modes. The Si—Si LO mode peak position is centered at
~516.7 cm” ', which is 24 cm ™" above the value in the initial
membrane (~514.3 cm ') in Figure 2b (See also Figure S4 in
Supporting Information). This strain relaxation is result of forma-
tion of free surfaces during patterning (RIE process). The obtained
LO peak parameters in the z(x, x)Z setting were utilized to fit the LO
peak position in the double Lorentzian fitting of the measured
spectra from z(x, y)Z configuration to determine the peak of Si—Si
TO phonons. We found that the Si—Si TO peak position located at
~517.7cm " (~1.0 cm™ " blueshifted with respect to LO phonon)
corresponding to lower strain. The TO/LO intensity ratio, obtained
by integrating the Raman spectrum, was found to be 1.5 and 0.9 for
z(x,y)z and z(rad, y)Z settings, respectively. This measured TO/LO
intensity ratio agrees qualitatively with the calculation in Figure 2a
where the TO/LO ratio is higher in z(x, y)Z than z(rad, y)Z settings.
The variation in the magnitude of the measured TO/LO in
Figure 3a,b to that of the calculated TO/LO in Figure 2a can be
due to the alignment deviations, which is found to be very sensitive
to the position and actual diameter of the UT-SSOI relative to the
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Figure 3. Raman spectra measured at the center of the nanowire for (a)
z(x, y)z and (b) z(rad, y)z TO-active settings. For comparison, recorded
Raman spectra from LO-active, z(x, x)z and z(azi, x)z, were also plotted.
The solid red (LO) and blue (TO) lines are the result of the double
Lorentzian fit under the TO-active setting. The dashed red (LO) line is
the fit of Raman peak under LO-active setting. The gray vertical lines
denote Raman peak positions for bulk Si, LO, and TO phonons of
strained silicon.

center of the focus. Moreover, the variation can be partly attributed
to the edges of the patterned structures, which are aligned along the
[110] direction. This is because for backscattering from (110)
surface, either the LO or the TO can be excited and detected based
on selection rules.*®

Figure 4a shows the profiles of Si—Si peak for TO (primary
y-axis) and LO (secondary y-axis) along the nanowire at a S0 nm
step. The gray bar in the plot presents the strained nanowire and can
be used to correlate the measured Raman and the position on the
nanowire where data is obtained. The plotted data are the average
from two scans across the length of the same nanowire under the
same experimental conditions. We observed that both LO and TO
relaxations become more pronounced away from the center of the
nanowire. The difference in the behavior between linear and radial
incident polarizations can be due to both TO/LO sensitivity and
spatial resolution associated with them (see Figures 2a and 3a). For
the linear setting, both TO and LO profiles display a plateau at 300
=< L = 700 nm, which means that the stress is nearly constant in this
region. The stress then drastically decreases toward the edges of the
nanowire. For radial setting, both TO and LO decrease mono-
tonically and somewhat follows a parabolic behavior. The slight
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Figure 4. Profiles of TO peak (primary y-axis) and the LO peak
(secondary y-axis) positions across the nanowire under (a) z(x, y)z
and (b) z(rad, y)z TO-active settings. (c) Profile of the stress-
ratio between singlet and doublet phonons along the nanowire. The
x-position is parallel to the [110] direction. Horizontal line is the
theoretical value for stress ratio using eqs 6 and 7. The gray bar in the
plot presents the strained nanowire.

difference in the TO profile between the two polarizations could be
due the presence of two intense peaks in linear polarization versus
single intense peak in radial polarization.

For a strained nanowire, the actual stress along the 0, and the
0,, are generally not equal and vary with the width and length of
the nanowire due to the edge-induced relaxation. *$ Note that the
strain remains biaxial but not bi-isotropic as it is in the initial
strained membrane. The stress-induced Raman phonon shifts
can be obtained by solving the well-known secular equation.*® In
the case of (001) in-plane biaxial tensile stress and with the
assumption that 0, = 0,, = 0(xal [110], ) [110]) and 0, = 0
(zdl [001]), the stress-induced Raman shift for doublet (Awy,
TO phonons) and singlet (Aw,, LO phonons) are

[p(Si1 + S12) + q(Su + 3Snjo _
2mo

Awy = —342x0

(6)

Aw. — [pS12 + q(Su1 + Sn)lo _
s wo

—4.60 X 0

(7)
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Figure S. Profiles of LO and TO stress along the wire using (a) linear
and (b) radial polarizations. The TO and LO stress were calculated from
eqs 6 and 7, respectively. The x-position is parallel to the [110] direction.
The solid curves are obtained by fitting eq 8. K is the relative rigidity of
the nanowire, which is a function of Young’s modulus and Poisson ratio.

where Awg = w,_s; — W and Aw, = w,_g — W, are expressed
in the Raman frequency in each mode in the presence (w,_g;)
and the absence (w,) of stress. Using the phonon deforma-
tion potential and the compliance tensor element values, listed
above (see eq 5 and refs 45 and 46), the theoretical stress ratio
(Aw,/Awy) is ~1.34. Figure 4c shows the variations in the
experimentally obtained stress ratio (Aw,/Awg) along the
nanowire for linear and radial polarizations. We can observe that
the stress ratio at the edges of the nanowire approaches the
theoretical value (gray horizontal line) of 1.34. However, it starts
to deviate away from the theoretical value as we approach the
center of the nanowire. The Aw,/Awy value at regions far from
the edges is lower relative to the theoretical value. These
observations indicate that far from the edges the strain
becomes partially uniaxial (0,, # 0,, with 0, > 0, as the
relaxation is more pronounced along the shortest dimension)
and it remains biaxial (0, = 0,,) near the edges. The fact that
the most of the obtained stress ratio along the nanowire are
lower than the theoretical value (using bulk parameters) may
also indicate that further optimization of the deformation
potentials is required for nanowires.

We have seen the relaxation of stress in the nanowire
relative to the initial stress in the membrane. This TO and
LO elastic stress relaxation, due to atomic displacement at
patterning-induced free surfaces and edges, can be calculated
using eqs 6 and 7. Figure Sa,b shows the calculated stress for
LO and TO at different positions in the strained nanowire. Itis

noticeable that the edges of the nanowire are more relaxed
compared to the center. This behavior agrees with three-
dimensional finite element simulations of strain distribution in
patterned nanowires (see Figure SS in Supporting In-
formation). To describe this evolution as well as the associated
mechanical properties of the nanowire, we combine Hu’s
model*” of stress relaxation and the analysis done by Fischer
et al.*® to fit the stress behavior shown in Figure S. The stress
distribution can be fitted using the equation below

ool )

Egio, (1 — v, 1—v2
K = SOz( 2351) and (511 + Slz) — ( eSn)
EsSi(l - VSiOZ) Egs;

where A is the proportionality constant which takes the
maximum stress at the center and L is the length of the
nanowire. The stress relaxation is dependent on the ratio of
the thickness of the strained nanowire (d &~ 15 nm) and the
relative rigidity K between the SiO, substrate and strained
nanowire. The relative rigidity defined in eq 8 is a function of
material mechanical property, where E and v denotes the
Young’s modulus and the Poisson ratio, respectively. Using
the eq 8, the best-fit value for K is indicated in Figure S for both
(a) linear and (b) radial polarizations. Both polarizations show
that K for LO is greater than the K for TO stress relaxation.
This suggests that relative rigidity is different for in-plane
(LO) and out-of-plane (TO) directions. The difference in the
obtained K between linear and radial polarizations can be due
to sensitivity and spatial resolution of the measurements. On
the basis of this observation, we can infer that the Young’s
modulus of the strained nanowire is anisotropic. The behavior
and distribution of the stress also tells us about the mechanical
material property of the strained nanowire. For the biaxial
plane stress conditions typically associated with thin films,
longitudinal stress and strain from (100) plane are related by
E/(1 — v) and the generalized expression for this composite
elastic constant is a function of compliance tensor element.
Knowing this direct relation between longitudinal stress and
strain from eq 8, we can readily calculate E.g; and v,g; for
strained Si nanowire from the relative rigidity fitted K value
and using the material property of thin SiO, (Esio, = 75 GPa
and v,g; = 0.17) available from literature.*” We note that the
estimated out-of-plane elastic modulus (~140 GPa) is con-
sistent with the atomistic calculations of elastic modulus of
strained $i(001).°° On the other hand, the in-plane value of
the nanowire elastic modulus is relatively smaller (~80 GPa),
but it remains comparable to the radial elastic modulus of
Si(112) nanowires under compressive strain.”! Though we
made assumptions on the actual mechanical property of
handle SiO, substrate, the method to determine the nanoscale
mechanical characteristics of strained Si is nondestructive and
could well be suited for other nanomaterials.

In summary, we have demonstrated a method to map the
“forbidden” TO phonon mode in single ultrathin tensile strained
Si nanowires with sufficient sensitivity and spatial resolution at
different incident polarizations using high NA polarized micro-
Raman spectroscopy. The introduction of a Ge intermediate
layer improves the sensitivity by circumventing the issues
associated with strong substrate background arising from the
underlying substrate. We found that, unlike planar systems,
the sensitivity to TO phonons is strong in nanowires. Detailed
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evolutions of TO and LO phonons and their profiles in single
nanowires were obtained using linearly and radially polarized
light. The obtained profiles of each phonon display a qualitatively
identical behavior, whereas a systematic blueshift is observed
for TO phonon with respect to LO phonon indicative of the
anisotropic relaxation of strain. This free surface-induced strain
redistribution provides a wealth of opportunities to engineer
locally the strain in Si nanowire-based devices.
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