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a b s t r a c t

The spatial resolution and high sensitivity of tip-enhanced Raman spectroscopy allows the character-

ization of surface features on a nano-scale. This technique is used to visualize silicon-based structures,

which are similar in width to the transistor channels in present leading-edge CMOS devices. The

reduction of the intensive far-field background signal is crucial for detecting the weak near-field

contributions and requires beside a careful alignment of laser polarization and tip axis also the

consideration of the crystalline sample orientation. Despite the chemical identity of the investigated

sample surface, the structures can be visualized by the shift of the Raman peak positions due to the

patterning induced change of the stress distribution within lines and substrate layer. From the

measured peak positions the intrinsic stress within the lines is calculated and compared with results

obtained by finite element modeling. The results demonstrate the capability of the tip-enhanced Raman

technique for strain analysis on a sub-50 nm scale.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

The downscaling of semiconductor device dimensions, which
was for decades the dominating technique for performance
enhancement of leading edge complementary metal-oxide-semi-
conductor (CMOS) devices, is approaching more and more its
physical and economic limits. Therefore, the implementation of
new materials and techniques like strain engineering has become
inevitable for the continuous performance improvement [1].
Tensile or compressive stress in the transistor channel generated
e.g. by the lattice mismatch of silicon (Si) and silicon-germanium
(Si:Ge) [2,3] or silicon-carbon (Si:C) [4,5] leads to a shift and
splitting of the band structures, thus influencing the effective
mass of charge carriers [6]. This selective introduction of strain in
the active area of CMOS devices results in a further significant
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performance improvement [7]. However, the optimization of the
strain distribution requires also non-destructive and fast analy-
tical methods with the capability of characterizing Si-based
structures of comparable dimensions as transistors in present
CMOS devices. Due to the sensitivity of lattice vibrations (pho-
nons) to strain [8], Raman spectroscopy has been widely used for
stress investigation in semiconductor device structures [9–12].
The resolution of this technique is however limited by diffraction,
making strain analysis in features smaller than �l/2 impossible.
The discovery of surface-enhanced Raman scattering [13] not only
significantly increased the sensitivity of this spectroscopic tech-
nique but provided with tip-enhanced Raman (TER) scattering
[14,15] also a nm-scale light source with the capability of reach-
ing a spatial resolution required for strain characterization
of leading edge CMOS devices [16–20]. The achievement of a spatial
resolution of about 10 nm has been already demonstrated on
samples with diminishing low background signal like carbon nano-
tubes [21,22] or different monolayers [23,24]. For TER measurements
on opaque samples like Si a backscattering or reflection setup is
required, enabling only the use of long working distance objectives
with relatively low numerical aperture. Thus, the intensive far-field
background signal makes the achievement of a comparable high
resolution still challenging. In the present work TER investigations
are performed on SiGe line structures of comparable dimensions as
encountered in present CMOS devices. For obtaining a high signal
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enhancement and reducing the intensive far-field background signal
simultaneously, the orientation of the crystalline sample is also taken
into account for the alignment procedure. Additionally, for a better
understanding of the observed peak shifts, the stress distribution
within lines and substrate are calculated by finite element modeling.
2. Experimental

The measurements described in the present work were per-
formed on a backscattering TER system equipped with an atomic
force microscope (AFM) (NT-MDT, Russia), a Raman spectrometer
(NTEGRA spectra (upright)) and a diode laser with 473 nm excita-
tion wavelength (Fig. 1a). The laser beam was focused on the sample
surface and tip-apex by a long working distance objective (Mitutoyo,
100� magnification, NA¼0.7). In order to avoid heat induced shifts
of the phonon bands, the laser power on the sample was reduced
below 1 mW. The integration time for the acquired Raman spectra
was 5 s. For an accurate alignment of the incident laser polarization
along the tip axis, the system was additionally equipped with a
polarizer (l/2-wave plate) allowing an in plane rotation of the laser
polarization. The investigated SiGe structures with a line width in
the sub-50 nm range were prepared by local anodic oxidation
[25,26] in combination with subsequent wet chemical etching. This
patterning technique allows a defined modification of the strain
distribution on nm-scale while keeping the lattice defect density
low compared to other patterning methods, e.g. focused ion beam
Fig. 1. (a) Experimental setup used for TER measurements on Si-based samples. (b) Sche

anodic oxidation and subsequent wet chemical etching. After etching a remnant r10 n

have a height of about 40 nm and a length of �15 mm.

Fig. 2. (a) SEM image from ATEC-NC Si cantilever coated with a �35 nm thick Ag film

around the tip apex with the laser focus. (c) Cross section of the measured intensity a
milling. For patterning, a sample with a fully strained 50 nm thick
Si76.1Ge23.9 layer epitaxially grown on (0 0 1) Si substrate was used.
In Fig. 1b, a scanning electron microscope (SEM) image with detailed
dimensions of the SiGe pattern is shown. The five lines, about 15 mm
long, oriented along the /1 0 0S crystal axis had a height of about
40 nm while the thickness of the fully strained SiGe layer was
reduced to about 10 nm due to the anisotropic etching process
(Fig. 2b). For the TER measurements non-contact ATEC Si-AFM
cantilevers (NanoWorld AG, Switzerland) coated with a �35 nm
thick Ag layer were used (SEM image Fig. 2a). For the alignment of
tip and laser, the polarization of the incident beam was set along the
tip axis by the l/2-wave plate. After placing the tip on a plane and
homogenous sample area the surface was scanned by the laser using
piezoelectrically driven mirrors. The obtained intensity map (Fig. 2b
with cross section c) allowed a reproducible and accurate determi-
nation of the best tip position within the laser focus for TER
measurements. The stress distribution within the SiGe lines and
SiGe/Si substrate was calculated using a finite element modeling
software (ANSYS 9.0). For modeling a free surface on the top and
periodic boundary conditions on the right and left side of the
modeled volume were assumed.
3. Results and discussion

A challenge for nano-scale investigations on Si-based samples
arises from the near-field to far-field sample volume ratio, which
matic cross section and SEM image from the SiGe line structures obtained by local

m thick fully strained SiGe layer was left on the (0 0 1) Si substrate. The SiGe lines

(ØE50 nm). (b) Scattered intensity obtained from TER-tip by scanning the area

long the line marked in Fig. 2b.

Pavel
Highlight



P. Hermann et al. / Ultramicroscopy 111 (2011) 1630–16351632
makes the extraction of the small surface signal variations from the
intensive background signal extremely difficult [27]. For high resolu-
tion measurements it is therefore inevitable to increase the near-field
to far-field signal ratio. For this purpose different approaches applying
polarization optics are increasingly used to obtain a high contrast
by reducing the far-field contribution [19,20] of the acquired signal.
A detailed overview about the different TER configurations as well
as the used polarizer/analyzer settings can be found in Ref. [28].
The intensity of the backscattered Raman light depends on the crystal
orientation of the sample as well as the polarization of the incident
laser beam. Lee et al. [19] reported that by applying polarization
optics for TER measurements on Si based samples, the contrast can be
improved significantly by reducing the far-field contribution. The
disadvantage of the approach described in Ref. [19] is that by rotating
the polarization of the incident laser the electric field vector compo-
nent along the tip axis decreases, thus also reducing the field
enhancement at the tip apex [29,30]. Additionally, the scattering of
laser light and depolarization at the tip and surface structures can
induce the appearance of normally forbidden Raman modes. This
makes the determination of the near-field contribution to the
detected Raman signal difficult [31], since these far-field contribu-
tions cannot be completely suppressed by polarization optics. For the
experiments described in the present article the polarization of the
incident laser light is aligned in such a way that a strong electric field
component along the tip axis [29,30] can be ensured. In order to
significantly reduce the intensive far-field background signal the
orientation of the crystalline sample is also taken into account for
the alignment procedure. For this purpose the sample is mounted on
a self-made rotation stage and fixed on the piezo-stage. After laser-
tip-alignment, the appropriate orientation of the sample is deter-
mined by retracting the tip from the sample surface and rotating the
sample stepwise while the laser polarization remains unchanged.
According to the selection rules for backscattering from a (0 0 1) Si
surface only the longitudinal optical phonon (LO) modes contribute to
the far-field Raman signal [32,33] and the highest signal intensity is
obtained, for a laser polarization along the (1 1 0) crystal axis (Fig. 3a).
For a sample orientation with the (1 0 0) crystal axis parallel to the
polarization of the incident laser light, the intensity of the back-
scattered Raman signal decreases by more than 99% compared to the
configuration where the (1 1 0) crystal axis and the laser polarization
are parallel. The same effect can be achieved, if instead of the sample
the laser polarization is rotated around the (0 0 1) crystal axis and
adjusted parallel to the (1 1 0) axis of the sample. However, this laser
polarization would reduce the component of the electric field vector
Fig. 3. (a) Intensity distribution of the backscattered Raman signal (Si–Si mode fro

crystallographic sample orientation (for constant incident laser polarization E
!

). The hi

(b) Spectra showing the first order Raman modes from SiGe and Si substrate acquired

reference spectrum (black) obtained with a retracted tip, all modes are enhanced by mo

color in this figure legend, the reader is referred to the web version of this article.)
along the axis of the TER tip, thus decreasing also the enhanced
electromagnetic field at the apex. The configuration of incident laser
polarization and crystalline sample orientation described in the
present work prevents an efficient excitation of phonons due to the
electromagnetic field distribution within the laser focus. Therefore,
the signal intensity in far-field measurements is significantly reduced.
When a metalized tip is moved into the laser spot a strong
electromagnetic field can be generated under optimized conditions
around the laser-irradiated TER tip. This enhanced electromagnetic
field increases not only the intensity of the Raman signal but enables
also a more efficient excitation of phonons in the close proximity of
the tip apex due to the modulation of the electric field distribution
[34]. For the following TER measurements on the SiGe structures the
laser polarization is set along the tip axis while the intensive far-field
background signal is reduced by rotating the crystalline sample to a
(1 0 0) orientation parallel to the incident laser polarization.

In Fig. 3b two spectra acquired from the unpatterned area of
the sample with a 50 nm thick fully strained SiGe layer on Si
substrate are shown. For the reference spectrum (black) the laser
is focused on the sample and the tip retracted by several mm from
the surface. Due to the penetration depth of about 450 nm for the
used excitation wavelength the Raman bands from layer and
substrate appear in both spectra. Compared to the reference
spectrum, the intensity of the Si–Si mode from layer and sub-
strate is enhanced in the TER spectrum by 240% and 144%,
respectively. Since Si substrate and tip apex are separated by
the 50 nm thick SiGe layer, the observed enhancement of the
substrate signal cannot be attributed to near-field contribution.
This increase can be explained to one part by the tip material,
since the Ag coating is only around the apex about 35 nm thick,
thus not providing a complete suppression of the Si Raman signal
from the whole laser-irradiated part of the TER tip. Another
contribution to the increased Si signal intensity is the scattering
of laser light by the metalized tip leading to minor polarization
changes and therefore preventing a complete suppression of the
Raman signature from the Si substrate. The influence of scattering
on the measured Raman signal intensity is also visible in Fig. 4,
showing the results obtained from a scan across the five SiGe lines
with a retracted tip. The cross section data and the corresponding
maps in Fig. 4 illustrate the intensity of both Si–Si modes in the
interval from 519 cm�1 to 522 cm�1 and 507 cm�1 to 512 cm�1

showing an increase of the Raman signal for SiGe and Si substrate
around of the patterns. While the increase of the Si–Si mode from
SiGe can be explained by the higher average layer thickness and
m Si substrate) from a (0 0 1) surface showing the strong dependence of the

ghest Raman intensity is obtained if {1 1 0}: E
!

, the lowest intensity for {1 0 0}: E
!

.

from the sample before LAO patterning (50 nm thick SiGe layer). Compared to the

re than 100% when the tip is feedback (red). (For interpretation of the references to
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Fig. 4. Cross section data (left) and intensity map (right) of the Si–Si modes from layer and substrate obtained from a far-field Raman scan across the sample. In the images

the intensity variations in the interval from 519 cm�1 to 522 cm�1 and 507 cm�1 to 512 cm�1 are shown.

Fig. 5. Topography and Raman intensity cross section data (left) obtained from

the first line scan of a 2 mm�2 mm large TER map of the five SiGe lines. On the

right side an image section from the corresponding AFM/TER map is shown.

For the Si–Si substrate the intensity variations in the interval between 519 cm�1 to

522 cm�1 are displayed in the line scan and intensity map while for the SiGe layer

the changes between 507 cm�1 and 512 cm�1 are shown. The two intervals are also

marked in the spectra presented in Fig. 6a. The slight upward shift of in the three

maps is caused by the thermal drift of the stage during the measurement.
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the larger scattering volume due to the 40 nm high SiGe line
structures, the enhanced Raman signature from the Si substrate is
unexpected. Due to the higher absorption by the SiGe patterns
above a lower substrate signal would have been expected. The
intensity of both Si–Si modes increases slightly already in a
distance of about 800 nm from the lines reaching a maximum
around the center of the SiGe pattern. Therefore, the far-field
signal enhancement is attributed mainly to scattering of light by
the nano-scale surface structures. As expected, a resolution of the
five SiGe lines by confocal far-field Raman measurements is not
possible (Fig. 4).
The enhanced electric field around the laser-irradiated tip apex
acts as a nano-scale light source and should provide under optimized
conditions an improved spatial resolution when scanning the sample
surface with the metalized tip. The scans are performed in semi-
contact mode enabling to keep a small average tip-sample distance of
a few nm while measuring the surface modulated intensity variations
of the Si–Si mode from SiGe and Si substrate. In Fig. 5 the AFM data
obtained from a line scan and the Raman intensities of the two Si–Si
modes in the spectral interval from 507 cm�1 to 512 cm�1 and
519 cm�1 to 522 cm�1 are shown. The corresponding AFM image
and the two TER intensity maps are presented on the right beside
the cross section data. From the AFM cross section data the distance
between the neighboring lines is determined, showing for the scan a
line spacing between 80 nm and 125 nm. In the corresponding AFM
image (right side) the five about 40 nm high lines appear as bright
stripes. The acquired Raman signal of the Si–Si mode from the Si
substrate shows the same intensity increase around the structures
as also observed in the scan performed with a retracted tip.
However, in contrast to the far-field scan the intensity of the
substrate signal decreases slightly at the position of each SiGe line
due to the increase of the layer thickness from about 10 nm to
50 nm. The strong electromagnetic field around the tip enhances the
Raman signal in a distance of about 30 nm around the tip apex [35].
Due to this strong decay of the near-field, the TER contribution to
the Si substrate signal vanishes below the SiGe lines, thus leaving
only the far-field contribution to the detected Raman intensity. In
the corresponding TER intensity map the five lines appear therefore
as dark stripes. For the SiGe signal exactly the opposite behavior was
observed. The detected signal increases at the position of each SiGe
line due to the larger scattering volume and decreases again
between the lines where the layer thickness drops below 10 nm.
The bright stripes in the corresponding TER intensity map indicate
the position of the five SiGe lines. Due to the high surface sensitivity
of the TER technique and the less intensive SiGe background signal
the line structures are more clearly visible in the SiGe intensity map
than in the according Si intensity map.

In Fig. 6 two TER spectra obtained from a line scan are compared.
One spectrum (black) is acquired in a distance of about 500 nm from
the pattern while the second spectrum (red) is taken from a SiGe
line. The fit of both spectra with two Lorentz functions enables
the determination of the band position, yielding for the Si–Si
mode peaks o¼520.6 cm�1 (Si) and o¼513.1 cm�1 (SiGe) for
the reference spectrum beneath the structures and o¼520.5 cm�1

(Si) and o¼509.9 cm�1 for the spectrum obtained from the SiGe
line. The changed peak positions indicate a different stress state
within the remnant SiGe layer and the free-standing SiGe line.

Pavel
Underline

Pavel
Underline

Pavel
Highlight

Pavel
Underline

Pavel
Highlight

Pavel
Underline

Pavel
Highlight



Fig. 6. (a) SiGe TER spectra obtained from a SiGe line (red) and an area several mm away from the surface structures (black). The peak position from the Si–Si mode from

SiGe layer and Si substrate were obtained by fitting of the spectra with two Lorentz functions. (b) Stress distribution of the sxx component within the SiGe lines and the

substrate below obtained by FEM calculations. The stress relaxation within the lines from the initial stress value (�1.53 GPa) leads to a redistribution in the remnant

10 nm thick SiGe layer and the Si substrate. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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In order to determine the reason for the observed peak shifts the
stress distribution for a comparable pattern is calculated by finite
element modeling (Fig. 6b). The obtained results show that the
intrinsic stress within the remnant 10 nm thick SiGe layer is not
affected by the patterning process (sxx¼syy¼s0¼�1.53 GPa).
However, for the five free-standing SiGe lines and the substrate
underneath a strong stress redistribution is observed. Due to the
length of about 15 mm the stress component syy parallel to the lines
is not affected by stress relaxation. However, for the stress compo-
nent sxx perpendicular to the SiGe lines a strong relaxation occurs
(Fig. 6b). This relaxation of the compressive stress leads to the
spectral shift of the Si–Si mode peak from its fully strained initial
position at 513.1 cm�1 to 509.9 cm�1. For the calculation of the
stress component sxx within the SiGe lines from the experimentally
obtained data the empirically derived relation from reference [36]
and the stress model proposed by Jain et al. [37] are used. For this
model it is assumed that the stress component syy along the lines
remains unchanged and corresponds to the initial stress value
(syy¼s0¼�1.53 GPa). The stress component perpendicular to the
lines sxx can be described by the following equation:

sxx

s0
¼ 1�

2

b1xGe
ðoSiGe�oSi,ref�a1xGeÞ

a1¼–62 cm�1 and b1¼30.5 cm�1 are material parameters [36] and
xGe denotes the Ge-concentration within the SiGe layer. oSi,ref

represents the position of the stress-free Si reference position which
is determined from the unpatterned area of the sample with a
retracted TER tip in order to avoid a contribution from of the tip
material to the measured Raman signal. From the spectra acquired
from the TER measurements a stress value of about sxx¼–190 MPa
is calculated, corresponding to a stress relaxation of about 88%
compared to the initial value before patterning. The relaxation of the
compressive stress within the SiGe lines induces also tensile stress
in the substrate below the lines as shown in Fig. 6b. This small
amount of the tensile stress could be the reason for the observed
slight spectral shift of the Si substrate peak to lower wavenumbers
(see Fig. 6 a) compared to the stress-free peak position. However,
one has to consider, that the acquired spectral information describes
only the right tendency for the Si substrate. For a reliable character-
ization of the stress distribution within the Si substrate from the
experimental data, the contribution of the tip material has to be
eliminated completely.

4. Conclusions

In summary, we could show that by taking into account the
orientation of the bulk crystalline samples the intensive
background signal in near-field Raman investigations can be
reduced considerably while keeping the favorable laser polariza-
tion along the TER tip axis at the same time. The described
configuration enables the acquisition of high-resolution TER
images from SiGe structures with a line width between 20 and
40 nm despite the chemical identity of the sample surface. From the
acquired spectra the intrinsic stress within the free-standing SiGe
line structures can be determined. The achieved results demonstrate
the capability of this technique to characterize the stress in Si based
nanostructures with a spatial resolution required for the investiga-
tion of present leading edge CMOS devices. With further progress in
preparation of metalized AFM-tips, TER spectroscopy could become
a similar important non-destructive metrology technique for semi-
conductor industry as confocal Raman spectroscopy before.
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