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Local-mode and localized surface plasmons generated on the silver thin film can selectively enhance the
Raman signal from the surface. Further improvement of surface signal can be obtained by using the
polarized Raman technique that results in a dramatic enhancement of the surface sensitivity by up to 25.4
times as compared to that without a silver coating. This technique will be very useful for Raman study
on samples that suffer overlapping background signal. In this article, we show that it can be used to
significantly improve the signal of thin strained-Si layer on top of SiGe buffer layer. Copyright  2008
John Wiley & Sons, Ltd.
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INTRODUCTION
Surface-enhanced Raman spectroscopy (SERS) has been
a successful and powerful method for sensitive Raman
detection of low concentrations of simple organic and
complex biological molecules.1,2 It has been successfully
used to detect low molecule concentration that cannot be
detected by normal Raman spectroscopy.3,4 However, this
technique cannot be applied to thin film on a substrate, e.g.
the strain study on thin strained-Si film on SiGe substrate,
which is one of the most important methods used to improve
the microchips’ performance.5 – 7 Tensile strained-Si can be
utilized by using the Si1x Gex as a buffer layer for n-MOSFET
application, while compressively strained-Si is achieved by
using Si1y Cy buffer layer for p-MOSFET.8 In strainedSi, the intervalley scattering will be suppressed and the
effective carrier mass will be reduced, hence resulting in
an improvement of the effective carrier mobility in the Si
channel. This phenomenon enables us to achieve a higher
transistor performance by a few times without changing its
physical size.9,10 Since mobility enhancement in the strainedSi depends on the amount of strain that is applied to the
channel region,11 accurate strain determination is extremely
important.
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Techniques such as converging beam electron diffraction
(CBED) in transmission electron microscopy (TEM)12,13 and
X-ray diffraction (XRD)14,15 have been used to study the strain
in materials. Although the former technique has a high spatial
resolution, the sample preparation is very complicated. For
the latter technique, localized strain determination will be
difficult since the X-rays cannot be focused into a small spot
easily and will penetrate deep into the silicon sample. On
the other hand, Raman spectroscopy has been a versatile
technique in strain determination.16 – 18 The Raman peak shift
is sensitive to strain and can be used for quantitative strain
determination.19,20 However, due to the large penetration
depth of the laser into silicon (about 1 µm for 532 nm laser),21
a problem arises when Raman spectroscopy is employed to
measure the strain in a very thin strained-Si layer grown
on a SiGe buffer layer. Since the Si–Si Raman peak from the
buffer layer is very strong and the peak position is close to the
Si–Si Raman peak position from the strained-Si, the strain
determination of strained-Si layer becomes very complicated
and less accurate.
To solve this problem, Hayazawa et al.22 enhanced the
signal from the thin strained-Si layer (30 nm) by coating
10 nm silver thin film on top of the sample. Unlike the
conventional surface-enhanced Raman spectroscopy (SERS)
experiments where the molecular sample is deposited on top
of roughened metal surface or metallic nanoparticles,23 – 25 the
strained-Si sample is coated with a thin metal layer instead.

Raman spectroscopy for sensitive surface characterization

The enhancement of the surface Raman signal is due to
the generation of local-mode plasmons, which is due to the
collective oscillation of electrons at small metallic particle
with the incident light.
Apart from the local-mode plasmons, propagating surface plasmons that are excited by a large numerical aperture
(NA) objective lens can interfere with each other to produce a
strong localized electromagnetic field in the focus region.26,27
This is the localized surface plasmons, which is the collective
oscillation of electrons on a ‘flat’ metal surface by a focused
beam.28
In this article, we show the improvement of the Raman
signal by both the local-mode plasmons and the localized
surface plasmons from silver thin film on a 20 nm strainedSi layer grown on a SiGe buffer layer. We also carried out
polarization Raman study. We show that using an analyzer
at cross polarization with the laser polarization, the Raman
signal from the SiGe buffer layer can be reduced and the
surface sensitivity can be enhanced further, allowing more
accurate strain determination of the thin strained-Si layer.

EXPERIMENTAL
The Raman spectra were recorded using a WITec CRM200
confocal Raman microscopy system with an Olympus
microscope objective lens (60 ð NA D 1.2 water immersion).
The excitation source was a 532-nm laser (2.33 eV), which was
coupled into the system using a single-mode fiber. Raman
signals from the (001) face of the samples were collected by
the lens in the backscattered configuration without analyzer
[zx, xyNz] or with rotating analyzer axes with respect to laser
polarization fz[x, xy]Nzg to a 1800 lines/mm grating and
detected by a TE-cooled charge-coupled device (CCD), as
shown in Fig. 1(a). The inset of Fig. 2 shows the schematic
diagram illustrating the cross-sectional view of the sample.
The sample consists of 20 nm strained-Si layer grown on 1 µm
relaxed Si0.75 Ge0.25 /2 µm graded Si1x Gex (x D 0 to 0.25)/bulk
silicon. Silver thin films with different thicknesses (5, 10,
15 and 20 nm) were deposited on the samples using DC
magnetron sputtering in vacuum. Silver was used because it
is the most effective surface-enhanced medium for SERS
among all metals in the visible region.29,30 During the
experiments, a 150 µm thick cover glass (nr D 1.45) was
pressed onto the samples, leaving a small air gap between
the cover glass and the silver film. In the later experiments,
the effect of adding an analyzer was studied. An analyzer
was placed after the edge filter, as shown in Fig. 1(a).

Figure 1. (a) Schematic diagram of the experimental setup.
(b) Zoom-in view of the objective lens and the sample. Water
immersion objective lens (1) that is immersed in water (2) is
used to focus the excitation laser to the sample. Points
(3)–(6) correspond to the cover glass, the silver coating; the
strained-Si layer and the substrate, respectively. This figure is
available in colour online at
www.interscience.wiley.com/journal/jrs.

from the strained-Si layer. This peak is used to determine
the strain value as the phonon frequency is related to the
lattice constant, hence the strain. However, the intensity of
the strained-Si peak is much weaker than that from the SiGe
layer because the strained-Si layer is much thinner compared
to the SiGe layer, making strain determination using the
strained-Si peak position very difficult. This is particularly
true for samples with a smaller Ge concentration in the SiGe
layer where the Raman peaks due to strained-Si and SiGe
overlap much more severely.
Surface-enhanced Raman spectroscopy by silver coating
was then used to enhance the signal from strained-Si. The
local-mode plasmons can be excited by the natural roughness
of the silver film, however, in order to excite the localized
surface plasmons, the component of the incident laser wave
vector parallel to the metal surface, kparallel , has to be equal
to the wave vector of the surface plasmons (ksp ). This is to
satisfy the conservation of energy and momentum.
2
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D

ωp D

RESULTS AND DISCUSSION
Figure 2 shows the Raman spectra from uncoated and silvercoated samples. There are two peaks in the spectra, located
at 502 and 511.8 cm1 , respectively. The first peak is the
Si–Si peak from the relaxed SiGe layer, which is underneath
the strained-Si layer. The second peak is the Si–Si peak
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The dispersion relation for surface plasmons will not
intersect with the dispersion curve for light in air, ω D ck, as
shown in Eqn (1),31 where ωp is the bulk plasma frequency
of metal; n is number of conduction electrons; e is the
charge of electron; me is the effective mass of electron;
and εo is the permittivity in vacuum. This is because ksp
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localized surface plasmons. The Raman signals induced by
the plasmons are depolarized from the polarization of laser.33
This depolarization effect is exploited in our study to increase
the relative Raman peak intensity of the strained-Si layer
using polarized Raman spectroscopy later on.
The Raman spectra of samples after silver coating are
shown in Fig. 2. We observed that the intensity of the
Si–Si peak from strained-Si increased after silver coating.
Throughout this work, surface enhancement is defined as
follows:
Surface enhancement D
rD

Figure 2. Raman spectra of strained-Si sample coated with
different thickness of silver. The Raman peak at ¾502 cm1
belongs to the SiGe layer while that at ¾512 cm1 belongs to
strained-Si. The dashed spectrum shows the Raman spectrum
from the bulk silicon for comparison. The spectra have been
shifted vertically for clarity. It is clear that the relative peak
intensity for the strained-Si peak is strongest for the 5 nm Ag
coated sample. Inset shows the schematic diagram illustrating
the cross-sectional view of the sample (not to scale). Points
(1)–(5) correspond to the silver coating, the strained-Si layer,
the relaxed Si0.75 Ge0.25 layer, the graded Si1x Gex
(x D 0–0.25) layer and the bulk silicon, respectively. This figure
is available in colour online at
www.interscience.wiley.com/journal/jrs.

of the surface plasmons is larger than kparallel of incident
light in air; hence the conservation of momentum cannot
be satisfied. Therefore, surface plasmons cannot be excited
in this manner. In order to couple photons into surface
plasmons, it is necessary to increase the momentum of the
incident light. This can be achieved by passing the light
through a medium that has higher refractive index (nr ) than
air, e.g. the cover glass, and bring it near the metal surface.
Hence, surface plasmons can be excited when kparallel of the
evanescent wave, which is present in total internal reflection,
can match the ksp at a certain incident angle ˛, as shown in
Eqn (3).32
ksp D kparallel D

ω
nr sin ˛
c

3

In our study, a large NA objective lens (NA D 1.2) was
used to satisfy the dispersion-matching condition between
light and the surface plasmons. The surface plasmon field
will oscillate perpendicularly and propagate parallel to the
metal surface in many directions. As discussed earlier,
at the focus region the surface plasmons will interfere
with each other to form strong localized electric field, i.e.
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where I is the intensity of the Raman signal in the
corresponding layer. The optimum silver thickness was
about 5 nm for the highest surface enhancement, which is
12.89 times enhanced as compared to that of the uncoated
sample. As the thickness of the silver film increases, the
enhancement will decrease. This is due to the exponential
decay of the surface plasmons into the silver film. As
a comparison, surface enhancement of 5.23 times was
obtained when cover glass was not used (in this case dry
objective lens was used, NA D 0.95). The enhancement
of 12.89 can be attributed to the contributions from the
localized surface plasmons and the local-mode plasmons,
while the enhancement of 5.23 can be attributed to the
contribution from the local-mode plasmons alone. This
further demonstrates the existence of localized surface
plasmons and the role of the cover glass in exciting it, as
shown in Eqn (3).
To further increase the relative Raman signal of the
strained-Si layer, we used the fact that the polarization of the
surface-enhanced Raman signal is different from that of the
normal signal. Several groups have also taken advantage of
the polarization dependence of the sample to improve the
sensitivity for Raman enhanced experiments.34 – 36 By using
different analyzer angles, we can choose the signal from
different polarizations. The angle  here represents the angle
between the analyzer axis and the laser polarization, as
shown in the inset of Fig. 3(a). Figure 3(a) shows the Raman
spectra at different analyzer angles. Figure 3(b) shows the
Raman intensities of SiGe and strained-Si layers at different
analyzer angles. As analyzer angle increases, both SiGe and
strained-Si signals decrease. However, it can be observed
that the strained-Si signal decreases at a slower rate than
that of SiGe. Figure 3(c) shows the ratio of strained-Si over
SiGe signals from uncoated and coated samples as a function
of analyzer angle. For the uncoated sample, the ratio does
not change with the analyzer angle. This is because both
Raman signals from strained-Si and SiGe are polarized to
the laser polarization. By coating a thin layer of silver,
surface plasmons are excited by the incident laser. While the
incoming laser is polarized, the surface plasmons can cause
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enhanced depolarized Raman scattering from the sample,
as discussed earlier. So, as the analyzer angle was rotated
from 0° to 90° in consecutive steps of 10° with respect to the
polarization of laser, which is linearly polarized at 0° , the
ratio of strained-Si and SiGe signals increased. It reached the
maximum when the angle was at 90° . The role of the analyzer
here is to remove the Raman signals that are not enhanced by
the surface plasmons (far-field signal). At 90° , the analyzer
will remove the far-field signals, and the enhanced Raman
signals due to surface plasmons, which are depolarized, will
still be detected. With this approach, surface enhancement
of 25.4 times can be obtained. It can also be observed from
Fig. 3(a) and (b) that even when the analyzer is at 90° the
intensity of SiGe is not completely removed. This is because
the plasmon propagation length is more than the thickness of
the strained silicon. Hence the SiGe signal near the strained
silicon layer can still be enhanced by the surface plasmons,
but it is much weaker.

CONCLUSION
In conclusion, we have shown that combination of localmode plasmons and localized surface plasmons on thin
metal surface can be used to enhance the surface sensitivity
of Raman spectroscopy. This approach is very useful when
the Raman signal from the surface is obscured by the signal
beneath, for example, in strained-Si grown on a SiGe layer.
In our study, the optimum silver thickness for the best
enhancement is 5 nm. An analyzer can be used to remove the
far-field signal when it is at 90° to the polarization of laser.
The near-field enhanced Raman signal that is depolarized
can be detected, and surface enhancement up to 25.4 times
can be achieved.
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