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By means of resonant Raman spectroscopy we investigated the strain on a single ultrathin crystalline silicon
layer, locally induced by buried SiGe nanostructures. The spectrum of a 5-nm-thick silicon layer on top of SiGe
islands shows a single highly strained feature attributed to the out-of-plane phonon. The direct comparison of
the experimental results with finite-element methods through spectral simulation shows excellent agreement
that clarifies the physical origin of the spectrum. An increase in the silicon layer thickness up to 40 nm results
in a progressive reduction in the strain.
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I. INTRODUCTION

The investigation of the strain field in a semiconductor
layer deformed by underlying nanostructures presents chal-
lenging issues from both the fundamental and application-
related points of view. The experimental characterization is
difficult because of the small dimensions, and the interpreta-
tion of the data is complicated due to the geometry of the
system. Although the strain induced by a lattice mismatch
between planar films is well known and also the problem of
the strain induced in a planar layer by a pointlike source can
be solved analytically, it is nevertheless hard to set an extent
up to where these approximations can be used. A particularly
relevant case is the experimental determination and interpre-
tation of the Raman spectrum of an ultrathin silicon layer,
locally strained by buried SiGe islands. These systems
gained practical interest because strained silicon can provide
increased charge-carrier mobility1 and is fully compatible
with mainstream Si technology.2 Very recently, promising re-
sults have been obtained using buried Si1−xGex nanostruc-
tures as local stressors to enhance Si-based device
performance.3 The possibility of achieving laterally ordered
Si1−xGex islands4 is therefore a promising approach to realize
dot-based field-effect transistors on Si.5 The advantage over
flat SiGe layers grown on Si is that 3D islands can be grown
without dislocations with a substantially larger Ge concen-
tration, and the different geometry allows the introduction of
a much higher strain.

In such systems, one fundamental issue is therefore to
control the strain within the Si layer. This aim requires the
development of accurate and sensitive analytical methods.
For the case of strain in ultrathin Si layers �around 10 nm�,
resonant Raman spectroscopy is particularly well suited for
its sensitivity, nondestructivity, submicron lateral spatial res-
olution, and few-nanometer depth resolution. In this paper,
we focus on the strain induced locally in a 5 nm Si layer on
top of a buried SiGe island. For this system, although pow-
erful, Raman spectroscopy is only qualitative in the absence
of a model for interpretation because a nontrivial relationship
links the strain tensor and the observable phonon energy

shifts.6 Therefore emphasis is given to the quantitative mod-
eling of the experimental results in terms of the unfolding of
the physical origin of the Raman spectra. This objective is
pursued by the direct comparison of the experimental results
with spectral simulation based on dedicated three-
dimensional finite-element models �FEMs�. Finally, the re-
sults from similar thicker layers of 10, 20, and 40 nm com-
plete the picture showing an increasing relaxation of the
films toward bulk values.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

The samples presented in this work were grown by solid
source molecular-beam epitaxy on p-Si�001� substrates. Af-
ter standard deoxidation and buffer growth, 6.7 monolayers
of Ge were deposited at 620 °C, leading to island nucleation.
At this point, for the reference sample �0 nm cap� the sub-
strate temperature was ramped to room temperature, while
for the other samples the temperature was set to 300 °C
before initiating the Si capping. Within these conditions, the
overgrowth is conformal and the intermixing between the Si
overlayers and the SiGe islands is almost completely
suppressed.7 We investigated the island shape, density, and
distribution by atomic force microscopy �AFM� operating in
tapping mode. Micro-Raman spectroscopy was performed on
a Jasco R800 double spectrometer connected to an ultraviolet
microscope. The spectral pitch of the array detector was
0.3 cm−1. The geometry employed was backscattering from
�001�, with polarized excitation along �110� and unpolarized
collection. The 363.8 nm excitation was focused by a 0.5
numerical aperture �NA� objective on a spot of 1 �m2, illu-
minating about ten islands. The power was kept below 1 mW
�corresponding to a density of 109 W m−2� to prevent heat-
ing. Finite-element simulations were carried out with the
COMSOL MULTIPHYSICS package. A realistic dome-shaped is-
land was placed on a Si�001� substrate with four different Si
capping layers on top of it. The concentration of the Si1−xGex
island was set to x=0.60 in accordance with the average
experimental concentration.8,9 Previous work showed that
the relaxation at the surface is similar for an island with an
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inhomogeneous Ge distribution and a uniform island with
the same average concentration.10 Lateral boundary condi-
tions were applied to the simulation cell, while the bottom
surface was kept fixed to mimic the semi-infinite bulk. Geo-
metric multigrid algorithm was applied to solve the elastic
problem and obtain the full strain tensor.

III. RESULTS AND DISCUSSION

The morphological analysis of the sample is based on
statistical analysis of AFM images. Figure 1�a� shows for the
5 nm capped samples nearly uniform dome-shaped islands.
The statistical distributions of the islands shown in panels �b�
and �c� indicate that the dome base diameter is slightly less
than 100 nm and the height is between 15 and 20 nm. Similar
results were obtained for the other samples.

The analysis of the strain in the Si layer locally induced
by the nanostructures is based on the Raman spectra shown
in Fig. 2. Excitation at 3.4 eV is particularly suited for the
investigation of strain in ultrathin Si films for two reasons.
First, the resonance effect enhances the Raman scattering
probability up to 30 times with respect to other accessible
excitations,11 which yields a signal-to-noise ratio high
enough to perform spectral subtraction, i.e., the subtraction
of a reference spectrum from the sample spectrum. Second,
the limited penetration depth dp=10 nm limits the averaging
to the upper dp /2 thick skin, a dimension comparable to the
thickness of our layers. The investigated area is about
1 �m2, averaging among several islands simultaneously.

The spectrum of the bare SiGe nanostructures, indicated
by 0 nm, shows a nearly flat response. A first result emerging
from this measurement is the confirmation that the islands
themselves are not detectable since none of the three SiGe
bands is observed. Since the Si away from the islands is
almost completely relaxed, this subtraction spectrum should
be zero everywhere. The oscillations observed around the
zero-shift energy are therefore indistinguishable from an ar-

tifact generated by the subtraction process. This artifact is
most likely caused by an instrumental drift too small to be
corrected by reference lines and corrupts the spectrum in a
spectral region centered at 520.5 cm−1, about 5 cm−1 wide.
In the following discussion, we will ignore this part of the
spectrum.

The 5 nm sample shows a band positioned at 508 cm−1,
well separated from the artifact region, superimposed to a
shoulder, with a full width at half maximum �FWHM� of
6 cm−1. If we assume that the Raman spectrum originates
from a thin layer pseudomorphic to a flat �001� surface, this
shift �� could be linearly related to a value of �xx compo-
nent of 0.017,12 as reported in Fig. 2�b�. Unfortunately, this
assumption can be valid only for the apex �001�-like surface
of the dome, which contributes only for a small area with
respect to the whole island. In a more realistic picture there
are facets also along the �1 0 5�, �1 1 3�, and �15 3 23� planes,
each of them contributing with its own Raman spectrum and
selection rules, and the strain can in principle show complex

FIG. 1. �a� Atomic force microscopy scan of SiGe islands over-
grown with a 5-nm-thick Si layer. The shading is proportional to the
local surface slope with respect to the �001� plane. The buried nano-
structures are uniform dome-shaped islands, coexisting with a neg-
ligible number of barn and superdome-shaped islands. A statistical
analysis of island base area and height is shown in �b� and �c�,
respectively.

FIG. 2. �Color online� �a� Subtractive Raman spectra of a single
ultrathin layer of silicon on top of SiGe nanostructures. The vertical
solid line marks the unstrained value of 520.5 cm−1. The region
close to this value is corrupted by an artifact of the subtraction
process. �b� Corresponding in-plane strain obtained by assuming
that there is the same linear relationship between �� and � as in the
case of a flat �001� surface. The validity of this assumption is dis-
cussed in the text. The two solid lines show the 1 / t behavior from
Ref. 18 and the 1 / t3 predicted by an analytical model �Ref. 19�.
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variations due to the specific geometry of the structure. In
order to clarify these issues, we interpreted the results of the
Raman spectra by comparison with three-dimensional strain
maps generated by FEM.

The results of the modeling are reported in Fig. 3. Panel
�a� displays the cross-sectional view of the ��xx+�yy� /2 com-
ponent of the strain for the �100� plane for all the four silicon
layer thicknesses. The figure shows how the strain in the top
dp /2, marked by a black solid line, changes from highly
tensile to nearly completely relaxed, moving from the thin-
nest to the thickest layer.13,14 Panel �b� shows for the 5 nm
sample the top view of an island, where the four quadrants
map four independent components of the strain �after an ad-
equate rotation �yy =�xx and �yz=�xz� averaged within a depth
of dp /2, which in this case coincides with the thickness of
the layer. As expected, the top of the island is almost biaxi-
ally stressed in the �001� plane, while the xz components
become significant at the steepest facets. Panel �c� shows the
in-plane strain over the �001� facets as a function of the
depth in the Si layer. For the thicker layers, the strain is
larger close to the Si/SiGe interface, whereas for the thinnest
layers the geometry plays a more important role and the up-
per surface is the most strained.

A direct comparison of these results with the experimental
spectra of Fig. 2 can be carried out by spectral simulation,
summing up all the spectra generated by the individual finite
elements.15 In the most general case each individual spec-

trum consists of three Lorentzian curves centered at nonde-
generate Raman shifts ��1, ��2, and ��3, which contribute
to the total spectrum with their corresponding intensities I1,
I2, and I3, determined by the experimental geometry and the
Raman tensors. In Fig. 2, the spectrum resulting from this
simulation can be found superimposed to the actual experi-
mental spectrum in order to test the validity of the model.
For the case of the 5 nm layer, the comparison is strikingly
coincident. The simulated spectra shown in this figure result
only from the region on the top of the island, thus excluding
the amount of layer directly over the substrate. This exclu-
sion is the computational analog of the spectral subtraction
�in this case without artifacts�, and the inclusion of all the
area would have resulted in an additional noninteresting
band very close to that of relaxed silicon. The agreement for
the centroid of the band is very high. Some uncertainties
could have compensated each others because it was not pos-
sible to take into account parameters such as the spread in
island dimension or to introduce in the spectral simulation
the small shift induced by phonon confinement.16 Neverthe-
less, beyond the centroid, also the shape of the band is very
similar, and the trend as a function of the thickness is repro-
duced very accurately, as we will show in the next para-
graphs.

FEM and spectral simulation are important also for the
understanding of the physical origin of the band in the ex-
perimental spectrum. It is instructive to start the analysis
from the simplified case of an island where the upper silicon
cover is uniformly and biaxially stressed on each facet, with
forces in the plane of the facet. In this case, the phonon
degeneracy is removed, with one phonon perpendicular to
the facet with an energy shift ��1, and two degenerate
phonons in the plane of the facet ��2 and ��3. We can
assign ��2 to the phonon in the �001� plane. Within this
picture, in our experiment the selection rules state that ��1 is
always observable, ��2 is always mute, and ��3 is observ-
able only in the diagonal facets. This simplified case is quite
similar to the situation described by the simulation.

Figure 4 reports ��1 and ��3, together with their corre-
sponding intensities I1 and I3, as a function of the position on
the dome. The inspection of ��1 shows that this phonon is
responsible for the band observed in the experimental spec-

FIG. 3. �Color online� �a� Cross-sectional images of the map of
the ��xx+�yy� /2 component of the silicon strain for the four thick-
nesses from 5 to 40 nm. The black solid line marks the upper dp /2
thick region. �b� Top view bidimensional map of the average strain
in the upper dp /2 thick region of the 5-nm-thick Si layer. The four
quadrants report the four independent components of the strain ten-
sor as calculated from the finite-element simulations. The lower
edge is parallel to �100�. The island facets are superimposed for
clarity. The side of the map is 110 nm wide. �c� Plot of ��xx

+�yy� /2 component of the strain in silicon as a function of depth
along the island axis. The shaded zone is dp /2 deep.

FIG. 4. Intensity I and relative Raman shift �� of the observ-
able phonon as a function of the position of the dot. The colorbar is
shown on the left. For the intensity I, black corresponds to 0 and
white to 1. For the relative shift ��, black corresponds to
−15 cm−1 and white to 0 cm−1. For clarity the components outside
of the dot are set to 0 intensity.
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trum. All the phonon energies between 506 and 511 cm−1,
the spectral interval corresponding to the FWHM of the ex-
perimental band, are scattered from a region almost as wide
as the diameter of the island. The measured in-plane strain is
therefore well above 0.01 for a large area, making this
sample attractive as a strained channel for high-mobility
devices.5 While I1 is higher at those facets with a lower angle
to the substrate, I3 is more intense at the steeper facets. Al-
though this phonon is in principle visible with our geometry
�it is responsible for the lower shift band in the simulated
spectrum�, the shift ��3 is relatively small and is masked by
the subtraction artifact. Nevertheless, the shoulder observed
in the experimental spectrum can be attributed to this band.
We can try to find a relationship between strain and shift by
modifying the well-known formula for planar layers to
��c=beff���in-plane, where in this case ��c is the centroid of
the spectrum, ���in-plane is the average strain in the plane of
each facet, and beff is the effective linear coefficient. For this
experiment beff is 1300 cm−1, a much higher value than the
750 cm−1 of planar films.12 This result is an indication of the
limits of validity of the planar approximation.

Going back to Fig. 2, we finally analyze similar samples
with thicker silicon layers. The experimental spectra of the
10 and 20 nm are not as clean as the 5 nm, but they show a
clear trend for the out-of-plane phonon that moves to lower
strain with the increase in the cap layer thickness. The 40 nm
sample is not reported because it shows a completely relaxed
spectrum similar to the 0 nm. For the simulated spectra of
the 10 and 20 nm samples, the agreement is less good than
the 5 nm, but an explanation of this discrepancy could be the
exceeding of the critical thickness and a partial plastic relax-
ation occurring in the silicon layer.17 Nevertheless, the trend
is very similar also in the simulated spectra: While the center
of mass of the two-band spectrum moves to zero shift, the
splitting of ��1 and ��3 reduces accordingly. In Fig. 2 we

included also two curves, proportional to the functions 1 / t
and 1 / t3, representing two models for the value of strain as a
function of the layer thickness t. The results are closer to the
1 / t function predicted by atomistic simulations in Ref. 18,
with respect to the 1 / t3 behavior resulting from analytical
models of point stressors.19

IV. CONCLUSIONS

In conclusion, this paper provides an approach to charac-
terize the strain in silicon layers on SiGe islands by a very
sensitive experimental technique that now can also be better
interpreted from a quantitative point of view. We showed that
for a 5-nm-thick silicon layer the local strain produces a
phonon energy shift detectable with resonant Raman spec-
troscopy. For thicker silicon layers, we observe a progressive
reduction in the strain, which has been compared to previous
theoretical and computational results. The direct comparison
of FEM and experimental results with spectral simulation
shows that the experimentally observed band originates from
a large amount of the layer above the island. It is still pos-
sible to apply a linear relationship between strain and Raman
shift similar to the one used for planar films, but the coeffi-
cient beff can be significantly different. In addition for this
approximation it is better to modify the interpretation of the
in-plane strain as the average component of the strain tensor
in the plane of the facets. The specific case of a 5 nm Si cap
layer is appealing for high-mobility applications because of
the high in-plane strain exceeding 0.01.20
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