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Determining Strain, Chemical Composition, and Thermal Properties of Si/SiGe
Nanostructures via Raman Scattering Spectroscopy

L. Tsybeskov,® S. A. Mala,® X. Wang,? J.-M. Baribeau,” X. Wu,® and D. J. Lockwood®

2 Department of Electrical and Computer Engineering, New Jersey Institute of
Technology, Newark, NJ 07102, USA
b National Research Council, Ottawa, ON KIA 0OR6, Canada

Studies by Raman spectroscopy of two kinds of Si/SiGe
nanostructures—quantum  dot  multilayers and  planar
superlattices—reveal a wide variety of spectral features including
first- and second-order Raman scattering, polarized Raman
scattering, and low-frequency inelastic light scattering associated
with folded acoustic phonons. Here we overview how such
features can be employed to semi-quantitatively analyze the strain,
chemical composition, and thermal conductivity in these
industrially important materials that are widely used for producing
electronic and optoelectronic devices.

Introduction

Inelastic light (Raman) scattering is an important general characterization technique (1),
which, along with x-ray diffraction (2,3), can provide a great deal of information about
the structural and, particularly for Raman scattering, the electronic properties of Si/SiGe
nanostructures (4-8). Raman scattering from semiconductor nanostructures involves a
variety of different phonons that are observed according to strict optical polarization
selection rules. Such scattering can also result in additional spectral features at
wavenumbers between those of lower-frequency acoustic phonons and higher-frequency
optical phonons (9). Similar to what is observed for bulk SiGe alloys, the Raman
spectrum of Si/SiGe nanostructures comprises three major bands with a Si-like (Si-Si)
peak at ~ 500 cm’!, an alloy-like (Si-Ge) peak at ~ 400 cm™!, a Ge-like (Ge-Ge) peak at ~
300 cm™! together possibly with a crystalline Si (c-Si) peak at~520 cm™ depending on the
sample composition , together with weaker Raman features located between the three
major peaks (4-8,10,11). These weaker Raman features are attributed to localized
vibrational modes (e.g., Si-Si vibrations in the presence of a Ge atom, etc.) and various
overtones (9,12). Light scattering observed at low wavenumbers (< 100 cm™) is usually
associated with various acoustic phonons, and second-order Raman scattering produces
multiple overlapping peaks located between 600 and 1200 cm™ (9). Thus, in Si/SiGe
nanostructures the entire spectral region of 0-1200 cm™ is covered by multiple Raman
peaks, and the energies and appearances of these peaks display strong dependences on the
growth conditions, strain, temperature and chemical composition.

The intensity of a Raman peak is proportional to its Raman cross-section and the
scattering volume, which is related to the light penetration depth and hence the optical



absorption coefficient (13). Resonant Raman scattering (RRS) occurs when the excited or
scattered light approaches an energy gap in the material and is thus associated with
significant changes in the Raman cross section, which are directly related to the joint
density of states in the electronic bands of bulk materials or nanostructures (13). While c-
Si does not exhibit any resonances within the full visible spectrum, crystalline Ge (c-Ge)
has a well-known resonance at ~2.2 eV associated with E; and E; + A; electronic
transitions in the L direction of the Brillouin zone (9). Thus, in Si/SiGe nanostructures the
intensity of a Raman peak as a function of the incident light energy exhibits a broad peak
around 2.2— 2.5 eV (14,15). The optical polarization dependence of the Raman intensity
of any given excitation is symmetry determined and is defined by its Raman scattering
tensor (13). In Si/SiGe nanostructures, an analysis of the polarization dependence of the
light scattering has been used to detect various imperfections, including inhomogeneous
strain, in epitaxially grown samples (16—18).

This overview of the use of Raman spectroscopy for characterizing Si/SiGe
nanostructures covers the following topics: what inelastic light scattering reveals in
various such nanostructures with respect to both acoustic and optical phonons; analysis of
strain and composition; evaluation of thermal properties; and the application of polarized
Raman scattering in detecting strain.

Introduction Growth and Structural Properties of Si/SiGe Nanostructures for both
Superlattices and Cluster Multilayers

Planar Si/Si;xGex superlattices (SLs) are fashioned from alternating thin layers of Si
and Si1.xGex with x usually less than 0.5 and are commonly prepared by molecular beam
epitaxy (MBE) growth on (001)-oriented Si substrates at a temperature of ~ 500°C (see
Fig. 1 and Ref. 19 for example). This relatively low growth temperature is chosen to
produce dislocation-free pseudomorphic growth and to help prevent Si/SiGe intermixing
and thereby curtail the interface roughness. However, as can be seen from Fig. 1(b), the
Ge composition in the alloy layer can vary across the start and end of the layer. For a
SiGe layer with thickness below a critical value, the in-plane lattice mismatch between Si
and SiGe is expected to be accommodated by a homogeneous tetragonal compression,
which results in an extension of the lattice constant in the growth direction. These
compressed SiGe layers are combined with the alternating Si layers, which may also be
slightly strained, to form Si/SiixGex/Si... strained-layered SLs that are usually capped
with a Si layer.

Cluster multilayers (CM) of Si/Si1xGex are grown using SiixGex layer thicknesses
approaching, or above, the critical value, and hence the epitaxial growth of SiGe on Si
requires relief of the elastic energy in the strained SiGe film (20-23). At high growth
temperatures, the adatom diffusion and elastic deformation trigger a transition from two-
dimensional (2D) to three-dimensional (3D) growth modes. This 3D growth mechanism
is known as Stranski-Krastanov (S-K) growth, and it is typically observed at MBE
growth temperatures of 550-650°C. As can be seen in Fig. 2(a), the strain involved during
growth of the first two or three alloy layers produce self-organized dome-like structures
(23) that stack up nicely throughout the remaining layers (see Fig. 2(b) and (c)). In the
case of chemical-vapor-deposition based S-K growth, GeHs diluted in H> is used for
providing the Ge atoms and spontaneous Si-Ge intermixing occurs due to thermal and
strain-induced diffusion. In the S-K growth mode, most of the SiGe clusters (or islands)



have a pyramid/dome-like (uncapped) or pancake-like (Si capped) shapes with the Ge
concentration gradually increasing toward the cluster core (20-23).
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Figure 1. (a) Cross-sectional transmission electron micrograph (TEM) image of a 500°C
MBE grown planar Si/Sio.csGeo.3s superlattice and (b) an energy dispersive x-ray (EDX)
scan of the structure revealing the atomic composition of the top-most layers.

(c)

Figure 2. (a) Cross-sectional TEM image of a 650°C MBE grown Si/SiGe cluster
multilayer nanostructure, (b) an enlarged TEM image of a section of the structure
showing the strain-driven stacked growth of the SiGe clusters, and (c) an atomic force
microscopy image of the uncapped alloy sample surface.



First-Order and Low-Wavenumber Raman Scattering in Si/SiGe Nanostructures

The Raman spectrum of bulk Si, as shown in Fig. 3, is comprised of a strong first-
order peak at 520 cm™! that is surrounded by a variety of weaker second-order features
that are associated with various combinations of acoustic and optical phonons. A SiGe
alloy Raman spectrum is even more complicated, as can be seen in Figs. 4 and 5. Here, in
accordance with the expectations mentioned above, three first-order Raman lines are
visible. These three lines are usually weaker and wider than that of c-Si and can be
asymmetric in shape. Also, the underlying continuum of second-order scattering is
modified from that found in Si and is relatively stronger. Such differences need to be kept
in mind when interpreting Raman spectra of Si/SiGe nanostructures.
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Figure 3. Raman vibrational spectrum of bulk c-Si at room temperature showing a very
strong and sharp peak at 520 cm' that arises from first-order Raman scattering and
various other weaker and broader features arising from second-order scattering. Note the
use of a logarithmic vertical scale.
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Figure 4. Room-temperature Raman spectrum of a Si/Si1.xGex Si/SiGe cluster multilayer
nanostructure showing major peaks associated with the Si layers at 520 cm’!, and the
strained alloy layers due to Si-Si (at ~500 cm™), Si-Ge (at ~400 cm™), and Ge-Ge (at
~300 cm™) type lattice modes. A normalized Raman spectrum of c-Si is shown for
comparison.
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Figure 5. As for Figure 4, but showing only the Si-type vibrational modes of the Si and
SiGe layers.

Figure 6 displays the Raman spectrum of a Si/Si1xGex SL (see TEM image in Fig. 1)
with the three distinct Raman peaks associated with the Si-Si, Si-Ge and Ge-Ge local
bond vibrations. In addition to the major Si-Si Raman peak at 520 cm™! with a full-width
at half-maximum (FWHM) of 5-6 cm™!, a weaker peak at 505-506 cm™' is found that is
attributed to a Si-Si vibration in the presence of a nearby Ge atom (8,12,19). In both
Si/SiGe SLs and S-K CMs, curve fitting of the spectra indicates that the FWHM of the
505-506 cm™! peak precisely correlates with the FWHM of the major Raman peak at 520
cm! (12). It was concluded that in both Si/SiGe SLs and S-K CMs, the Si layers
separating the SiGe layers are strained and the strain in SL Si layers is more
homogeneous compared to that found in CMs (12). Si/Si1xGex nanostructures with x >
0.4 and thicker SiGe layers usually show a main Si-Si type Raman peak at ~ 490 cm’!
(Fig. 7) plus a weaker one at 510 cm’!, which is attributed to a localized Si-Si vibration
mode arising from the presence of Ge (10). However, if the excitation wavelength is long
enough so that the exciting light can reach the c—Si substrate, Raman peaks at 520, 508
and 490 cm! can all be observed (Fig. 7). Raman spectra associated with Si-Ge and Ge-
Ge vibrations in the SL sample are peaked at 417-418 cm™ and 298-299 cm’,
respectively (Fig. 8).
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Figure 6. Raman spectrum at room temperature of a Si/SijxGex cluster multilayer
nanostructure similar to the one shown in Fig. 2, with x = 0.5, displaying peaks
associated with first-order Brillion-zone-center optical phonons in the Si and strained
alloy (Si-Si, Si-Ge, and Ge-Ge modes). Notably, a peak due to the influence of a Ge
atom on the Si-Si mode [Si-Si (Ge)] is also visible. The Raman spectrum was recorded
with 457.9 nm excitation. The Raman spectrum of ¢-Si is given for comparison purposes.

1.00 Si-Si (Ge)
0.800
0.600
0.400

0.200

Normalized Raman intensity (arb. un.)

0.00

460 480 500 520 540

Raman shift (cm'f)

Figure 7. Room-temperature Raman spectrum of a Si/SiixGex cluster multilayer
nanostructure with x=0.5 exhibiting a Raman peak at ~ 490 cm™ that is attributed to the
local Si-Si vibration mode in the presence of Ge [Si-Si (Ge)]. Raman peaks are also
observed at 508 (Si-Si) and 520 (c-Si) cm’!. The Raman spectrum was recorded with
514.5 nm excitation.
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Figure 8. Room-temperature Raman spectra associated with Si-Ge and Ge-Ge vibrations
at 417-418 cm™!' and 298-299 cm!, respectively, in Si/SiGe Stranski-Krastanov cluster
multilayers (S-K CM) and planar superlattices (SL).

In S-K CM samples, the Si-Ge and Ge-Ge peaks are broader by ~3 ¢cm™ and are
slightly shifted toward lower wavenumbers compared to that in comparable SL samples,
as shown in Fig. 8. In addition, the Raman spectra show weaker and broader peaks at
~250 cm™! attributed to the resonant Ge vibrational mode in the alloy and at 438 c¢cm™!
associated with the local Si vibrational mode in the presence of Si and Ge, respectively
(3,24). These peaks are enhanced in S-K CMs compared to SL samples, most likely due
to the higher Ge composition. Figure 9(a) presents a summary of the reported dependence
of the Raman peak wavenumbers associated with Si-Si, Si-Ge and Ge-Ge vibrations on
the composition x in bulk Si1xGex alloys, where there should be no strain (24). The
results are compared to that in Si/SiGe nanostructures with various degree of strain (Fig.
9(b)), and the following composition dependencies are found (24):

(a) In bulk Si;xGex alloys, the Si—Si Raman peak wavenumber linearly decreases
with increasing X, as wsi.si = 521.2 — 67.91x. In Si/Si1xGex SL nanostructures, the
dependence is much weaker; wsi.si = 519.9 — 29.82x.

(b) In bulk Si1xGex alloys, the Ge—Ge Raman peak wavenumber linearly increases
with increasing X, @wge-Ge = 280.8 + 19.37x. In Si/Si1xGex SL nanostructures, the
dependence is stronger; wge-ge = 282.0 + 33.53x.

(c) In bulk Sii1«Gey alloys, the Si—Ge Raman peak wavenumber increases for x < 0.6
and decreases for x > 0.6: wsige = 400.0 + 22.07x — 36.14x*> + 83.73x3 — 88.54x*.
However, in Si/Si1xGex SL nanostructures the dependence can be described as wsi-ge =
399.6 + 50.26x — 24.90x2.
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Figure 9. A summary of previously reported dependencies of the Raman peak
wavenumbers associated with Si-Si, Si-Ge and Ge-Ge vibrations on the alloy
composition x in (a) bulk SiixGex alloys and (b) Sii«Gex planar superlattices (@) and
cluster multilayers (0) with various degrees of strain. See Reference 24 for further details.

The results presented here indicate that apart from just the average composition x of
Si/S11.xGex nanostructures other factors such as layer thicknesses, Si-Ge inter-diffusion,
SiGe island sizes and shapes, and local strain should all be to be taken into account in
analyzing the Ge concentration dependencies of the Raman peak wavenumbers and
intensities. The most common explanation for the observed behavior is that an
accumulation of Ge in the middle of planar layers and within the SiGe island core is
responsible for a non-uniform composition and strain distribution (23). Possible detailed
mechanisms include: the out diffusion of Ge and formation of compressed Si rich alloy
regions in the valleys of the Si1.«Gex island multilayers; a strong diffusion coefficient
dependence on the local Ge concentration in the film; and the tensile strain in the Si
spacer layer placed on top of the SiGe islands (3,24).

In Si/SiGe periodic nanostructures, multiple Raman peaks at low wavenumbers (<
100 cm™) observed in the backscattering geometry are associated with folding of
longitudinal acoustic (FLA) phonons due to the growth introduced new periodicity Ps.
and the formation of the Brillouin mini-zone. A commonly used method for the
calculation of phonon dispersion curves is to use the elastic continuum model by Rytov
(25). A condition of this model is that the wavelength of the sound wave should be much
larger than the layer thickness. The elastic continuum approximation is then valid and the
wave equation in each layer can be solved. Figure 10(a) shows the low-frequency Raman
spectrum in a Si/SiGe SL (as shown in Fig. 1(a)) with distinct Raman doublets



corresponding to various FLA modes. The inset shows a simplified FLA phonon
dispersion diagram based on Rytov’s model. In reality, band gaps appear at the mini-zone
center and boundary (Fig. 10(b)) due to the difference in the acoustic impedances of the
two component layers of the SL (19). These gaps are barriers to phonon propagation
along the SL growth direction for those phonons having the appropriate energies and
wave vectors. Thus, these Si/SiGe periodic nanostructures are the first known examples
of one-dimensional phononic crystals (19).
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Figure 10. (a) Raman spectrum at low wavenumbers of a Si/Sig6sGeoss planar
superlattice at room temperature. The acoustic phonon peaks visible in this spectrum
appear in pairs in accordance with their zone folding index m. The inset shows a
schematic of the formation of the Brillouin mini-zone and the anticipated peak positions
due to Raman interactions with folded longitudinal acoustic (FLA) phonons for this
sample. (b) The measured points and dispersion relation (dashed lines) of the FLA
phonons near the mini-zone-edge phononic band gap arising from the difference in the
acoustic impedances of the two component layers of the Si/SipsGeos superlattice. For
further details, see Reference 19.

Second-Order Raman Scattering in Si/SiGe Nanostructures

In Si/SiGe nanostructures, several Raman peaks associated with second-order light
scattering are observed between 550 and 1100 cm™ (Fig. 11). The two-transverse optical
(2TO) Si phonon overtone features are related to scattering from the Brillouin zone
critical points at W and L, and occur at 940 and 975 cm’!, respectively (26,27). The 2TO
Raman signal shown in Fig. 11 is actually comprised of three peaks: the major Raman
peak associated with scattering from the 2TO(L) phonon combination, the 2TO(W)
Raman peak, and a weak shoulder associated with the 2TO(I") phonon overtone. In most
of the Si/SiGe nanostructures we investigated, we also found prominent Raman features
associated with second order Si-Ge vibrations around 800 cm™! and second order Ge-Ge



vibrations at ~ 600 cm™'. Other weaker Raman features at ~680 cm™! and in the range of
840-900 cm™! are, most likely, overtones of the first-order Ge-Ge (in the presence of Si)
and local Si-Si (in the presence of Ge) modes (27).
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Figure 11. Spectral details of the second-order Raman scattering in c¢-Si and a
Si/S11.xGex superlattice (SL) with x=0.4 involving optical phonons at wavenumbers in the
range 550-1150 cm’!.

Strain and Chemical Composition in Si/Sii.«Gex Nanostructures

In Si/SiixGex nanostructures, correlations between the Si-Si, Si-Ge, and Ge-Ge
Raman peak wavenumbers, Ge content x, and strain ¢ have been discussed extensively
(3,24,28). The relative numbers of chemical bonds comprising the Si-Si, Si-Ge, and Ge-
Ge phonon modes are estimated to be varying with x as (1-x)?, 2x(1-x), and x2,
respectively. Since the Raman intensity is proportional to the scattering volume, the ratio
of the integrated Raman peak intensities related to the relative number of chemical bonds
of the corresponding phonon modes can be described as follows:

IGe-Ge/Isi-e = Bx/2(1 — x) [1]
and
Isisi/lsi.ge = A(1 —x)/2x, [2]

where coefficients 4 and B are related to the frequencies of the optical modes in the SiGe
alloy. It was found experimentally that B = 3.2 and 4 = 1.85 for 457.9 nm excitation (29).
This so-called intensity method for determining the value of x is independent of strain in
the alloy layer and depends on the integrated intensity of the Raman signal associated
with the phonon bands. In the Raman peak position (or wavenumber) method, a set of
three equations is derived, where the peak positions of the three major vibrational modes
in Si/Si1.,Gey nanostructures are described as a function of x and ¢. The wavenumber of
the phonon band can be expressed as:



w = wo t+ be, [3]

where wo is the x dependent phonon frequency of the unstrained SiGe alloy and b is the
strain-shift coefficient. In the case of a strained Si;..Ge, (0 < x < 0.5) layer, the
wavenumbers of the three different phonon modes are (28,29):

wsi-si = 520.2 — 70.5x — 830¢, [4]

wsi-Ge =400.5 + 16.3x — 575, [5]
and

WGe-Ge = 282.5 + 16x — 384e. [6]

The average values of x and ¢ in the alloy layer are
x = [(wsi-Ge — 400) — 0.7(wsi-si — 520)]/65 [7]
and
€ =[(400 — wsi-ge) +0.23(520 — wsi-si)]/767. [8]

On considering previously published data (3,12,24), we find a reasonably good
agreement between results obtained by both methods.

Raman Studies of Thermal Conductivity and Heat Dissipation in Si/SiixGex
Nanostructures

Typically, Raman scattering measurements are performed using an intense laser beam.
While ¢-Si and c¢c-Ge have a high thermal conductivity (x = 100 Wm™ K), in
compositionally disordered SiGe alloys and Si/SiGe nanostructures x < 10 W m™' K-! (30).
Thus, a significant temperature increase of a sample might occur during Raman scattering
measurements and it will affect the Raman peak position, width, and line shape. Using a
model based on the Fourier law of heat conduction, the thermal conductivity can be
calculated as

x = PX(LIA)*(1/4T), [9]

where P is the laser power absorbed by a sample with a thickness L in the direction
normal to a surface of a cross-sectional area 4 due to a temperature gradient A7. The
temperature gradient is established between the highest temperature at the sample surface
and the lowest temperature of the c-Si substrate (due to the high c-Si thermal
conductivity), and these temperatures can be calculated using the Stokes/anti-Stokes
Raman peak intensity ratio Is/l.s for strained Si and Si-Ge phonon modes and the Si-Si
mode at 520 cm™! (assuming that it is associated with the c-Si substrate). This is because,
to a good approximation, Is/l.s = exp(hw/ksT), where h = h/2m, h is Planck’s constant, kg
is Boltzmann’s constant, and T is the sample temperature, provided that the excitation
conditions are the same for both the Stokes and anti-Stokes scattering and there is no Ge



resonance effect (see the Introduction). In measured samples (see, for example, Fig. 12)
the calculated thermal conductivity is ~ 12 W cm™ K-! for Si/Si/SiGe SLs and is ~ 4 W
cm! K in Si/SiGe CMs, respectively. The reason for the lower thermal conductivity
found in Si/SiGe CMs compared to Si/SiGe SLs can be explained by analyzing a
comparative volume fraction of SiGe (a lower thermal conductivity material) versus c-Si
(a higher thermal conductivity material) and quality of the Si/SiGe heterointerfaces. In
Si/SiGe CMs, we typically find that the volume fraction of SiGe is nearly twice that of
Si/SiGe SLs, and it has been noted that inelastic scattering of phonons in Si/SiGe
nanostructures with a diffuse interface also contributes to the reduction in the thermal
conductivity (31). It was also reported that the temperature calculated according to
Boltzmann statistics under a non-resonant excitation condition of the Ge-Ge phonon
mode is consistently lower than that found for the Si-Ge and Si-Si modes (30). This
discrepancy can be explained assuming that at the laser excitation wavelengths used, the
Ge-Ge phonon mode has a resonant component, as pointed out in References 12, 32, and
33.
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Figure 12. A comparison of the Stokes and anti-Stokes Raman spectrum recorded
nominally at room temperature for a Si/SiGe cluster multilayer nanostructure sample. (a)
The raw spectrum. (b) The Stokes and anti-Stokes spectra scaled to show the differences
in the relative intensities of the main features.
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Polarization Dependent Raman Scattering in Si/SiGe Nanostructures

Polarized Raman scattering in the form of polar plots provides information on the
Raman scattering intensity as a function of the polarization angle of the scattered light
(16-18). The particular shape of the polar plot depends on the symmetry of the
vibrational mode being measured and the crystallographic orientation of the sample.
Figure 13 displays angular Raman polarization diagrams for three different vibrational
modes (Si—Si at 520 cm™!, Si—Ge at 415 cm™!, and Ge—Ge at 298 cm ™) for a Si/SiGe S-K
CM sample (16). The observed angular dependencies of the Ge—Ge and Si—Ge Raman
mode intensities are nearly identical to that measured in a (100)-oriented Si single crystal
(shown in Fig. 13 by the solid line). However, a quite different behavior is observed in
the Raman polarization dependence for the Si-Si Raman mode at 520 cm™'. The observed
deviation is explained by strain-induced partial relaxation of selection rules, mixing of
different phonon modes in the nanometer-thick Si layers separating the SiGe cluster
layers, and, possibly, from scattering in a thin layer of the c-Si substrate directly under
the sample, which can exhibit stress in response to the S-K CM structure above it. The



strong localization of strain observed in the Si layers is consistent with present
understanding of the nature of vertical self-ordering produced by strain propagation in
Si/SiGe S-K CM nanostructures. Similar measurements performed on Si/SiGe SL
samples did not reveal any deviation from the data obtained in (100) c-Si substrates.
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Figure 13. Angular Raman polarization diagrams of the Si—Si, Si—Ge, and Ge-Ge
vibrational modes for a Si/SiGe Stranski-Krastanov cluster multilayer sample measured
at room temperature using laser excitation at 457.9 nm. The Raman polarization diagram
of single-crystal (100)Si (solid line) is shown for comparison.

Conclusions

In conclusion, this review of the various phenomena associated with first- and
second-order inelastic light scattering in Si/SiGe SLs and S-K CMs provides an analysis
of the Raman spectrum dependence on strain and chemical composition, discusses low-
wavenumber Raman scattering associated with folded acoustic phonon modes in periodic
Si/SiGe nanostructures, and analyzes a laser-induced sample temperature increase during
Raman scattering measurements. The results presented here are important for the
development of practical quantitative and non-destructive metrological procedures for a
wide variety of SiGe based nanoscale electronic, photonic, and thermoelectric devices. In
this overview, we do not discuss several other particular analytical techniques such as
surface- and tip-enhanced Raman scattering (34) and non-linear Raman scattering (35,36).
We think that these important phenomena require their own in-depth consideration and
should be covered in a separate review.
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