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Abstract

This paper discusses the design of acoustic vibrational modes in Si/Ge planar optical waveguides and its
application in creating silicon-based Raman devices with a flexible spectrum. It addresses the deficiencies
of the recently demonstrated Raman-based silicon lasers and amplifiers as they relate to spectral and
low efficiency limitations of bulk silicon. The treatment is for in-plane scattering in a forward scattering
configuration. In addition to calculating the spectrum and the efficiency for Raman active modes, it is shown
that the negligible wave-vector of the phonons involved in this type of scattering allows for the use of the
bandgap “pinching” effect to arrive at specific layer thicknesses for Si and Ge that optimize the scattering
efficiency.
c© 2006 Elsevier Ltd. All rights reserved.
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1. Motivation

The use of Raman nonlinear processes in silicon waveguides has emerged as a
promising means to create optically active devices in silicon including amplifiers, lasers and
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wavelength converters [1–5]. Several areas of improvement remain, namely: waveguide side-
wall smoothening [6], reduced waveguide dimensions [7], and low-loss fiber-to-waveguide
coupling [8]. Other approaches to take advantage of the Raman effect have been suggested, such
as the use of micro-ring resonators [9,10], and complex resonant structures [11]. However, the
use of Raman nonlinearities in silicon is ultimately limited by the vibrational spectrum of the bulk
material. There are three fundamental parameters that cannot be changed by fabrication or design,
if one is bound to the use of bulk silicon as the active medium. These are: Raman scattering
strength, resonant bandwidth, and spectral range. The main goal of this paper is to demonstrate
that the silicon–germanium platform (SGP) is a powerful tool for modifying these aspects of the
Raman effect, which directly relate to the performance and capabilities of silicon-based devices
that take advantage of Stimulated Brillouin/Raman Scattering (SBRS) and Coherent anti-Stokes
Raman Scattering (CARS). The SGP is compatible with baseline silicon chip manufacturing
and is being considered for next generation CMOS integrated circuits. The underlying reason
for the use of SGP in CMOS is the high electron–hole mobility in germanium, compared to
that of silicon. Recent development of stressed-silicon layers built on top of silicon–germanium
substrates, have demonstrated the fastest MOSFET devices to date [12], boosting the prospects
for SGP in the next generation integrated-circuits. Added to its useful physical properties, the
introduction of germanium in silicon foundries is a“non-disruptive” process that does not pose
contamination issues.

The use of phonon engineering in silicon/germanium superlattices (SGSL’s) has been
suggested by Soref et al., in the context of tera-Hertz wave generation, using a quantum cascade
laser structure [13]. In addition, the Raman spectra of SGSL’s have also been studied [14–18].
In these studies, Raman scattering was used as a diagnostic tool to extract information about the
composition, geometry and quality of the hetero-structures, which were intended to produce
materials with a direct electronic bandgap [19,20]. Most studies were performed on back-
scattering configurations along the perpendicular direction relative to the plane of the SGSL
layer growth. Abstreiter et al. [21], and others [22], have performed a thorough study of different
Raman back-scattering configurations in such systems.

In the present paper, we consider the problem of engineering the Raman spectrum and
efficiency of silicon-based Raman devices by using SGSL structures to realize Raman-active
acoustic vibrational modes. The focus is on Raman scattering in planar waveguides with a SGSL
core; the type of structures that would be used in a waveguide Raman amplifier or laser. The
paper presents the treatment for in-plane scattering in a forward scattering configuration. In
addition to calculating the spectrum and the efficiency of Raman-active modes, it is suggested
that the negligible wave-vector of phonons involved in this type of scattering allows for the use
of the bandgap “pinching” effect [23,24] to arrive at specific layer thicknesses for Si and Ge that
optimize the scattering efficiency.

2. Theory and model

The geometry of interest in the case consideredin this work will be linear scattering, forward
and backward, along the direction of the plane of the superlattice, which will be assumed to grow
along the (001) direction of the crystal. This configuration lends itself more easily for waveguide
fabrication, in terms of layer growth, lithography and material deposition, and also from the
optical confinement point of view.

This paper will not deal with the issues of optical mode-confinement and propagation in a
SGSL-based waveguide, but only with the spectral properties of light scattering in the given
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configuration. Therefore, the study of the optical properties of such waveguides is outside the
scope of the present work. Furthermore, the SGSL will be considered to be defect-free and to
extendto infinity along the growth direction. From here on, all optical fields will be assumed
to be plane waves traveling along the in-plane superlattice direction, through an infinite SGSL.
The analysis has to begin from the study of the dispersion properties of phonon waves in these
structures. The first issue that needs to be considered is the zone-folding effect, which appears as
a result of the long range periodicity imposed in the crystal by the superlattice structure [25].

The theoretical treatment of folded phonon modes (FPM) has to be divided between folded
optical-phonon modes (FOPM) and folded acoustic-phonon modes (FAPM). The reason for this
is the fact that the Raman scattering process forFOPMs takes place at a microscopic level, within
the unit cell of the superlattice crystal. The overall resulting process is just the summation of the
scattered radiation from all the individual unit cells in the crystal. Therefore, a molecular bond-
polarizability model for the scattering process is appropriate in this case [26,27]. In this model,
a suitable Raman tensor, which contains the reduced symmetry of the SGSL, determines the
coupling between the optical fields and the vibrations of the material.

In the case of FAPMs, the Raman scattering resulting from these modes has its origin in the
photoelastic interaction [28]. This interaction arises from the long-range strain induced in the
material by the confined FAPMs, and therefore it is not spatially constrained to the unit cell of
the superlattice. The coupling of the optical fields to thevibration of the atoms is governed
by the photoelastic tensor, in the same manner as bulk Brillouin scattering is. However, an
important difference between bulk Brillouin scattering and superlattice Brillouin scattering needs
to be mentioned. In the case of a superlattice, forward Brillouin scattering is allowed, because
the confinement of the FAPMs provides phonon states with finite frequency at zone-center.
The present paper will focus on the theoretical analysis of the Raman spectrum from FAPMs
in SGSL’s along the in-plane propagation direction.Section 2.1will discuss the dynamics of
FAPMs, namelytheir dispersion properties, andSection 2.2will treat the coupling of the optical
fields and the FAPMs. The treatment of FOPMs using the bond-polarizability theory will be left
out of the present analysis, since the approach and methodology is quite different in this case.
Finally, Section 2.3will be devoted to theperspectives for the use of the results inSection 2.2to
design optical amplifiers, lasers, and wavelength converters based on the Brillouin/Raman effect.

2.1. Continuum model for folded acoustic-phonon modes

We startfrom constructing the FAPMs of a SGSL along the in-plane direction, using a well-
known continuum model for the propagation of vibrations in a solid [28]. This model was
first proposed and derived by Rytov [29], and used in the calculation of dispersion relations
for sagittal waves in superlattices by Djafari-Rouhani et al., in the context of acoustic surface-
mode propagation [30]. The model assumes a continuous wave function,�Ψ (�x), to represent the
displacement field of a traveling wave in the material, at point�x. The physical meaning of this
function is that atomsin the vicinity of point �x in the crystal are displaced, on average, by a
vector, �Ψ , about their “equilibrium” (zero force) positions.Fig. 1 shows thegeometry of the
problem, with the SGSL grown along thez-axis, assuming a Si layer of thickness,da, and a Ge
layer of thickness,db (db = d − da). For the remainder of this paper, all parameters relative to
silicon will be labeled with subscript “a” and those corresponding to germanium, with subscript
“b”. The periodicity of the SGSL along thez-direction allows us to impose Bloch’s condition on
the field component,Ψ j , as

ψ
kz
j (x, y, z + d) = eikzdψ

kz
j (x, y, z); 0 ≤ z ≤ d = da + db (1)
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Fig. 1. Geometry selected for the analysis of the SGSL. A germanium layer of thickness,db, is grown on top of a
silicon layer of thickness,da. Plane waves propagating in thexy plane acquire a momentum component,kz, along the
z-direction, as expressed in Bloch’s theorem.

Table 1

Elastic constants of Si and Gea(×1012 dyne/cm2)

Si Ge

C11 1.66 1.285
C12 0.639 0.483
C44 0.796 0.680

a P.Y.Y. Yu, M. Cardona; “Fundamentals of Semiconductors”, Ch. 3p. 141. Taken from: O. Madelung, M. Schulz, H.
Weiss: Landolt-Bornstein, Series III, Vol. 22, Subvolume a. Intrinsic Properties of Group IV Elements, III–V, II–VI, and
I–VII Compounds (Springer, Berlin, Heidelberg, 1987).

whered is the SGSL period, shown inFig. 1, andkz is the Bloch wave-vector. The dynamical
behavior of the field,�Ψ (�x), is expressed by the Christoffel equation, which is written as
follows [25]

ρω2 �ψ = ∇ · χ̄ = ∇ · (C̄ ⊗ ē). (2)

whereρ, is thedensity of the material andω, theassociated frequency of oscillation of a given
mode, �Ψ (ω). In Eq. (2), χ̄ , is the stress tensor for the crystal, which is given in terms of the
stiffness tensor,C̄, and the strain tensor,̄e = 1

2(∇ �ψ + ∇ t �ψ). For a crystal with cubic-symmetry,
as is the case for the individual Si and Ge layers considered here, the tensor,C̄, hasonly 3
independent components,c11, c12, andc44 [25]. The values used for the constants,ci j , in the
ensuing calculations are listed inTable 1, below. The field solutions,�ψ(�x), for any given value
of �k = (kx, ky, kz), are construed in the usual manner, as plane waves traveling in opposite
directions,

Ψ j (x, y, z) =
{
ψ+a

j ei(kx x+ky y)+i ωva z + ψ−a
j e−i(kx x+ky y)−i ωva z, 0< z< da.

ψ+b
j ei(kx x+ky y)+i ω

vb z + ψ−b
j e−i(kx x+ky y)−i ω

vb z, da < z< d.
(3)

For j = 1,2,3 the coefficientsψ±a
j are to be determined by the Bloch conditions imposed

from Eq. (1) and the continuity of the fields at the boundary between Si and Ge,z = da, and
z = 0. Furthermore, the derivatives of the fields also have to obey similar conditions, since they
are related to the stress tensor,χ̄ = C̄ ⊗ ē, which is a physical property of the material. The
conditions to be satisfied are thus, for any value of�k [25,31],

ψa
j (

�k,da) = ψb
j (

�k,0), eikzdψa
j (

�k,0) = ψb
j (

�k,db),

χ̄a
i j (

�k,da) = χ̄b
i j (

�k,0), eikzdχ̄a
i j (

�k,0) = χ̄b
i j (

�k,db). (4)
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Fig. 2. Acoustic mode displacements along thez- andx-axes. The direction of propagation of the waves is thex-axis; in
this particular case it is assumed that, without loss of generality,�k = 0 (kx = 0, kz = 0.01(1/d)). Thehorizontal scale
denotes the position along thez-axis, and the vertical scale is the normalized amplitude of the displacement. The SGSL
hasda = db = 0.5. All wave-functions are normalized. See text for details on notation.

Expression(4) leads to a set of 12 linear,homogeneous equations. The solutions for the wave-
vectors and wave-functions are obtained by finding the kernel of the 12×12matrix resulting from
this system. For the in-plane propagation problem, the system can be separated into a transverse
solution (4× 4 matrix), and a longitudinal–transverse solution (8× 8 matrix).Fig. 2shows some
of the solutions to Eqs.(2) and(4), denoted asΨ±N

i (0,0, z), with propagation vector,�k = kxx̂,
along thex-axis, andi = x, z. The superscript± and the label,N = 1, 2 and 3, refer to the
dispersion properties of the waves at zone-center, as will be explained below.

From the wave-functions shown inFig. 2anumber of important thermo-acoustic properties of
the SGSL, along the in-plane direction, can be derived, e.g. the stress properties and the phonon-
transfer matrix, which is used to calculate the properties of “phononic crystals”, as described
in detail by Mizuno and Tamura [32]. The oscillation frequency,ω, of the acoustic waves is
ultimately determined by the stiffness coefficients (Table 1), the density, ρ, of the materials
involved, and the periodicity,d, of the SGSL being used. The relation, for in-plane propagating
acoustic waves, can be derived from Eq.(2) as:

νL = ω

2π
= √

C11/ρ · (1/d), (5a)

νT = ω

2π
= √

C44/ρ · (1/d), (5b)

whereνL andνT denote longitudinal and transverse waves, respectively. Eqs.(5a)and(5b) are
valid for propagation along theX- or Y-axes ([100] and [010] directions in the crystal). For the
rest of this work, a periodicity ofd = 100 nm will be assumed for the SGSL. This comprises
several tens of monolayers of both Si and Ge. The underlying assumption is that, to within∼10
monolayers, the structure behaves mechanically and optically as the bulk of the material; this
will be called the Macroscopic Hypothesis. Although a challenging task, fabrication of SGSL
structures with a thickness of a few 100’s nm fallswithin state-of-the-art capabilities. Also,
optical waveguides well in the sub-micron regime are feasible, with propagation losses below
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Fig. 3. Dispersion oflongitudinal-FAPM (Ψ±N
z -dashed lines-) and transverse-FAPM (Ψ±N

x , Ψ±N
y -continuous

lines-). Thekz component is the Bloch wave-vector. The indexNZ(XY) relates to the longitudinal (transverse) modes.

0.5 dB/cm [33]. Having selected the dimension of the SGSL, a frequency scale can be established
for the rest of the analysis. Note that the physical content of the results that will be presented is
independent of the specific periodicity of the SGSL, but relies essentially on the validity of the
Macroscopic Hypothesis.

Fig. 3 shows the dispersionof the longitudinal and transversal-FAPMs,Ψ±N
z and Ψ±N

x,y ,

respectively, with propagation vector along the growth direction,�k = kzẑ. This is the classical
behavior observed for periodic systems, wherethe appearance of bandgaps at zone-center is
manifest. These bandgaps have been labeled (N),according to their order of appearance relative
to zero frequency. Also, the bands branching from the gaps have been labeled “+”, on the higher
frequency end of the gap, and “−” on the lowerfrequency end. The Brillouin zone edge, in
thez-direction, is kz = π/d. The wave-functions follow the same labeling notation, adding the
suffix X, Y or Z, regarding the axis ofdisplacementof the mode, atzone-center. Fig. 4 shows
the dispersion relation obtained forFAPMs with propagation wave-vector,�k = kxx̂. In thiscase,
however, the Brillouin zone is muchlarger, since the edge occurs atkx = π/a, wherea, is
the lattice constant of the bulk crystal (Si/Ge). The waves shown have a displacement field in
thex–z plane, �Ψ±N = (Ψ±N

x ,0,Ψ±N
z ); as will be shown inSection 2.2, these are the relevant

components for the in-plane optical activity of a SGSL waveguide. These waves are orthogonal
at zone-center, but as the magnitude of thekx vector increases, there is mixing between the two
sets of wave-functions (Ψ±N

x , andΨ±N
z ), as will be discussed inSection 2.3. At zone-center, the

gap for each set of wave-functions,Ψ±N
x , andΨ±N

z , with �k along theX-direction, coincides
with the gap from the dispersion of the corresponding wave, with�k along theZ-direction
(Fig. 5), in terms of the displacement of the wave relative to�k (longitudinal–transversal). The
in-plane phonon-dispersion relations are also useful for calculating heat-transfer properties of
SL systems. Combining the results shown inFig. 4with thephonon density of states, which can
be derived from a general solution of Eq.(4), the Boltzmann transfer equation (BTE) can be used
to investigate the use of SGSL’s in thermo-electric devices, following previous work on similar
structures [34–37]. Fig. 5 shows adetail of the dispersion curves of the four acoustic-phonon
wave-functions in the 0.5–1.0 THz frequency range. The states chosen correspond toNz = 2,
Nx,y = 3, at 0.8 THz, fromFigs. 3and4. Thefrequency gaps at zone-center clearly match the
longitudinal and transversal mode dispersions along thez-direction.
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Fig. 4. Dispersion relation forFAPMs propagating along thex-axis for a SGSL withda = db. Only phonons with
displacement vector in thex–z plane are illustrated.

Fig. 5. Detail of the modes in the 0.5 to 1.0 THz range, fromFig. 4. Thefour (x–z) modes are clearly seen for�k along
thex-direction. The dispersion of acoustic modes along thekz-direction is overlaid to illustrate the discussion in the text.

2.2. Photoelastic scattering from folded acoustic-phonon modes

The photoelastic interaction arises by the strain-induced dipole moment produced by long-
range vibrations in a crystal, in the presenceof an electric field. These vibrations are low-
frequency, acoustic modes, which in bulk materials behave like sound waves traveling through
the crystal. As we have seen in Section 2.1, the dynamics of FAPMs is quite different, but
the essence of the photoelastic process remains the same, since the material displacements are
unchanged at the microscopic level. It is important to stress at this point that this is a hypothesis,
and much of the details are still unclear. Furthermore, much research has been devoted to design
hetero-structures in such a way as to precisely change the nature of the FAPMs at the microscopic
level [38–40]. However, experimental results so far seem to qualitatively confirm the photoelastic
model, which is governed by the fourth-rank, photoelastic tensor,π̄ , defined as

pj = π̄ j lmi ⊗ ēlm · Ei . (6)

Eq. (6) means that the induced polarization,�p, is the result of the interaction of the incident
electric field, �E, with the strain,ēlm, induced in the crystal by the oscillation of the acoustic
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Table 2
Photoelastic constants of Si and Ge

Sia(3.4 µm) Geb(3.4 µm)

π11 −0.153 −0.151
π12 0.017 −0.128
π44 −0.051 −0.072

a M.J. Weber, CRC Handbook of Laser Science and Technology.
b A. Feldman, R.M. Waxler, D. Horwitz, “Photoelasticconstants of germanium”, J. Appl. Phys. 49 (4) 2589–2590

(1978).

modesψl andψm (see definition ofēlm in Section 2.1above). In the reduced notation, for a
crystal with cubic symmetry, the only non-zero components ofπ̄ are:π11, π12, andπ44 [41].
Using thisnotation, Eq.(6) can be conveniently written in terms of component vectors as

pj ∝ 1

2
π44{(k̄ · ê)ψ j + ( �ψ · ê)kj } + π12(�k · �ψ)ej + (π11 − π12 − π44)bj (7)

whereêi is the unit vector in the direction of the optical field polarization,�k, is the phonon
momentum vector, and�b is defined by,

�b = (ψxkxêx, ψykyêy, ψzkzêz).

The values of the photoelastic coefficients,πi j , for silicon and germanium are shown in
Table 2below, all measured at a wavelength,λ = 3.4 µm. This wavelength is well below the
bandgap for silicon and also germanium, so dispersion effects are not expected in the region
of interest for this work(λ = 1.5 µm), at least for silicon. However, at this wavelength range,
germanium absorption starts to manifest strongly, so an accurate value ofπi j for germanium
could differ substantially from the one listed inTable 2. Notice that, even though the SGSL
does not possess a global cubic symmetry, eachof the individual layers (Si and Ge) does, so
the radiation process takes place following Eq.(7) within each of the layers, and the resulting
optical intensity is the piecewise addition of the contributions from each layer. This approach
gives a rough estimate of the intensity of the field, and does not affect the frequency nor the
Brillouin-active nature of a given acoustic mode (see, for example, Refs. [21,42,43]). A detailed
electromagnetic model of the photoelastic process in a SL is outside the scope of the present
paper, but a very thorough analysis can be found in [43] for a general case in terms of the
wavelengths and phonon wave-vectors involved.

2.3. Discussion

According to Eq.(7), in-plane Brillouin scattering along theX-axis can only occur for FAPMs
that have a displacement component along that axis,Ψ±N

x , and the scattering is determined
by the component,π12, solely. Therefore, the transverse acoustic modes, polarized along the
Z- and Y-axes(Ψ±N

y,z ), arenot Brillouin-active. The scattering is isotropic along theY- and
Z-directions, i.e. incident and scattered light have the same polarization, along these axes.
The longitudinal–transverse modes are responsible for Brillouin scattering only through their
longitudinal component,Ψ±N

x . The amplitude of the radiation produced by a FAPM,Ψ±N
x ,

which induces a polarization given by(7), is proportional to the following integral [42]:

I y,z ∝ kBT

ρv2
·
∫ d

0
| �py,z|2dz (8)
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Fig. 6. Brillouin spectrum from close to zone-center TA-FAPMs in a SixGex superlattice. The modes are fromFig. 2
above. All modes are active and present doublet structure. The labelN designates the doublets, as detailed in the text.
ThedoubletN = 5 is not resolvable, although it is not degenerate.

wherekB is Boltzmann’s constant,T is temperature (Kelvin),ρ is the average density of the
material, andν is the group velocity of the wave,Ψ±N

x . Expression(8) is valid for long
wavelength acoustic waves (i.e.�k close to zone-center), so that the changes in polarizability
induced by the acoustic displacement occur through many layers of the SL. This is the case for
Brillouin/Raman scattering. Furthermore, the microscopic structure of the SLs of interest here is
of only a few hundredths of nm, much smaller than the wavelength of the optical fields considered
(1.5–2 µm); therefore, the SL can be treated like an homogeneous medium with effective
photoelastic and dielectric constants (Eq.(7)). The latter have been factored out of the right hand
side in expression(8) using the proportionality symbol. The integral in expression(8) therefore
is proportional to an average value of the squareof the Stokes polarization amplitude, induced
by the interaction between the incident pump, and the acoustic wave. A thorough elaboration of
the electromagnetic theory of an infinite SL is given in [43], where the case for short wavelength
acoustic modes is presented, and boundary conditions are applied to each layer of the SL. The
constant factor in front of the integral in expression(8) relates to the absolute amplitude of
the FAPM,Ψ±N

x (the functions shown inFig. 2 are normalized). This factor is solely related
to the material dynamics and not the incident nor scattered electric fields. The acoustic wave
amplitude accounts for the internal energy of the material, which is proportional to the factor
kBT , and inversely proportional to the wave’s kinetic energy, in order to satisfy the first law of
thermodynamics as it applies to the energy transport of the acoustic wave. The significance of this
factor will be discussed further below, when the analysis of the frequency bandgaps is introduced.
Finally, let us mention that the presence of stress (discussed further below in this section) will
modify slightly expression(8) through both the photoelastic constant, regulating the polarization
term inside the integral, and the acoustic mode velocities, in the coefficient. Since these effects
are of secondary nature even in the case of SiGe SLs, and they are not related to a breakup of
symmetry (as discussed below), theywill not be considered any further.

The optical spectrum of theΨ±N
x FAPMs, resulting by applying expression(8) to the modes

shown inFig. 2, is depicted in Fig. 6. The case considered in the figure is forward scattering
along thex-direction, with an incident/Stokes polarization along the TM mode of the SGP slab
(z-axis). This configuration will be denoted, in short, byX(Z Z)X. The amplitude of the phonon
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Fig. 7. (a) Brillouin/Raman intensities of the four solutions,ψ
2±
x ,ψ3±

z at∼0.8 THz (Figs. 4and5). The two components

(Ψ±3
z ) become optically active with a finite value ofkx, as alongitudinal component appears in the vibration mode. The

curves for the two functionsψ2±
x are referenced to zero, for illustration purposes. The Brillouin /Raman amplitude, at

kx = 0, is 4.4 × 10−3, for ψ−2
x , and 2.2 × 10−3, for ψ+2

x . (b) The angle of each displacement function,Ψ±N
x,z , relative

to thez-axis, as a function ofkx. For kx 	= 0, the subscriptx, z becomes nominal, and all four wave-functions have
components along bothx- andz-axes.

wave-vector has been factored out of the intensity, so only relative intensities are considered. A
lorentzian linewidth of 6 GHz has been assumed for all the modes. The Brillouin/Raman peaks
appear as doublets, reproducing, atkx ∼ 0, the zone-center gap of the transverse acoustic modes
(cf. Fig. 3). Notice the spectral resolution required to distinguish between the two components
of a doublet line (<100 GHz).Fig. 7(a) shows the integral of the Brillouin/Raman induced-
polarizability, for the same wave-functionsΨ±N

x,z depicted inFig. 5, as a function of the “mixing”
wave-vector,kx. The interesting feature is that, forkx 	= 0, all four waves are Brillouin/Raman
active. The reason for this is that all four wave-functions,Ψ±N

x,z , have acomponent along the
x-axis for a finite value ofkx. Therefore, the subscriptx, z in the label for thewave-functions,
Ψ±N

x,z , ispurely nominal, forkx 	= 0.The sum of the optical intensities of the four wave-functions,
Ψ±N

x,z , decreases marginally askx grows (by about 0.01%). Note that the region of interest is



R.Claps et al. / Superlattices and Microstructures 39 (2006) 501–516 511

0< kx < 0.1·(1/a), which isthe region allowed by momentum conservation in Brillouin/Raman
processes. The effect is therefore more pronounced in back-scattering configurations.Fig. 7(b)
illustrates the effect of “mixing”, as the value ofkx increases. At zone-center,Ψ±N

x,z have
orthogonally polarized displacements, along thex- and z-axes, respectively. Askx increases,
the angle betweenthe solutionsΨ±N

z andΨ±N
x decreases, and each of the wave-functions(x, z)

develops a component in the orthogonal axis (z, x, respectively).
The spectrum shown inFig. 6 presents the interesting possibility of creating a multiple-

channel Brillouin amplifier, based on a SGSL, whereby the channel spacing, or FSR, is
determined by the frequency spacing of the Brillouin-active “doublets” in the spectrum. These
channels are almost evenly spaced for the firstfew modes; their spacing being a function of
the periodicity of the SGSL, as will be demonstrated below. Notice also that the spectral range
of the first active mode can be conveniently shifted close to the pumpfrequency. This would
remove optical dispersion issues in the implementation of the Raman/Brillouin phenomenon for
SGP-based waveguides. Therefore, the application of parametric frequency conversion in such
waveguides is possible, via four-wave-mixing (CARS [2,3]), where phase matching between
Stokes, anti-Stokes and pump fields is crucial. To further explore the potential for spectrally
modifying the Brillouin/Raman characteristics of the SGSL,Fig. 8 shows the shift of the
frequencies for Brillouin active modes, in the X(ZZ)X scattering configuration, as a function
of the relative silicon content of the SGSL, calculated close to zone-center(kx = 0.01· (1/a)). It
can be seen that the frequency spacing between the active modes is almost doubled by increasing
the thickness of the Si layer, relative to the Ge layer. Note that the overall thickness of the SL
period remains unchanged. As expected, the structure of the active modes remains the same for
different values ofda, since changing the thickness of the silicon layer, relative to germanium,
does not affect the symmetry of the SGSL. The frequency range of the first active mode is also
displaced further apart from the pump laser frequency, asda grows. The important result here is
that the variation of the spectral features is clearly smooth, relative to fairly substantial changes
in the SGSL composition.

Figs. 6 and 8 show that acoustic vibrations in the tera-Hertz domain can generate optical
radiation in a SGSL waveguide, once a suitable choice of lattice periodicity and relative Si/Ge
concentration is made. In the case of stimulated Brillouin/Raman scattering, the optical radiation
would be the driving force of the acoustic vibrations in the material.Fig. 8 also reflects the
well known fact that, at zone-center, the frequency bandgap formed by the acoustic modes of
a superlattice is a function of the lattice periodicity,da/d [23,24]. An oscillatory behavior is
seen, with a pattern that has a number of nodes equal to the number,N, assigned to each doublet
in the manner discussed above. For certain values of the periodicity, the bandgap reduces to a
negligible value (zero, in the casekz = kx = 0). Note that, since these are zone-center effects,
theywill be more pronounced for forward scattering, although they are not ruled out for backward
scattering processes. To have a quantitative insight of the region in phonon phase space that
Brillouin/Raman effects take place, let us considerthe following example. Assuming an incident
photon atλi = 1.55 µm, producing a Brillouin scattered acoustic phonon with a frequency of
∼1 THz (Fig. 6), this phonon has a momentum determined by conservation laws corresponding
to ∼5% of the Brillouin zone, in backscattering configuration, and less than 0.01% of the BZ,
in a forward scattering configuration. This justifies the assumption throughout the paper that
only zone-center phonons have relevance for the analysis presented.Fig. 9 shows this bandgap
“pinching” effect more clearly, forN = 1,2,3. It is seen that this “pinching” effect, observed
and predicted for longitudinal modes along thez-axis, has a very similar behavior for in-plane,
longitudinal acoustic modes (along thex-axis of the superlattice). The curves labeled “b” in
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Fig. 8. (a) Variation of the Brillouin-active mode frequencies with respect to the relative thickness of the
silicon–germanium layers. (b) Frequency spectrum of Brillouin/Raman peaks from the SGSL at zone-center, for different
silicon layer thicknesses. The spectral shiftis shown for the specific case of the doublets,N = 1,2,3, 4, given three
values ofda/(da + db) = 0.5, 0.6,0.7. The frequency shift is not homogeneous, butthe spectral features are preserved.

Fig. 9, correspond to a calculation of the frequency bandgap,ΩN , following a formula suggested
by Jusserand et al., valid in the limitkz = kx = 0 [23],

ΩN = ε
v

d
sin

(
Nπ(1 − da) · vSi

(1 − da)vSi + davGe

)
(9)

whered/v = (da/vSi) + (db/vGe), andε is the only fitting parameter used (=0.06). We now
move on to discuss the intensity of the Brillouin/Raman active modes, as a function of the layer
thickness,da. In expression(8) above, the factor,kBT/ρν2, was introduced to account for the
amplitude of the FAPM. Going a step further, the group velocity of the FAPM,ν, is directly
proportional to the frequency bandgap,ΩN [24]; the result is a dependence of the radiation
intensity onda, which needs to be accounted for.Fig. 10 shows the calculation of scattering
intensity for the first three doublets inFig. 8, as a function of da, using expression(8) and
Eq. (9). Each curve was obtained by adding the contribution of the two members of a single
doublet. A quite significant intensity enhancement is predicted, for allN, atda = 0.65, which is
an important specification to keep in mind for design purposes, in any SGSL-based waveguide.
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Fig. 9. Bandgap “pinching” for in-plane propagating acoustic waves, as a function of SL periodicity. (a) Results obtained
directly from the levels depicted inFig. 8(a) (kz = 0.1, kx = 0.01). (b) Approximation using Eq.(9). The assumption is
kz = kx = 0.

Fig. 10. Relativeintensity of Brillouin scattering, from a SGSL withvarying relative thicknesses of Si and Ge. The
curves are obtained using expression(8), and Eq.(9) for the bandgap calculation. Notice the resonance, for allN, at
da/(da + db) = 0.65.

The results presented so far have not accounted for the presence of stress, which is a well-
known fact in SGPs. It is expected that the spectral changes induced in the Brillouin/Raman
response of the material, due to stress, consist mainly in a frequency shift and varying amounts
of broadening [44]. In essence, stress induces anharmonicity in the inter-atomic potential, which
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is treated through the Gruneisen parameters of each material. Bydefinition, theseparameters
describe the rate of shift in frequency of both acoustic and optical phonons in the material, with
respect to strain. In the case of Si and Ge, the largest shift expected occurs for longitudinal
acoustic phonons [45,46] and is less than 2%, about an order of magnitude smaller than
the doublet splitting, shown inFig. 6. These effects will have to be accounted for when a
specific device is designed and rigorous performance specifications must be met. However,
the possibility of using multiple spectral lines arbitrarily separated from one another, for
implementing nonlinear Brillouin/Raman scattering, as demonstrated heretofore, is still valid.

Another relevant issue that stress brings into consideration is the feasibility of fabricating
such devices. This is especially important in the light of the additional requirement for the SGSL
structure to sustain a fundamental optical mode in the near-infrared domain(λ = 1.5 µm). Many
references have demonstrated the feasibility of fabricating SGSL structures with thicknesses of
up to 200–500 nm, which are structurally stable [47]. These dimensionsare well within the
lower limit of state-of-the-art waveguide fabrication capabilities, and in the limit of optical mode
confinement for the refractive index of Si and Ge. The challenge, however, is not a minor one.

Stress produces strain, as determined by the compliance tensor,S̄, whichis defined by [25]

ē = S̄⊗ χ̄ . (10)

This is a static contribution to strain, and therefore it has no direct effect in the
optical scattering efficiency.However, nonlinearcontributions to the elasto-optic tensor,π ,
in the presence of strain, could be estimated by atomic-model calculations. This would
combine conveniently with theobserved high carrier mobility induced by stress in SGP-based
MOSFETS [48,49].

3. Summary

In summary, we have shown that optical scattering from Raman-active acoustic phonon modes
in SGSL offers an opportunity to modify the spectrum of Raman based silicon waveguide
devices. The treatment of the Raman/Brillouin phenomenon for the in-plane forward scattering
geometry, the most common geometry for waveguide devices, has been presented here. In
addition to calculating the spectrum and the efficiency of Raman-active modes in these structures,
it was found that the “bandgap pinching” effect leads to specific layer thicknesses for Si and Ge
that optimize the efficiency of the optical process. The results are based on the continuum model
for the FAPMs of the SGSL, and a piecewise implementation of the photoelastic model for cubic
crystals. Absolute scattering intensities havenot been calculated, but a clear resonance condition
is identified forda/d = 0.65. More importantly, it has been demonstrated thatthe Brillouin
spectrum constitutes a comb-frequency profile that can be adjusted in frequency spacing (or
“free spectral range”), and in separation from the pump frequency. The adjustment is achieved by
tailoring the relative thicknesses of the Si and Ge layers in the SGSL. Stress has been recognized
for its potential enhancement of the scattering amplitudes, but further confirmation should be
provided by atomic model refinement of the photoelastic model.
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