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Abstract: The use of a silicon-germanium platform for the development of optically
active devices will be discussed in this paper, from the perspective of Raman and
Brillouin scattering phenomena. Silicon-Germanium is becoming a prevalent technology
for the development of high speed CMOS transistors, with advances in several key
parameters as high carrier mobility, low cost, and reduced manufacturing logistics.
Traditionally, Si-Ge structures have been used in the optoelectronics arena as
photodetectors, due to the enhanced absorption of Ge in the telecommunications band.
Recent developments in Raman-based nonlinearities for devices based on a silicon-on-
insulator platform have shed light on the possibility of using these effects in Si-Ge
architectures. Lasing and amplification have been demonstrated using a SiGe alloy
structure, and Brillouin/Raman activity from acoustic phonon modes in SiGe
superlattices has been predicted. Moreover, new Raman-active branches and
inhomogeneously broadened spectra result from optical phonon modes, offering new
perspectives for optical device applications. The possibilities for an electrically-pumped
Raman laser will be outlined, and the potential for design and development of silicon-
based, Tera-Hertz wave emitters and/or receivers.
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1. Motivation

The use of Raman nonlinear processes in silicon waveguides has emerged in the past 2
years as a promising route for the implementation of optically active devices in silicon [1,
2, 3, 4, 5, 6, 7]. There are three hard-core parameters that cannot be changed by
fabrication or design, if one is bound to use bulk silicon as the main platform, these are:
Raman strength, spectral bandwidth, and spectral range. The main goal of this paper is to
demonstrate that the silicon-germanium platform (SGP) is a powerful tool to modify
these aspects of the Raman Effect, which directly relate to their technological
implementation in optical nonlinear phenomena like Stimulated Brillouin/Raman
Scattering (SBRS) and Coherent anti-Stokes Raman Scattering (CARS). This offers an
interesting alternative to the well-known silicon-on-insulator platform (SOI), which has
been widely used recently [2-9], or GaP, which was developed several years ago by the
group of Nishizawa et al, in Japan [10].

The SGP also offers a fabrication and design scheme that is currently used for high-
speed CMOS and MOSFET device fabrication. Recent development of stressed-silicon
layers, built on top of silicon-germanium substrates, have demonstrated the fastest
MOSFET devices to-date [11], boosting the prospects for the SGP in the integrated-
circuit design arena. Furthermore, by managing the ability to tune the inter-sub-band
electron-hole levels in a SGSL, resonances in electron-phonon modes can be exploited to
produce a fast, electrically pumped laser/amplifier.

Super-lattices based on SiGe structures have been considered in the past as a means to
obtain a direct band-gap in silicon-based materials [12]. These endeavors faced the
difficult issue of handling interface imperfections, especially for SL with a few mono-
layers in each period [13]. The defects create non-radiative electronic states which
quench the optical activity of the material. It is important to note that the analysis
presented in this paper will not suffer from the same problem, since Raman emission at
near-Infrared wavelengths does not relay on electronic transitions. The authors have
already performed the analysis of Raman/Brillouin scattering from folded acoustic
phonon modes (FAPM) [1], which will be summarized in section 2.1 of the paper.
Section 2.2 of the paper introduces the analysis of Raman scattering in SGSL’s from
folded-optical phonon modes (FOPM) in the structure. The microscopic nature of the
optical modes of vibration makes them qualitatively different from acoustic modes;
therefore the need to use the Bond-Polarizability-Theory to treat Raman scattering in this
case.
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2. Theory and Model
2.1 Brillouin/Raman Scattering from FAPM

In the case of the FAPM’s, the Raman scattering resulting from these modes has its
origin in the photo-elastic interaction in the same manner as bulk Brillouin scattering [1].
However, a unique property of super-lattice Brillouin Scattering is that forward scattering
is allowed, because the confinement of the FAPM’s provides phonon states with finite
frequency at zone-center. Fig. 1 shows the geometry of the scattering configuration,
where the Z-axis is chosen as that of the SGSL growth direction, the waveguide is etched
along the X-axis. The phonon waves propagate along the waveguide direction, kg, and the
active wave amplitude component stretches also along the X-axis, ¥*"y. These Brillouin
active modes come in pairs, or “doublets”, denoted by the sign *, depending on which
side of the frequency gap they are located. The integer, N, indicates the order of zone-
folding for the specific wave.
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FIG. 2 (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 shift for the specific case of the doublets, N=2, 3,
4, given three values of d,/(d,+d,)=0.5, 0.6, 0.7. The frequency shift is not homogeneous, but the spectral features are preserved.
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Figures 2 and 3 show that optical scattering from Raman active acoustic phonon modes in
SGSL offers an opportunity to modify the spectrum of Raman based silicon waveguide
devices. It is found that a “bandgap pinching" effect [1] leads to specific layer thicknesses
for Si and Ge that optimize the efficiency of the optical process. A clear resonance
condition is identified for d,/d=0.65. In sum, the Brillouin/Raman spectrum constitutes a
comb-frequency profile whose frequency spacing (or “free spectral range”) can be
adjusted by design. The adjustment is achieved by tailoring the relative thicknesses of the

Si and Ge layers in the SGSL.
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FIG. 3 Relative intensity of Brillouin scattering, from a SGSL with varying relative thickness
of Si and Ge. The curves are obtained using Eqg. (8), and Eq. (9) for the bandgap
calculation. Notice the resonance, for all N, at da = 0.65.

2.2- Raman scattering from FOPM
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FIG. 4 Unit Cell of the Si,Ge, super-lattice used in
the simulations presented in the paper. The cell
has been optimized using CASTEP, so the atom
positions correspond to the equilibrium values.
The bond length is 2.14 A, the lateral cell size is
3.82 A (x,y) and height is 10.95 A (z).

The Raman spectra of SGSL’s along the
plane normal to the growth direction (in-
plane propagating phonons) have been
studied in the past [14, 15, 16]. Since this
direction is not a high-symmetry axis of
the SL, several optical phonon modes
become Raman-active in this scattering
configuration. This attracted many authors
with the idea of using the Raman spectra
thus obtained in order to extract
information about the geometry and strain
in the SL, as well as providing critical
information about interface roughness
[17].

In this work, the emphasis will be on the
use of the newly generated Raman-active
phonon modes to improve the performance
of Raman-based nonlinear optical devices,
like signal amplifiers, lasers, and
wavelength converters. The following
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discussion will be limited to a SisGes super-lattice composed of 4 layers of Si and 4
layers of Ge, without consideration of boundary conditions. The unit cell of the structure
is shown in Fig. 4; it is composed of 8 atoms. Zone-folding in Si/Ge SL’s grown along
the [001] direction is discussed and described in detail in [18] and references therein. The
dispersion relation obtained for the Si4Ge, structure using the software package, CASTEP
[19], is depicted in Fig. 5, for two directions of propagation: in plane propagation [010],
and along the direction of growth of the SL, [001].
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FIG. 5 Phonon dispersion curves for the Si,Ge, SL, shown in Fig. 4. The modes that
will be of interest for this work are shown to the left, and propagate along the plane of
the layered structure ([010] direction). Furthermore, the Raman-active modes are the
ones at the Gamma point (q=0 cm™").

The zone-folding effect is clearly apparent in both cases, although there is more
dispersion for phonons propagating along the [010] direction. For calculating the phonon
displacement vectors in the Si4Ges superlattice, a linear chain approximation has been
used. In this scheme, each layer along the [001] direction is treated as a single body,
exerting restoring forces on the nearest neighbor layer. The phonon mode, propagating
along [001], can be pictured as an 8-component vector, #, each component
corresponding to the displacement of a single atomic layer. The equation of motion
(harmonic approximation) is written as:

D-ii =—%i . (1)

Where, D, is the dynamical matrix of the system. The dynamical matrices for
propagation along [001] are calculated as in Ref. [18] and they are explicitly shown
below. One of the relevant parameters is the relative mass of the silicon and germanium
layers, m, and m,, respectively. Three force field coefficients, f, f; and f, are chosen such
that the phonon frequencies derived from solving the dynamic equation, for phonon
propagation vector, ¢ =0, match the experimentally observed values. The validity of the

approach followed is established by verifying that the 24 phonon modes obtained belong
to the By, representation of the symmetry group of the SisGe4 super lattice D5, [20].
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2.1- Bond Polarizability Theory

Typical calculations of the Raman scattering coefficients in complex systems like super-
lattices, alloys, and so on, are based in the so-called Bond Polarizability Theory (BPT)
[21-23]. This model assumes that the ions in a covalent lattice are bonded by elongated,
p-type electronic orbital states, which in essence act as springs, holding the ions together.
These “springs” have a polarizability, o, associated with them, which in general has two
components: an isotropic component, oj; and oy, which is the anisotropic, “de-
polarizing” component, whereby a field applied in a given direction induces a dipole
moment in an orthogonal direction.

Following [21], let r; be the equilibrium position and u/ the displacement of the i-th
ion, for the j-th phonon mode in a lattice, and let R{ = r; + u;. The bond properties are
defined by vectors of the form Ry = R/ - R, and so on, where the ik-bond is that
joining ions i and k. Vectors ri and uy' are defined likewise. The total polarizability,
Pu( Rikj), of the ik bond associated to the j-th phonon mode, is written as,

P, (Ry) =0 (RDI,, +o (RIRLR] -1/3-1),,

P, =P E,; E, —External Electric Field; P, —Induced Dipole Moment. 2)

vV

1, — Identity Tensor

Assuming uyd << ri for any and all phonon modes, j, and expressing Py ( Rikj) in powers
of uy using a first-order Taylor expansion, we arrive at
P (R) = @] - 7y) 40,04 1y +9 0, (fy =1/3-1) 1} 5

| - A A = -7 A A A
trgooy (r) Al it =20 RO,

where no summation should be assumed for repeated indices, and the derivative operator,
dj, is carried out with respect to the component Ri . The next step is to take the direct
sum of expression (3) for each of the bonds in the unit cell of the crystal structure, and
arrive finally at a polarizability tensor, P¥, of the form

P./' P./' P./'
PV =3 P(R))=|P" P P| . 4)
4 p/ pl pi

Note that Eq.(4) contains the information of the j-th phonon mode of vibration of the
structure, and more importantly, it is written in the most general fashion regarding the
symmetry expected for a SGSL grown along the z-axis [24]. Since the analysis has the
symmetry of the SL crystal built in, the modes that will become Raman active are
automatically accounted for. The key result is that the number of Raman-active optical-
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phonon modes at zone center is increased, as will be shown below. This behavior offers
the ability to engineer the spectrum of Raman gain and nonlinear susceptibility, and
hence to remove the spectrum limitation of Raman scattering in bulk silicon. For a given
phonon mode, the sum over the bonds along the unit cell in Eq. (4) can be taken along
each of the layers of the SL structure. The assumption is made that, for each atom in the
unit cell, the polarizability and its derivatives are given by the bulk value of the material
involved in that layer. This is a major hypothesis that can only be verified by an ab-initio
calculation, or matching the calculated spectra to experimental data. The total scattering
intensity involves the temperature-dependent Bose-Einstein population factor, n(@)), and
an assumption of a Lorentzian line-shape for each of the phonons in the structure [24].
The spectrum is therefore given by

| N4 ) o on(w;)+1
I(@) < PV + Py —— 5
( ) (a)_a)j)z +1.,2( zz vz ) w ( )

J J

where P)’Z is the scattering intensity with pump and Stokes fields oriented along z and vy,
respectively. The summation over j takes into account the normal phonon modes. The
task left is to find the appropriate values of the coefficients, {aocH 00,0 1,0}, for each

of the ionic layers: Si and Ge. The values given in Table 1 below have been measured at
a pump wavelength A, = 488 nm [23-25]. Clearly, these values should be corrected for
the wavelength of interest, given the specific application and device design that is sought.
For the purposes of the present work, since only the relative peak intensities are of
interest, it will be assumed that the ratio of the coefficients for Si and Ge are kept
constant for different wavelengths. Thus the values from Table 1 will be used with no
correction for A,.
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coefficients listed in Table 1. The phonon modes used correspond to the Gamma point modes
shown in Fig. 2 above.
28. Go, H. Bilz, M. Cardona; “Bond Charge, Bond Polarizability, and Phonon Spectra
in Semiconductors”, Phys. Rev. Lett. 34(10) 580 (1975).
b M.W.C. Dharma-Wardana, G.C. Aers, D.J. Lockwood, J.M. Baribeau; “Interpretation
of Raman spectra of Si/Ge ultrathin superlattices”, Phys. Rev. B 41(8) 5319 (1990).

3.- Results and Discussion

The resulting Raman spectrum is shown in Fig. 6, above. Two points from that figure
need to be stressed. On one hand, a large Raman peak is observed at ~ 300 cm™,
corresponding to the optical phonon branch of germanium. This peak is considerably
stronger than the Si peak, and is located much closer to the pump wavelength, which
makes it a very convenient candidate for an amplifier or a wavelength converter. Another
important point is that, as a result of the appearance of new optical modes near the Si
branch, an inhomogeneously-broadened line results at ~ 490 cm™.

Stress becomes an issue for all instances in which a SGP is involved, due to the 4%
lattice constant mismatch between Si and Ge. In the case of Raman scattering from
optical phonon modes, the effect of stress has been well documented and studied in the
past three decades [20, 26, 27]. These references conclude that, in general, the effect of
uniaxial stress on the spectrum will be a linear shift of the Raman frequencies by about 1
to 2 cm™ per GPa. This effect is of no considerable impact for the purposes discussed in
this paper. However, there is also a spectral splitting of the Raman-active triplets into a
singlet phonon, with polarization aligned with the direction of the stress, and a doublet
phonon state, with polarization aligned in the plane perpendicular to this direction. This
splitting is comparable, but smaller, than the stress-induced shift. The net result is a
reduction of the Raman peak intensity and an increase in its bandwidth. The practical
implications of this should be explored further, although they lay out of the scope of the
present work.
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3. Electrically Pumped Brillouin-Raman laser

Using the high electron-hole mobility that can be achieved with a silicon-germanium-on-
insulator platform, extremely fast electronic currents can be generated in the structure.
These currents will not interact with thermal acoustic phonons in the lattice, but will have
a larger scattering cross—section with higher order acoustic modes (N>>1), if the
electronic levels in the conduction band of the SiGe SL are carefully designed to match
the frequency of one of the FAPM. This has been suggested and successfully
demonstrated in the case of Quantum Cascade Laser emitters in the THz domain [28].

Electron-Phonon scattering processes will be used to generate Brillouin-active acoustic
phonon waves. By enhancing the amplitude of these waves in this manner, the effective
Brillouin efficiency is increased and lasing occurs, once the amplification threshold is
reached.

4. Conclusion and Outlook

We have demonstrated that the Brillouin/Raman scattering process is possible for SGSL
structures using in-plane scattering configurations. More importantly, it has been
demonstrated that the Brillouin spectrum constitutes a comb-frequency profile that can be
adjusted in frequency spacing (or “free spectral range”), and separation range from the
pump frequency. The adjustment is simply performed by tailoring the relative thicknesses
of the Si and Ge layers in the SGSL. This property of Brillouin/Raman scattering from a
SGSL-based waveguide can be used to generate and detect Tera-Hertz electromagnetic
radiation. Using the Bond-Polarizability Theory, for the case of in-plane Raman
scattering from a Si4Ges SL, the appearance of several Raman-active optical phonon
modes has been demonstrated. This can be used to enhance the spectral performance of a
Raman-based amplifier, laser, and/or wavelength converter. A high intensity Raman
mode at 300 cm™ is predicted to exist, mainly coming from the optical phonon mode of
bulk germanium. The bulk-silicon mode is shifted to lower frequencies by ~ 30 cm™, and
is inhomogeneously broadened. Finally, the prospects for realizing an electrically-
pumped, Brillouin/Raman laser, have been suggested based on the electron-phonon
scattering cross-sections of SiGe super-lattices.
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