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Abstract

Brillouin light scattering spectroscopy and optical reflectaiice measurements were
used to characterize the acoustic phononic band structure and the photonic band
structure. respectively, of binary periodic mesoporous silicon superlattices with a
repeated porosity sequence of ~ 55%(~ 45%) and modulation wavelengths of the
order of 100 nm. The samples exhibited visible-range forbidden photon frequency
bands, or photonic band gaps, for photons propagating along the modulation axis
of the superlattice. This manifested as a peak in the near-normal incidence broad-
band optical reflectance spectrum. Using a combination of pseudo-reflection geom-
etry Brillouin spectroscopy and near-normal incidence 18(°-backscattering geometry
Brillouin spectroscopy, a portion of the bulk acoustic band structure directed approx-
imatelv along the superlattice periodicity was mapped for a series of samples. The
obtained agreement between the data and calculations based on a one-dimensional
elastic/electromagnetic continuum model suggested that the longitudinal bulk acous-
tic phonon dispersion curve had underwent zone-folding into the mini-Brillouin zone
corresponding to the artificial periodicity. In particular. two peaks associated with
folded bands of the longitudinal band structure were observed in the Brillouin spec-
tra. For the transverse bulk acoustic mode, on the other hand. the Brillouin spectra
showed evidence of a single band. Analysis of the Brillouin peaks associated with the

longitudinal modes suggested that phonon attenuation in porous silicon was several




orders of magnitude larger than that observed in bulk crystalline silicon. It was,

thercfore, suggested that the filin porosity played a significant role in the phonon
attenuation. Additionally. another peak, attributed to a surface-localized mode with
a frequency within a hypersonic phononic band gap in the longitudinal bulk mode
band structure centered at ~ 16 GHz, was also observed. This surface-localized mode
was a manifestation of the hypersonic phononic band gap. Taking into account the
Brillouin scattering results along with those obtained through the optical refiectance
measurements, it was inferred that the 7-Si superlattices were one-dimensional hy-
personic phononic-photonic crystals.

Oblique acoustic phonon propagation was also characterized using oblique 180°-
backscattering geometry Brillouin scattering. The frequency of the probed folded
longitudinal acoustic phonon modes depended on the phonon propagation direction.
No evidence of coupling between the folded lougitudinal bulk acoustic bands and the
transverse bulk acoustic band was obtained. In addition to the bulk acoustic modes.
peaks ascribed due to a Rayleigh surface mode and a pseudo-surface mode were
observed in the oblique 180°-backscattering geometry Brillouin spectra. These surface
modes were dispersive, with the phonon velocity increasing with phonon wavelength.
This surface mode dispersion appeared to be an artefact of the periodic structure of

the probed sammples.
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A - wavelength of light

Ao - wavelength of probing laser beam

m - mass: iteger denoting the unit cell of a superlattice

n - refractive index

Nneg - effective refractive index

Nape = average refractive index

N - refractive index of crvstalline silicon



v - frequency of phonon

vps - frequency of phonon probed using a 180°-backscattering geometry
vy, - frequency of longitudinal bulk acoustic phonon
vpr - frequency of phonon probed using a pseudo-reflection geometry
vg - trequency of surface-localized acoustic phonon
vsw - frequency of surface-propagating acoustic phonon
vr - frequency of transverse bulk phonon
w - angular frequency of photon
w; - angular frequency of incident light
ws - angular frequency of scattered light
() - angular frequency of phonon
{1ps - angular frequency of phonon probed using a 180°-backscattering geometry
{2pp - angular frequency of phonon probed using a pseudo-reflection geometry
(lg - angular trequency of a surface-localized phonon
o - light power deduced using a silicon photodiode power meter
P - miaterial parameter related to the electromagnetic mismatch in a superlattices
P, - polarization-dependent parameter related to electromagnetic mismatch
» - parameter related to electromagnetic mismatch (p-polarization)
Py - parameter related to clectromagnetic mismatch (s-polarization)
® - empirical paramneter related to porosity-dependence of sound velocities
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q - ph()llOIl wavevector

qps - phonon wavevector accessed using a 180°-backscattering geometry

gpr - phonon wavevector accessed using a pseudo-reflection geometry

gsw - phonon wavevector of a probed surface-propagating acoustic phonon

Q@ - phonon Bloch wavevector

ry - porous silicon ctch rate for the y — th applied etch current

R - absolute optical reflectance |
R, - relative optical reflectance

R, - optical reflectance at oblique angles

p - mass density

Pe_si - mass density of bulk crystalline silicon

t - (integer) order of optical Bragg peak

t, - porous silicon etch time for the y — th applied etch current
7 - (integer) difference between zone-folding orders

V' - sound velocity

Vier - effective longitudinal bulk mode velocity

Vr et - effective transverse bulk mode velocity

w - photon wavenumber

Z - clastic impedance

¢ - porosity
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A - aperture

AW - acoustic wave

BS - 180°-backscattering geometry: beam-splitter
BLS - Brillouin light scattering

¢-Si - crystalline silicon

CL - collection lens

DL - diode laser

F - filter

FO - optical fiber

FPI - Fabry-Pérot interferometer

FSR - free-spectral range

HWP - half-wave plate

IL - incident lens

L - lens: longitudinal bulk acoustic modes
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MB - micrometer-adjustable bracket
m-Si - porous silicon
P - prism

PN - power meter

POL - optical polarizer

PR - pseudo-reflection scattering geometry
PRO - fiber optical reflectance probe

PS - pseudo-surtace mode

R - Rayleigh wave

S - sample: surface-localized mode

SEM - scanning clectron microscopy

SL - supcrlattice

SW - surface wave

T - transverse bulk acoustic modes

VNDF - variable neutral densityv filter
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Chapter 1

Introduction

1.1 Porous Silicon

Porous silicon (7-Si) was discovered accidentally by Uhlir in 1956 during an ex-
perimental study on the use of electrochemical etching for shaping both silicon and
germanium [1}. A brown fill was observed ou silicon samples which had been sub-
jected to certain etch conditions and, at the time. it was mistakenly thought to be due
to the formation of silicon suboxide on the sample surface. It was not until the 1970s
that this brown filhm was properly recognized as a porous silicon nanostructure [2].
Figure 1.1 shows a cross-sectional scanning electron micrograph of a supported 7-Si
film.

While it is possible to obtain 7-Si filins by way of either chemical or light-
assisted chemical (i.e., photochemical) etching of bulk erystalline silicon with certain
etchants [3]. the most versatile and widely used method for fabrication is by clec-

trochemical anodization of crystalline silicon i hvdrofluoric acid-based electrolytes.



Figure 1.1: Cross-sectional scanning electron micrograph of a supported mesoporous
silicon film. Empty(filled) arrows deuote the film-air(substrate-film) interface. Image
was post-processed iu order to increase the contrast between the film and the sub-
strate. The bright region at the film-air interface is thought to be due to electron
charging etlects which occur during the scanning electron imaging process.

Under the appropriate etching comditions. pores nucleate at the silicon-electrolyte
interface and proceed to grow down into the silicon wafer. This results in the for-
mation of a 7-Si laver on a crystalline silicon substrate. The physical nature of the
formed 7-Si film is drastically different from that of the parent bulk crystalline sili-
con, a visibly opaque semiconductor with an indirect band gap of 1.12 eV [4]. This
change i physical behaviour is a manifestation of the porous structure and, in turn.
is governed by the pore morphology (a term used to identify properties like the shape.
orientation, and interaction of the pores [5]). the pore geometry (which identifies the
pore diameter and the distance between pores [5]). and the porosity (i.e.. the volume

fraction of voids in the porous region, denoted by ). In addition to the dopant type



and concentration in the parent crystalline silicon wafer. the resulting morphology.

geometry, and porosity of the 7-Si filn1 depend on the etch parameters, which include
the applied current density. the electrolyte composition. the etch timme, the intensity
and wavelength of surface illunination during the etch [6]. and the temperature [3].
Thus. the physical characteristics of a 7-Si film are defined. in part. by the etch
conditions under which it is made.

Studies on 7-Si formation have garnered films with vastly different pore struc-
tures. Following the standard set by the International Union of Pure and Applied
Chemistry, 7-Si samples are typically distinguished according to pore geometry. Sam-
ples with geometries less than 10 min are categorized as microporous while those with
geometries greater than 50 ni are categorized as macroporous: between 10 mn and
50 nm, the film is said to be mesoporous [2. 5|. While this is a reasonable first step
at differentiating between samples, it does not account for differences in morphology
and, thus. 7-Si films falling within the same categorization mayv have very different
pore structures. This is illustrated in a study done by Ronnebeck et al. [7] on the for-
mation of macroporous silicon by anodization of n-type silicon subjected to backside
illumination (1.e.. the back of the substrate, opposite the electrolyte-silicon interface,
was illuminated): it was found that the macropore orientation relative to the sample
surface (z.e., the pore morphologyv) was dependent on the crystal orientation of the
parent silicon wafer. Additionally, other studies have reported more complex struc-

tures involving two different pore geometries, as in the case of macropores in p-type




silicon which have microporous structure in the pore walls [8]. While many different

techniques and recipes have been used to fabricate varions 7-Si samples, some of the
most widely studied structures include micropores fornied in p-tvpe silicon [3]. meso-
pores formed in p*-type and n*-type silicon [9]. and macropores formed in n-tvpe
silicon under backside illuniination [5]. All of the aforementioned structures are made
by anodization with simple hvdrofluoric acid (HF) clectrolytes.

Porous silicon is known to exhibit a number of novel phyvsical attributes including
rooin-temperature visible photoluminescence [10]. clectroluminescence [11], a high
level of biocompatibility (i.e., the ability of a material to interface with a natural
substance without causing a natural response [12]) and bioactivity (i.e.. the ability
of a material to promote direct interaction witli a natural substance [13]) [14-16] as
well as a very large iuternal surface area (of the order of 500 m?*/cm?) [17]. More-
over, both the optical [18] and elastic [19] properties of 7-Si depend on the pore
characteristics and, thus, can be tuned by an appropriate choice of the etch condi-
tions. These novel features, coupled with tlie fact that 7-Si can be readily integrated
into existing silicon-hased technology. niake this material of great interest from both
a fundamental staudpoint as well as for its potential use in both existing and new
technological applications. Some of these include solar cells. photodectors, and light-
cmitting diodes [20]. chemical and gas sensors [21-26], biological sensors [27 30] and

implants [12, 13. 31, 32] as well as hydrogen energy cells [33, 34].



In order to fully appreciate the physical behaviour of 7-Si, one must first have an

understaiding of how this material is made. Exposing bulk silicon to a HF solution in
the absence of both an anodic current and light leads to a very slow (< 0.1 nm/min).
isotropic ctch of the silicon surface [35]: HF dissolves silicon dioxide, which forms
naturally on silicoi. and leaves the surface hydrogen-terminated. Additionally. it is
known that holes are consuned in the dissolution of silicon. Therefore, by anodically
biasing the silicon wafer and, in the case of n-type silicon and semi-insulating p-type
silicon, illuninating the sample, more lioles are supplied to the silicon-clectrolyte
interface, hence, changing the eteh process [6]. Above a critical current density, J,,.;
(defined for a given experiment by the aforementioned conditions such as sample
doping and electrolyte composition). an abundance of holes build up at the silicon-
electrolyte interface and, in turn. the reaction is limited by the supply of HF in the
solution. Due to better exposure to the electrolyte. hillocks on the silicon surface
will dissolve more quickly than depressions. Consequently, this leads to flattening, or
electropolishing, of the sample surface. Below .J..;;, the etch process is limited by the
nuinber of available holes. In this regime. due to a higher accessibility to holes in the
bulk of the silicon wafer, depressions etch faster than hillocks and. thus. pores form
in the silicon wafer [36]. Upon nucleation. the walls of the pores grow until depleted
of holes. Pore growth then proceeds into the bulk of the silicon sample. toward the
source of the holes. via the pore tip [6]. Furthermore, due to the depletion of holes, the

resulting porous silicon nanostructure has a relatively high resistivity comparable to



that of intrinsic silicon [37] and, therefore, is inert to further electrochemical etching.

While the #-Si fil is still susceptible to chemical dissolution. which may cause further

erosion of the upper region of the porous structure [6, 38]. this effect is tvpically slow
relative to the electrochemical process and. heuce, 7-Si formation can be treated as
a self-limiting process [6]. That is. further anodization of an as-formed 7-Si film will
have negligible effects on the existing porous region and etching will proceed at the
pore tip.

While the above phenomenological description gives a general overview of the key
features of 7-Si formation, it savs nothing about how the ctch parameters influence
structural characteristics such as pore morphologyv. pore geometry. and porosity. Due
to the complexity of the svstem. a complete theory which successfullv accounts for
all the possible pore structures has vet to be formulated. Thus. the current state
of the art involves resorting to different models and mechanisims depending on the
nanostructure which is to be considered. It is generally thought that pore initiation is
brought on by nonuniforin dissolution of silicon due to surface defects and. therefore.
form randomly on the silicon surface [2]. Since the pores grow in size until the walls
are depleted of holes. the hole depletion mechanism. along with the charge transfer
nmechanism across the silicon-electrolvte terface. plavs a major role in determining
pore geowetry [6]. Commmonly invoked models for 7-Si formation include a quantum
confinement treatment for microporous structures [39] as well as an electric field-

depletion mechanism for meso- and macroporous structures [40].



As stated earlier, the passivity of the pore walls against further etching ensures
that 7-Si formation is a self-limiting process. Therefore. once a 7-Si layer is formed,
electrochemical anodization of that layer stops. Subsequent etching occurs at the
pore tip and, thus., by careful variation of the etch conditions during 7-Si formation.
the depth profile of the porous structure can be tuned in a controllable way [6]. In
practice, variation in the etch conditions is typically achicved either by applying a
time-varied current density profile to a homogeneously doped silicon wafer (while
keeping all the other parameters constant) [41], or by applying fixed etch parameters
to a water which has an inhomogeneous doping profile with depth [42]. These methods
have been used to fabricate various 7-Si multilayered structures such as superlattices.
Additionally. due to the self-limiting nature of the pore formation. 7-Si films can
be easily removed from tlie crystalline silicon substrate. Subjecting a 7-Si sample
to electropolishing conditions leads to complete electrochemical dissolution at the

film-substrate interface. Hence. freestanding 7-Si filins can be made [43].

1.2 Porous Silicon-Based Photonic Crystals

A photonic crystal is a composite material characterized by a spatial periodicity
in the optical parameters (7.e.. dielectric constant) which leads to the formation of
forbidden photon frequency bands. or photonic band gaps. Figure 1.2 illustrates the
photonic band structure of a binary-periodic commposite material. Light waves with

frequencies within tliese band gaps cannot propagate in the material [44]. In general,



Figure 1.2: Illustration of the photonic band structure in a conposite material with
a binary periodicity in the optical parameters. The constituent lavers are assumed
to be non-dispersive. as depicted by the two linear dispersion curves in the left pho-
ton frequency versus wavevector plot. The pliotonic band structure of the resulting
composite material exhibits a number of photonic band gaps, marked in grav on the
right photon frequency versus wavevector plot. Parameter D denotes the modulation
wavelength of the composite structure.

the width of the band gaps increase as the amplitude of the modulation in the optical
paraineters increases. Moreover, the center frequencies of the gaps tend to increase
with decreasing modulation length. In turn, the photonic band structure can be
tailored by the choice of constituent materials in the composite structure as well as
the modulation length of the periodicity. Extensive research has been done on these
structures, leading to the realization of photonic crystal-based devices such as optical
mirrors, Fabryv-Perot etalons [6]. and waveguides [45. 46].

The origin of the photonic band gaps can be understood as follows. For an in-
finitely large structure with a periodic modulation in the dielectric constant, the
wavevector for light propagating along the periodicity exhibits translational invari-

ance to changes in maguitude equal to the reciprocal lattice vector related to said
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periodicity. There is a discrete degeneracy in the frequency spectrum and the photon
dispersion curve folds into mini-Brillouin zones corresponding to the artificial modu-
lation. That is, photon dispersion within the artificiallv periodic structure is marked
by a series of bands which are zone-folded according to the reciprocal lattice vector
of the structure [44]. In particular. light with wavevectors at the edge and center of a
given niini-Brillouin zoue are equal to odd integer multiples of half the artificial recip-
rocal lattice vector aud even integer multiples of half the artificial reciprocal lattice
vector, respectively; the resulting standing waves have a group velocity of zero. Thus.
at the zone edge and center, the slope of the dispersion curve is zero. Furthermore, for
each wavelength value associated with the zone edge or center, two standing waves
arc possible (see Fig. 1.3). These standing waves are subject to slightly different
effective refractive indices in the material and, therefore. have different frequencies.
Heunce, there is a splitting of the zone-folded photon bands at the zone edge and cen-
ter, resulting in photonic band gaps in the photon spectrum [44, 47]. Again, this is
shown in Fig. 1.2. Similar effects have been found in other phyvsical systeins such as
magnons i magnetically periodic materials [48] and phonous in elastically periodic
materials [49].

Through careful tailoring of the pore structure, porous silicon-based one- and two-
dimensional photonic crvstals have been made. In the latter case, macropores etched
in [100]-oriented n-type silicon under backside illumination have been used. By pat-

terning the crystalline silicon surface with a lithographic mask prior to anodization.
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treated as an cffective medium with a refractive index lying between that of silicon
and that of the fluid in the voids [18]. Iu fact. for air-filled voids. the cffective re-
fractive index decreases as the porosity increases [6]. Hence. a 7-Si superlattice with
a two-layver unit-cell has a periodicity in the dielectric constant and, therefore, may
exhibit photonic band gaps along the sample surface normal. Porous silicou-based
one-dimensional pliotonic crystals with stop bauds in the visible [42. 52. 53] and in-
frared [18. 38. 41, 54. 55] spectral ranges have been made. Additionally, introducing
defects into the periodicity of the structure has led to the realization of various optical

cavities [6, 56 39].

1.3 Phononic Crystals

The acoustic analogue ot a photonic crystal is the so-called phononic crystal.
That is, a phononic crystal is a composite material characterized by a periodicity
in the elastic/acoustic properties which causes the acoustic wave dispersion curve to
fold into distinct baunds in a manner similar to the electronic band structure of a
semiconductor [60. 61]. This is accompanied by the formation of forbidden frequency
bands over which acoustic waves canuot propagate within the material. also known as
phononic band gaps [62]. One should note that within the current context. “acoustic
waves' 1s also meant to refer to elastic or sonud waves in solids.

As alluded to above. dispersion curve zone-folding occurs for excitations which

have wavelengths comparable to the artificial periodicity. Hence, the spectral posi-




12

tion of the forbidden frequency bands depend on the period length of the modulation

in the elastic/acoustic properties. Furthermore, these structures are categorized ac-

cording to the frequency position of the phononic band gaps: systems with gaps in

the kilohertz, megahertz. and gigahertz frequency ranges arc called sonic. ultrasonic.

and hypersonic phononic crystals, respectively [62].

Hvpersonic phononic crvstals are of particular interest because the band gaps af-
fect the long wavelength (i.e.. > 10 nmm [63]) thermat acoustic phonons. The resulting
phonon band structure is qualitatively similar to the photon band structure shown
in Fig. 1.2. The presence of the hypersonic phononic band gaps influence phyvsical
properties such as thermal conductivity and heat capacity. In turn, this has led to the
proposal of a number of novel devices such as thermal barriers [64] and the saser [65],
the acoustic analog of a laser. In addition. due to the length scale of the spatial
periodicity. these systems may also exhibit photonic band gaps [66].

While the term “phononic crystal” caine into use within the last two decades [61]
(around the time sonic-frequency stop bands were observed in a sculpture consisting
of a periodic array of evlindrical pipes [67]), studies on zone-folded acoustic waves
and band gaps in periodic structures date as far back as the 1940s and '50s [68.
69]. Beginning in the late 1970s. extensive work has been done on the studv of
folded acoustic and optical phonons in semiconductor superlattices. In particular.
both Raman light scattering spectroscopy. an inelastic light scattering technique used

to characterize high-frequency, long-wavelength phonons. and phonon transmission
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measurcments have been used to study the acoustic phononic band structure of bi-
layer superlattices with constituent layers composed of materials such as GaAs and
AlAs [70-75]. Al,Ga,_,As and Al,Ga,_,As [76], Si and Si,Ge, , [75. 77-79]. CdTe
and MgTe [80]. GaSb and AlSD [81]. amorphous Si and amorphous Ge [82]. amorphous
Si and amorphous SiN, [83. 84] as well as IuSb aud In,Al;_,Sb [85]. Typically,
the artificial modulation length was of the order of a nanometer and, therefore, the
center frequencies of the acoustic phononic band gaps were of the order of hundreds
of gigahertz. In turn, the corresponding folded acoustic phononic band structure
could be mapped using Raman spectroscopy. while the phononic band gaps could
be accessed through the phonon transmission measurciments. In each study, the
obtained results showed evidence of folded acoustic phonons and. in some instances,
one-dimensional hypersonic phononic band gaps along the dircction of periodicity in

the probhed samples.

1.4 Brillouin Light Scattering from Phononic Crystals

More recent studies have reported evidence of hypersonic phononic crystal-behaviour
in material systems such as ordered block and diblock copolymer solutions [86. 87].
polymer superlattices [88], arrays of cylindrical holes in an epoxy film [64. 89], col-
loidal crystals [90-92]. surface-structured polyurethene films [93]. and SiO,/poly-
(methyl methacrylate) superlattices [94, 95]. Most of these experiments were done

using Brillouin light scattering spectrocopy (BLS) [64, 86. 87, 89-91, 93 95], an in-
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elastic light scattering technique which has a much higher spectral resolution than
Raman spectroscopy. enabling the study of excitations with frequencies as small as
a few gigahertz. BLS is an appropriate method to probe the folded phononic band
structure of these saniples hecause the artificial inodulation wavelengths were of the
order of 100 mm and. therefore. the acoustic phononic band gaps of interest were in
the gigahertz frequency range.

One particularly compelling study was carried out on faced-centred-cubic colloidal
crystals formed by self-assembly of polystyvrene nanoparticles with subsequent fluid
infiltration [90]. Results collected through BLS experiments confirined the presence
of a hypersonic phononic band gap in these samples. This band gap manifested itself
as a double-peak feature in the BLS spectra. with the two peaks attributed to two ad-
jacent bands of the zone-folded loungitudinal acoustic mode. The frequency difference
between these two peaks represcnted the width of the phononic band gap at the edge
of the mini-Brillouin zone corresponding to the artificial periodicity. Furthermore. it
was found that this gap could be tuned by changing the size of the colloid particles
and /or type of infiltrating fluid.

In another study, BLS was used to probe along the [10] direction of two-dimensional
single crystalline arrays of c¢yvlindrical holes patterned in epoxy [89]. In this direction.
the structure exhibited a hypersonic phononic hand gap in the longitudinal acoustic

phonon dispersion curve between 1.21 GHz and 1.57 GHz. Again, evidence of the
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band gap was observed as a double-pcak spectral feature which was attributed to
folded phonon branches at the edge ot the mini-Brillouin zone.

In yet another BLS study. spectra collected along the surface-normal of SiOq/poly-
(methyl methacrylate) multi-lavers also showed peak doublets which were due to
folded longitudinal acoustic phonons [94]. The observed one-dimensional hypersonic
phononic band gap was centered at ~15 GHz and had a width of ~4.5 GHz. In
a subsequent study done on these superlattices [95]. phonon propagation at oblique
angles to the modulation axis was studied and, in particular, it was shown that the
position and widtl of the phononic gap changed with propagation direction.

Another notable experiniental study was carried out on self-assembled block copoly-
mer photonic crystals which had photonic band gaps in the visible spectral region [86].
The collected BLS spectra contained three peaks. two of which were attributed to
branches ot the folded bulk longitudinal acoustic phononic band structure. While
zone-tolding of the longitudinal acoustic phonon was obhserved. 1o evidence of a hv-
personic phononic band gap was obtained. That is. spectra collected at wavevectors
corresponding to the edge of the mini-Brillouin zone did not contain spectral peak

doublets indicative of a plhiononic band gap.

1.5 Phononic Crystal Behaviour in Silicon-Based Structures

A number of studies have reported evidence of phononic band gaps in patterned

crystalline silicon. In the work done by Dutcher et al. [96]. results obtained through
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BLS experiments found that Rayleigh surface phonous propagating in an ion-milled
holographic grating on the surface of a [100]-oriented silicon wafer underwent zone-
folding into the mini-Brillouin zone corresponding to the grating periodicity. This
zone-folding was accompanied by a band gap in the Rayleigh surface phonon disper-
sion which was centered at ~10 GHz with a width of 0.5 GHz. Furtherniore, double
peak features observed in spectra collected at wavevectors within the interior of the
mini-Brillouin zone suggested that a 0.8 GHz-wide, ~12 GHz-centered hybridization
band gap had formed due to coupling between the Rayleigh surface mode and the
so-called longitudinal resonance mode (i.e., a leaky. longitudinally-polarized, surtace
mode which is weakly coupled to the surface and which radiates into the bulk longi-
tudinal mode).

Additionally, theorctical and experimental results obtained by Mohammadi et
al. [97, 98] found that by tailoring the geometrical parameters of a hexagonal array
of air holes in a silicon plate. the structure can exhibit a two-dimensional phononic
band gap in the plane perpendicular to the holes. In particular, phonon transmission
experiments were done on an array of holes in a 15 gan-thick silicon plate which had
a nearest hole center-to-center distance of 15 g and a hole radius of 6.4 pm (these
samples were formed using lithographic patterning and deep plasma etching). An
observed dip in phonon transmission between 119 NMHz and 150 MHz along the 'K
direction of the hexagonal lattice provided evidence for the presence of a phononic

band gap. These experimental results were in agreement with the theory.
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1.6 Surface-Localized Acoustic Phonons in One-Dimensional

Phononic Crystals

Since material systems in nature are not infinite in extent. a rigorous treatment of
phonon propagation in superlattices must account for the fact that the lavers termi-
nate at interfaces with other materials. It is known that for binary periodic systems
with a sufficiently large number of modulation repeats, bulk mode propagation is typ-
ically well-modeled assuming that the material structures are infinite superlattices.
Due to the preseice of interfaces between the finite superlattice and the external en-
viromnent. however, there is a possibilitv of additional modes which are localized at
these interfaces. It turns out that these surface-localized modes are evanescent modes
with frequencies within phononic band gaps in the bulk mode band structures.

Since the early 80s, extensive theoretical [99-104] and experimental [105-112] work
has been done to study these localized excitations. Binary-periodic superlattices with
unit-cells of amorphous Ge and amorphous Si [105]. Ge and and SiOy {106]. Al and
Au [107], Cu and W [108. 109]. Mo and Si [110. 111]. Be and Mo [111] as well as
Au and Al Oy [112] have been studied. Furthermore, the observed surface-localized
modes ranged in frequency from tens to hundreds of gigahertz, lving within band gaps
in the bulk longitudinal dispersion curves. While Ranian light scattering has been
used [106]. with the surface-localized mode manifesting as a Raman peak located

between two peaks associated with adjacent folded bulk longitudinal mode bands,
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much of the experimental work has relied on the use of picosecond ultrasonics to
probe these modes. One should note that the picosecond ultrasonic experiments
are based on a pump-probe laser system, in which a picosecond pulsed laser excites
acoustic excitations on the surface of a material that. in turn. manifest as measurable

changes in the reflectance experienced by a second. probing laser.

1.7 Acoustic Phonon Propagation in Porous Silicon

The elastic properties of single-layer 7-Si filims have been experimentally investi-
gated using nano-indentation [113]. acoustic microscopy [11-4. 115]. phonon transinis-
sion techniques [19] as well as BLS [116 126]. It was found that for given sample mor-
phology, the phonon velocities decreascd as the porosity increased [19. 115, 120, 125].
Moreover. these velocities are dependent on the pore morphology, which is itself
strongly dependent on the doping condition of the parent bulk cryvstalline silicon
wafer [19. 123]. For example. phonon velocities in a film made from lightly doped
p-type silicon are tvpically a factor smaller than those in p*-tyvpe film of the same
porosity. Additionally, BLS experiments have shown that filims made from p-type
silicon are elastically isotropic [120]. while studics done on samples fabricated using
[111]-oriented [116] and [100]-oriented [125] pT-type silicon snggest that there is a
slight cubic anisotropy i the elastic parameters in these films.

Since the 7-Si phonon velocities and 1mass density (equal to the density of crys-

talline silicon multiplied by the volune fraction of silicon remaining in the porous
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structure) decrease as the porosity increases. so too does the elastic impedance (i.e.,
the product of the phonon velocity and the density [19]). In turn. 7-Si superlat-
tices exhibit a modulation in the elastic impedance which makes them an excellent
candidate for one-dimensional phononic crystals.

In fact, theoretical work by Kiuchi et al. [127] has shown that 7-Si superlat-
tices with micron-length spatial modulations of the porositv exhibit one-dimensional
acoustic phononic band gaps in the niegahertz frequency range. An elastic contin-
uum model was used to calculate the phouonic band structure of the multi-layered
systemr and, in particular, each constituent laver was treated an as elastic continuum
for the long-wavelength acoustic phonons. The frequency position and width of the
predicted band gaps were found to depend on both the porosity and the superlat-
tice spatial period. Aliev and Snow [128] extended this work by applying a similar
elastic continuum model to 7-Si multi-layered fihns with modulations in the nanome-
ter length-scale. Unlike the earlier study. acoustic attenuation was accounted for in
these calculations (it was assumed that the acoustic attenuation coefficient increased
parabolically with phonou frequency. as is tvpical of semiconductors). These pro-
posed structures exhibited band gaps in the gigahertz frequency range. Moreover, it
was found that acoustic attenuation caused the expected band gaps to shrink or, in
the case of higher-order gaps. to close up altogether.

Reinhardt and Snow [129] used a scattering matrix method [130] to calculate the

acoustic reflectance spectruan of both porous silicon-based acoustic Bragg mirrors



(2.e.. binary periodic multi-layer samples) and acoustic rugate filters (i.e., structures
with a sinusoidal variation in the porosity and. thercfore, the elastic impedance).
These structures, which had porosity modulations over hundreds of nanometers. dis-
played sub-10 GHz hypersonic phononic band gaps. as evidenced by sharp peaks in
the acoustic reflectance spectrum. It was reported that the width of the band gaps
increased as the elastic impedance mismatch between the constituent lavers increased.

Experimentally, Aliev et al. [131] reported that phonon transmission and optical
reflectance experiments conducted on a supported mesoporous silicon binary periodic
multi-layered film fabricated from [100]-oriented pt-type silicon showed evidence of
both one-dimensional hypersonic longitudinal acoustic phononic band gaps and in-
frared photonic band gaps. The sanmiple cousisted of 24 repeats of a unit-cell containing
a 2.2 pm-thick 0.47 porous layer and a 1.7 gan-thick 0.61 porous layer. Specifically, the
phonon transmittance spectrum contained a ~(.25 GHz-wide. ~50 dB dip and and a
~0.10 MHz-wide. ~30 dB dip centered at 0.65 GHz and 1.3 GHz. respectively. These
gaps in the phonon transmission corresponded to the first- and second-order longitu-
dinal acoustic stop bands. In addition, introducing a 2.7 um-thick 0.57 porous layer
defect into an otherwise periodically multi-layered sample (containing alternations
between a 1.38 pm-thick 0.57 porous layer and a 1.53 pn-thick 0.40 porous layer) led
to the realization of an acoustic phonon microcavity. A transmission spike within the

observed ~0.40 GHz-wide, ~1.00 GHz-centered phonon stop band was indicative of a
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longitudinal acoustic phonon transuission mode stemming from localization around
the defect.

In a study done by Thomas et al. [132]. longitudinal acoustic phonon transmission
experiments done on 7-Si rugate filters with a sinusoidal vartation in the porosity
showed evidence of a 0.2 GHz-wide plhiononic band gap centered at about 1 GHz with
40 dB rejection. Rugate filters with modulation wavelengths of 3.70 yem and 2.42 pm.
made by etching p*-type silicon, were examined together with 7-Si Bragg mirrors
with modulations of ~ 3.5 yan. Comparison between results found that higher-order
phononic band gaps were suppressed in the rugate filter while the first-order band in
the rugate filters was of similar quality to that of the Bragg mirrors.

Upon conducting Raman spectroscopy experimments on a p~-type w-Si superlat-
tice, Wu et al. [133] reported the observation of three spectral peak doublets which
were attributed to folded longitudinal acoustic phonon modes at the second-. third-.

and fourth-order baud gaps. The three peak features were centered, respectively, at

39.3 em™ ' 59.7 el and 79.7 em ™! and were in excellent agreement with caleula-

tions based on an elastic continuum model. The authors, however, did not properly
take into account the porosity-dependence of the plhionon velocities in p~-type 7-
Si [115. 120]. Moreover. given the structure of the sample (which had a superlattice
unit-cell consisting of lavers with thicknesses of ~8.6 nm and ~36 nm and porosi-

ties of ~0.65 and ~0.78. respectively), it appears that the spectral positions of the
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double-peak features were too high in frequency to be due to the suggested phononic
band gaps. Hence. the validity of these results is uestionable.

While BLS has also been used to probe phonon propagation in supported multi-
layer 7-Si filims. no evidence of phononic crvstal-effects were reported. In the work
by Andrews et al. [123]. [100]-oriented p*-type mesoporous silicon multi-layver films
with coustituent layer porosity sequences of 0.65/0.40/0.65/0.40/0.65 were probed.
The layer thicknesses were equal at 250 ni. While the focus of this studv was the
characterization of the Rayleigh surface phounon which propagated perpendicular to
the direction of the artificial periodicity. additional peaks of unknown origin were
observed in the collected spectra. Since the frequencies of these other modes were
independent of the magnitude of the in-planc component of the transfer wavevector,
it was unlikely that theyv were surface phonons.

In addition, BLS studies by Polomska and Andrews [124, 126] were carried out on
[100]-oriented p*-type mesoporous silicon superlattices with modulation leugths as
large as ~30 nm. In this case. the wavelength of the probed phonon was much longer
than the superlattice period. Spectra collected from these filims contained four peaks:
one due to a quasi-transverse acoustic bulk phonon. one due to a quasi-longitudinal
acoustic hulk phonon. and two due to surtace phonons. Treating the multi-lavered
structure as an effective elastic mediun. clastic constants were obtained through
analysis of the collected spectra data and the resulting values were compared to those

determined using the Grimsditch-Nizzoli effective elastic medium nrodel for a semi-



conductor superlattice. There was only partial agreement between the experimentally

determined values and those given by the model. with the best results obtained when

assuiing a cubic svmmetry of the constituent layers.

1.8 Present Work

In the current work, Brillouin light scattering spectroscopy and optical reflectance
nieasurenients were done on binary periodic multi-lavered mesoporous silicon films,
with repeated porosity sequences of about 0.55/0.45. in an attempt to determine the
potential of these structures as both one-dimensional hypersonic phononic crystals
and visible-range photonic crystals. The modulation lengths of the superlattices,
which ranged from ~40 nm to ~170 nm. were chosen such that the resulting acoustic
path length over a single unit-cell was comparable to the wavelength of the acous-
tic phonons probed in the BLS experiments (which was used to map the phononic
dispersion curve). Fabricating appropriate superlattices required a priori knowledge
of the relationship between the etch parameters and the phvsical nature (7.e.. the
growth-rate. clastic parameters, and optical parameters) of the resulting constituent
layers. To facilitate this. single-laver 7-Si filims were made and characterized using
BLS. optical reflectance measurements, and scanning electron microscopy.

Normal-incidence broadband optical reflectance measurements taken from these
superlattices showed evidence of an optical Bragg peak. corresponding to a one-

dimensional photonic band gap in the visible spectral range. Good agreement was



obtained between the experimental data and calculations based on a one-dimensional
optical continuum model. Since the constituent layer thicknesses and refractive in-
dices served as input parameters into the model. the results confirmed that the su-
perlattices were fabricated as expected.

In order to map the acoustic phononic band structure along the modulation axis
of these superlattices. a methodologyv for so-called pseudo-reflection geometry Bril-
louin scattering was developed and then validated through experinients on various
well-known materials (2.e.. fused quartz, gallinm phosphide. water). Probing approx-
imately along the surface-normal of the 7-Si superlattice sainples. evidence of zone-
folding of the bulk longitudinal acoustic mode band structure manifested through the
appearance of a second longitudinal mode in the collected Brillouin spectra. Further,
a surface-localized mode lving within a bulk longitudinal mode band gap centered at
~16 GHz was also observed, thus proving that the samples were hypersonic phononic
crvstals. The collected experimental acoustic plionon dispersion data showed good
agreement with a one-dimensional phononic-photonic continuum model similar to
that described in [134]. It should be noted that this theoretical model required the
input of both the optical and elastic constants of the constituent layers.

In a further study. off-axis acoustic phonon propagation in similar 7-Si superlat-
tices was probed using oblique angle 180°-backscattering geometry Brillouin scatter-
ing. The frequency of the probed tolded longitudinal acoustic phonon was found to

be strongly dependent of the propagation direction and this behaviour was theoreti-
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cally treated using a simplified one-dimensional phononic-photonic continuwmn model.

Analysis of the Brillouin peaks associated with the longitudinal modes suggested that
the corresponding phonon attenuation in 7-51 was orders of magnitude larger than
that of bulk crystalline silicon, implying that the porosity had a strong etfect on
phonon attenuation. Finally, a Rayleigh surface mode and a pseudo-surface mode
was observed in cach film. In particular. these surface modes were dispersive, with
the velocity increasing with phonon wavelength.

The significance of this work is twofold. Firstly, structures which exhibit both
phononic and photonic band gaps are of fundainental interest due to the possibility of
novel phonon-photon interactious such as optical cooling [66]. Here. an understanding
of phonon dispersion in these structures is imperative. Secondly, with regard to
device applications, 7-Si has a number of advautages over other material platforms.
It may be possible to tune the position and width of the phononic and photonic band
gaps by changing the porosities of the constituent layers. Furthermore. hypersonic
phononic crystal-based applications such as thermal barriers, acoustic Bragg mirrors,

and acoustic microcavities mayv be readily interfaced with existing silicon technology.
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Chapter 2

Theory

2.1 Phonon and Photon Propagation in a Superlattice

2.1.1 Overview

To understand phonon and photon propagation in a mesoporous silicon superlat-
tice (SL). one needs to account for the commensurate periodicity in both the elastic
and electroniaguetic properties. Propagation in the bulk of the binary periodic SLs
mayv be reasonably approximated by cousidering an infinite one-dinensional lattice
with a square-wave modulation in both the elastic and optical parameters. Fur-
thermore. since the probed SLs terminate at an air-solid interface, propagation in
a semi-infinite one-dimensional lattice in contact with a gas will also be discussed.

Figure 2.1 depicts both structures.






42

2.1.2 Normal-Incidence Phonon Propagation in an Infinite
Superlattice

Bulk acoustic phonon propagation along the modulation axis of an infinite SL
is particularly interesting. The superlattice considered is marked by a square-wave
modulation in the mass density p; and the acoustic phonon velocity V; (here, j = 1.2:
see Fig. 2.1(a)). Thus. the superlattice is composed of a two-layver unit-cell with laver
thicknesses d; and d,. If the artificial modulation length, D = dy + dy. is of the order
of tens of nanometers. the acoustic phonons of interest will be in the long-wavelength
regime [1]. Each individual laver may then be treated as an elastic continuunt and. in
turn, the displacement u = u(r.t) corresponding to a given phonon (cither transverse

(T) or longitudinal (L)) obeys the wave equation:

d*u 0%
ar = Vom (2.1)

The time-harmonic plane-wave solutious to this wave equation in the j =1 and j = 2

layers are given. respectively. by [2]

. g7+ Lilgraer—Su) — (=g =2 .
Um.l(lbf) - L'Tm.lf i ) + ( m.l( (=1 ) (22(1)
X _ gt Lilgeas—Qt) T— i(—gara—Qt
117'1‘2(‘12']‘) - Um.‘Ze gare + L’m.’.’( " )' (22}))

where integer m denotes the superlattice unit-cell. UF - and U7

1. m.j are the amplitudes of

the forward- and backward-traveling plane waves in cach layer. respectively. ) is the

phonon angular frequency. and ¢; = 2/V; arc the corresponding phonon wavevectors
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in the individual layers. One should note that .r; is the local displacement within each
layer and, thus, ranges from 0 to d;. Boundary conditions require that w,, ;(z;,t) and
pV20u,, j(1;.1) /0. r; be continuous at each iterface (i.e.. the displacement and the

normal stress compounent are continuous). Consequently. it follows from Eq. (2.2)

that
Up o+ Unpy=Uj et + Uy o7/ d (2.3a)
ZZZ (Um 2 T7;.2) = 121 (Um 1(qu!11 - Lm 1(7qudl) (23b)

and
UI;‘;+1 1 + Um+] 1 U;C 2 a2 + ;7 2 —'qjd) (2434)
121 (Um+1 1 U1;.+1,1) ZZ2 (Um )6 2dz U;l 2(77q2d ) (241))

where Z; = p;V; are the elastic impedances of the constituent layers. Re-expressing

the above equations in matrix-form gives

+ iqidy —igid] +
1 1 U, e e U

m,1
- (2.5)
L—1 Ur;:z (%) qu“ll — (%) C*i‘]]dl U7;1
and
1 1 Uvﬁ-&-l 1 67’(12(12 (;filhdz ;.2
T . (2.6)
1 -1 6]7;+1 1 (é-) Jigads (%) e*iqzdz U7;,‘2
Since -
1 1 111
) (2.7)



44
following from Egs. (2.5) and (2.6), it is straightforward to show that
Upis1a U1
=T . (2.8)
[]7;+lﬂ U;,l

Here, T is a 2 x 2 transfer matrix which relates the plane wave amplitudes in the

J = 1layer of adjacent unit-cells. The elements of T are given by [2]

i/ (7 Z , .
Ihyw=15,= <(‘()S((]2(12) + 5( (é) + <7i> >Slll (G2d2) >€lcm11 (2.9)

. i((Z Z\\ .. iy
ha=1a =3 <<Z_l> - (72» sin (gady) €5, (2.10)

Due to the discrete translational synmnetry along the SL modulation axis, the acoustic

and

phonon is a Bloch wave and. therefore. it obeyvs the relation

U++1 1 . Lr'Jrl
m+1, _ GZQU M. (211)
U7;+1.1 LL;.I

where () is the phononic Bloch wavevector. Comparing Eqs. (2.8) and (2.11), one

obtains
+ | 0
(T — eiQDI) ’ = (2.12)
Ui 0
and. consequently.
det (T — ¢“"T) = 0. (2.13)

where I is the 2 x 2 identity matrix. Thus, ¢/?? is the eigenvalue of T. Combin-

ing Egs. (2.9), (2.10). and (2.13), one obtains the well-known phononic Bloch wave



dispersion relation 2. 3]

Qd Qd: O, Q.
cos(QD) = cos < ,_v(;) Cos ( L(’;) — F'sin ( V(1-> sin (T;) . (2.14)
where €2 = Vjg; and F is given by
L (727 Zy L+ (Z,/7,)?
2R Tt R LI Sk VAT 2.15
) <Z2 ’ Zl> ( 27,)7, (2.15)

The resulting acoustic phonon dispersion curve consists of a series of bands. That is,
the artificial periodicity of the system causes the phonon dispersion curve to undergo
zone-folding into a mini-Brillouin zone of dimension 27/D. Figure (2.2) depicts a

zone-folded phononic band structure in the repeated zone scheme.

Figure 2.2: Schematic of the plononic band structure for propagation along the
modulation axis of an infinite binary periodic superlattice. Black dashed curves:
phonon dispersion relation given by Eq. (2.14): red lines: approximation of phouon
dispersion relation given by Eq. (2.21).
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The case when Z1/7y # 1 is of particular note. Parameter F is then greater than

1, which follows from Eq. (2.15) given that

and. consequently.

(2.17)

Hence, with Z,/Z, # 1. the absolute value of the righthand-side of Eq. (2.14) will be
greater than 1 for certain value ranges of € (£ is assumed to be real and positive),
resulting i complex ) values. This occurs at QD = b, where cos(QQD) = £1 (here,
b is an mteger). The acoustic phonon dispersion then exhibits forbidden frequency
bands for which the phonous are highly attenuated and. thus. do not propagate (see
Fig. 2.2). These bands are known as one-dimensional hypersonic phononic band gaps.
One should note that, for a given modulation length D. the width of these phononic
band gaps tend to increase as the contrast between the elastic impedances increases
(i.e., as |21/ Z3 — 1] increases).

The center frequency of these phononic band gaps can be approximated by treating
the system as a phononic Bragg reflector [4]. For waves undergoing partial specular
reflection from consecutive unit-cells of the periodic structure, constructive interfer-
ence occurs when the round-trip phase difference over a unit-cell equals a multiple of

27

~J

(2.18)

Opd, Qd
QQhD:Qhﬂ-:‘.< n ’”).

W Vi



where h is an integer. The phouonic Bragg angular frequencies €),. which correspond

to the center angular frequencies of the phononic band gaps. are then expressed as

W
O = hi | —12 ) 2.1¢
ne <udz n v2d1> (2.19)

The phononic Bragg wavevector (9, = hw/D corresponds to a standing wave with
group velocity of zero. This is reflected i the phononic dispersion, where the slopes
of the bands go to zero at Q@ = hw/D.

It the elastic impedance countrast is small such that the phononic band gap fre-
quency widths are small compared to the available bands. Eq. (2.14) (which governs
the phononic band structure) can be approximated by a much simpler algebraic form.
Notice that when 7, =~ Z,, F = 1. Therefore. following from Eq. 2.14. one can show

that [5. 6]

2rw d, dy
+0D =+ — | ~ — ) Q. 2.2
Q <q+ D) (m+w> (2.20)

where [ is an integer. ¢ is the extended-zone scheme (i.e., I = 0) phonon wavevector,
and folding of the phonon dispersion curves is accounted by the SL reciprocal lattice

vector 2lw/D. Tn turn. €2 is approximated by

2
O~ Vi@ = £V ((1 + F"r) A (2.21)

where Vg is an effective phonon velocity given by

. Vil
Vi = — . (2.22)
(1—1)"1 +TI'V,

and the plus-minus sign accounts for the positive and negative dispersion of the folded

phonon bands. Parameter I' = d;/D is the fill-fraction of the j = 1 laver. One should
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also note that Eq. (2.21) is a gencralization of Eq. (2.19), with the expressions being
equal when Q = @y, = hn/D. It is then clear that the phonon band structure can be
approximated by a series of linear dispersion curves, cach with a slope of £V, which
pass through the center of phononic band gaps. Additionallv. if V, > V|, it can be

seen that

1-T
Vo= v = Tt - v 20 (2.230)

2

r
V- 1o = 0 v <0 (2.23b)

1

and. theretore,

Vi<V £ Vo (2.24)

Finally, other than the assumption that the d; values are large compared to the
atomic spacing such that the constituent layvers can be treated as continua. there are
no characteristic length scales in the preceding theory. Substituting ¢y = I'D and
dy = (1 -1")D into Eqs. (2.14) and (2.21). one obtains expressions tor QD versus (0D.
Thus, for a given set of constituent layver elastic paramecters and layer fill-traction T

the phononic band structure scales with D. As such. these results are scale-invariant.

2.1.3 Normal-Incidence Phonon Propagation in a Semi-Infinite
C--merlattice

As alluded to above. a complete treatment of normal-incidence phonoir propaga-

tion in 7-Si SLs will have to take into account phonons propagating in a semi-infinite
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superlattice in contact with a gas (say air). In particular, the j = 1 layer of the m = 1
unit-cell is assuied to be in contact with the gas (sce Figure 2.1(b)). Further, this
interface is taken to be stress-free. In addition to bulk modes which obeyv Eq. (2.21).
a surface-localized mode resulting from the broken svinmetry at the superlattice-gas
interface is also possible. This localized mode decays exponentially into the superlat-
tice and. therefore. it is not a traveling wave. While Eqs. (2.1)-(2.10) still apply here,

the Bloch condition (i.e., Eq. (2.11)) is replaced by the expression [7 9]

+ +
Um+L1 _3D Um.l
7T—L+1.1 7;,1

where 3 > 0 and is real. Thus. the constituent layer wave amplitudes decrease
by a factor of e ?P with cach consecutive unit-cell. Since the surface is stress-free.
Eq. (2.2a) gives

i1Zy (Ut = U) =0 (2.26)
and, therefore.
U, =U". (2.27)
Eq. (2.25) then implies that, in general,
Upr = Upy- (2.28)
Combining Fq. (2.28) and Eq. (2.8), one obtains
Uyy = (T +Tw) U (2.29a)

Uy = (T + Top) Uy (2.29b)
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Comparing Eqgs. (2.25) and (2.29), one finds that
¢ =Ty 4+ Thy = Ty + Ta. (2.30)

Further combining Eq¢s. (2.9), (2.10), aud (2.30), it can be shown that
Z Qd d-
(i) tan ( "/,1 1) + tan < Vj) =0 (2.31)

_3p | Cos (Qedy /V7)
s (Qdy V)

and

¢

(2.32)

where (2 is the angular frequency of the localized mode. Eq. (2.31) can be solved
numerically to obtain a series of (), values which lie within the bulk mode phononic
band gaps governed by Eq. (2.11) (i.e.. € are associated with evanescent modes which
decay into the bulk of the system). Furthermore. it can be shown that since ¢ =9 < 1,
the presence of the localized mode hinges on the nature of the impedance ratio between
the layers. That is. since Eq. (2.32) states that |cos (q1d1)| = e %P |cos (qady)| <

|cos (¢2ds)]|. it follows from combining E¢s. (2.31) and (2.32) that

Z 1—cos* (pda) 5p  5p
) = B G 2.33
(Zz) % —opd) 2

Hence. in order for the localized swrface mode to exist, the j = 1 layer (which is

adjacent to the gaseous half-space) must have a lower elastic impedance than that of
the other constituent layer.
Additionally. one should note that, according to Eq. (2.31), the localized surface

mode spectrumn is independent of @) and, like Eqgs. (2.14) and (2.21), it scales with
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D when the constituent laver elastic parameters and I' are fixed. Thus. a plot of
Q,D versus QD consists of a series of flat bands lving within the bulk acoustic mode

phononic band gaps.

2.1.4 Oblique-Incidence Photon Propagation in an Infinite
Superlattice

For a photon propagating in an infinite superlattice (see Fig. 2.1(a)), the resulting
theory is similar to that encountered for phonons. Furtherimore, in the case of photous,
it is fairly straightforward to extend the theorv to account for propagation at oblique
angles to the SL modulation direction. Similar to before. there is a square-wave
modulation in both the permittivity and the permeability over a spatial period of
D = d; + dy. Tt is assumed that the structure’s constituent layers are composed of
linear media with constituent layer permittivity and permeability values of ¢; and
1t;, respectively. In the absence of free charge and current. Maxwell's equations for a

linear medium are [10]

V.B=0 (2.34a)
OE ‘

vV xB = Witi gy (2.34b)

¢V -E=0 (2.34¢)

Vxp-_ B (2.34d)

ot



where E is the clectric field and B is the niagnetic field. Using the vector identity
? X (? X C) = ? (? . C) — §2C. where C is some arbitrary vector, together

with Maxwell's equations. one obtains the electric and magnetic wave equations:

. 1 9°B
VB =0 2,35
o2 O 200
‘ | O'E
viEpo 2 235
o 0 (2.35h)

1 . : . .
where ¢; = (p;¢;) 2 is the speed of light in each layer. Since each laver is taken to be
of finite extent i the y-z plance (i.c.. the y-2 plane is parallel to the laver interfaces
and tlie r-axis is along the superlattice modulation). the general expressions of the

clectronagnetic waves are [11. 12]

B, (), yj.t) = /w0, (1) (2.36a)

E; (). yj.t) = M0, (1)) (2.36D)

and. in turn, Eq. (2.35) can be rewritten as

R

w\” ) J?
— —) — L, |Bi(r;)=—=B; (r; 2.37:
((‘j) Yy j L) ;2 j L) ( a)
w\’ o?
— =) -8 E ()= —E; (). 2.371
<(,j> Yy i) 012 () (2.37h)
Here. w is the photon angular frequency. IV, = (w/¢;)sin®; = (w/c)sing are the

components of the internal photon wavevectors. Kj. in the plane of the layer inter-
faces. ©; are the angles between the interface normal and K. ¢ is the corresponding
angle in vacuum deduced through Suell’s Law. and ¢ is the speed of light i1 vacuumni.

Boundary conditions between the interfaces require continuity of the components of
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B and ¢;E parallel to the interface normal as well as the components of B/, and E
perpendicular to the interface normal [10]. Since the magnetic and electric ficlds are
coupled through Maxwell's equations. ouly one of the waves (or a single component
from cach wave) needs to be cousidered in order to solve the problem. Thus. only
two of the four boundary conditions will be utilized. In the discussion to follow.
the incident clectromagnetic wave will be assumed to be p-polarized aud. therefore.
B = B(r,y.t)z (i.e., the electric field is in the plane of incidence). According to

Egs. (2.34b) and (2.36). it follows that

OB (x; OB
Epylay) = ——— 2Pt 1 OB)(y) (2.38)
' weip; O wejit;  Ox;
and. therefore, the general solutions to Eq. (2.37) are
Bjo(ir) = Ao 4, e e (2.39)
E. ( ) . ]\y]—.I’ <4+ )l']\—jl“l'] _ 4— 7‘]‘[\}‘1‘1‘1) (2 391 )
Jul\ti) = We L “ m._j(' “ m.j6 : : )

where AT and A . are the amplitudes of the forward- and backward-traveling mag-

m,j . j

netic waves in the constituent layers of the superlattice and i, =

is the component of wavevector A perpendicular to the layver interfaces. Hence, con-

tinuity of the in-plane components of B/y; and E at each interface implies that [11]

1 1 e .
— (A +A) = — (A et A e TR (2.40a)
2 t
]\"2.1“ 4+ — ]\']J‘ + ik .d — —ilpd
(AWLQ - ‘477112) = (Anulp = Am.1€ - 1) (2401))



and

1 1 . -
+ — . A+ iR apda — —iKapds .
,U_l (‘47n+1.1 + A7n+1.1) - ;1; (Amje + A‘m.'ze ) (241d)
1’—\'1 r I\'A) . . -
— (A=A = 2 (AF jetherde g = miRapday 2.41b
WEL i1 ( m+1.1 m+1.1) Wefls ( m.2 m.2 ) ( )
In matrix-form, these above relations can be rewritten as
A+ L2 LI pd) B2 i pdy +
1 1 Am.‘z - (pl) € ! <;,,1) ¢ ! Am.‘l
_ - ny Y iked (PR iR eds -
1 -1 A (m) et rerenl Kl A
(2.42)
and
+ 2y iNopds 138 1oy +
1 1 Am+1‘1 (;g) € ! <H2> € ' ‘4m.2
B n?k, o nd nK i I d
. - 12 SN2 2 _ [ 1er SR AR5} -
1 -1 S <W> e <FT> oo A
(2.43)

where n; = /€t ¢ are the refractive indices of the constituent layers. In a similar

fashion to what was doue in the discussion on phonons. one can show that

‘Ajn+l.1 ~ ‘41—:.1
=T , (2.44)
A Ana

where T is a 2 x 2 transfer matrix with elements given by

. . ' Ky, NN -
Ty =15 = (cos(Kgl,dg) + %( (61 \,2 > + (Q at ) )5111(1\2‘,,(12))e”‘”dl (2.15)

€1 [X’g.r

and

- . d €1 Ny, eal\y, : . T ,
Ty =15 = 3 ((QKIJ;) — (61[\72.1'>> sin (N opds) e hirdt, (2.46)




The discrete translational invariance of the svstem implies that the photon must
behave as a Bloch wave, and. consequently. the amplitudes of adjacent unit-cells are

related as

+ +
‘477z.+1.1 inD A'm.l
=¢ (2.47)
‘4177+1‘1 ‘4171,1

where # is the photonic Bloch wavevector. Comparing Eq. (2.47) with Eq. (2.44).

one can see that

Al 0

(T B 6,1-“91) BRI (2.48)
A 0
and, therefore.
det (T . efHDI) -0 (2.49)

Solving the above equation gives the photon dispersion relation [11-13]
cos(wD) = cos (N,dy) cos (Kopdy) — Pysin (Ki,dy) sin (Kaxdy) . (2.50)

Here, P, is specific to the condition of p-polarization and is given by

1 (K el
P,(8) = <€1 2 2 > (2.51)

2 €9 [(] 7 €1 [\—22.

Similarly, in the case that the electromagnetic wave is s-polarized (i.e., the electric
field is perpendicular to the plane of incidence). the dispersion relation has the same

functional form with parameter P, replaced by

f Ry Y >
— + - . 2.52
<:U‘ZAI.1‘ /ll[\‘z.r ( )




Ky./Ky, = ¢5/cy and, not surprisingly.

1 : ‘

€211 €1/

It it is further assumed that the layvers are nonmagnetic (i.e.. 19 = p; = pg, where pq

is the permeability of a vacuum). then n; = /€575 ¢ and one finds that

1 [(n2Ky,  nik,
Py) = - [ 22 4 2k 2:5a

»(0) 2 <n§]&1,,. - nl“)f\'zr) o

1 A")r ‘[\—l‘l‘

Pg) = = [ 220 4 Bl 2.541
.(6) . <[\1I + f\‘n) (2.54b)
Pnomn = 1 (n_l + B) . (254C)

2 \ny  n

For the remainder of the discussion. the SL is taken to be composed of non-magnetic
materials.

For ny # ny and. therefore, K), # R\,. one finds that P, # 1 and P; # 1. In turn,
for certain ranges of values for w. the absolute value of the righthand side of Eq. (2.50)
will be greater than 1. Further. s-polarized light may be shown to behave the same
way [12]. The resulting ranges of w correspond to forbidden frequency bands, or
photouic band gaps. where v becontes complex. The gaps occur for Re[nD] = b /2.

In a similar fashion to what was done for phonouns in the preceding discussion.,
the center-frequency of the photonic band gaps can be approximated by treating
the system as a photonic Bragg reflector [14]. At normal incidence, constructive
interference occurs when the round-trip phase difference over a unit-cell equals a

multiple of 27:

wyd wy d:
Gy 2) , (2.55)
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where t is an integer. The resulting photonic Bragg angular frequencies w; are then

¢
wy=tn| ——— | .
t <7)1d1 + 772(12)

expressed as

The corresponding photon wavenumber is then

i
2nydy + nody)

(2.57)

'y =

The corresponding Bragg photonic wavevector x;, = tr/D is a standing wave with
group velocity of zero. Consequently, these photons do not propagate in the SL and,
i the case of reflectance measurements froni a finite SL structure, are marked by a
peak in the reflectance spectrum.

Continuing to consider normal-incidence, if the contrast in the optical proper-
ties (7.c¢., refractive index) is small such that the frequency-width of the photonic
band gaps are small compared to the available bands. the band structure can be

approximated by a simple algebraic equation. That is, with 8 = 0 and ne ~ n;.

P,(0) = P(0) = Puorm =~ 1 and it follows from Eq. 2.50 that [2]
KD =~ <M> w. (2.58)
-

Written in the above form. ~ is taken to be the extended-zone scheme photonic

wavevector. It can be shown that

CH
W —, (2.59)
Netf

where nqg is an effective refractive index given by

Ner = I'ny + (1 — I')no. (2.60)




One should also note that Eq. (2.09) is a generalization of Eq. (2.56). and both
expressions arce cqual when v = tn/D. Hence. the extended-zone scheme photonic
band structure cain be approximated by a single linear dispersion curves with a slope
of ¢/nqr which passes through the center of the photonic baud gaps. Figure 2.3 depicts

the resulting photonic band structure.  Further. if ny > ny. one can show that

Nett — 1y = (1L =) (ny—ny) >0 (2.61a)
Neg — Ny =Ly — ny) <0 (2.61D)

and. consequently.
< g < s (2.62)

Finally. substituting d; = I'D aud dy = (1 — I')D. it is clear that Egs. (2.50)
and (2.58) give expressions of v D versus wD. Therefore. as with the phononic band
structure. for a given set of constituent laver optical parameters and laver fill-fraction

['. the photouic band structure is scale-invariant,

2.2 Brillouin Light Scattering

2.2.1 Overview

hi order to characterize the phononic band structure of 7-Si SLs. inclastic Brillouin
light scattering spectroscopy will be done. The resulting measurenients provide a set
of {2 versus ¢ data for phonons directed along a given direction in the material and.

in turn. the phononic band structure can be mapped.



Figure 2.3: Schematic of the photonic band structure for propagation along the mod-
ulation axis of an infinite binary periodic superlattice. Black dashed curves: photon
dispersion relation based on Eq. (2.50) with § = 0: red line: approximation of the
zeroth-order photon band given by Eq. (2.59): blue lines: dispersion curves for the
constituent lavers.
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Brillouin light scattering is used to probe acoustic phonons in a given material
systeni. That is. when a photon impinges o1 a material. it may interact with a lattice
vibration, or phonon. and subsequently scatter. This is accompanied by an exchange
of energy and mowmentum between the photon and phounon. According to the laws
of conservation of energy and momentun, for a homogeneous material this process is

governed by [15]

hw, = hw; £ hS2 (2.63a)

HK, = hK, + hq. (2.63b)

where w; and wy are the angular frequencies of the incident and scattered light, respec-
tively, and K; and K, are the wavevectors of the incident and scattered light inside
the material, respectivelv. The plus sign in the above expressions corresponds to the
process of phonon annihilation. or anti-Stokes scattering. while the minus sign corre-
sponds to the process of phonon creation. or Stokes scattering. Figure 2.4 illustrates
a typical Brillouin scattering spectrun.

When considering inelastic light scattering from a SL, the periodicity of the lattice

must be taken into account. Thus. Eq. (2.63) is rewritten as [2]
T = hw; £ h8Y (2.64a)

2nl .
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Figure 2.4: Schematic of a Brillouin spectrum. Double peak features due to Stokes
and anti-Stokes scattering from various acoustic phonons. such as the Ravleigh surface
mode (R). the bulk longitudinal mode (L), and the bulk transverse mode (T). are
observed. These peak doublets are set svinnetrically about the highly intense peak
attributed to clastic scattering: the corresponding frequency shifts are equal to the
frequencies of the probed phonons.

where (27/D).r is the reciprocal lattice vector of the SL. Conscquently, the resulting
Brillouin spectrum will contain spectral features corresponding to folded branches of
the zone-folded phononic band structure.

In Brillouin scattering. acoustic phonons are probed. It follows from Eq. (2.63b)
that the wavelength and direction of the characterized phonon depends on the wave-
length of the incident light as well as the scattering geometry. In fact, the phonons of
interest tvpically hiave wavelenghs of the order of 100 nm. Thus. these long-wavelength

acoustic phonouns behave as elastic waves which. for a homogencous material. are gov-
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erned by the dispersion relation [15]

Q=2mr=Vyg (2.65)

where v is the phonou frequency and V' is the magnitude of the phonon velocity. Since
V' is of the order of 1 kin/s (7.e., much smaller than the speed of light ¢), 2 < w;.
Hence, according to Eq. 2.63. wy = w; and. consequently, | K| ~ |A;|. Overall, this

approximation applies when probing most material systems. including SLs.

2.2.2 180°-Backscattering and Pseudo-Reflection Brillouin Light
Scattering Geometries

Figure 2.5 shows the scattering geometries used in the present study. For a 180°-
backscattering geometry, where O,. the angle between K, and the sample surface
normal, is equal to ©;, the angle between K; and the sample surface normal, it follows
from Eq. (2.63b) that the components of the probed phonon wavevector perpendicular

aund parallel to the surface of the material are given by

qpsL = 2Ky (2.66a)

qBs| = 2[\'1”. (2661))

where A, and A% are the corresponding components of K;. Furthermore. the angle

between and the sample surface normal. «pg. is expressed as
BS

; [\’,‘
aps = tan™? (M) = tan ! ( il ) (2.67)
4Bsy Ky
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where k;. the in-plane component of the incident photon wavevector outside the
material. is equal to Ay through Snell's Law. As one can sce, the magnitude of the

probed surface phonon wavevector can be changed by changing the direction of k;.

Figure 2.5(h) depicts a pseudo-reflection scattering geometry. In this case, |0, —
O;! > 0is small (i.e.. less than 10°). The components of the resulting probed phonon

perpendicular and parallel to the sample surface plane are, in general. given by

qprL = I + Ny (2.69a)

qrr| = Ky — Ky (2.69b)

and the angle between qpp and the sample surface normal, apg. is expressed as

Ny — K,
app = tan ! <@> = tan”! <¥> . (2.70)

qPRL K+ Ky
With O, ~ O;. however. then Iy = L. so it follows from Eqs. (2.69) and (2.70)
that

qrr ~ qrrL = I + Iy (2.71)

and, further,

Opp =~ tallil (O) = 0. (272)

Hence, by tuning K; and K, while keeping @, ~ ©,. pscudo-reflection geometrv
Brillouint light scattering can be used to characterize a range of ¢pg values directed
approximately along the sample surface normal. This is particularly useful for SLs as

the corresponding phononic band structure could then be mapped.
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The preceding discussion makes no assunmption about the phononic and photonic
dipersion relations and. thus. can be applied to homogeneous materials as well as SLs.
Further details on the application of these scattering geometries will be provided in

the following chapters.
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Chapter 3

Methods and Materials

3.1 Sample Preparation

The studied 7-Si filimg were formed from p*-type [100]-oriented crystalline silicon
with a resistivity in the range of 0.005-0.020 2 cm. In particular, the electrochemical
process used to make the films was such that the porous structure nucleated at the
polished surface of a piece of bulk crvstalline silicon. The ~4 cm? piece of parent
crystalline silicon had been cleaved, using a diamond scribe, from ~500 pm-thick
pT-type erystalline silicon wafers with a diameter of ~ 10 cin.

There are a munber of reasons tor choosing to fabricate the 7-Si filns from p*-type
crystalline silicon. First. mesoporous tihus made from pt-type crystalline silicon are
well-characterized [1j and. in particular, studies have shown that periodically multi-
layered 7-Si films made from this type of bulk silicon can behave as one-dimensional
photonic crystals [2. 3]. Second. research suggests that these films are relatively ro-

bust in ambient conditions and, in contrast to samples made from p~-type crystalline
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silicon, do not oxide quickly [2]. Third, by taking additional measures throughout
the fabrication process (as will be discussed in a proceeding paragraph), undesirable
porosity gradients caun be readily avoided for the case of filhns made from p*-type
crystalline silicon [3]. This is critical since it is to be assumed that the films have a
well-defined modulation in the porosity.

Supported 7-Si films were fabricated by electrochemical anodization of a cleaved
piece of pT-type crystalline silicon wafer in hydrofluoric acid-based electrolytes. Prior
to anodization. a sample was dipped in1 hydrofiuoric acid (HF) for 60 s to help remove
native oxide on the surface. The sample was then placed in an electrolytic cell with
either a 1:1:1 (water: 49% wt. HF: 98% wt. ethanol) electrolyte or a 1:1 (49% wt.
HF: 98% wt. ethanol) electrolyte (note: all electrolvte composition ratios are by
volume). Specifically, preliminary samples were made using the 1:1:1 (water: 49%
wt. HEF: 98% wt. ethanol) electrolyte: for later samples. the electrolyvte composition
was 1:1 (49% wt. HF: 98% wt. ethanol). This change in solution composition was
spurred on by an observed lack of sample-to-sample reproducibility in the earlier films
that was thought to stem from issues with the included deionized water.

Figure 3.1 shows the electrolytic cell that was used. The bottom of the inner cavity
of the cell, where the anodization process occurred. was sealed using a small rubber
o-ring. Copper (Cu) was used as the contact electrode, being placed in contact with
the unpolished side of the p*-type silicon. and platinum (Pt) was used as the working

electrode. The Cu and Pt clectrodes were conmected to the positive and the negative
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terminals of a Keithley 2400 SourceMeter power supply, respectively. Figure 3.2
shows a schematic of the circuit. A user-defined current profile was applied across
the sample. which was monitored by an anmmeter. In order to minimize the effects of
uncontrolled photochemical etching. the artificial lights in the laboratorv were turned
off during sample anodization. Furthermore. for manv of the experiments, a teflon
cover was placed over the top of the clectrolytic cell during the anodization process.
A small slot cut into the cover allowed it to be slipped over the Pt electrode without
interfering with the clectrode placement. In addition. to help prevent build-up of
hydrogen gas which is produced during the anodization process [4]. two small holes
were drilled in the top of the cell cover. Moreover, the cover did not enclose the entire
cell and, in fact. it typically rested on the alligator-clip used to connect the ammeter
to the Cu electrode.

It is known that tuning the applied current density (or. in this case. current as
the etch area is constant) while keeping all othier etch parameters fixed results in a
change in the film porosity with film thickness. Thus. single-layer 7-Si filins were
tabricated by applving a coustant current, while multilayered 7-Si films with a binary
periodicity in the porosity were made by alternating the current between two known
values.

The fabrication of binary periodic multilayvered 7-Si filins is only possible since
7-Si formation approximates a self-limiting process [2] (see Section 1.1). Once a 7-Si

film is formed, additional etching of the sample proceeds at the pore tip and the pre-
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viously formed nanostructure is not affected. This is an approximation. however, and

-5 films may exhibit a gradient in the porosity with depth due to (a) undesirable

chemical etching of the upper portions of the filn frour prolonged exposure to the elec-

trolyte aud (b) chiauges in the electrochemical process stemming from depletion of the
electrolyte at the pore tip. Fortunately. for samples fabricated from p™-type silicon.
chemical etching of the pore walls is not usually significant and electrochemical-based
gradients may be counteracted through the implementation of zero-current etch stops
which allowed tinie for the electrolvte to replenish at the pore tip [3]. Consequently,
when making the multilavered samiples. 1 s etch stops were nmplemented between
the alternations of the etch current. The resulting structures were then taken to be
contposed of constituent lavers which had porosities equivalent to that of single-layer
films made under the sanie etching conditions (7.e.. ctching current).

The applied currents used to make the studied single-layer and multilayered films
are given in Table 3.1. In the case of samples made using a 1:1 (49% wt. HF: 98%
wt. ethanol) electrolyte. the applied currents were chosen since the corresponding
single-layver filins had bheen well-characterized m an earlier studv conducted in this
laboratory [5]. Thus. there was an existing body of knowledge regarding the physical
parameters of the resulting films, such as fihn porosity as well as the elastic and
optical properties. One should note that i this current study, no single-layer fihns

were made using the 1:1:1 (water: 49% wt. HF: 98% wt. ethanol) electrolyte.
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Table 3.1: Anodization current densities used to make single-laver and multilayered
porous silicon films. The single-layer films were obtained by applying a constant
current (either Ij;4p or 1), ). while the multilayered films were obtained by alternating
between the two currents.

Solution Lhigh Liow

(mA) (mA)

1:1 (49% wt. HE: 98% wt. ethanol) 230 142

1:1:1 (water: 49% wt. HF: 98% wt. ethanol) 50 5

The applied currents were higher for samples made using the 1:1 (49% wt. HEF:
98% wt. ethanol) solution since J..; tends to increase as the HF concentration in-
creases (i.e., the pore formation regime occurs for a wider range of current densities as
the HE concentration increases [6]). Additionally, the applied current density values,
J, could be determined by dividing I by the 7-Si film surface area, (1.47 £0.02) cm?,
which had been deduced from the diameter of the film: the film diameter was mea-
sured using a Vernier caliper, as described previously [5].

With the etching process completed. the resulting supported 7-Si film (single-layer
or multilavered) could be removed from the cell. Once removed. the supported films
were rinsed with tap water, dried with paper towel. rinsed in pentane (whose low
surface tension helped to reduce the possibility of structural cracking due to excess
capillary forces), and dried in ambient air.

Alternatively, if one wished to detach the as-formed supported 7-Si film from the

crystalline silicon substrate, a sccondary anodization process had to be done. Leaving
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the formed supported 7-5i film in the cell, the original electrolyte was replaced with

a 1:7 (49% wt. HF: 98% wt. ethanol) solution. Decreasing the HF concentration

decreases the critical current density, J..;. required for electropolishing and, thus. re-
duces the undesirable effects of Joule heating [7]. By applyving J,.;;, the film-substrate
interface is etched (recall the self-limiting nature of 7-Si formation) and the film lifts
off the substrate. In the present study, an applied current of ~ 30 1A was sufficient
to detach the films. The electropolishing process usually took several minutes to fin-
ish, with the circuit current. as read on the anmeter, going to zero near completion
(i.e., the circuit shorted when the film lifted off the substrate).

The freestanding 7-Si film was removed from the electrolytic cell by carefully dis-
posing the electrolyte. rinsing the cell with water, and then using the silicon substrate
as a base to carry the film out of the cell. The filin was then transterred to a teflon
sample holder. This was done by first placing the film (which was still resting on
the silicon substrate) on the bottom part of the teflon holder. which was inside the
overturned electrolytic cell cover (see Fig. 3.3(a)). In order to transfer the film from
the substrate to the holder bottom. first. the cell cover was filled with pentane, re-
sulting in the film floating off the substrate due to the positive buoyant. force. Using
tweezers, the silicon substrate was removed and. as the pentane drained through the
gas-release holes in the electrolytic cell cover. the film was guided onto the center of
the film holder bottom. Once the pentane had completely drained, both the sample

holder base and film were retrieved. That is, using the tweezers to *hook™ the screw



holes in the holder bottoni. thie holder bottom was lifted out of the cell cover. The
top of the holder was attached using 3 thuib-serews which were set concentrically
about the center of the sample holder. Furthermore. a small rubber o-ring served
to hold the filmi in place (see Fig. 3.3(b)). To help reduce the possibility of the film
cracking under excess capillary forces which may be present during the drving pro-
cess, samples were held in a nitrogen-rich environient overnight. This was done by
placing the sample holder in a contaiier system situated over a dewar of boiling liquid
nitrogen. Within the container system. the sample was ~ 20 ¢ above the opening

of dewar and. therefore. the sample is not cooled to much below room temperature.

3.2 Determination of Film Thickness

Previous studies on similarly made 7-Si samples suggest that filim growth is ap-
proximately linear with time [5]. That is. the overall filur thicknesses for single-layer

and multilayered filins are given by

H.s‘iilf][(' = ryfy (Jl)

and

Hmulfi - ’](’.hi.{/hthigh + rlozuf[ou') = '/D (‘32)

respectively, where r,, are the etch rates at the correspowding currents, ¢, are the etch
times, y = high.low denotes the relative current value. n is the number of current

cycles used to form a multilayered filn. and D is. as stated before, the modulation



Figure 3.3: Cross-section of (a) the freestanding film retrieval setup and (b) the
sample holder. The two pieces of the holder were held together by three screws.
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wavelength in the resulting binary periodic nltilavered film. Therefore. if the etch
rates are knowu. both the overall filin thicknesses and the SL modulation wavelength
may be deduced from the fabrication eteh times and the number of current cveles. For
samples made using the 1:1 (49% wt. HF: 987 wt. cthanol) clectrolvte. the relevant
etch rates were determined in a previous study conducted in this laboratory [5].
Table 3.2 gives pertinent eteh rates for these samples. Specifically, eteh times were
chosen such that the resulting filins were ~ 6 yan thick.

Another method for deducing the overall thickuess of a supported or freestanding
m-51 film 1s by using scanning electron microscopy (SEN) to image the sample cross-
section. Prior to imaging. the samples were cleaved in order to expose a cross-sectional
interface through the film. Care was taken to cleave approximately along the center
line of the film. This helped to avoid a systenatic uncertainty in the SEN-deduced
film thickness: the fihn was thinner near the outer radius. owning to edge effects
in the anodization process. In fact. these edge cffects manifested as a change in
sample colour near the outer edge of the filin (sce Fig. 3.4). The cleaved samples were
mouwted to a SEN-ready sammple liolder. typically using silver paste. To help with
imaging contrast. a thin laver of gold was evaporated onto the samples.

Figures 3.5. 3.6 and 3.7 show cross-sectional SEN images collected from a free-
standing single-laver 7-Si film. a supported single-laver 7-Si film, and a supported
square-wave modulated multilayered #-Si filin. respectively. For the supported filins.

the SEMN images show cross-sections of the porous films as well as a portion of the
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corresponding bulk crystalline silicon substrate: the image from the freestanding film
shows the porous sample surrounded by vacuum. The brighter layers observed in the
inage of the multilayered film are assigned to the higher porosity constituent lavers.
As mentioned in Section 1.1, very bright regions near the outer surfaces of the films
(see Figs. 1.1 and 3.5) are thought to be an artefact of clectron charging effects which
occur during the scanning clectron imaging process and. thus, are not attributed to
gradients in the film porosity. One should note that the three saniples were fabricated
according to the procedures outlined in Section 3.1.

For films made using the 1:1 (49% wt. HF: 98% wt. ethanol) electrolyte. values of
H obtained using SEM linaging were within ~15% of those deduced using Egs. (3.1)
and (3.2) together with the etch rates given in Table 3.2. The main contribution to
this difference is thought to be due to an unavoidable sample-to-sample variability in
the etch procedure.
Table 3.2: Anodization etch rates and gravimetricallv-deduced porositv values for

samples made using a 1:1 (499 wt. HF: 98% wt. ethanol) electrolvte. Etch rates are
from [5].

Current T ¢

(mA) (nm/s)

230 148 £ 1 0.58 £0.02

1" 106 £ 5 0.50 £ 0.02
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Figure 3.4: Top-down image of a supported 7-Si multilayered film. The sample is a
one-dimensional photonic crystal with a band gap in the red frequency range. The
arrow points out the reduced film thickness along the outer edge of the film. denoted
by a change in colour.

Figure 3.5: Cross-sectional scanning electron micrograph of a freestanding single-layer
m-Si film. The sample (labeled PSi4.941) was formed in a 1:1 (49% wt. HF: 98% wt.
cthanol) electrolyte with an applied current of 230 mA. To minimize effects due to
electrolyte depletion at the pore-tip over the long etch timne (200 s), the current was
pulsed. The resulting current profile consisted of 0.5 s etch intervals separated by 1 s
etch-stops for 400 cycles. The measured filin thickness was ~ 28 un.
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Figure 3.6: Cross-scctional scanning clectron micrograph of a supported single-layer
m-Si film. The sample (labeled PSid.7#3) was formed in a 1:1 (49% wt. HF: 98% wt.
ethanol) electrolyte with a constant applied current of 230 mA. The etch time was
34 s and the measured film thickness was ~ 4.5 pm. Enpty (filled) arrow denotes
the film-air (substrate-fili) interface.

Figure 3.7: Cross-sectional scanning electron micrograph of a supported multilay-
cred 7-Si film. The sample (labeled PSi2.22#4) was formed in a 1:1 (49% wt. HF:
98% wt. ethanol) electrolyte with a periodic current profile. The etch times were
thigh = 1.67785 s and 14, 2.25225 s. This resulted in constituent lavers of ap-
proximately equal thickness and a SL modulation wavelength of ~ 500 nm. Brighter
regions correspond to the higher porosity layers formed at the high current value (i.e.,
230 mA). The filled arrow denotes the substrate-film interface.
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For most of the studied SL filins. the constituent lavers were too thin (i.e., D/2 <

100 nm) to be discernible in the collected SEM images. In spite of this. a value for D
could be obtained by taking into account the SEN-deduced H,,,;; together with the

knowi mumber of applied current cycles (it follows from Eq. (3.2) that D = H,u4:/1).

3.3 Determination of the Porosity, Mass Density, and Re-

fractive Index of a Single-Layer Film

The physical characteristics of a mesoporous silicon film, such as refractive index
and mass density, are strongly dependent on the porosity value. The porosity of a
single-layer 7-Si film. (. is simply the fraction of voids in the porous structure. This

is stated mathematically as

C o ‘/:zoids o M oids (3 3)
/Tfﬂm Megilicon
where Vigigs = (Muoids)/pe—si 1s the volume of the voids. Vi = (Miticon)/pesi

is the volume of the overall film. m 4 1s the mass of silicon removed during the
formation of the porous nanostructure, mgjicon 1s the sum of m,.ie and the silicon
uiass of the remaining nanostructure. and p._g; = 2330 kg/m?* is the density of
crystalline silicon [8]. Thus. the porosity of a single-layer sample may be obtained by
determining m,pigs and Mgiicon.

With this in mind. the mass of the test piece of silicon before anodization, 17ye—eten.

and after anodization. 1mpeg—eren. Were obtained using an analvtical balance. In turn.
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one obtains Mids = Mpre—etch — Mpost—eten- 111 contrast, determining mgyico, required
that the film be destroved. This was done through a sclective etch in a 1% KOH
solution [5]. Once in the solution, the film was etched away. as indicated by the evo-
lution of gas bubbles on the filhn surtace. This process took several minutes and, once
bubbles stopped forming. the remaining substrate was removed from the solution.
Using the same analytical halance. the mass of the KOH-ctched sample. my,5-xon.
was obtained. One can then caleulate nigiicon = Mpre—eten — Ntposi—rkon. Hence. the
porosity may be determined gravimetrically through Eq. (3.3). Consequently, for
each set of conditions. a series of films was made with the purpose of determining the
porosity. Through statistical analysis of the gravimetric results, a single value for the
layer porosity corresponding to each etch current was deduced. Table 3.2 shows the
porosity valiles. As mentioned in section 3.1, only single-layer films made using a 1:1
(49% wt. HF: 98% wt. ethanol) electrolyte were studied.

With the porosity determined. both the mass density and refractive index of the
single-layer film could be found. In particular, the mass density of the film is given
by pr_si = (1 — ()pe_gi. The relationship between the refractive index and the
porosity, on the other hand. is much more complex. For mesoporous silicon films
made froin pT-type crystalline silicon. as is the case here. studies have shown that the
effective refractive index of the filni, ner, can be obtained using the two-component
Bruggemann etfective medium model, expressed as [9]

(1 = n(w))(N(w)* + 2n(w)?)
3n{w)?(1 — N(w)?)

o (3.4)
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where N(w) is the refractive index of bulk crvstalline silicon and w is the optical
wavenuinber. Thus, the dependence of n(w) on light wavenumber may be determined

using ¢ and the corresponding values of N(w) given in the literature [10].

3.4 Optical Reflectance Spectroscopy

3.4.1 Broad-Band Optical Reflectance Setup and Method

To help characterize the optical properties of the 7-Si filis, broad-band optical
reflectance spectroscopy was done. The optical setup is shown in Fig. 3.8. An Ocean
Optics LS-1 Tungsten Halogen lamp. optinized for output from 360 nm to 2500 nm,
scrved as the source of incident light in these experiments. Source light was coupled
into the outer six fibers of a seven-fiber. v-configuration Ocean optics QR600-7-SR-
125F optical fiber system (FO). which had a transmission range of 200 mmn to 1100 nmn.
The light traversed the fibers and was output from a fiber probe (PRO) which was
held above the optical bench by a micrometer-adjustable bracket (MB). The output
source light impinged on the sample (S) at near-normal incidence. The resulting
reflected light coupled into the center fiber of the probe (the remaining fiber of the
seven fiber bundle) and was sent to an Ocecan Optics 2000USB VIS-NIR grating
spectrometer, which was used to frequency-analvze the collected light. In particular,
the spectrometer contained a 350 1mm-1000 nm grating and the resolution was 1.5 nm.

Furthermore. the spectrometer detector. a linear silicon CCD array. was seunsitive
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Figure 3.8: Broad-band optical reflectance spectroscopy setup. FO - v-configuration
fiber optic bundle, PRO - optical reflectance probe. MB - micrometer-adjustment
bracket, S - sample, CPU - computer.

from 200 nm to 1100 nm. Subsequently. the collected reflected light intensity versus
optical wavelength was output to a computer, where it was displayed and stored.

In order to determine the absolute reflectance ot the probed samples, the collected
reflected light spectra were normalized against that of a known reference. This, in
turn. removed any artefact stenuuing from the waveleugth dependence of the tung-
sten halogen lamp output intensitv as well as signal losses due to coupling and at-
tenuation in the fiber. The chosen reference was a BB05-E02 broad-band dielectric
mirror manufactured by Thor Labs. Figure 3.9 shows a tvpical absolute reflectance
spectrun taken from a BB05-E02 mirror at near-normal iicidence. As one can see.
the reflectance is greater than 98% over wavenumbers ranging from ~ 1.05 pm™! to
~ 2.50 pm~! (... ~ 400 nm to ~ 950 nm). Note that from here on. the reflectance
spectra will be plotted over wavenmunber, which is proportional to frequency. allowing

the data to be readily related to the calculated photon band structures.



Figure 3.9: The absolute reflectance spectrum of a broad-band dielectric mirror. The
mirror was manutactured by Thor Labs and the spectral data were collected at an
angle of incidence of 8°. The arrow indicates a sharp decrease in reflectance in the
near-infrared. Data were obtained from the manufacturer website [11].

The relative reflectance of a given sample may be calculated as

]s:am — 1 !

sample background

Ry = ; . (3.5)
]mirr'or  dbackground

where g, 18 the spectral response collected from the sample, 1, is the spectral
response collected from the mirror, and lyeerground 18 background response collected
with the tungsten halogen source turned off. Given that the mirror is approximately

100% reflective over ~ 1.05 ym™" to ~ 2.50 pan !

. R,e is taken to be equal to the
absolute reflectance of the sample, R.,. over this wavenumber range.

When collecting spectra from the mirror and sample. the distance between the
probe and probed material was adjusted to maximize the coupling response (recall

that the probe was held in an adjustable bracket). That is, the spectral response

was monitored in real-time on the computer display and the maximum intensity was
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achieved at a sample-to-probe distance of about 5 mun. Further, in order to avoid
sensor saturation when probing the mirror, the integration time was set to ~ 500 ms.
For cach set of measurements, all three spectra (sample, mirror, and background)
were collected at the same integration time.

Figure 3.10 shows an example experimental optical reflectance spectrum col-
lected from [100]-oricnted gallimn phosphide (GaP). The change in reflectance at
~ 1.82 ™! is a manifestation of the expected electron band gap [12]. The peak at

. on the other hand, is an artefact of the decrease in reflectivity of the

~ 1.1 pm~
dielectric mirror in the near-infrared and therefore does not correspond to the true
absolute reflectance of the GaP sample. That is, since there is a sharp decrease in

the mirror reflectivity at ~ 1.05 ym’l. the correspouding relative reflectance value

obtained using Eq. (3.5) is much higher than the absolute reflectance of the sample.

3.4.2 Optical Reflectance from a Freestandin_, Multilayered
m-Si Film

As the optical properties of a mesoporous silicon film are dependent on the poros-
ity, analvsis of the reflectance spectra can provide insight into the underlying nanos-
tructure. With this in mind. reflectance measurements were collected from both
surfaces of a freestanding multilayered 7-Si film in order to obtain information about
the consistency of the formation process. Figure 3.11 shows the collected spectra. As

one can sec. the spectral positions of the optical Bragg peaks and. thus. the photonic




Figure 3.10: Optical reflectance spectrum of [100]-oriented GaP. The vertical arrow

located at ~ 1.82 um™? indicates a change in reflectance due to the electron band

gap of GaP. The horizontal arrow indicates a sharp peak at ~ 1.05 um~! which
is a spectral artefact due to the decrease in the reference mirror reflectivity in the
near-infrared.

band gaps were within ~ 5% of each other. It follows from Egs. (2.57) and (2.60)
that neg D is approximately equal at both surfaces. One may then infer that the etch
process was fairly consistent throughout the formation of the ~ 50 pm-thick filin.
Hence, it is reasonable to assume that there is little effect due to porosity gradients
with depth for a ~ 6 pan-thick film (the typical thickness for samples investigated in
the current study). Note: as there is uncertainty in which surface of the freestanding
film was attached to the substrate, no other inferences are made based on the current

data.
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Figure 3.11: Optical reflectance spectra collected from the surfaces of a freestanding
multilayered 7-Si film. The arrows indicate the optical Bragg peak in each spectrum
and the dashed horizontal line marks 0% reflectance for spectrum 1. The probed
sample (labeled PSi4.9#2) was formed in a 1:1 (49% wt. HF: 98% wt. ethanol)
electrolyte with a periodic current profile. The etch times were ¢35, = 0.5 s and #;,,, =
0.5 s and the current was alternated 400 times. This resulted in a SL modulation
wavelength of ~ 125 nm and an overall film thickness of ~ 50 zan.
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3.5 Brillouin Spectroscopy Setup

3.5.1 180°-Backscattering Geometry

The 180°-backscattering geometry Brillouin light scattering setup is shown in
Fig. 3.12. A diode-punped frequency-doubled Nd: YV, solid-state laser (single-
mode Coherent Verdi-2) emits a vertically polarized beam of light with a center
wavelength of ~ 532 nm and a bandwidth of ~ 10 MHz. The 2 W beam was first
passed through a variable neutral density filter (VNDF'), which served to reduce the
beam power. and then a half-wave plate (HWT). which rotated the beam polarization
into the horizoutal plane. The horizontally polarized light was incident on a beam
splitter (BS). with the reflected portion of the light being used as a reference beam
and the transmitted portion being used as the saiple probe beam.

The reference beam was directed to a six-pass tandem Fabrv-Perot interferometer
by a front-surface mirror (M). Before entering the interterometer, the reference beam
was passed through an aperture (A) and a variable neutral deusity filter (VNDE).
which allowed for adjustment of the power. This beam was used to maintain align-
ment of the interterometer. Furthermore, used in conjunction with a shutter system
iuside the interferometer. it helped to prevent saturation of the photomultiplier tube
when the interferometer was scanning over the portion of the scattered light spec-
trum (collected from the probed sample) that contained the verv intense clastically

scattered light.
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Figure 3.12: 180°-backscattering geometry Brillouin light scattering setup. HWP -
half wave plate. BS - beawm splitter. N - mirvor. F - filter. VNDEFE - variable neutral
density filter. A - aperture. L - lens. P - prisin. CL - focusing/collecting lens. S -
samiple. The dashed box indicates the portion of the setup specific to this scattering
geometry.

The path of the probe beam. which had been transmitted through the beam
splitter. was deviated by 90° using a front surface wmirror. It was passed through
two filters (F) and a variable neutral density filter (VNDFE). which served to reduce
the beam power to withinn a range of ~ 50 mW to ~ 80 mW. The beam underwent
internal reflection in a prisin (P). directing it on a path parallel to the original bean.
The probe beain was then focused by a b e lens (CL) onto the sample (S). which was
mounted on a rotation stage. Sonie of the scattered light was collected and collimated
by the same lens. with the size of the collection cone being set by adjusting the f/#
(CL was contained in a camera lens system which had an adjustable aperture). In

particular. 1.8 <f/#< 1.0 for these experiments. With the axial ray of the scattered
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light coue being anti-parallel to that of the incident light. the collected scattered light
was 180° backscattered (z.e.. the scattering angle. defined as the angle between K
and K;, is 180°). This collimated scattered light passed through a second 40-cm
lens (L) which focused the light onto the input pinhole of the tandem Fabrv-Perot
interferometer. Furthermore, finc-adjustments to the focus of the CL were achieved
by tuning the position of the lens along the beam path while monitoring the focused
beam spot on the interferometer pinhole {the beamn was said to be focused when
the spot size was at a minimum). The plane of the pinhole was viewed through
a microscope (not shown). Moreover. for the 180°-backscattering geometry light
scattering measurcments, the pinhole size was set to 450 zmn.

Using this procedure. a range of incident angles could be accessed. By adjusting
the rotation angle of the sainple on the rotation stage, the incident angle between the
probe beam and the sample surface normal, #; (which, in this geometry. is equal to
the angle between the axial ray ot the collected scattered light cone and the sample
surtace normal, ), may be tuned. Specifically. #; was cqual to the corresponding
angle reading on the rotation stage minus that at normal incidence. The rotation
stage angle at normal incidence was found by determining the orientation at which
the incident beam underwent back-reflection through the collection lens (deduced

using a piece ot paper to monitor the reflected beamn spot bevond the prism).



Figure 3.13: Procedure for setting up a pseudo-reflection Brillouin light scattering
geometry. (a) The red diode laser. used to ensure that the focal points of the incident
and collection lenses coincided. was put in place; (b) the incident lens was set such
that the angle of the resulting specularly reflected light would be slightly offset from
that of the scattered light collection cone axis; (¢) the incident beam was focused on
the sample: (d) the scattered light was sent to the interferometer. DL - red diode
laser. M - mirror. IL - focusing lens for incident light. P - prism. CL - collecting lens.
S - sample, RB - reflected light beain.

3.5.2 Pseudo-Reflection Scattering Geometry

With the exception of the focusing and collecting optics (indicated by the dashed
box in Fig. 3.12), the experimental sctup used to conduct pseudo-reflection geom-
etry Brillouin light scattering measurements is the same as that used for the 180°-
backscattering geometry measurements. Fig. 3.13 depicts the steps taken to set up

the pseudo-reflection scattering geonetry.
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Initially, the setup follows the same procedure as described above. with the col-
lection lens being used to focus the laser beam onto the sample and. thus. setting the
sample scattering volume. Once this was done, a mirror (M) placed beyond the prism
(P) directed the beam from a red diode laser (DL) onto the sample (see Fig. 3.13(a)).
The orientation of the mirror and diode laser were adjusted such that the red and
green heams were coincident on the sample and. in turn, the incident spot from DL
was used to indicate the position of the sample scattering volume throughout the rest
of the set up procedure. An additional mirror (M) and 7 cm lens (IL). mounted to
a rotation arm centered on the post of the sample rotation stage. were then set into
place such that the axis of the rotation arm was ~ 5° to ~ 10° beyond the axis of the
reflected portion of the green laser beam (RB) (see Fig. 3.13(b)). A third mirror (M)
was used to redirect the green probe bean onto the rotation-arm-mounted mirror
(M). The orientation aud position of the arm-mounted mirror and 7 ¢m lens were
adjusted such that the redirected green probe beam impinged on the same position
ou the sample surtace as the red beam. This step is shown in Fig. 3.13(¢). Thus, as
mentioned above. the red beam was used as a guide to ensure that lenses IL and CL
were focused onr approximately the same scattering volume of the sample. Fig. 3.13(d)
shows the final step in the procedure. Here. both the mirror that had been placed
bevond the prism as well as the red diode laser were removed. Conscquently, the
scattered light which was collected and collimated by the collection lens CL was then

focused onto the pinhole of the interterometer using a 40 c¢m lens (L in Fig. 3.12).
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Furthermore, by monitoring the scattered light spot on the pinliole. final adjustments
were made to the position and orientation of the arm-mounted mirror and lens (IL)
in order to ensure that the probe heam focused by IL was approximately coincident
with the focal point of the collection lens CL (note: the diameter of the spot on the
pinhole was at a minimum when the focal points of IL and CL were coincident). Due
to the use of the 7 ¢ lens. the beam spot on the pinhole was larger than that en-
countercd when using 180°-backscattering geometry and, therefore. the input pinhole
size was set to either 700 g or 1000 yan, not 450 gm. Additionally. the {/# of CL
was typicallv set between ~ 2.8 and ~ 1.0 for these experiments.

As with the 180°-backscattering geometry. angles #; and 8, for the pseudo-reflection
geometry could be tuned. In this case. however. the scattering angle changed with 6;
and €,. In particular, the value of 8, was set when the focal point of the collection lens
CL was initially positioned on the sample, prior to placing the red diode laser and
corresponding mirror in the setup (betore performing step (a) in the preceding setup
procedure). This was done in the same way as described for the 180°-backscattering
geometry. Furthermore. orienting tlie rotation-arm-mounted mirror and lens (IL) at
an angle ~ 5° to ~ 10° bevond the axial rav of RB ensured that 6; was ~ 5° to
~ 10° greater than .. The exact value of #; was determined prior to completing step
(c) of the pscudo-reflection geometry set up. That is, by rotating the sample and
determining the rotation stage angle at which RB passed through the center of IL.

the corresponding value of #; was deduced. Obviously, once ; was deterined. the
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sample was rotated back to its original position. Morcover, for the incident angles

considered, the offset between 6; and ¢, was large enough such that. for the angles

typicallv considered in these experiments. the light reflected by the sample did not
lie within the scattered light collection cone.

For a number of reasons. #, was typically within the limited range of ~ 25° to
~ 65° for these experiments. Firstly. due to the finite size of the optical elements (IL.
CL, etc.), there was a lower Limit on the angle at which the rotation arm could be
oriented relative to the axial ray of the scattered light defined by CL. Secondly. at
larger scattering angles. the ~ 5° to ~ 10° offset between 6, and 6, was insufficient
to ensure that the reflected light did not fall within the scattered light collection
cone. For measurcients taken with #, greater than ~ 70°, a ~ 30 GHz-shifted peak
was observed on the anti-Stokes portion of the collected Brillouin spectra. This peak
appeared to be independent of the probed sample material and, furthermore, it is not

thought to be due to a Raman mode since the peak is positioned in the anti-Stokes

portion of the spectrum. It is for these reasons that this spectral feature is taken
to be a manifestation of a weak second beam mode that exists in the laser cavity.

Fig. 3.14 shows a pair of example spectra.



Figure 3.14: Pscudo-reflection geometry Brillouin light scattering spectra collected
at a large aungle of incidence. Spectra were taken from a supported multilayvered 7-Si
sample (PSi2.20#8) and the cover of a clear plastic sample dish (possibly made of
polystyrene). Both spectra were collected with 8, = 70° and #; = 75°. Labels T and
L denote Brillouin peaks which were attributed to transverse and longitudinal bulk
acoustic phonons. The vertical line indicates an additional peak which is thought to
be due to a weak second mode in the cavity of the probing laser.

3.5.3 Tandem Fabry-Perot Interferometer

The six-pass tandem Fabry-Perot interferometer used in these experiments was
manutactured by JRS Scientific Instruments. This svstem provides many advantages
over a simple one-pass single Fabryv-Perot interferometer.

A basic Fabry-Perot interterometer consists of an optical cavity made by two par-
tially reflective parallel planar mirrors. Light entering the cavity undergoes multiple
reflections and, due to interference effects. transmission through the ctalon consists
of a scries of peaks. each corresponding to the frequency tfor which there is construc-
tive interference. Iun particular. cach transinission peak is due to a different order

of interference. Assuming the light is normally incident on the cavity, constructive



interference occurs when the spacing between the mirrors, L, is [13]

b, be

L = (3.6)

where b is an integer corresponding to the order of constructive interterence. ¢ is the
speed of light in vacuuim. A, is the wavelength of a given order. and f; is the frequency
of a given order. It was assuimed that the cavity between the mirrors was a vacuum
(or air); in general, the material properties of the etalon are accounted for in the
speed of light within the material. The frequency of the transmitted light can be
expressed as

be

fi= 57 = bfrsn (3.7)

where frgp is the difference between successive resonant frequencies of transmitted
light. called the free-spectral-range (FSR). Thus. by scanning over the mirror spacing,
the Fabryv-Perot behaves as a tunable frequency filter [13, 14].

A schematic of a tandem Fabry-Perot interferometer is shown in Fig. 3.15. The
setup is such that light entering the instrmnent passes through two separate Fabry-
Perot optical cavities. The resulting output is equivalent to the superposition of the
outputs from each individual Fabrv-Perot interferometer. The spacings of the two
optical cavities. L; and L,. are related by L, = Ljcosy' and. thus. have different
values since 0 < v < 7/2. Due to the difference in spacing, the sequence of trans-
mission frequencies is different for each cavitv. With one mirror from each optical
cavity mounted on the same movable base plate. the spacings of both cavities may be

changed at the sanmie tiine. Thus. by moving the base plate. the cavities are scanned



98

simultaneously and are fully synchronized. Further, the cavity spacings may be tuned

such that a single transmission order of one cavity is frequency-matched with a dif-
ferent transmission order of the other. Due to the superposition of the outputs from

both cavities, only the frequencies corresponding to the frequency-matched orders

will be transmitted. Consequently. the advantages of the tandem Fabrv-Perot inter-
ferometer are an increase in transmission contrast and the elimination of ambiguities
due to the overlapping of transmission orders [14].

For the JRS Scientific Instruments TFP-1 six-pass tandem Fabryv-Perot inter-
ferometer used in the current study, the internal optics were setup such that the
collected scattered light made three passes through a synchronously-scanned tandem
Fabry-Perot interferometer (i.e.. three passes through each individual Fabrv-Perot in-
terferometer) before being sent through an output pinhole to a photomultiplier tube.
These multiple passes served to further increase the transmission intensity contrast of
the system. which is crucial when trving to resolve weak spectral features in the col-
lected scattered light spectrum [14]. Control electronics were used to simultaneously
scan the mirror spacings as well as maintain the parallelism of the mirrors.

As mentioned in a previous paragraph, the scanned scattered light was passed
through an output pinhole (700 pm for the 180°-backscattering geometry measure-
ments: 1000 zan or 1300 gm for the pseudo-reflection geometry measurements) and
impinged on a photomultiplier tube. As the tandem Fabrv-Perot scanned over the

scattered light frequencies, the deduced photon counts were sent to a computer where



Figure 3.15: A tandem Fabry-Perot interferometer. The light passes through one
Fabry-Perot optical cavity (FPI1), is reflected by a mirror (M). and then passes
through a second Fabry-Perot optical cavity (FPI2). L; and Ly are the cavity spacings
of FPI1 and FPI2, respectively. Adapted from [14].



100

the data were displaved as an intensity versus frequency spectrum in the Ghost soft-

ware package (University of Perugia).

3.5.4 Brillouin Scattering from a Liquid

In order to test the accuracy of the pscudo-reflection geometry Brillouin light
scattering measureinents. experinients were conducted on a number of known mate-
rials, including water. Fig. 3.16 depicts a schematic of the setup used to mount the
water sample. A clear plastic sample dish (thought to be composed of polvstyrene)
had been partially filled with deionized water. The dish was closed and sealed at
the edges using shmple utility tape. As was the case for all samples. the water-filled
container was then attached to the mounting post of the rotation stage in the optical
setup using double-sided adliesive. Due to the relatively large weight of the sample.
however. care had to be taken to ensure that the adhesive did not fail. causing the
plastic container to fall from the mount during data collection. One should note that
the utility tape was sufficient to prevent any noticeable amount water from leaking
out of the covered dish (which was held at 907).

With the water contained in the plastic sample dish. the resulting water-plastic
intertace was approxiniately planar aud. hence. could be probed at a range of #; and 6,
values using the Brillouin setup. Focusiug the probing light on the first water-plastic
interface. the expernments proceeded i a tashion similar to that deseribed above. In

this case. however. care had to be taken wlien focusing on the sample as there were



Figure 3.16: Sample mount used to probe water.

a number of material interfaces that could be accessed by the probing optics (i.e..
the air-plastic interface. the plastic-water intertace. the water-plastic interface, and
the plastic-air interface). In particular, two concentric beain spots were seen on the
interterometer pinhole, corresponding to scattering from the first air-plastic interface
and the plastic-water interface. Moving the focal point of the collection lens toward
the sample, minimizing the size of the sccond focus spot. ensured that the probing
light was focused at the water-plastic interface. Focusing the beam on the interface
was crucial when setting up a pseudo-reflection geometry since the presence of the
focused spot in the plane of the pinhole was a clear indication that the focal points of
IL and CL were approximately coincident in the sample (see Fig. 3.13). In turn. the
scattering voluine contained a portion of water as well as a portion of the plastic case.

Consequently. the collected Brillouin spectra contained peaks due to scattering from
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acoustic waves in the water and the casing (see Appendix C). The data attributed to
the case was not analvzed, however, since the exact composition of the plastic was

unknown (it was assumed to be composed of polvstyrene).

3.5.5 Analysis of Brillouin Spectra

Figure 3.17 shows a sample Brillouin spectrum collected from water. In general.
the collected light spectra contained a series of peaks due to Stokes and anti-Stokes
scattering from acoustic phonons set symmetrical about a very intense center peak
set to a frequency shift of zero. As mentioned above. a shutter svstem was used in
conjunction with a reference beani in order to prevent saturation of the photomul-
tiplier tube when scanning over the spectral region corresponding to the elastically
scattered light. In turn, the central peak is not due to elastically scattered light from
the sample: it is due to the reference beam. While this center peak stems from in-
put from the reference beam, throughout this work it is tvpically referred to as the
clastically scattered light peak as the reference light is of equal frequencv to that
of the elastically scattered light. Conscquently. the frequency shifts of the observed
Brillouin peaks correspond to the frequency of the probed phonons.

In order to determine the exact frequency shift as well as the full-width-at-hali-
maximunt of the observed peaks. the data were fit to mathematical functions using
the Origin software package (Origin Labs). In particular, the Brillouin peaks were

usually reasonably approximated by a Lorentzian function (see Fig. 3.18(a)). That
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Figure 3.17: An example of a collected Brillouin light scattering spectrum. Specif-
ically, the spectrum was collected from water using a 180°-backscattering geometry
at 8; = 7°. L denotes the Brillouin peak due to the bulk longitudinal acoustic wave,
while the horizontal arrow indicates the peak due to reference beam.

is, provided the main contribution to the observed lineshapes is due to optical at-
tenuation of the probing light or acoustic attenuation of the probed acoustic wave
(not instrumental broadening or broadening due to the finite size of the collection op-
tics [15]), the Brillouin peaks observed from either liquids or solids typically behave
as Lorentzian functions [16-18]. For the elastically scattered light peak, on the other
hand, the main contribution to the line shape was due to broadening caused by the
interferometer and, in the case of the six-pass tandem Fabry-Perot interferometer, the
observed peak could be approximated by a Lorentzian function raised to the power
6 [19] (see Fig. 3.18(b)). That is, instrumental broadening due to the interferometer
optics was much greater than the linewidth of the reference beam (~ 10 MHz), so

the collected center peak gives an indication of the resolution of the system.
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Figure 3.18: Examples of (a) a Brillouin peak and (b) a center peak due to the
reference beam. The Brillouin peak (denoted by L), corresponding to the anti-Stokes
component shown in Fig. 3.17, was fitted to a Lorentzian function. The corresponding
center peak (denoted by E) was fitted to a Lonrenztian raised to the power 6. Empty
symbols: experimental data; dotted curves: mathematical fits.

One of two methods were used to deduce the frequency of a probed phonon:

(a) both the Stokes and anti-Stokes peaks were fitted and the resulting shifts were
averaged or (b) the Stokes and anti-Stokes data were overlapped (taking into account
any small frequency offset in the elastic scattering peak) and the resulting composite
spectrum was fitted to a Lorenztian function. For most of the experiments conducted

in the current work, the former method was used.
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3.6 Determination of the Longitudinal and Transverse Bulk

Acoustic Phonon Velocities of a Single-Layer Film

[ order to determine the constituent layer sound velocities of the #-Si SLs, single-
layer filins of corresponding porosities were characterized. To facilitate this, near-
normal incidence 180°-backscattering Brillouin measurements were taken from the
films. With the refractive index deduced using the Bruggeman effective medium
model together with the gravimetricallv-obtained porosity value as outlined above,

the longitudinal and transverse bulk acoustic phonon velocities could be determined

from the frequency of the probed phonons. That is, combining Eqgs. (2.65) and (2.66)

with [Ky| = Ky

= (2mn/A)sin©®; aud |K; | = |Kq | = (27n/X,)cos 0y, the

phonon velocities were given by

(3.8)

where v is the bulk niode frequency (either transverse (T) or longitudinal (L)) deduced
from the Brillouin spectrum. The resulting phonon velocities are for phonons directed
approximately along the sample surface normal. Table 3.3 shows the phonon velocities
for single-layer films made using a 1:1 (49% wt. HF: 98% wt. cthanol) electrolyte.
The stated values are statistical averages of measurements taken from two series of
films; each series corresponded to a given set of etch conditions. Furthermore, the
series of samples characterized using Brillouin spectroscopy were a different set from

those used to obtain the porosity (recall that the gravimetric method used to deduce ¢
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Table 3.3: Bulk transverse phonon velocity. V. and bulk longitudinal phonon velocity.
Vi, for single-layer 7-5i filins made using a 1:1 (419% wt. HE: 98% wt. ethanol) by
volunie electrolvte.

Current Vr %3

(mA) (km/s) (km/s)

230 2704 16 £04

142

(]

TJx02 48=£03

destroved the 7-5Si film). One should note that an alternative method for determining
both the refractive index and phonon velocities. using a pscudo-reflection Brillouin

scattering geonietry, will be outlined in a proceeding section.

3.7 Oblique Angle Reflectance Setup

To help gain insight into the optical properties of the SL samples along oblique
angles to the modulation axis. oblique angle reflectance measurements were taken.
The experimental sctup used was similar to that described in [20]. Figure 3.19 shows
a schematic of the setup. The ~ 532 mn laser beain was first passed through a filter
(F) which reduced the beam power to < 10 mW. The beam was then directed through
a polarizer (POL). oriented to transmit cither horizontally or vertically polarized light
(note: a small portion of the beamn that passes through the half-wave plate is vertically
polarized). A 15 cm lens (L) served to focus the light onto the sample (S). The sample

was mounted on a rotation stage and. thus. the angle of incidence of the green beam
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may be tuned by rotating S. Furthermore, the normal incidence reference angle was
found by rotating the sample until the back-reflection of the beam was observed on
the focusing lens. Using a power meter (PN) consisting of a silicon photodiode, the
reflectance versus incidence angle for both p- and s- polarized light was investigated.
That is. when illuminated with the laser beam. the photodiode produced a signal
proportional to the power of the probed light and the angular-dependent reflectance,
R, (0), is given by
()

Bob(e) = . (39)

in

where ©(#) is the power meter reading at reflection angle ¢ and ¢;,, is the power meter
reading for the incident light. measured by placing the power mecter in front of the
focusing lens. Oue should note that the power meter did not rotate concentrically
about the sample rotation stage and. in general. the distance between the silicon
photodiode and the sample was not constant. This is not crucial, however, as the
photodiode measured power. not intensity. Moreover. care was taken to ensure that

the measured reflected beam spot did not “overtill” the silicon photodiode.
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Figure 3.19: Experimental setup to measure oblique angle reflectance. F - filter, L -
lens. POL - polarizer, S - sample. PN - power meter.

3.8 Comments on Each Study

3.8.1 Observation of Hypersonic Phononic Crystal Effects in
Porous Silicon Superlattices

In this early studyv of 7-Si SLs, the constituent layer parameters were not well
established. To account for the sample-to-sample variation. the fihns were sepa-
rated into two groups based on the time of fabrication (7.e.. samples made earlier in
the study were in oue; later samples in the other). In turn. slightly different con-
stituent parameters were applied to each series of samples. In particular. the etch
rates corresponding to ctch currents Ip,;,, and Ij,,. were ~ 120 mm/s and ~ 86 nm/s,
respectively, for the first series and ~ 150 nni/s aud ~ 100 nm/s, respectively, for

the second series. With further experiments conducted on single-laver films after this
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study concluded, however, the corresponding statistically-analvzed sample parame-
ters were better understood [21] and. thus. throughout the later work. a single set of
constituent parameters were applied to all SL filims (see Tables 3.2 and 3.3). Addi-
tionally. the sample area used to calculate the etch current densities J; from I; was

slightly different from that stated in the preceding discussion (i.e.. 1.47 & 0.02 cin?).

3.8.2 Probing Near-Normally Propagating Bulk Acoustic Waves
using Pseudo-Reflection Geometry Brillouin Spectroscopy

In this study. a methodology was developed to deduce the refractive index and
sound velocities of a homogeneous material using Brillouin spectroscopy. The tech-
nique was validated through measurements on fused quartz, gallium phosphide. water,
and porous silicon. Of particular note is that the obtained sample parameters were
compared to literature values that had been obtained using a variety of experimental
techniques (e.g.. the literature values for the sound velocities and refractive index
of gallium phosphide were determined using ultrasonic measurements and spectro-
scopic ellipsometry, respectively). With this in mind. material-to-material variations
in the difference between the current and literature values could be due, in part, to
differences in the accuracy of the experimental measurcments utilized to obtain the
literature values.

For each of the collected spectra, analysis of the Brillouin peaks was done by

overlapping the Stokes and anti-Stokes data and then fitting Lorenztian functions to
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the resulting composite spectra. This is the onlv study in which this analysis method

was used.

3.8.3 Brillouin Scattering from Porous Silicon-Based Optical
Bragg Mirrors

This follow-up study on 7-Si SLs reported results obtained through both 180°-
backscattering geometry and pseudo-reflection geometry Brillouin scattering as well
as broadband optical reflectance measurements. Furthermore, the Brillouin data
reported in the earlier study were also included. In particular, all of the old data
were re-analvzed, taking into account the more current values of the constituent
parameters (sece Table 3.2 and 3.3). Again, the sample area used to calculate J; from
I; was slightly different from the final value stated here.

Many of the studied samples exhibited an optical Bragg peak in the visible spectral
range. In particular. the peak reflectance ranged from ~30% to ~75% (see Appendix
B). Previous studies liave reported 7-Si superlattices which had visible-range optical
Bragg peaks with near 100% reflectance [6]. The relatively low reflectance of the
current samples could be an artefact of interface roughuess between the constituent
layers [22]. By optimizing the etch process (through adjustment of etch parameters
such as temperature and electrolvte composition) the interface roughness may be

reduced.
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Sonie of the observed optical Bragg peaks where not “sharp”, exhibiting a gradual
change in reflectance over the peak feature or, in some cases. slight dips in reflectance
near the center of the peak. Similar features have been reported in previous studies [6]
and could be an artefact of interference effects resulting from the finite thickness of

the filins.

3.8.4 Oblique Acoustic Phonon Propagation in Porous Sili-
con Superlattices

This is the only study in this thesis conducted on SLs made from 1:1:1 (water:
49% wt. HE: 98% wt. cthanol) electrolyte. While corresponding single-layver films
were not studied, estimates of the SL constituent layer parameters were deduced from
etch rate versus current density and porosity versus current density data given in [2].

As part of the study. the pores of the SLs were filled with ethanol in order to
determine its effect on the corresponding noral-incidence optical reflectance spectra.
This was done by colleeting reflectance spectra while the SLs were immersed in 98%
wt. cthanol. Once the ethanol had evaporated. subscquently collected spectra were
quautitativelv the same as those collected before the SLs were immersed in ethanol,

suggesting that the ethanol had no noticeable permanent effect on the samples.
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Chapter 4

Observation of Hypersonic Phononic Crystal

Effects in Porous Silicon Superlattices

Reproduced with permission from L.C. Parsons and G.T. Andrews, Appl. Phys.

Lett. 95. 241909 (2009). Copvright 2009, American Institute of Physics.

4.1 Abstract

Brillouin light scattering experiments were carried out on porous silicon superlat-
tices with modulation wavelengths in the range 37 nm to 167 min. Phonon frequencies
deduced from the Brillouin spectra sliow good agreement with those obtained from
an elastic continuum model for a system with one-dimensional periodicity. Evidence
for the existence of a hypersonic phononic band gap and zone-folded longitudinal

acoustic phonous is reported.




4.2 Introduction

It is well known that the introduction of artificial spatial periodicity in the elastic
properties of a materials system results in Brillouin zone-folding. Such folding is often

accompanied by the appearance of band gaps in the phonon frequency spectrumn and

thus materials systems that exhibit this phenomenon are promising candidates for

phononic crystals. Porous silicon (7-Si) is especially interesting in this regard since
its elastic properties can be varied over nanometer length scales and because it can
be readily integrated into existing silicon technologies.

In this letter. the results of Brillouin scattering experiments on 7-Si superlattices
(SLs) are reported. Good agreement is obtained between measured phonon frequen-
cies and those calculated [rom a one-dimensional elastic continuum model.  Clear
evidence for the existence of an acoustic band gap and for zone-folding of longitudi-

nal acoustic phonouns is presented.

4.3 Experimental Details

Two sets of 7-Si SLs and associated single layer films were synthesized by an-
odization of p*-type (100)-oriented crystalline silicon (5-20 mf2-cim) in an clectrolyte
composed of 1 (49% HF) : 1 (C;H50H). Each set was made using a different. supply
of HF with one solution vielding single layer films with gravimetrically-determined

porosities of 0.59 (J=149 mA/cm?) and 0.52 (J=101 mA/cm?). while the other re-
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sulted in filus with porosities of 0.56 (J=149 mA/cm?) and 0.46 (J=101 mA /cm?).
The difference in film porosity for the sanie applied current deusity is ascribed to slight
differences in HF concentration in the two solutions. The single layer films were ~5
e thick. SLs with a binary periodic variation in porosity were formed by alternating
the current density between the above values. Etching times were chosen so that the
constituent laver thicknesses, d; and d,, were nearly equal (see Fig. 4.1(a)). SLs with
nmodulation wavelengthis of D = dy + d, from 37 nm to 167 um were made for the
Brillouin experimeunts. The porosities. refractive indices. and elastic properties of the
SL constituent layvers were takeu to be the same as those of single laver filnis formed
under identical conditions. It is noted that images like that of Fig. 4.1(a) were not
obtained for SLs with D < 500 nu. Indirect evidence of prescribed SL formation,
however. was provided by measurciments of overall SL film thickness (~5 pm) which
was within 10% of the value calculated using known etch parameters,

Brillouin scattering experiments were carried out in air at roont temperature using
a backscattering geometry (see Fig. 1.1 (b)). Incident light of wavelength A; = 532 nm
at a power of ~ 50 mW was provided by a Nd:YVO, laser. The scattered light
was collected with /2.8 or £/4.0 optics. with the latter heing used to prevent light
specularly reflected from the sample from impinging on the active lens aperture when
collecting spectra at very small incident angles. A tandem Fabrv-Perot interferometer

was used to frequencyv-analvze the scattered light.



Figure 4.1: (a) Cross-sectional scanning electron micrograph of a D = 500 nin su-
perlattice (SL). The bright (dark) regions correspoud to layvers with a porosity of
0.56 (0.46). (b) Scattering geometry. The wavevectors of the probed phonon and the
incident (scattered) light are q and k; (k). respectively.
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Brillouin spectra were collected from the single laver filims in order to obtain the
bulk acoustic mode velocities of the corresponding (i.e.. same porosity) SL constituent
layers. These were required, together with the refractive indices of the single laver
films. for the calculations described below. The bulk phonon velocities were deter-
mined from spectra collected at 5° < o < 10°. This corresponds to internal angles
between 2° and 42 and hence these velocities were taken as those of phonons propa-
gating in a direction perpendicular to the film surface. The refractive index of each
single laver filin was obtained using the gravimetricallv-determined porosity and the
two-component Bruggeman effective medinm equation [1]. These values. along with
film porosities, are given in Table 1.1. The lack of a clear trend in velocity with
increasing porosity may be due to the influence of morphology. a second parameter
upon which the acoustic velocities in 7-Si are known to strongly depend [2].

SL spectra were collected at 5° < o < &°, vielding. by Snell’s law. an internal
angle range of 2° to 1°. The probed phonon thus travelled in a direction that is
very nearly perpendicular to the plane of the constituent layvers. A scries of Brillouin
spectra collected under these conditions is shown in Fig. 4.2. For some of the SLs.
spectra were also collected at higher « to check the dependence of peak frequency
shift on incident angle. The shifts of all peaks observed at small a were found to be

essentiallv independent of incident angle.
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Table 4.1: Porosity. refractive index and bulk acoustic phonon velocities for single
layer porous silicon filins.

Set # Porosity Refractive Index Vi %3

(km/s) (km/s)

0.59 £ 0.02 21 £ 0.1 2101 434+0.2

1
0.52 £ 0.03 24 £ 0.1 28402 46402
0.56 £ 0.02 22101 23+02 42402
2
0.46 £ 0.02 26 +£0.2 2703 44+03
4.4 Theory

[ a Brillouinn scattering experiment conducted using a backscattering geometry.

the magnitude of the probed phonon wavevector (either transverse or longitudinal) is

where ~. for a system with a square-wave spatial periodicity in refractive index. is
the photonic Bloch wavevector given by [3]

1
K= B(*os’] [(-os (kinydy) cos (hinady)

1 /n n
— = (—1 + —2—> sin (A;nady) sin (kirydy) | .
2\ny  m

Here, ny and n, are the known constituent layer refractive indices and h; = 27/ A,
For the 0.59/0.52 and the 0.56/0.46 SLs, Eq. 4.1 vields ¢ &~ 53 jan~! and ¢ =~ 56 pm .

respectively.
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Figure 4.2: Spectra collected from (a) a D = 61 nm 0.59/0.52 superlattice, (b) a
D = 98 nm 0.59/0.52 superlattice, (¢) a D = 123 nm 0.59/0.52 superlattice, and (d)
a D = 167 nm 0.56/0.46 superlattice (smoothed using 3-point averaging). The arrow
indicates a weak feature that was difficult to fit to a Lorentzian and, hence, has a
large uncertainty in frequency shift. This and similar features in other spectra appear

in Fig. 4.3 and are indicated by large frequency-axis error bars.
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Due to the square-wave periodicity in the elastic properties. the phonon should
behave as a phononic Bloch wave and therefore undergo zone-folding into the mini-
Brillouin zone corresponding to . The phonon then obeys the selection rule for

zone-folding given by [3]

2l
) = 4.
Q=q+— (4.3)
where [ is an integer, () is the phouonic Bloch wavevector, expressed as
1 Qd Qd.
Q= Bms’1 [('os <711> gl < ;;)
(4.4)
1 Qd Qd.
-5 ['sin ( V;) sii < V(;> }
and [ is a sample parameter given by
1-C)V, 1—G) W
F:<p( Vi e = G) fz>' (45)
p(1=G)Va  p(l-0)W

In the above equations, {2 denotes the phonon frequency, Vi and Vy are the constituent
layer phonon velocities of the givenn mode (transverse or longitudinal), ¢; and (, are
the constituent layer porosities, and p = 2330 kg/m? is the density of bulk crystalline

silicomn.

4.5 Results and Discussion

With the optical and elastic parameters of the constituent layers known, the theo-
retically expected dependence of the phonon frequency on D (for a given constituent

laver thickness ratio) was obtained. This was done for each set of SLs by numerically
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determining the values of frequency that satisfy Eq. 4.3 for given values of D. The
resulting curves are shown in Fig. 4.3 along with experimental data obtained directly
from the Brillouin spectra. The agreement between the data and the curves corre-
sponding to the folded longitudinal acoustic (FLA) modes indicates that zoue-folding
of the longitudinal phonon has occurred. Moreover, comparison of Fig. 4.3(a) and
Fig. 4.3(b) suggests that small differences in the constituent layer parameters mani-
fest as observable changes in the behaviour of the FLA modes. It is noted that the
relative uncertainty in D was estimated as the ~10% difference between measured
SL film thickness and that calculated using ctch rates, etch times, and nuniber of
current alternations. The error in measured phonon frequency was taken to be the
standard error in the Lorentzian fits of the Brillouin peaks or. i the case of weak
features, simply estimated directly from the spectra. There is also ~10% uncertainty
in the calculated frequencies due to uncertainties in the measured single layer film
porosities. refractive indices and acoustic velocities which serve as input for the SL
model calculations.

Observation of Brillouin zone-folding suggests that these 7-Si SLs may behave
as hypersonic phononic crystals. In fact. the D = 167 nm 0.56/0.46 SL. which was
probed near the edge of the 3rd phononic Brillouin zone (¢D =~ 37). contains a
spectral peak doublet that is the manifestation of a hypersonic phononic baund gap in
the longitudinal bulk phonon frequency spectrum (sce Fig. 4.2(d)). The two peaks

(1 and 2), which were assigned to two adjacent FLA branches (see Fig. 4.3 (b)).
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Figure 4.3: Phonon frequency versus modulation wavelength (D) for superlattices
with constituent layer porosities of (a) 0.59 and 0.52 and (b) 0.56 and 0.46. Thick
(thin) broken lines: calculated curves for the longitudinal (transverse) mode; shaded
region: values of D for which the probing light is in a photonic band gap. Arrows
mark the approximate values of D for which ¢ coincides with the edges of the 1st,
2nd, and 3rd phononic Brillouin zones, respectively. Open symbols: experimental
data; diamonds: duplicate D = 147 nm sample. The frequency scale on both plots is
the same.
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had frequency shifts of 11.8 GHz and 15.1 GHz, corresponding to a gap of width
3.3 GHz. This is in reasonable agreement with the calculated gap. which ranges
over 11.8-13.9 GHz (2.1 GHz width). Also. a third peak (3) was observed and it
corresponded to the edge of the second phononic band gap. which was expected at
37.5-39.5 GHz (2.0 GHz width). The absence of a peak doublet at these shifts mayv
be due to phonon attenuation, an etfect which is not accounted for in the current
calculations. Attenuation may cause the expected gaps to shrink or even disappear
altogether, resulting in a single spectral peak instead of the doublet predicted by the
present model [4. 5].

From Fig. 4.3 it can also be seen that the data not attributed to the FLA modes
agree only qualitatively with the calculations for the folded transverse acoustic (FTA)
phonons. This may be because the corresponding spectral peaks are actually due to
some unidentified mode rather than FTA phonons and thus the current theory might
not apply. Transverse phonons, compared to longitudinal phonons, typically have a
small scattering cross-section in backscattering geometry and hence it is possible that
the FTA modes were not seen in the SL spectra.

In the region 27 < ¢D < 37 (between the 2ud and 3rd Brillouin zone edges) one
can see that, with the exception of the D = 167 nm 0.56/0.46 SL, none of the data
points show strong agreement with the second FLA curve. It is conceivable that this
mode was too weak to be ohserved and the data at ~ 18 GHz. despite showing soine

agreement with the curve in question, may actually be due to some other mode.
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Theoretically. the intensities of the zone-folded modes in a SL. with perfectly pla-
nar laver interfaces vary dramatically from branch to branch and are expected to
be dependent on ¢D (changing drastically ncar a zone edge) [3. 5]. The peak in-
tensities are further affected by the presence of diffuse layer interfaces [6. 7] and
optical-absorption [5]. as may be the case with these 7-Si SLs. These effects could
lead to wissing FLA orders which are only readily observed for certain values of ¢D.

Finally, according to Eq. 4.2, these SLs should be one-dimensional photonic crys-
tals [8]. Preliminary results suggest that this is the case. In particular. SLs with
values of D in or near the shaded region of Fig. 4.3 are green when viewed at normal
incidence in ambient light, while those with D above or below this region appear red
or violet, respectively. Work is ongoing to deterinine how the photonic nature of the

SL affects the Brillouin spectruni.

4.6 Conclusions

Ii sunnnary. Brillouin scattering experients, coupled with calculations based on
a one-dimensional elastic continuum model, have revealed the existence ot zone-folded
longitudinal acoustic phounons and a hypersonic phononic band gap in porous silicon
superlattices.

This work was supported by NSERC and the Canada Foundation for Innovation.

The authors would like to thauk A. Polomska for helpful discussions.
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Chapter 5

Probing Near-Normally Propagating Bulk
Acoustic Waves using Pseudo-Reflection Geometry

Brillouin Spectroscopy

Reproduced from L. C. Parsons and G. T. Andrews, AIP Advances 2, 032157

(2012).

5.1 Abstract

Pseudo-reflection geometry Brillouin spectroscopy can be used to probe acoustic
wave dispersion approximately along the surface normal of a material system while
avoiding the difficulties associated with specularly reflected light encountered in an
ideal reflection configuration. As an example of its application. we show analytically
that it can be used to determine both the refractive index and bulk acoustic mode

velocities of optically-isotropic non-metallic materials and confirm the utility of the
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approach via a series of experiments on fused quartz, gallimm phosphide, water, and

porous silicon filns.

5.2 Introduction

The bulk acoustic phonon band structure along the surface normal of thin films

and periodic multilayered films can be quite complex, exhibiting multiple phonon

bands resulting from the finite dimension of material in the former case [1] and the
translational invariance in the latter [2, 3]. Furthermore, breaking the translational
synuuetry of a superlattice (either by introducing a buried defect within the structure
or by terminating the superlattice at an interface with another material) may permit
the existence of localized modes which lie within the forbidden frequency bands. or
phononic band gaps, of the bulk phonon dispersion relation [3 5]. Additionally. more
complicated multilavered systeins have been shown to exhibit interesting acoustic
phonon dispersion curves for propagation along the surface normal [6. 7].

Brillouin spectroscopy. an inelastic laser light scattering technique. has been used
to study gigahertz-frequency acoustic phonons in a variety of films and multilayered
structures. Traditionally. a ncar-normal incidence 180°-backscattering geometry is
employed to probe phonons directed along the sample surface normal [1. 8-10]. Un-
fortunately, this geometry allows access to bulk phonons of ouly a single wavevector

magnitude.
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Recently. reflection geometry Brillouin scattering has been used to characterize

the bulk acoustic phononic band structure of both thin polvier films [11, 12] and

SiO9-PMMA superlattices [13]. In particular, tuning the incident angle over a range
of values allows a portion of the phonon dispersion curve along the sample surface

normal to be mapped. There are, however. practical difficulties associated with im-

plementing this technique. particularly when probing optically reflective samples.
Specifically, specularly reflected light from the sample may swamp the desired scat-
tered light signal. Moreover. dealing with this undesirable reflected light by blocking
the corresponding portion of the collection aperture also results in loss of scattered
light signal that may not be acceptable for samples with very small Brillouin scatter-
ing cross-sections.

In this paper, pseudo-reflection geometry Brillouin scattering. where the scattered
light collection axis is slightly oftset from the specularlv-reflected light direction, will
be presented. The primary advantage of this scattering geometry over an ideal re-
flection geometry is that it allows access to approximately the same range of probed
acoustic wave (AW) wavevectors while avoiding the practical pitfalls that may arise
when using an ideal reflection geometry. As an example. the relatively simple cases
of scattering from homogencous cubic and isotropic materials will be considered. By
fitting the appropriate function to the resulting acoustic mode frequency versus angle
data, both the refractive index and AW velocities for modes directed approximately

along the normal are determined. Unlike previous Brillouin light scattering techniques
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used to determine both the refractive index and AW velocities [14-21], the current

method is not limited to probing transparent materials in a special configuration.

11 fact, a pseudo-reflection geometry can be used to characterize both transparent
and absorbing optically-isotropic. non-metallic materials in bulk as well as supported
and unsupported films. The accuracy of this technique was confirmed through mea-
surcments on fused quartz. GaP. water. and two non-transparent porous silicon films

supported on silicon substrates.

5.3 Theory

5.3.1 Pseudo-Reflection Brillouin Scattering

In Brillouin scattering, conservation of momentum requires that the wavevector

of the probed acoustic wave, q. satisty the relation
) = [K; — K. (5.1)

where K; and K, arc the incident and scattered photon wavevectors inside the ma-
terial. respectively [22]. In particular. N, ~ K; = 2mn/);, where n is the refractive
mdex of the probed optically-homogencous material (outside the material. the re-
fractive mdex is assumed to be 1) and A; is the wavelength of the incident light in
vacuuni.

Figure 5.1(a) illustrates a pseudo-reflection scattering geometry. In this case. the

collected scattered light propagates at an angle which is offset slightly from that
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Using the sum-to-product trigonometric identities for the sun of cosines and the

difference in sines, Eq. (5.2) can be expressed as

qpR| = ’Nﬁ c0s0,,sin®,; = )\—7_T(fos B, sin b, (5.3a)
dmn
qprl = %('OS 0, cos Q. (5.3b)

where ©,, = (0, + 0,)/2, ©4=|0; — O4|/2. 8, = (6;: + 6,)/2. and 6, = |6; — 6,]/2.

The magnitude of the acoustic wavevector is then

2 . d7n
qpr = \/Z(IPRH) + (gpry)’ = oS O,,. (5.4)
Invoking Snell’s Law, it can be seen that
n (sin®; +sin O, ) = sin d; + sin b, (5.5)

which, upon using the sum-to-product trigonometric identity for the sum of sines,

can be rewritten as

n \ cos©y

1/ cost
sinO,, — - (““ d) sinf, . (5.6)

[t then follows from Eqs. (5.4) and (5.6) that the magnitude of the AW wavevector is

Jpr = 2 712112';-2 — A"‘IZDR" <57)

where k; = 27/); is the magnitude of the incident photon wavevector and kpp is

21 [ cosby )
kpp= — sind,,. 5.8
P A ((308(‘),) s (5:8)

The direction of AW propagation is defined by an angle apg relative to the sample

surface normal given by

app = tan ! RELII 4. (5.9)
qrPR1L
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Using Snell’s Law to express Oy in terms of n, #,,. and 6;. the AW propagation

direction can be rewritten as

1 n 6; i sin é.
app = — (sin1 (Sm ) —sin! (qm - >> > (). (5.10)
2 n n

Without loss of generality. it was assumed that 7/2 > ¢, > ¢, > 0. In order to

determine how app trends with 4, the partial derivative of apr with respect to 6, is

determined:

dapr 1 <(‘os(% cos(-)s> | (5.11)

o, o \ cos 0, cosO,
The right-hand side of the above expression is always positive for the range of angles
considered and, therefore, cvpg increases with 6,. Figure 5.2 shows the dependence of
app on b, and n for the cases of #; = 3° and 6; = 5°. As expected from Eq. (5.11),
for any fixed values of #,, and n, app is larger for ; = 5° than for 8; = 3°. One
should note that the range of physically possible 6,, values for ; = 5° is smaller
than that of §; = 3° since both #; and 6, lie between 0 and 7/2. One can also see
that for both values of 6. apgp decreases as either n increases or 6, — (7/2 — 0y).
Furthermore, ovpp = 5 at n = 1 for all values of #,,. This is expected since in this
case both the probed material and the external environment have the same refractive

index and, thus. no refraction of the incident or scattered light occurs (i.e., ©; = 0;

and O, = ¢,). Since n > 1 and 0,, > 6,,, it follows from Eq. (5.3a) that

(-)d S 0(1' (512)
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with equality being realized when n = 1. Consequently, from Eq. (5.9) one can see
that

app < . (5.13)

In the instance that 6, is small. according to Eq. (5.12) cosf;/cos 0,4 ~ 1. Equa-
=4

tions (5.7) and (5.13) then reveal that the resulting probed AW propagates approxi-

mately parallel/anti-parallel to the surface normal with a wavevector of magnitude

qrr /= 2y/n?k? — k2 (b.14)

m*

where k, = (27/);)sinf,,. One can see that ideal reflection geometry is realized for
04 = 0, where hpp = kyy, [11].

Due to practical limitations such as the finite size of optical elements (i.e., col-
lection lens, mirrors), it may not be possible to access the full range of 6, (i.e.
0 < 0,y < (/2 —04)). In order to expand the range of probed AW wavevectors di-
rected approximately along the surface normal, one can use a near-normal incidence
180°-backscattering geometry. In this case. the probed AW wavevector is &~ qpg
at 6,, = 0. For the backscattering geometryv (see Fig. 5.1(b)). where 6, = 6; (i.e..
O, = ©;). it can be shown using Eq. (5.1) that the magnitude of the probed AW

wavevector 1s

dmn

qBs = \/((IHSH)2 + (gpss)’ = W (5.15)

Furthermore. the AW propagates at an angle agg to the surface normal, given by

tpg = tan” ! <%> = 0;. (5.16)



This angle can be determined from #; using Snell's Law. Provided that 6; is small.

aps ~ app = 0. Following from Eqs. 5.15 and 5.14, the corresponding qgg is

equivalent to qpp for 8, = 0.

5.3.2 Scattering from an Elastically Homogeneous Material

For a homogeneous material, the angular frequency of an AW. €, is related to the
wavevector magnitude, ¢, by

O =2mr="Vyq. (5.17)

where v is the AW frequency and V" is the magnitude of the AW velocity (transverse
(T) or longitudinal (L)) [22]. Dispersion is assumed to be negligible and. thus. V' for
a given mode (T or L) is a constant. For probed AWs governed by Eq. (5.14), one

then obtains

Using the approximation &, & kpg eliminates the 64- and n-dependence of the second
term in the square-root and. thus. greatly simplifies the equation. Furthermore,
the systematic error introduced by this approximation is relativelv small (typically
< 1%). as will be shown below. It can be seen that an appropriate fit of Eq. (5.18)
to experiimentallv-determined v versus k,, data will yicld the AW velocity along the
surface normal as well as the refractive index.

This method is particularly useful for probing materials with cubic symmetry.

With the refractive index and acoustic wave velocities determined along a well-defined
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direction (i.e., along the surface normal). in priuciple a portion of the AW slowness
diagrain could be mapped by using additional scattering geometries to access AWs
propagating at oblique angles in the structure.

The preceding discussion assumed that the probed material was optically isotropic
and, therefore, defined by a scalar diclectric tensor. The use of this technique, how-
ever, can be extended to lower synmietry svstems provided the incident and scattered
photon wavevectors can each be associated with a single dielectric constant for all an-
gles accessed in the scattering plane. For instance. through special consideration of
the polarization of the incident and scattered light as well as the orientation of the
scattering plane relative to the crystal structure, this method has been used to obtain

both the ordinary and extraordinary refractive indices of an uniaxial crystal [23].

5.3.3 Error Analysis

The systematic error resulting from the approximation kpp = k,, can be estimated

by
Alﬂ}’]’{j X A‘PR - A'm
3YSs — - 519
‘ kpp kpr ( |
Theretore, from the definitions of kpp and &,,.
Akppy, _ || _ cosOu) 105 6 (5.20)
kpr cos 8, 2
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Since B4 < 6y and because it decreases as n increases, for fixed values of 8,, and 6,.

the systematic error is at a maximuim when n is large. Consequently.

. : 2
kpR,, kpr,,, b

kpr

Trur - ‘ A]PR n—oc

and, therefore. the maximum percent systematic error due to the approximation is of
the order of 1% for typical values of #;. Further, the minimum systematic crror is 0.
occurring when n =1 (i.e., Q4 = fy).

The random cexperimental error in kpg arises due to error in determining the

external angles ¢#; and 6, and can be written as

Abg + ——

AkPR_ 1 a]ﬁp[f ak'pR
== - Ab,, H.22
( 904 0rm ) (522)

kpr B kpr
Note that Af,, = Abf; = (A0, + Ab,). Using Eqgs. (5.9). (5.10). and (5.11) together

with the appropriate trigonometric identities, it follows that

Akpg,., N (cos g N 1 cos6;

sinf,,  ncos6;

(—)d> Ab, (5.23)
kpr

Since 6y > ©4 is taken to be small, the simall angle approximations for sine and
cosine functions (sin § ~ # and cos § ~ 1) were applied when deriving the above
expression. As one can see. the random experimental error in kpr depends on the
refractive index of the probed material and, in general, cannot be quantified prior to
analyzing the Brillouin light scattering data without obtaining the refractive index
using an alternate method. In order to determine how this error trends with n. it is

beneficial to analyze how ©, changes with n. From Egs. (5.9) and (5.10), one can see
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2n2 \ cos®; cos O,

On

00 1 < sin ¢, sin 6, )

Since sinf; > sinf, and cos Qg > cos O;. the right-hand side of the above expression

is negative and. hence, Oy decreases as n increases (as suggested in Fig. 5.2). Further.
since 6, decreases from ¢; as n Increases. ncos®; is at a minimum when n = 1. In
turn, for fixed #,, and #,, the random error given by Eq. (5.23) is at a maximum when

n = 1 and may he written

AkPRm,L - Ak}’Hran . (COSHi
n=1

; + 0d> | Ay . (5.25)
siné,,

O S
As n — oc, the second term on the right-hand side of Eq. (5.23) goes to zero, and
therefore for fixed values of 6, and ¢4, the minimum random experimental error
occurs when n is large:

. 67,
~ S8 NGl (5.26)

sin 6,

Ak}‘)[\)rn n

kpr

Akpg,,,

min ’ kPH

TE—>0C

Since |Af,| ~ 8,. comparison between Eqgs. (5.20) and (5.23) suggest that the ran-
dom experimental error in kpg is typically larger than the corresponding systematic
error. In fact, the minimum random experimental error is typically only comparable
to the maximum systematic error when 6, — (7/2 — 6,) (i.e., at grazing angles).
When probing a material with n = 1.5, for example, if 30° < 6,, < 70° and ¢, = 5°,
it follows from Eqs. (5.20) and (5.23) that the percent experimental error in kpp
ranges from ~ 8.7% to ~ 1.5% while the percent svstematic error introduced by the

simplifying approximation is ~ 0.4%. Consequently. it is reasonable to approximate
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kpgr with k,,. Note that here the uncertainty in Af,; was assumed to be 3° and that
smaller values of A#; would further reduce the random error.

Implicit in the above approximation of kpr =~ k,, is the assumption that the

velocity of the probed AW corresponds to the value along the sample surface normal.

Thus, there is a systematic error in V' due to the fact that apr # 0. In the casc of

elastically-isotropic materials, this error is zero. For cubic materials, however, this
error must be considered and can be written as

V(0)
V(G'PR)

AV

- = ‘1 - . (5.27)

where V(0) corresponds to the AW velocity for propagation along the surface normal.
It is difficult to quantify this error a priori without knowledge of the crystal orien-
tation and the elastic properties of the probed material. By keeping 65 small and,
hence, minimizing apg. however. the error in V' is typically quite small. As an ex-
ample, propagation of AWSs i1l the (001)-plane of a (100)-oriented cubic GaP sample.
similar to those probed in the experiments discussed helow, will be considered. There
arc three bulk acoustic modes present in a cubic cryvstal: the fast transverse (Vir),
the slow transverse (Vgr), and the longitudinal (V) modes. For propagation in the
(001)-plane only Ve is independent of angle and, in fact, Vpr = Vr(apr = 0) (note:
the surface normal coincides with the (100)-direction). Following from the results of
Ref. [24]. the dependence of the error in Vs and Vi, on apr given by Eq. (5.27) were
calculated (see Fig. 5.3). While the percent errors in Vgr and V) increase with angle,

they are quite small and. in particular, they are both less than 1% for app as large as



Figure 5.3: Dependence of error in the sound velocity on angle of propagation within
the (001)-plance of GaP. The dashed (solid) curve corresponds to the calculated error in
the velocity of the slow transverse (longitudinal) mode. Calculations were determined
using equations (3.1). (3.2). and (3.3) in Ret. [24] together with the saple parameters
therein. Since the velocity of the fast transverse mode is independent of propagation
direction within this crystal plane. the expected error is zero.

7°. Further. since Vir = Vor(0). the difference in Vep and Ver is less than 1% over
this range of a pp values. Thus. this technique is particularly usetul for cubic crvstals
with relatively large refractive indices (i.c.. n ~ 3) since. as shown in Fig. 5.2. app is
very siall (i.e.. < 2°) for typical values of 6.

One should note that the svstematic errors in Apg and 17 stem from the fact that
Bq # 0. If an ideal reflection geometry is used. kpp = k), and. hence. Eq. (5.18) is

exact.



5.4 Experimental Details

To validate the above method, Brillouin scattering experiments were carried out
on fused quartz, (100)-oriented GaP. and deionized water. One should note that
the refractive index and AW velocities of fused quartz are known. respectivelv, from
previous studies conducted using minimum-deviation optical measurements [25] and
180°-backscattering Brillouin spectroscopy [26]. Further. the refractive index and AW
velocities of GaP are known from spectroscopic ellipsometry [27] and ultrasonic mea-
surements [28]. respectively. while those of water have been previously obtained using
Kraniers-Kronig analvsis of optical absorption/reflectance data [29] and ultrasonic
measurements [30], respectively. Experiments were also done on two porous silicon
films made from p*-type (100)-oriented crystalline silicon under conditions similar to
those given in Ref. [10]. The filins were ~ 4.5 pin thick and had porosities of (58 +3)%
and (50+ 4)%. It should be noted that these filin porosities were obtained by statisti-
cal analysis of results taken from a series of samples made under the saine conditions
as those studied here (the gravimetric method used to obtain porosity resulted in
the destruction of the films). Further. the effective refractive index of each film was
deduced from the porosity by application of the two-componcnt Bruggeman effective
medium model [31]. Using the resulting refractive index values. the AW velocities
were obtained in this laboratory through a previous 180°-backscattering Brillouin

study conducted on a second serics of samples made under the same conditions.
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Brillouin scattering experinients were carried out in air at room temperature using
both pscudo-reflection and 180%-backscattering geometries. Incident light of wave-
length A; = 532 mm was provided by a Nd:YVOy laser. I the case of fused quartz
and porous silicon. the incident heain power was reduced to ~ 50 m\W while for GaP
and water. the power was ~150 mW and ~25 mW. respectively. The deionized water
saniple was contained in a transparent plastic cell which had two thin, parallel planar
sides. This cell was mounted to a rotation stage. allowing access to a range of inci-
dent angles. The solid samples were mounted to the same rotation stage, exposed to
ambient air. Further. the GaP sample was oriented such that the plane of incidence

as approximately parallel to the (001)-plane. For the pseudo-reflection geometry.
incident light was focused on the sample using a lens of focal length 7.5 em and scat-
tered light was collected by a second 5 cm lens (f/# = 2.8 or ~ 4.0). The angle
of incidence. €;. ranged from 35° to 69°. To ensure that specularly reflected light
did not euter the collection lens. €, was set 5° to 10° less than 6;. The experimental
uncertainties in 6; and 6, were estimated to be Af; = 2° and A#, = 1°. respectively.
For the backscattering geometry. the aforcmentioned 5 cm lens served to focus the
incident light on the sample and also to colleet scattered light. The backscattering
spectra were collected at 6, = 8, = 70 (A0, = Af;, = 1°). Frequency analyvsis of the
scattered light was done using a tandemn Fabry-Perot interferometer.

Since 2.5° < §; < 5° for the experiients reported here. the svstematic error

resulting from the simplifving approximation used in Eq. (5.14) is expected to be less
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than 0.5% and is therefore neglected. With regard to the velocity values deduced for
the cubic anisotropic (100)-oriented Gal> sample, the systematic error is expected to
be less than 1%. as showu in Fig. 5.3 (recall that apr < #y). Furthermore, while
the porous silicon samples studied here have been shown to exhibit a slight cubic
anisotropy in the elastic properties [32 34], the anisotropy factor is &~ 1 (i.e.. less
than that of GaP [24]). Heunce, the systematic error in the AW velocities obtained for
porous silicon is less than 1%.

Additionally. 180°-backscattering at #; = 7° («vgg < 7°) was taken to be equivalent
to pseudo-reflection geometry at 6,, = 0 since the probed AW propagates near the
surtace normal. While this additional assmption will not affect the results obtained
from isotropic samples such as tused quartz and water, care niust be taken when
applying it to cubic GaP and porous silicon. Siuce n is expected to be greater than
2 for these samiples. cvpg < 3° and, as discussed above. the expected systematic error

is very smiall. Hence. this assumption is reasonable.

5.5 Results and Discussion

Fig. 5.4 shows spectra collected fromn the fused quartz, (100)-oriented GaP, deion-
ized water, and a 58% porous silicon film. Symmetrical peak doublets due to two
different acoustic modes were observed in each solid sample. while onlyv one set of

peaks was obscrved from water.
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Figure 5.4: Brillouin spectra of (a) fused quartz, (b) (100)-oriented GaP, (c) deionized
water, and (d) a 58 % porous silicon film for different values of 6,,. Peaks due to
transverse (T) and longitudinal (L) bulk acoustic modes were observed. The Rayleigh
peak at ~ 0 GHz was shuttered to prevent photomultiplier saturation. The arrow
indicates the base of this peak which is outside the shuttered region. In the case
of water, the spectrum collected at 6,, = 63° was smoothed using 3-point adjacent-
averaging. For clarity, only the Stokes portions of the GaP spectra are shown. The
inset is a close-up of the longitudinal and transverse mode peaks collected from GaP
at 0,, = 0°. For all spectra shown, the collected scattered light was unpolarized.
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In comparison to spectra collected from the solid samples at #,, # 0. the peak

intensity ratios between the low and high frequency shifted peaks is drastically de-
creased in the corresponding 6,, = 0° spectrum. In fact, the peak due to the lower

frequency mode was not readily visible in the corresponding spectra collected from

fused quartz and porous silicon. This behaviour is indicative of a transverse bulk
mode since the scattering cross-section of this mode is expected to be negligible when
both the incident and scatterced light are directed at an angle near-normal to the
sample surface [22]. In turn, the second spectral peak observed in these spectra was
attributed to the longitudinal acoustic mode. Additionally, the fact that only one
transverse mode peak is observed tor (100)-oriented GaP and porous silicon suggests
that the corresponding probed AWs are propagating approximately along a high-
synunetry direction, which is expected since the surface normal coincides with the
(100)-direction in each sample.

In the case of water. the single observed peak was ascribed to a longitudinal mode.
This follows from the fact that fluids are only expected to support compressional
waves.

To determiine AW trequencics, Lorentzian functions were fitted to the spectral
peaks. From Fig. 5.5, it can be seen that v decreases with k,, as expected from
Eq. (5.18). For each sample. a global least-squares fit was done on the corresponding
longitudinal and transverse mode data. Further. these fits were weighted according to

the experimental error in the AW frequency. For the solids. the refractive index value
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Figure 5.5: Acoustic wave frequency versus k,, for (a) fused quartz, (b) GaP, (c)
water, and (d) 50% (diamonds) and 58 % (circles) porous silicon. Filled (open)
symbols: experimental longitudinal (transverse) mode data; dashed lines: best fits of
Eq. (5.18). The shown fits include the data collected using the 180°-backscattering
geometry. Fits with and without 180°-backscattering geometry data had adjusted R?
values greater than 0.99. The vertical error bars are smaller than the symbols, while
the horizontal error bars correspond to the experimental random error obtained from
Eq. (5.23) using the refractive index values obtained using alternate methods.



Table 5.1: Refractive index and bulk acoustic velocities for fused quartz, GaP, water,
and porous silicon (7-Si) determined using pseudo-retlection Brillouin spectroscopy.
Values in parentheses correspond to fits doue using both the pseudo-reflection and
180°-backscattering geometry data. Previously published values of these parame-
ters are also given. Note: The n®' values for porous silicon were deduced from
gravimetrically-determined porosities using the two-component Bruggeman effective

medium model. The corresponding VA* (V) value were obtained using n® with
carlier 180°-backscattering Brillouin measurements done on similar samples.
Sample n n°tt Vr Vil Vi yalt

(km/s)  (km/s) (ki /s) (km/s)

Fused Quartz 1.52 £ 0.02 1.46[25] 3.45 £ 0.09 3.74[26] 5.4 £ 0.1  5.94[26]

(1.42 £ 0.02) (3.8 £ 0.1) (6.00 & 0.08)
GaP 354 0.1 349[27] 40401 113[28] 57 +02 58328
(3.6 £ 0.1) (3.9 +£0.1) (5.6 £ 0.1)
Water  1.30 + 0.02 1.34[29] - . 1.46 + 0.03  1.19[30]
(1.26 + 0.01) (1.54 + 0.02)

50% 7-Si 26 +£02 24402 25+02 27+03 11+£03 18+05
(2.7 £ 0.1) (2.5 £ 0.1) (4.3 £ 0.2)
58% 7-Si 27 +03 21+01 20+03 27+04 3.6+05 1.6+ 04

(2.5 + 0.2) (2.2 + 0.2) (1.0 + 0.3)




was shared between both the traverse and longitudinal mode data. The resulting
values for the refractive index and the acoustic velocities are given in Table 5.1.

The obtained values of n. Vo and V7 of fused quartz. Gal®. and water showed
reasonable agrecient with the literature values (see Table 5.1). Further. the data
collected using the 180°-backscattering geometry was not required to obtain accurate
values of n and Voand, thus. samples can be characterized using a pseudo-reflection
geometry exclusively.  Of these three samiples, water showed the largest difference
from previously published values. Since the error in the Gal? values were less than
those of water. this suggests that the clastic-anisotropy of Gal» did not contribute
significantly to the error in the measurciments. as expected.

For the porous silicon saples, the percent difference between the current refrac-
tive index and AW velocity values and those obtained using alternate methods were
larger than that of fused quartz. Gal. and water. These velatively large differences
are thought to be due to sample-to-sample variation. More specifically, there mayv he
slight porosity /pore morphology dissimilaritics between samples made under similar
conditions. leading to differences in the refractive index and AW velocities. Overall.
comparison with the previously determined parameters suggest that the currently
obtained values. particularly those taken from the calculations which included the
backscattering data, were reasonable estimates of the refractive index and AW ve-
locities of these porous silicon fihns, One should also note that. in the case of the

calculations based on both the pseudo-reflection and 180°-backscattering data. both
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Table 5.2: Ranges of ky, and corresponding gpr probed in fused quartz. GaP. water
and porous silicon filins. The gpp values were deduced from the refractive indices
obtained through fits of Eq. 5.18 to the v versus &, data shown in Fig. 5.5.

Sample  Range of Probed £, Range of Probed gpgr

(pan— ") (")
Fused Quartz 0-10.6 26.0 - 33.5
GaP 0-10.7 82.3 - 85.0
Water 0-10.5 21.0 - 29.8
50 =-Si 0-10.6 60.1 - 63.8
58 Y w-Si 0-10.5 55.2 - 59.0

the refractive index and AW velocities for the filni of higher porosity (i.e.. 538 %) are
lower tlian the corresponding values for the lower porosity (i.e.. 50%) film. This
is typical of porous silicon samples nade from parent crvstalline silicon wafers with
similar dopatt concentrations.

With the refractive index determined for each sample. the corresponding range
of probed ¢pp canr be obtained from Eq. 5.14. That is, v versus ¢pg dispersion can
be deduced using the v versus k,, data together with the fitted n value. Figure 5.6
shows tlie dispersion curves for thie lougitudinal and trausverse bulk acoustic waves
in fused quartz over the range of ¢pp probed. Table 5.2 gives the ranges of &, and

grr probed in fused quartz, Gal’, water. and the porous silicon filins.
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Figure 5.6: Acoustic wave frequency versus ¢pr for fused quartz. Filled (open)
symbols: experimental longitudinal (transverse) mode data; dashed lines: disper-
sion curves deduced from obtained Vi and Vp values. The refractive index used to
compute the gpgr values was that obtained from the fit of Eq. 5.18 to the correspond-
ing v versus k,, data shown in Fig. 5.5(a). The vertical error bars are smaller than

the symbols.



5.6 Conclusions

In conclusion. pseudo-reflection Brillouin light scattering was shown to be useful
for investigating acoustic waves propagating approximately along the sample surface
normal of various material svstems.  The only requirenient for application of this
method is that bulk acoustic mode peaks be discernible in the Brillouin spectrium
and, conscquently, it can be used to probe both transparent and non-transparent
non-ntetallic materials. Moreover. this method does not require that the sample be
thin or set in a special configuration and. therefore. can be applied to bulk samples as
well as both supported and unsupported filims. For the specific case of homogeneous
isotropic and cubic materials, this technique can be used to obtain the refractive index
and acoustic wave velocities along the sample surface normal. In principle. it could
also be applied to lower symmetry svstens provided due consideration is given to the

incident and scattered light polarization and the orientation of the scattering plane.
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Chapter 6

Brillouin Scattering from Porous Silicon-Based

Optical Bragg Mirrors |

Reproduced with permission trom L.C. Parsons and G.T. Andrews. J. Appl. Phys.

111, 123521 (2012). Copyright 2012, American Institute of Physics.

6.1 Abstract

Brillouin light scattering experiments were done on porous silicon-based optical
Bragg mirrors with modulation wavelengths of ~ 100 nm. By using a combination
of pseudo-reflection and backscattering geometries. phonon dispersion curves along
the superlattice modulation axis were mapped. Excellent agreement is obtained with
the bulk acoustic mode band structure calculated using a one-dimensional elastic
continuumn model. In addition to zone-folding of the bulk longitudinal mode dis-

persion curve. the samples are marked by a surfacc-localized acoustic mode at the
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superlattice-air interface. The frequency of this mode lies near the upper edge of
a phononic band gap centered at ~ 16 GHz. These results. along with optical re-
flectance data showing visible-range photonic band gaps. reveal that these samples

are one-dimensional hypersonic phononic-photonic crvstals.

6.2 Introduction

It is well-known that superlattices (SLs) with a one-dimensional periodic modula-
tion in the elastic properties exhibit complex acoustic phonon dispersion curves [1, 2].
Analogous to the electronic band structure, the phonon dispersion curve folds into
multiple branches within the mini-Brillouin zone corresponding to the artificial pe-
riodicity. This may be accompanied by the formation of forbidden frequency bands,
or phononic band gaps. for which acoustic phonons cannot propagate in the bulk
of the structure. The broken translational symmetry introduced by the SL-external
environment intertace in a real periodic structure, however, may permit the existence
of evanescent modes within these gaps [3, 4]. Previous studies using picosecond ultra-
sonic measurements [5-11] and Raman light scattering [12, 13] have shown evidence
of these surface-localized modes in various material systems.

Due to the porosity-dependent elastic properties. mesoporous silicon (7-Si) SLs are
characterized by a one-dimensional periodicity in the elastic impedance and, in turn,

are good candidates for one-dimensional phononic crystals [14-16]. This is important

from an applications perspective because of the possibilities it presents for seamless
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integration of phononic crystal-based devices such as acoustic superlenses [17], acous-
tic wave resonators [18]. and tlie so-called saser [19]. into existing silicon teclmologies.
Furthermore. due to the biocompatibility and bioactivity [20, 21] of porous silicon.
these devices could be interfaced with biological svstems.  Porous silicon SLs can
also serve as model systems for the study of novel photon-phonon interactions such
as optical cooling [22]. This is because the spatial variation in the elasticity is ac-
companied by a commensurate periodicity in the refractive index and, thus. these
films also behave as optical Bragg mirrors characterized by band gaps in the pho-
ton spectrum [23 25]. In fact. recent ultrasonic transmission and optical reflectance
measurements have shown evidence of both phononic band gaps and infra-red range
photonic band gaps for structures with a square-wave modulation in the porositv with
depth [16]. Further ultrasonic measurements on 7-Si rugate filters with a sinusoidal
variation in the porosity also showed evidence of hypersonic phononic band gaps in
these structures [26]. Broad-band hypersonic mirrors consisting of stacks of m-Si-
based one-dimensional phononic crystals of different modulation wavelengths have
also been theoretically predicted [27].

Hypersonic phononic crystal effects were also observed in Brillouin light scattering
experiments on 7-Si SLs with modulation wavelengths. D. ranging from ~ 40 nm to
~ 170 nm [28]. Near-normal incidence 180°-backscattering measurements were used
to access a single phonon wavevector in each sample. (directed approximately along

the modulation axis), and, in turn. a set of acoustic phonon frequency versus D data
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were obtained. Comparison between experiment and theoretical calculations based
on a one-dimensional continuum model suggested that the bulk longitudinal acoustic
phonon had folded into multiple branches. The polarization of the probed phonons.
however. could not be readily deduced experimentally. resulting in aibiguitics with
some of the mode assignments upon comparison with theoryv. Morcover, an additional
peak of unknown origin was observed in some spectra.
In this paper. the results of a comprehensive Brillouin light scattering study con-

| ducted on 7-5i optical Bragg mirrors with D ~ 100 nm will be presented. Using bhoth

ture directed along the periodicity was mapped for each SL. A polarization analysis
of the observed modes was also carried out. The results reveal that. in addition to
zone-tolding of the longitudinal bulk acoustic phonon. there exists a surface-localized
mode lving near the upper edge of a hivpersonic band gap in the bulk longitudinal
band structure. The frequency of this mode is an order of niagnitude lower than that
obscrved i1 Rawman scattering experiments {12, 13]. Further. the associated phononic
band gap is centered at a frequency of ~ 16 GHz. an order of magnitude larger
than the mid-gap frequencies observed in ultrasonic studies on #-Si SLs [16. 26].
Comiplementary optical reflectance measurements also confirm that these SLs are

pseudo-reflection and backscattering geonmetries. a portion of the phononic band struce-
one-dimensional photonic crvstals.
|



6.3 Theory

6.3.1 Acoustic Phonon Propagation along the Modulation
Axis of an Infinite Superlattice

Acoustic phonon propagation along the modulation axis of an infinite superlattice
will first he considered (see Fig. 6.1(a)). The superlattice has a square-wave variation
in elastic nupedance Z; = p; 15, where p; are the mass densities of the constituent
layers. 15 are the corresponding acoustic phoion sound velocities (either transverse
(‘'T') or longitudinal (L)). and j = 1.2 labels the constituent lavers. The modulation
wavelength D = ) +dy. where d; are the constituent laver thicknesses. is of the order
of tens-of-nanonieters and. assuming d, ~ ;. the thickness of cach coustituent laver
is much larger than the atomic spacing. In turn. for long-wavelength phonons. each
layer can be treated as a continuum [29. 30]. Interface boundary conditions require
that the displacement v = u(r) and the normal component of the stress p; L’ft)u/f).r be
continuous. Furthermore, the discrete translational invariance of the system implies
that the phonon behave as a Bloch wave. Taking this into account. one can find that

the dispersion relation for the phononic Bloch wave is [31]

{ 2
QD = cos™ | cos _2(_/1 o8 &Z{l_
‘ 1 ‘2
Qd 5
— ['sin L sin 8{{:
|2 1 i 5
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where @ is the phonon Bloch wavevector, {2 = 27v = Vjq; is the phonon angular
frequency, v is the phonon frequency, ¢; are the phonon wavevectors associated with

the constituent layers, and £ is given by

1 Z] Zz
F=lif2ry 22y 2
2<ZQ+Z]> (6:2)

With reference to the above. an effective medimn model [32] that treats individual
layers as elastic continua has been successtully used to predict the elastic properties of
SLs with < 10 nin-thick constituent lavers [33, 34] and polymeric Langmuir-Blodgett
films in which different portions of the molecules comprising the film are treated as
separate SL constituents [35]. There has also been, however, at least one instance

where this model was unable to accurately predict the elastic properties of SLs with

very small modulation wavelengths [36].

6.3.2 Acoustic Phonon Propagation along the Modulation
Axis of a Semi-Infinite Superlattice

[n addition to the bulk modes discussed above, the phonon spectrum for propaga-
tion along the surface normal of a semi-infinite binary periodic structure in contact
with a gascous half-space (say air) may contain surface-localized modes. Figure 6.1(b)
“astrates the semi-infinite structure. In particular. the physical parameters of the
semi-infinite structure will be the same as those used for the above infinite superlat-

tice. Further, the gas-solid interface is assumed to be stress-free. The surface-localized
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modes, which sten1 from the broken trauslational symmetry introduced by the gas-

solid interface, decay with depth and the associated eigenvalue is given by |e #V

:
where 3 is positive and real. Taking into account the zero stress at the gas-solid
intertace and assuming that constituent layer 1 is in contact with the gas, one can

show that [3, 4]

cos (Qdy / V1)
cos (Qsdy /VY)

leﬂm‘ _

<1 (6.3)

It can also be shown that [3, 4] the angular frequencies €2, = 27v, of the localized

surface modes are governed by

Z 2.d 5d:
(7;) tan <5€$1> + tan (Sz"/:b) =0. (6.4)

Thus, the v, values are independent of phonon wavevector. Since ‘eﬁdD‘ < 1,

Eqgs. (6.3) and (6.4) are both satisfied onlv when Z; < Z, (i.e., when the layer adja-
cent to the gas has the lower elastic impedance) [5]. Oue should also note that ‘6’5 b ’
is associated with a complex phonon wavevector and, hence, these modes are evanes-

cent waves with frequencies v, within the band gaps of the bulk modes corresponding

to Eq. (6.1).

6.3.3 Photon Propagation at Oblique Angles to the Modu-
lation Axis of an Infinite Superlattice

Similar to phonon propagation along the modulation axis of a superlattice, pho-

tons propagating at oblique angles to the modulation direction of an infinite SL with
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a periodicity in the refractive index exhibit complex dispersion curves. In particular,
the unit-cell of the periodic structure is comprised of two opticallv homogeneous lay-
ers with refractive indices n) aud ny (see Fig. 6.1(a)). Further, the photons are taken
to be polarized within the plane of incidence (u.e.. p-polarized). Due to the transla-
tional invariance of the optical properties. the component of the photon wavevector
along the modulation axis of the superlattice, ., is governed by [37]

wD = k(0)D = cos™! | cos (K1,dy) cos (Kopdy)
(6.5)

— Pysin (K, dy) sin (Ko, dy) |,

- . 2 . 2 . . . o .
where A, = (27/X) \/ 1§ — sin“t are the photon wavevector components perpendic-

ular to the layer interfaces in each constituent layver. A is the corresponding photon
wavelength in vacuum, and # corresponds to the angle of incidence if the photon
propagated in vacuum (deduced using Suell’'s Law). Here, P, is a paraneter specific

to the case of p-polarized light:

‘Qf\" . ,:z['T
P, =D,0) = ("1 2ry Moty ) . (6.6)

niK,, nthy,

One should note that the photon wavevector given by Eq. (6.5) is taken to be in the
extended-zoue scheme throughout the following discussion.

In the case that ny ~ ny, for propagation along the modulation axis. it follows from
Eq. (6.5) that the photon wavenumbers corresponding to the center of the photonic

band gaps, uy. can be approximated as [38]

t t
2(!11(]1 -+ nzdg) B 2'neffD

wy =



167

where t is a positive iuteger corresponding to the order of the photonic gap and

Ner = (n1dy + naydy)/ D.

6.3.4 Brillouin Scattering from a Semi-Infinite Superlattice

Brillouin light scattering can be used to map the acoustic phouon band structure
along the modulation axis of a semi-infinite superlattice. In particular. both near-
normal incidence backscattering and pseudo-reflection scattering geometries will be
considered. Onmne should also note that when probing a phonon of wavevector q.

conservation of momentum dictates that

la] = [K; — Kif. (6.8)

where K; and K are the incident and scattered photon wavevectors inside the mate-
rial, respectively [39]. Further, the components of the photon wavevectors along the
superlattice normal are governed bv Eq. (6.5) with A = A;. where A; is the wavelength
of the probing laser light. In this casc. q corresponds to a phonon wavevector in an
extended-zone scheme. Folding of the phonon band structure is accounted for by a
vector (2lp/ D)1 in the above expression. where [ is an integer corresponding to the
folding-order of the phonon branches.

When using a backscattering geontetry (sce Fig. 6.2(a)). where 6, = 6;, the angle

between the direction of phonon propagation and the surface normal. apg. can be
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related to 6; via Snell's law and is expressed as

4 1
apg = tan~! <ﬂ> < sin”! <—sm (;?i) < 0;, (6.9)

qBsL n
where gpg and gpg, are the components of the phonon wavevector qq parallel and
perpendicular to the sample surface plane, respectively. Without loss of generality.
it was asswmed that n; < ny and, thus. 8; > sin™'(sin(#;)/n1) > sin~H(sin(8;)/ny). If
nq is sufficiently large and 6; is small, avgg = 0°. In turn. for a near-normal incidence
backscattering geometry. the resulting probed phonon propagates approximately par-

allel/antiparallel to the superlattice modulation axis with a wavevector of magnitude

qps = qps1V 1+ tan® aps ~ Jps. . (6.10)

Thus, taking into account Eq. (6.8). it follows that
qps == 2k (0;) . (6.11)

For a pseudo-reflection scattering geometry (see Fig. 6.2(b)). where 6, ~ 6;. the

resulting probed phonon propagates at an angle «pg given by [40]

0; — 0,
2

Qpp S . (612)

This probed phonon propagates nearly along the superlattice modulation axis with

wavevector qpp of magnitude
grr = GprLV 1+ tan® app ~ qpp. . (6.13)
Again, following from Eq. (6.8). one can sec that

grr ~ K (0:) + 5 (6,). (6.14)
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Due to the periodicity of the elastic properties, phonons probed using the above

geometries behave as phononic Bloch waves. Since the probed phonons are directed

along the interface normal of the SL, folding of the phonon band structure may be

accounted for by the siinple selection rules

21

Q= qps + —Dﬂﬂ (6.15a)
2

Q=qrr+ Nk (6.15b)

6.4 Experimental Details

Porous silicon SLs and associated single layer filins were made by anodization of
pT-type (100)-oriented crystalline silicon (5-20 mf2-cm) in an electrolvte composed
of 1 (49% HF) : 1 (CyH5;OH). Single layer films were fabricated with thicknesses of
~ 5 pm. Cross-sectional scanning electron microscopy imaging showed that the char-
acteristic pore diameter was ~ 10 nm, comparable to previous results obtained for
films made under similar conditions from pT-type crystalline silicon substrates [41].
Etching current densities of 149 mA/cm? and 101 mA/cm? were used resulting in
samples with gravimetrically-determined porosities of 0.58 £ 0.02 and 0.50 4 0.02.
respectively. The porosity values were deduced by statistical analysis of results taken
from two series of samples. one for each current density, combined with results ob-
tained from similar samples studied previously in this laboratory [42]. In contrast to
an earlier Brillouin scattering study [28]. each porosity value was associated with a

given current density and the observed sample-to-sample variation was taken into ac-
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count in the experimental uncertainty. The refractive indices of the single-layer films
were obtained using the porosities together with the two-component Bruggeman ef-
fective medium model [43]. Using these effective refractive indices. the acoustic wave
velocities for the constituent layers were determined through statistical analysis of
near-nornial incidence 180°-backscattering Brillouin data (V' = vA;/2n, where v is
the phonon frequency deduced from the Brillouin peak frequency shitt) obtained for
two sets of single-layer films, one for each current density. It should also be noted that
for 7-Si films, the effective mass density is p = ppun(1—¢), where pyu = 2330 kg/m?
is the density of crystalline silicon and ( is the film porosity.

Superlattices with a square-wave modulation in the porosity were formed by al-
ternating the current density between the above values. These SLs, as well as those
in the previous study [28], were fabricated such that the 58% coustituent layer was
the first formed and, hence, located at the SL-air interface. In order to ascertain the
effect of constituent layer configuration on the SL acoustic phonon spectrum, exper-
hnents were also done on a number of 7-Si SLs fabricated with the lower porosity
(i.e., 50%) layer adjacent to air. To minimize electrochemically-induced gradients
in porosity with depth, 1 s etch-stops were included hetween each etching step to
allow the electrolyte to replenish at the pore tip. Etching times were chosen so that
the constituent layer thicknesses, d; and d,. were approximately equal and SLs were
made with modulation wavelengths D ranging from 38 nm to 172 nm. Thus. D /2 was

typically nuch larger than the characteristic pore diameter. The modulation wave-
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length for each superlattice was determined by taking into account the etch times

together with etch rates deduced from the associated single-layer films [44] or, more
precisely, through cross-sectional scanning electron microscopy imaging. Individual
constituent layers could not he discerned in the micrographs but D could be obtained
by dividing the total filim thickness by the number of current density cvcles. The
number of modulations was such that each SL film was ~ 5 gm thick. The porosities,
refractive indices. effective mass density. and bulk acoustic phonon velocities of the
SL constituent layers were taken to be the same as those of single layver films formed
under identical ctching conditions.

Brillouin scattering experiments were carried out in air at room temperature using
both a backscattering geometry and a pseudo-reflection geometry. Incident light of
wavelength A\; = 532 nm reduced to a power ranging from ~ 50 mW to ~ 80 mW
was provided bv a Nd:YVO, laser. For the backscattering geometry, a 5 cm lens
(1.8 < f/# < 4.0) served to focus the incident light on the sample and was also used
to collect scattered light. The backscattering spectra were collected at 6° < 8, =
6, < 8°. For the pseudo-reflection geometry. incident light was focused on the sample
using a lens with a focal length of either 10.0 ecm or 7.5 cmi and scattered light was
collected by the aforementioned 5 cm lens. In this case. #; ranged from 30° to 68°.
To ensure that specularly reflected light did not enter the collection lens. , was set
5% to 11° less than #;. Frequencv analysis of the scattered light was done using a

tandem Fabry-Perot interferometer. Most spectra were collected using a free spectral
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range of 60 GHz, but lower values were used when higher resolution was required
(e.g., to resolve spectral peaks close to the central elastic peak). It should be noted
that the intensities of some of the observed Brillouin peaks were quite small and, in
fact. a collection time of several days was needed in order to discern particularly weak
features in each spectrum. In addition. it was observed for a muniber of the single-
layer films and SLs that spectra collected from a given sample at vastly different
times (months in some cases) were practicallv indistinguishable. Moreover. studies
conducted on single layer filins as well as porous silicon-based microcavities report
no significant oxidation-induced aging effects on the optical properties for samples
made from p*-type substrates [13, 45]. Hence, the current Brillouin scattering results
suggest that the influence of aging on the elastic properties of the filins is negligible.

In conjunction with the Brillouin light scattering experiments. normal-incidence
optical reflectance nieasurements were done. Incident light was provided by a tung-
sten halogen broadband white light source. Spectral data were collected and analyzed
using an Ocean Optics fiber optical grating spectrometer configured for response over
a spectral range of ~ 400 nm to ~ 1100 nm. The reference used for these experi-
ments was a broadband dielectric mirror manufactured by Thor Labs which exhibits
reflectance of >~ 99% from ~ 400 um to ~ 900 nm. Thus. over this spectral range
the resulting relative reflectance values were approximately equal to the absolute

reflectance of the corresponding #-Si filins.
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6.5 Results and Discussion

6.5.1 Optical Reflectance

Figure 6.3(a) shows typical optical relectance spectra collected from 7-Si super-
lattices. The observed reflectance peaks corresponded to the t = 1 one-dimensional
photonic band gap, which was in the visible spectral range. while the side lobes were
due to interference over the whole film. Spectral peaks due to the t = 1 photonic band
gap were not observed in samples with D < 99 mmn as the expected peak position was
outside the sensitivity range of the optical reflectance setup. For each sample. the
center of the optical Bragg peak was assigned to wy. Since (o ~ (4, na{w) ~ ny(w)
and, thus, the theoretical dependence of wy on D was determined from the continuum
model given by Eq. (6.7), as has been successtully done for mesoporous silicon SLs
in the past [23, 24. 38]. In particular, the wavenumber-dependent refractive indices
nj(w) of the constituent layers were obtained using the two-component Bruggeman
effective medium model [43]:

(1= n;(0) ) (N(w)? + 2n(w)?)

1-¢= 3ni(w)? (1 — N(w)?)

(6.16)

where N(w) is the wavenumber-dependent refractive index of bulk crystalline sili-
con [46]. Thus. in order to calculate wy versus D. the corresponding n;(w;) values
were used as inputs in Eq. (6.7). The resulting theoretical curve, which takes into
account optical dispersion. is in good agreement with the cxperimental data (see

Fig. 6.3(b)). One should note that for samples in which the Bragg peak was ob-
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Figure 6.3: (a) Optical reflectance spectra collected from D = 145 nm, D = 166 nm,
and D = 172 nm porous silicon superlattices. Horizontal dashed lines mark the 0%
reflectance level for the D = 145 nm and the D = 166 nm spectra. (b) Dependence
of the t = 1 photonic band gap center w; on superlattice modulation length D. Sym-
bols: experimental data; curve: theoretical calculations based on Eq. (6.7) together
with Eq. (6.16). Filled and empty symbols correspond to samples for which D was
calculated using the constituent layer etch rates together with the etch times and
cross-sectional scanning electron microscopy-deduced overall film thickness, respec-
tively. Error in spectral position is smaller than the symbols.
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served, the individual laver thickness was ~ 5 times the characteristic pore diameter

of ~ 10 nm and the wavelength of the refracted light corresponding to 1/(wneg(w:))

(> 180 nm) was more than an order of magnitude larger than the pore size. Hence,
it is not swrprising that these SLs can be treated as optical continua.

As a final note, the reflectance at the optical Bragg peak wavelength was tvpi-
cally between ~ 50% and ~ 70% for cach sample. That is, samples were not per-
fect reflectors over this spectral region. This tvpe of response has been observed in
previous studies and is thought to be due to losses stemming from absorption and
layer-to-layer interface roughness [47 -49]. Following from the fact that roughness at
the film-substrate interface of single layer filins made from p*-type silicon is less than
10 mm [49], it is assumed that layer-to-layer interface roughness in the current SL

films is ~ 10 n (i.e., comparable to the pore diameter).

6.5.2 Brillouin Light Scattering

Brillouin scattering experiments were done on superlattices with D values of
88 nm, 99 nm. 145 nm. 166 nm, and 172 mm using both 180°-backscattering and
pseudo-reflection geometries. The wavelength of the probed acoustic phonons was
determined from Egs. (6.11) and (6.14) to be approximately 120 nm (about an order
of magnitude larger than the characteristic pore diameter). For each sample, three
peaks were observed with frequency shifts dependent on the angle of incidence and.

hence. the magnitude of the phonon wavevector component directed along the mod-
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ulation axis (see Fig. 6.4(a)). In order to determine the polarization of these three
modes, it was noted that for p-polarized incident light, the light scattered from lon-
gitudinal and transverse bulk modes is p- and s-polarized, respectively, when using a
pseudo-reflection geometry [39]. Thus by placing an appropriately-oriented polarizer
in the scattered light, the character of these modes could be determined. Such a
polarization analvsis revealed that two of the peaks could be attributed to scattering
from bulk longitudinal modes (labeled Ly and L) while the third was attributed to
scattering from a transverse bulk mode (labeled Ty) (see Fig. 6.4(b)). Further, when
the probing light is at near-normal incidence. where the scattering cross-section for
transverse modes should be negligible [39], the peak assigned to the transverse mode
was not discernible in the collected spectra. Finally. the pecak associated with the L_;
mode for the D = 166 nm and the D = 172 nm samples was very weak and. in fact.
could not be readily fit to a Lorenztian function in most cases (see Fig. 6.5).

In the case of the D = 145 nm, D = 166 nm. and D = 172 nm samples, a
fourth peak was observed. This peak had a lineshape which was similar to the
unassigned peak reported previously for samples of comparable modulation wave-
length [28] (see Fig. 6.6(a)). Aside from spectra collected from the D = 166 nm
and D = 172 nm sample, this weak spectral feature (labeled S) was only discernible
in the 180°-backscattering spectra collected at near-normal incidence. Figure 6.6(b)
shows a series of spectra collected from the D = 172 min sample and, as one can see.

the frequency shift of the peak is independent of the incident angle of the probing
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Figure 6.4: (a) Brillouin spectra collected from a D = 99 nm porous silicon super-
lattice at different angles of incidence. Angle 6; corresponds to the incident angle
used in a 180°-backscattering geometry, while 8, = |0; + ;| /2 corresponds to the
average angle used in a pseudo-reflection geometry. Spectra were smoothed using
3-point adjacent averaging. Lo (L_;): peak ascribed to the [ = 0 (I = —1) folded
bulk longitudinal mode; Ty: peak ascribed to the | = 0 bulk transverse mode. (b)
Polarized Brillouin spectra collected from a D = 145 nm porous silicon superlattice
at 0,,, = 28°. PU: p-polarized (unpolarized) incident (scattered) light; PS: p-polarized
(s-polarized) incident (scattered) light; PP: p-polarized (p-polarized) incident (scat-
tered) light. Note: a fourth spectrum collected at a free spectral range of 30 GHz
was used to determine the frequency shift of the L_; mode.
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Figure 6.5: Polarized Brillouin spectra collected from a D = 166 nm porous silicon
superlattice at 6, = 54°. PP: p-polarized (p-polarized) incident (scattered) light; PS:
p-polarized (s-polarized) incident (scattered) light. The PP spectrum was segmented
such that the collection time for this region was ten times that of the rest of the
spectrum. The horizontal dashed arrows indicate the relevant scattered light intensity
scale for each spectrum.
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Figure 6.6: (a) Near-normal incidence 180°-backscattering geometry Brillouin spec-
trum collected from a D = 151 nm sample. The data deduced from this spectrum
were reported previously [28]. (b) Brillouin spectra collected from a D = 172 nm
sample. The dashed line is a guide for the eye, marking the position of the S mode.
The spectra were segmented such that the collection time for the frequency region
shown was ten times that of the rest of the spectrum. Arrows mark weak features
that may be due to the | = —1 folded longitudinal mode branch.
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light, suggesting that the frequency of the corresponding phonon mode is independent
of wavevector. Since the intensity of this peak and. therefore, the scattering cross-
section does not appear to increase appreciably as the incident angle of the probing
light increases. it suggests that this mode has a longitudinal, not transverse, polar-
ization. In addition. the linewidth of the S peak is comparable to the instrumental
linewidth (e.e., full-width at halt-maximum of < 1 GHz). typical of a surface mode.
Furthermore, since the peak is narrower than the lower frequency L | peak assigned
to a longitudinal bulk mode, it is unlikely that the S peak is due to a bulk phonon
as this would be counter to usual mechanisis for Brillouin peak broadening for bulk
modes. such as opacity broadening [50]. broadening due to Akheiser damping [51] or
Rayleigh scattering [52], where the linewidth increases with the phonon frequency.
Finally, this mode was only observed in samples for which the lower impedance (z.e.,
high porosity) constituent layer was adjacent to ambient air (see Fig. 6.7). It is for
these reasons that the S peak is attributed to a localized-surface mode lying within a
phononic band gap in the bulk longitudinal acoustic mode dispersion curve. It should
be noted that in the case of the D = 166 nm sample, this peak had been previously

assigned to the [ = —2 folded longitudinal bulk mode [28].

6.5.3 Comparison to Theory

Figure 6.8 shows data collected from the D = 88 nin, the D = 99 nm, the

D = 145 nm, the D = 166 nm. and the D = 172 nm samples together with re-
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Figure 6.7: (a) Near-normal incidence 180°-backscattering geometry Brillouin spec-
trum collected from two D ~ 150 nm superlattices, one with the lower elastic
impedance (i.e., higher porosity) layer adjacent to air (denoted by LH) and the other
vice-versa (denoted by HL). The collection time for the HL spectruin was 2.5 times
longer than that of the LH spectrum. (b) Optical reflectance spectra collected from
the D ~ 150 nm superlattices mentioned in (a). The horizontal dashed line marks
the 0% reflectance level for the spectrum collected from the LH sample. Since there
is only ~ 4% percent difference in the position of the t = 1 photonic band gap, both
samples have approximately the same periodicity.
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Figure 6.8: Dependence of vD on ¢D for the porous silicon superlattices. Solid
(dashed) curves: theoretical longitudinal (transverse) mode band structure obtained
from Eq. (6.1); ®(<): bulk longitudinal (transverse) mode data deduced using
both backscattering and pseudo-reflection geometries; M. weak features observed
in spectra collected from the D = 166 nm and D = 172 nm samples (denoted by
arrows in Fig. 6.6); ®: surface-localized mode data deduced using both backscat-
tering and pseudo-reflection geometries. Note that the preceding data corresponds
to the combined results obtained from the D = 88 nm, D = 99 nm, D = 145 nm,
D = 166 nm, D = 172 nm superlattices. 3X: previously reported data [28] deduced
using a backscattering geometry (each ¢D value corresponds to a different sample): .
previously reported data collected from duplicate samples; P previously reported
data from D = 99 nm sample using backscattering geometry; X: unassigned peak
from previous study which is now attributed to localized-surface mode; V. unassigned
peak from previously studied duplicate sample which is now attributed to localized-
surface mode; thick horizontal line: horizontal linear fit of all surface-localized mode
data. Folding order [ is indicated. Thick vertical arrows show samples for which weak
spectral features in backscattering spectra were assigned to bulk transverse modes.
Previously reported backscattering spectrum from D = 99 nm contained a peak at
vD ~ 18 m/s of unassigned origin (see Fig. 2(b) in Ref. [28]). The linewidth of this
mode is comparable to the bulk transverse mode and, thus, not thought to be due a
surface-localized mode. The experimental uncertainties in v D and ¢D are approxi-
mately equal to and twice the size of the symbols, respectively. Furthermore, there is
a ~ 15% error in the calculated band structure stemming from experimental uncer-
tainties in the constituent layer porosities and phonon velocities from which it was
calculated.
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Table 6.1: Porosity. refractive index and bulk acoustic plionon velocities for single-
layer porous silicon films. The refractive index values were deduced using Eq. (6.16)
together with the bulk crystalline silicon refractive index value at A\; = 532 nm (i.e.,
w; ~ 1.88 jan~!) [46]. The phonon velocities were obtained from phonons propagating
approximately parallel to the sample surface normal.

Porosity Refractive Index Vr Vi

(ki/s) (km/s)

0.58 = 0.02 21 £ 0.1 2704 4604

0.50 £ 0.02 24 0.1 2702 48x£03

sults from the previously studied films [28]. With regard to the previously reported
results, which were obtained using onlv a 180°-backscattering geometry, all of the
spectra were scrutinized again and. in particular, any past peak assignments which
were deemed questionable were not included. Since the fill-ratio dy/D (i.e.. ~ 0.5)
and the constituent layer parameters (see Table 6.1) were taken to be the same for
each sample. according to Eqs. (6.1) and (6.4), vD versus gD is invariant of D. The
experimental gD values were obtained using Eqgs. (6.11) and (6.14) together with
D and the known constituent laver refractive indices. [t is worth noting that since
ny = 2.1 for the probed structures. agg < 4° and apgr < 5.5° in these experiments
(recall Eqs. (6.9) and (6.12)) and. therefore, Eqs. (6.11) and (6.14) were applicable.
Using the values for the constituent layer porosities (recall: p; = ppun(l — (;)) and
phonon velocities as inputs in Eq. 6.1, the theoretically expected bulk longitudinal

and bulk transverse pliononic band structures could be compared to the experimental
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data. Excellent agreement was obtained between the bulk mode data and the cor-
responding theoretical curves. In particular. the agreement suggests that both the
[ =0 and | = —1 branches of the folded bulk longitudinal mode band structure were
observed. while only the | = 0 transverse mode branch was observed. Evidence of
zone-folding was only observed for SLs with constituent layver thicknesses that were
more than ~ 4 times the characteristic pore size. Of related interest are the results of
Brillouin studies on mesoporous silicon SLs with constituent layer thicknesses com-
parable to the pore dianmeter i1 which only partial agreement was obtained between
experimentallv-determined SL elastic constants and those predicted by an effective
medium model [44].

The intensity ratio between the L_; and Ly peaks appeared to change drasticallv
with D (sec Figs. 6.4, 6.5, and 6.6). Since the range of probed phonon wavevector
magnitudes is approximately the same for each sample, this suggests that the relative
scattering cross-section for the [ = —1 folded longitudinal mode is stronglv dependent
on gD and. in fact, becomes negligible at the edge of the third mini-Brillouin zomne.
Considering the photoelastic properties of these structures. this result is in qualitative
agreement with Raman scattering studies on folded bulk longitudinal phonons in
SLs [53-55]. Further. studies have shown that diffuse interfaces in the SL, such as
1s the case here. can have a stroug effect on the relative intensities and typically
result in a decrease in the scattering cross-sections of the folded modes [56, 57].

Moreover, it is not surprisinug that no peaks were observed for the | = —2 longitudinal
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branch. Again, taking into account the photoelastic properties. the corresponding
scattering cross-sections for even order modes are expected to be negligible when
Zydy ~ Z1dy [53. 54, 56]. as is the case in this study.

The vD values corresponding to the surface-localized mode appeared to be in-
dependent of QD (see Fig. 6.8). as expected from Eq. (6.4). Comparison between
data and theory suggest that the localized mode is near the high frequency edge of
a hypersonic phononic band gap centered at a vD value of ~ 2350 m/s. Fitting the
localized mode data to a horizontal line gave a value of v, D = 2590 £ 20 1n/s, which
is in reasonable agreement with the value of v D = 2300 £ 200 m/s determined from
Eq. (6.4). It should be noted that the random error in the theoretical value is due to
the uncertainty in the sample paramcters, including the modulation length. the con-
stituent laver fill-ratio (taken to be 0.51), the porosities. and the phonon velocities.
Further, phonon damping was neglected in the theory. which means that there is a

systematic error in the theoretical value of v D.

6.6 Conclusions

Brillouin light scattering experiments carried out on porous silicon superlattices
with modulation wavelengths in the range ~ 40 mm to ~ 170 nm reveal a complex
phononic baud structure for propagation along the superlattice modulation axis. Two
zone-folded bulk longitudinal acoustic phonon modes together with a mode of longitu-

dinal character localized at the superlattice-air interface are observed. The frequency
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of this surface-localized mode is independent of wavevector and lies near the upper
edge of a hypersonic band gap in the bulk longitudinal dispersion curve centered at
~ 16 GHz. These results, along with complementary optical reflectance data showing
stop bands at optical wavelengths. reveal that these superlattices are one-dimensional

hypersonic phononic-photonic crystals.
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Chapter 7

Off-Axis Phonon Propagation in Porous Silicon

Superlattices

7.1 Abstract

Brillouin light scattering experiments and optical reflectance measurements were
perfornied on two binary periodic porous silicon superlattices which had constituent
layer porosity ratios close to unity. The phononic and photonic band structures of |
the superlattices were effectively mnodeled as a series of intersecting lincar dispersion
curves. Zone-folding was observed for the longitudinal bulk acoustic phonon. with
Brillouin spectra containing peaks associated with two branches of the correspond-
ing band structure. Analysis of the Brillouin peaks suggested that the longitudinal
bulk modes underwent viscous attenuation, with attenuation coefficients orders of

\
|
magnitude larger than that of bulk crystalline silicon. Additionally, using an oblique ‘
angle 180°-backscattering geometry, the frequency ot the probed zoune-tolded longitu-
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dinal phonon was shown to be dependent on the propagation direction as well as the
folding order of the mode branch. There was no conclusive evidence of coupling be-
tween the transverse and the folded longitudinal modes. Furthermore, two additional
Brillouin peaks were observed which were attributed to the Rayleigh surface mode
and a pseudo-surface mode. Both surface modes were dispersive. with the velocity

increasing as the wavevector decreased.

7.2 Introduction

It is well known that mesoporous silicon films with a spatial modulation in the
porosity and, hence, a modulation in the clastic impedance exhibit rich acoustic
phonon band structures [1-6]. The resulting bulk acoustic dispersion curves con-
tain multiple zone-folded branches which may be accompanied by the appearance
of forbidden phonon frequency bands. or in analogy to photonic crystals, phononic
band gaps. Recent studies conducted using ultrasonic measurements along the mod-
ulation direction of films with square-wave [4] and sinusoidal [5] variations in the
porosity have reported the existence of one-dimensional phononic band gaps in the
bulk longitudinal acoustic phonon band structure that have mid-gap frequencies of
the order of 1 GHz. As well, Brillouin light scattering studies on binary periodic
porous silicon (7-Si) superlattices (SLs) showed a complex bulk longitudinal acoustic
band structure [3, 6]. with a second longitudinal mode branch observed for phonons

directed along the superlattice modulation axis. Furthermore. these light scatter-
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ing experinients gave evidence of an additional Brillouin peak which was attributed
to a surface-localized mmode with a frequency within a one-dimensional hypersonic
phouonic band gap of the bulk longitudinal band structure centered at ~ 16 GHz.

In contrast to the recent surge of studies that have focused on phonon propagation
along the modulation axis of periodicallv-lavered 7-Si structures, little work has been
carried out to study oblique phonon propagation in these samples. The acoustic
phouon dispersion along off-axis directions can be particularly complex. with the
possibility of additional intra-zone forbidden phonon bands. or hybridization gaps,
due to coupling between phonon modes of ditferent polarization [7]. While oblique
incidence 180°-backscattering geometry Brillouin light scattering experiments have
been conducted on porous silicon superlattices [8-10]. no phononic crystal effects were
reported. In particular, investigations were carried out on the applicability of effective
niediwn elasticity models for the treatment of 7-5Si structures with modulation lengths
wuch smaller than the probed phonon wavelength [8. 9], while other work has focused
on surface-propagating modes with only a qualitative discussion of the observed bulk
modes [10].

In this paper, results collected for Brillouin light scattering fromm both near-
normally propagating and obliquely propagating phonons in 7-Si optical Bragg mir-
rors will be reported. In particular, comparison between the bulk mode data and
theoretical calculations based on a one-dimensional continuum model suggest that

the frequency shift of the Brillouin component corresponding to the observed folded
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longitudinal bulk mode is strongly depeudent on the propagation direction. Fur-
thermore, analysis of the spectral peaks attributed to the folded longitudinal modes
suggest that the dominant mechanisin for phonon damping is viscous attenuation [11].
Morcover, the quantitative agreement between the data and the calculations suggested
that coupling between the transverse and folded longitudinal modes is negligible and,
specifically, there was no evidence of corresponding hybridization gaps. Finally, the
experiniental observations suggested that the 7-Si SLs supported a Rayvleigh surface
phonon and some kind of pseudo-surface mode, both of which were dispersive with

wavevector-dependent velocities.

7.3 Experimental Details

Porous silicon SLs were made by anodization of p*-type [100]-oriented crystalline
silicon (5-20 m€2-ci) in an electrolvte composed of 1 (49% HF) : 1 (C,H;0H) : 1 (H,O)
by volume using a procedure similar to that described elsewhere [6]. The resulting
electrolyte solution had an HEF concentration of ~ 16.3%. Siuce the etching process
is strongly dependent on HF concentration, interpolating from the porosity versus
current density and etch rate versus current density data given in Ref. [12] for 7-Si
filnis made from similarly doped wafers. the porositv and laver thickness for a given
film could be estimated from the applied current density value and the etch time.
A pair of multilayvered films with binary periodicity i1 the porosity were fabricated

by applving a current density profile consisting of alternating current densities of ~
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34 mA/cm? and ~ 3.4 mA /em? separated by 1 s etch-stops. The resulting constituent

layers had estimated porosities of (; ~ 54 % and (, ~ 45 %. respectively, and were
formed at ecstimated etch rates of ~ 28 mm/s and ~ 11 nm/s, respectively [12].
Critical to the creation of these SLs is the fact that 7-Si formation is a self-limiting
process and, turthermore. each constituent porous laver grows linearly with time.
Moreover. for both SLs. the ctch times were chosen such that the constituent layer
thicknesses, d; and d,, were approximately equal. Cross-sectional scanning electron
microscope images were collected for each SL and the modulation wavelengths D =
d, 4+ do were determined from the overall film thickness (total film thickness is equal
to (Dx number of cveles)). Table 7.1 gives the etch times as well as the modulation

wavelengths determined from the estimated etch rates. DY and the cross-sectional

SIJM M

scanning electron micrographs, D . In particular. DFY was determined using the

estimated etch rates together with the defined ctch times. As one can see, DSEM ig
comparable to DEM and. in fact, the values for sample 1 agree within uncertainty.
This suggests that, for the currently studied films. the sample parameters interpolated
from the results given in Ref. [12] provide reasonable estimates of the constituent layer
porosities and etch rates.

It is known that mesoporous silicon films are marked by a porosity-dependent
mass density (7.e.. p = pesi(1 = ;). where p._g; = 2330 kg/m? is the mass density of

crystalline silicon and j = 1.2 is the constituent layer index). Furthermore, both the

sound velocities [8, 13-15] and the refractive index [12. 16] decrease with increasing
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Table 7.1: m-Si superlattice etch times. ¢; and ¢, the modulation wavelength value as
determined using the estimated etch rates with the given etch times. DEFM | and the
modulation wavelength value as determined from cross-sectional scanning electron
microscope images, D EY

Sample  t; ty DEM DSEM

S 5 nm nm

1 1.568 4703 939 87T £ 2

2 2009 6.176 120 = 10 102 £ 3

porosity. In turn, the binary periodic SLs have a square-wave periodicity in both
the elastic and electromaguetic properties. In particular, the sound velocities behave
according to V; = V._g;(1 — ;)®, where V,_g; is the corresponding sound velocity in
crystalline silicon (either transverse (T) or longitudinal (L)) and ¢ is an empirical
fit parametcr, specific to the transverse and longitudinal mmodes, which is typically
of the order of 1 [17]. Furthermore, the 7-Si refractive indices may be deduced
from (; using the two-component Bruggeman effective medium model [16]. Taking
into account the estimated constituent layer porosities, it follows from these previous
works that there is at most a ~ 20% difference in the constituent laver mass densities,
sound velocities [8, 13-15], and refractive indices [16]. In fact, the bulk longitudinal
acoustic mode velocity is expected to be between ~ 4 kin/s and ~ 5 ki/s for each
layer. while the corresponding bulk transverse acoustic mode velocities are expected
to be between ~ 2 km/s and ~ 3 km/s [17]. As well., one should keep in mind that

the refractive indices are wavenumber-dependent and. more spectically, the stated
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estimate in the refractive index variation was determined assuming electromagnetic
excitations in the visible spectral range.

Brillouin scattering experinients were carried out under ambient conditions using
both a pseudo-reflection geometry and a 180°-backscattering geometrv. The exper-
iiental nethodology has been described previously [6]. In particular. a Nd:YVOy,
solid-state laser with beam wavelength of 532 nin (wavenumber wy, = 1.88 ym™!)
was used to probe the samples. The resulting scattered light was collected using a
5 cm lens with f/# = 2.8 or ~ 4.0. For the pseudo-reflection geometry, the angle
of incidence, §;, ranged from 35° to 67° while the angle between the axial ray of the
scattered light and the sample surtace normal. 6, was set 6° to 10° less than ;. The
backscattering measurenients were done for #; ranging from 7° to 80°. Note that
6 = 0; in the 180°-backscattering geometry. Moreover, as was done in a previous
study [18], spectra collected at near-normal incidence 180°-backscattering were taken
to approximate spectra at ideal normal incidence. By extension, the near-normal
incidence 180°-backscattering spectra then approximate pseudo-reflection geometry
Brillouin spectra collected at 6, = (6s+6;) /2 = 0 (i.e., when both #; and 6 are
equal to zero).

In conjunction with the Brillouin light scattering measurements. additional exper-
iments were done to characterize the optical properties of the SLs. Firstly, in order
to confirm the that the sammples were one-dimensional visible range photonic crystals.

normal-incidence broad-band reflectance nieasurements were done. These reflectance
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readings were done using an optical setup outlined previously [6]. Secondly, in order
to better understand how the probing 532 nin laser light propagates in the SLs. the
angular dependence of sample reflectance at A = 532 nm was measured using a simple
optical setup which has been described elsewhere [19]. In particular. the reflectance

of both p- and s-polarized light was investigated.

7.4 Theory

7.4.1 Phonon Propagation in an Infinite Superlattice

For 7-Si SLs with a square-wave spatial modulation in the porosity of the order
of 100 um. acoustic phonons propagating along the layer-interface normal may be
treated using a one-dimensional elastic continuuin inodel and, thus, are governed by

the dispersion relation [1. 2. 6]

2d 2d: , .
cos (D) = cos <%> cos (V—?) — F'sin (%) sin (%) . (7.1)

where @ is the phonon Bloch wavevector. {2 = 27v is the phonon angular frequency,
v is the phonon frequency. V; are the constituent layer phonon velocities (either

longitudinal (L) or transverse (T)), F is

1 (2 7,
F==(Z2t422), 7.2
2<ZQ+ZL) (7.2)

and Z; = p;V; are the constituent layer elastic impedances. Without loss of generality,

it may be assuned that Vo > V| and py > p;. It follows tfrom Eq. 7.1 that the acoustic
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phonon dispersion curves are folded into mini-Brillonin zones of dimension 27/D in
reciprocal space. In the case that Zy = Z; or. more specifically, Vo &~ V] and py = py.

then F =~ 1 and. consequently. the phonon dispersion relation can bhe approximated

. . Ve
O 1gQ = £iglgl £ 2x D” (7.3)
with effective velocity Vi given by
. it
‘(, = B D 7.4
T ("1(12+‘2(]1 (74
and ) defined as
0 . 27 (7.5)
= . :
1 D 7.5

In particular. ¢ is the extended-zone-scheme (i.e.. zeroth-order) phonon wavevector
and integer [ is the phonon mode folding-order. The phonon band structure. in turn.
can be treated as a series of intersecting linear dispersion curves with slopes of +1
(see Fig. 7.1). Moreover. it can be shown that V5 > V¢ > V| and. thus. the { = 0
band of the SL lies between that of the constituent layvers. Furthermore, with Vo &~ V7.
then Vg = 15 &= 1] and. consequently. awav from the edges of a Brillouin. where the
effect of plhiononic band gaps is most signiticant. the dependence of 2 on ¢ exhibits
behaviour similar to that of an clastically homogeneous material with clastic wave
velocity Vi

For off-axis propagation. the phonon dispersion relation is, in general. much more

complex than for the normal-incidence case [7]. In particular. the model must account
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Figure 7.1: Schematic of the bulk acoustic phononic band structure along the modu-
lation axis of a binarv-periodic superlattice. The ratio in the acoustic velocities and
nmass densityv was (.85 aud 0.87. respectively, Calculations based on a one-dimensional
elastic continuun model (solid curves) were reasonably approximated by a series of
intersecting lincar dispersion curves (dashed curves) which had slopes of +V44.

for the difference in refraction angle in cach coustituent laver and. in turn. the angle-
dependent path in cach layer. Continuing with the assumption that 15 ~ V7 and
P2 = p1. however. the angle of refraction is approximately the sanie in both lavers.
Counsequently. the SL band structure can be related to effective velocity Vg = V5 =
Vi, which is approximately independent of propagation angle. That is. assuming
the directional anisotropy of V) and 15 1s negligible and that V, = V. then Vi is
independent of propagation direction [22]. The off-axis phonon dispersion relation

nmayv then be approximated by

O T/ Q7 + . (7.6)

where Bloch wavevector Q) (in coutrast to Q stated above) depends on the compo-

nents of the constituent laver phonon wavevectors directed perpendicular to the layer
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interfaces and ¢ is the in-plane component of the phonon wavevector. Counsequently.
the SL exhibits an cffective acoustic phonon phase velocity of Vg with zone-folding
accounted for in Q) .

One should note that mode conversion and. therefore. coupling between the longi-
tudinal and the horizontal transverse phonons was neglected in the preceding discus-
sion. As has been shown in previous works [7. 23], the effects of this coupling will be
most prouounced in regions where the longitudinal and horizontal transverse bands

overlap, resulting in intra-zoie band gaps. Furthermore, the widths of the intra-zone

. P PR . .
gaps tend to increases as g/ (Q* + q)? increases. Hence. for spectral regions where

the longitudinal and horizontal transverse phonon bands overlap. there will be a sys-
tematic error in the calculated folded dispersion curves obtained using Eq. (7.6). If.
however, the width of a given intra-zone gap is small, this error in the band curvature
is also small. As will be shown, the svstematic error in the curvature of the bands
is typically small for the samples studied here and. thus, oblique acoustic phonon
propagation in 7-Si can be reasouably treated with the simplified theory outlined

above.



205

7.4.2 Oblique Angle Photon Propagation in an Infinite Su-

perlattice

For visible-range photons in a 7-Si SL with a binary periodicity in the porosity,

propagation aloug the modulation axis of the SL is governed by [6, 24]
cos(kD) = cos (K dy) cos (Wydy) — Psin (Rdy)sin (Kyds) (7.7)

where x is the photonic Bloch wavevector, K; = (27n; /) are the photon wavevectors
in each constituent layer. n; are the constituent layer refractive indices obtained using
the two-component Bruggeman effective medium model [16]. and X is the correspond-

ing photon wavelength in vacuuin. The paranieter P is expressed as

lfng m
P_2<n2+n1>' (7.8)

Without loss of generality, it may be assuimed that ny > ny. In the case that ny = n;.
P =~ 1, Eq. (7.7) may be approximated by [25]

2
R = —7T’I7eff = gIlefr, (79)
C

A
where w 1s the photon angular frequency and nqg is an effective refractive index of

the overall SL:

1 (il -+ 7?2d2

5 (7.10)

Ner =

Hence. with x taken to be in the extended-zone scheme, the photon dispersion curve
is treated as a linear dispersion curve of slope ¢/neg. Further, it can be shown that

Ny 2 Neff = T




For oblique propagation, the photon dispersion takes the form [26, 27]

cos(k D) = cos (N ,dy ) cos (Nydy) — Pysin (Kp.dy) sin (Ky,ds) . (7.11)

where K, = (2m/A)y/n? — sin?(f) are the components of the constituent layer photon

wavevectors perpendicular to the plane of the laver interface (the x-axis is set along
the SL. modulation axis). ¢ is the angle of propagation in vacuum and a denotes the
polarization of the light. Parameter P, is dependent on both the angle of incidence
and the polarization of the propagating light (either p- or s-polarized). and takes the

form

1 [ n3Ky, . n%[\”lJr) ' (7.12)

Py(0) = - | == —
p( ) 2 (né[\lr n/f[\zl
for p-polarized light. For s-polarized light, on the other hand, the parameter is

expressed as

[\yl.r [\’2a’> (7 13)

1
P< == = - -
(9> 2 (1"21‘ N Alr

In the case that ny = n;y (i.e., Ry, = K,;), however. P,(#) = P,(#) = 1. Further, with
Ny /Ny R Neg, the refraction angle within each constituent layer is approximately
the same and. in a similar fashion as was discussed for Vig, the value of the effective
refractive index is essentially independent of the propagation direction. To put it
another way, since n; < neg < ny for all angles of propagation. n.g is approximately
constant if ny &~ ny. In particular, neg is a constant given by Eq. (7.10). In turn, for
zeroth-order band. the optical behaviour of the S can be approximated as an opti-

cally homogenous material with refractive index neg = ny & n;. Similar assumptions
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were made n previous Brillouin light scattering studies on phononic crystal materials

in which the constituent materials exhibited a slight optical mismatch [22, 28, 29].

7.4.3 Brillouin Scattering from a Superlattice

In the case of Brillouin light scattering, a photon inelasticallv scatters fromm an
acoustic phonon propagating in the probed material. Conservation of momentum
dictates that

q] = K, — Kif. (7.14)

wlere q is the probed phonon wavevector, while K; and K, are the incident and
scattered photon wavevectors inside the material. respectively [30], and K, ~ K. For
scattering from a SL. the preceding conscrvation of momentuimn equation corresponds
to the extended-zone scheime wavevectors (7.e.. { = 0 phonon band). That is, in order
to take into account the translational invariance of the elastic properties along the
SL modulation axis, the vector (2lm/ D), where 2 is a unit vector directed along the
modulation axis, must be added to the right-hand side of the above expression [25].

In the following discussion, Brillouin scattering from SLs will be outlined. In
particular. it will be asswned that Vo, =~ V). p; = p; and ny = n; such that the
phonon and photon band structures of the SL behaves according to the preceding
effective band structure model. Furthermore, since the elastic and optical properties

of the SLs exhibit a commensurate modulation, the corresponding mini-Brilloun zones
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are the same size. Following from Eq. (7.14), however. the probed phonon wavevector
is typically in a higher order mini-Brillouin zone than that of the probing photon.
When using a pseudo-reflection scattering geometry (see Fig. 7.2(a)), where 8, ~ 0,
(#; and 6, arve the angles that the incident plioton wavevector and the scattering
photon wavevector make with the surface normal. respectively). the angle between
the phonon wavevector, qpp. and the surtace normal, apg. is small. Thus. the phonon

propagates nearly along the SL modulation axis with wavevector of magnitude

PR = (PR (7.15)

In such a case. it follows from E¢. (7.14) that [18]

2 2r 2 ‘ .
QPR = Mo (cos (8;) + cos (b)) = 2 N e ) - k2. (7.16)
where k,, = (27/A,)sin (0,,). A, is the wavelength of the probing laser, and 6,, =

|0;+0s|/2. Since the probed phonon propagates along the interface normal, Eq. (7.16)

may be combined with Eq. (7.3) to obtain an expression for the probed phonon

frequency which takes into account zone-folding of the phonon wavevector:

1 2; ’ Ve
oo s 2 () i1 (). i

Hence, values for Veg, neg. and D can be obtained through an appropriate fit of

experimentallv-determined vpp versus ky, data. One should note that the plus-minus
sign on the first terin of the above expression takes into account both positive and

negative dispersion of the zone-folded acoustic plionon bands. respectively. Specifi-
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cally, for the [ — th tolding order mode. the first term is positive it gpg, as defined by
Eq. (7.16). is greater than 2l7/D. Otherwise, the first term is negative.

When using a backscattering geometry, where ¢, = 6,. the probing light may
iteract with either bulk phonons of wavector qzg¢ or surface phonons of wavevector
Qg [0 the case of bulk phonons. it follows from Eq. (7.14) that the components of

¢ps perpendicular and parallel to the laver are given by

(7.18a)

4
gps|| = /\—Wsmﬁ,—. (7.18b)

o

In order to take into account zone-tolding of the bulk phonons. Eq. (7.18a) is com-
bined with Eq. (7.5) while taking into consideration the tact that the phononic Bloch
wavevector will depend on the perpendicular components of the constituent layer

wavevectors. Consequently one finds that

2w
@Bs = 4ps. + 5} (7.19)

and. following from Eq. (7.6). the probed plionon frequency is given by

! 4 2 2+( )’ (7.20)
v~ —Ve qns — gns||) . 2
- (f IBSL D 1BS||

It follows from Eqgs. (7.18) and (7.20) that for the 180°-backscattering geometry. the

frequency of the probed [ = 0 bulk modes are approximately independent of ¢; (recall
that Eqgs. (7.18) and (7.20) are approximations). For all other folded phonon branches.
however, 27l/2 # 0 and, thus, the frequencies of the corresponding observed phonon

modes, in general. depend on #;.
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In the case of surface-propagating modes probed using a 180°-backscattering ge-
owmetry, only the in-plane components of the wavevectors are conserved (the amplitude
of the surface phonon decays quickly away from the surtace [31]). In turn, Eq. (7.14)
gives

4

sy = /\—Sillﬁ,’. (721)

o

One should notice that there is no folding of the surface-propagating phonons as the
wavevector is perpendicular to the SL modulation axis. Consequently. the frequency
of the probed surface phonon is given by

Vowaqgsw 2V
Vsw = S‘;ZSH = /\5” sin 0;, (7.22)
(e}

where Vgy- is the surface phonou phase velocity. Omne can see from the above ex-
pression that if Vgy- is constant, the surface phonon frequency increases linearly with

sind; (or gsu ).

7.4.4 Brillouin Linewidth

Neglecting contributions to the spectral lineshape due to the instrumentation and
the collection optics, it has been shown that Brillouin peaks can typically be approx-

imated as Lorentz functions with a full-width-at-half-maximum of

C

Av = —xV,. (7.23)
XY

where V} is the probed phonon group velocity. y is an attenuation coefficient, and C

is a constant which depends on the physical mechanism of attenuation (C' = 2 if the
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peak broadening is due to attenuation of the laser light. while C' = 1 in the case of
typical phonon attenuation) [32. 33]. If the main contribution to the peak broadening
is due to attenuation of the probing laser light (ternied opacity broadening), then y
is equal to the optical attenuation coefficient at A, [33]. On the other hand, if the
main contribution to the linewidth is due to attennation of the probed phonon, y is
the attenuation coefficient of the phonon mode [2, 32].

The attenuation coefficient corresponding to a given physical mechanism is typi-
cally dependent on the photon or phonon frequency. In fact. if the phonon (or photon)
attenuation is dominated by a single physical mechanism. then y ~ v7. where ~ is a
real nuniber which depends on the physical cause of the attenuation [2, 11, 32, 33].
For example, 4 = 0 for opacity broadening [33] (the optical attenuation coefficient is
practically constant over the photon frequency range considered), v = 2 for viscous
(Akheiser) broadening of the phonons [2, 11], and v = 4 for Rayleigh scattering of
the phonons [34].

For Brillouin spectra collected from SLs exhibiting the band structure as described
above. x = xepy. defined as

d od.
Xesf = X1d l‘;,‘(z(zl (7.24)

where x; are the coefficients in each constituent layer. Furthermore. if the phonon or
photon attenuation in each constituent layer is dominated by the same single physical

mechanism (which is plausible for 7-Si layers of comparable porosity), then it follows



Xeff X 7. (725)

Moreover, since the SL phonon band structure is treated as a series of intersecting
linear dispersion curves with slope £Veg. then V, = |Veg|. Consequently, following
from Eqs. (7.23) and (7.25), v may be related to the Brillouin peak line shapes

i

associated with two zone-folded modes of the same polarization as

~ In(Ay/Avy)

o (v /11,)

(7.26)

where the subscripts denote the folding order and. in particular. the integer 7 is the
difference in the mode orders. Implicit in the above expression is the assumption
that the broadening of the spectral peak corresponding to each zone-folded mode is
attributed to the saime physical mechanism. As well, the folded phonon bands are

assumed to be approximately linear.

7.5 Results and Discussion

7.5.1 Optical Reflectance

To aid in the characterization of the photouic band structure of the n-Si films
and, thus. understand how the probing laser light used in the Brillouin scattering
experinents interacted with the SLis, normal-incidence broadband reflectance spectra

were collected froiwn each sanmiple. Collected spectra contained peaks corresponding to
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one-dimensional photonic band gaps in the visible spectral range, exhibiting the ex-
pected behaviour of increasing mid-gap wavenumber with decreasing D (see Fig. 7.3).
In fact, the spectral position of the photonic band gap can be approximated by [6]
w; = t/(2neg D). where t is the gap order. When the pores are filled with air. the
observed Bragg peak in each SL is centered at wavenumnber wg,, ~ 2.25 pm™!, or a
wavelength of ~450 nm (see Table 7.2). Since D ~ 100 nm and neg(w,q,) ~ 2.5 (an
estinlate of the effective refractive mav be deduced from the estimated constituent
layer porosities using the two-component Bruggeman effective mediwm model [16]), it
follows that the photonic band gap is first-order (u.e.. t = 1). Additionally. filling the
pores with ethanol led to a ~ 0.06 an~! decrease in the peak position, indicative of an
optical Bragg peak (i.e.. the introduction of the ethanol resulted in a corresponding
increase in the effective retractive index, which resulted in a decrease in the mid-gap
wavenuniber).

The full-width-at-half-maximum of the reflectance peaks are ~10% of wy,y,, sug-
gesting that the corresponding photonic band gap is relatively narrow. This corrob-
orates the fact that the contrast in the constituent refractive indices is small. Hence,
the visible-range electromagnetic properties of the SLs mayv be reasonably treated
using the effective photon band structure model outlined above. Note that the ef-

fect of photon attenuation, which would result in narrowing of the expected photonic

band gaps. is taken to be negligible (studies have shown that visible-range optical
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attenuation in 7-Si fihus made from p*-type silicon is about an order of magnitude
lower than that of bulk crystalline silicon [19. 35]).

Of particular interest is the behaviour of photons with a vacuum wavelength of
532 nm (z.e.. the laser line used in the Brillouin scattering experiments). The corre-
sponding wavenumber. wy, = 1.88 ', is below wy,, in both SLs and, thus. the
resulting zeroth-order photon wavevector is within the first photonic mini-Brillouin
zone. In fact, in the visible frequency range, the refractive index of 7-Si increases
with wavenumber [12] and. thus. ¢(wy,)/q(wea,) =~ (Regr(wn, Jws, )/ (Mo (Waap ) Waap) <
Wy, /Waap. In turn, the ratio in wavenumbers provides an estimate of the upper limit
for the ratio between the corresponding photon wavevevectors. Table 7.2 gives the
wavenmnber ratios and, hence, it is suggested that the wavevector of the probing laser
light inside the SL is less than 0.86 that of the reciprocal lattice vector of the SL. Since
the photonic band gap width is relatively small (approximately w,,,/10). it is reason-
able to assume that the refracted wavevector of photons with vacuum wavenumbers
of w,, i1s tar enough away from the edge of the first photonic mini-Brillouin zone
such that, at this photon wavenumber. the SLs behave like optically homogeneous
materials for the zeroth-order photon branch.

To further characterize the behaviour of the probing laser beam within the SLs.
oblique angle reflectance measurements were taken. Figure 7.4 shows the incident
angle-dependence of optical reflectance tor both p- and s-polarized 532 nm (w,, =

1.88 pm~!) light. For cach sample. the p- and s-polarization reflectance data were



(a)
120
= Ethanol
@ I
Q 80f-------- :
5]
8
7 1
9
T 40| ‘
4 .
Air ‘
WM :
0 C 1 1 1. 1
1.6 18 20 22
Wavenumber [um'1]
160
120 | 4
= Ethanol
8
Q 80f-------- W‘\VVWWJ
[}
o
7]
9
W
o 4
& 40
+
Air
o s nme e e '
0 1 3 L
1.6 1.8 2.0 2.2 24
Wavenumber [pm'1]

Figure 7.3: Optical reflectance spectra collected from (a) sample 1 and (b) sample 2.
In each case, spectra were collected with the pores filled with air and ethanol. Hori-
zontal dashed lines mark the 0% reflectance level for the spectra collected when the
samples were filled with ethanol, while the vertical dashed line is a guide for the eye.
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Table 7.2: Spectral positions of the first-order photonic band gaps, wg,,, the

wavenumber ratio wy, /wy,,. and the superlattice effective refractive index deduced

using from the oblique reflectance measurements. n%%(w,,).

} ob
Sample Wgap Wy, /U’gap neff( wy,)

(pm—')

1 2.18 +0.01 .86 2.35 £ 0.01

2 231 +0.01 0.81 2.23 £0.02

fitted to the corresponding Fresncl equations for optical reflectance from a homoge-
neous dielectric material [36] using a least-squares fitting procedure. For each SL, the
refractive index value fit parameter, n%, was shared between the p- and s-polarization
fits. As one can see. the data trended very well with the corresponding Fresnel equa-
tions, suggesting that the SLs do in fact behave like optically-homogeneous materials
at wy,. Table 7.2 gives the resulting n% values. It is clear that sample 2 has a slightly
lower neg value than that of sample 1, implying that there is a small difference in the

constituent layer porosities for each SL. This is not surprising as sample-to-sample

variation in porosity is common using the prescribed fabrication method [3, 6, 18].

7.5.2 Pseudo-Reflection Geometry Brillouin Scattering

Figure 7.5 shows typical Brillouin scattering spectra collected using a pseudo-
reflection geometry as well as a near-normal incidence 180°-backscattering geometry.

Three spectral peaks were observed, attributed to three bulk modes. The peak asso-




218

Reflectance [%]

Reflectance [%]

Incident Angle [deg.]

Figure 7.4: Optical reflectance versus incident angle for (a) sample 1 and (b) sample 2
with A\, = 532 nm. Filled symbols: reflectance data for s-polarized light; empty sym-
bols: reflectance data for p-polarized light. Fits of the Fresnel equation for reflectance

from a optically-homogeneous material were done for each data set (solid and dashed
curves).
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ciated with one mode (labeled Tj) was not discernible in the ¢,, = 0 spectrumn (z.e..
the spectrum collected using a near-normal incidence 180° backscattering geometry).
Further, polarization analysis of the scattered light (achieved by placing a polarizer
of either horizontal or vertical orientation in the path of the collected scattered light)
showed that the light scattered by the Ty mode was depolarized while the light scat-
tered by the other two modes (labeled Ly and L) was not (see Fig. 7.6). It should
be noted that when using a pseudo-reflection geometry, light scattered by transverse
and longitudinal bulk modes is expected to be depolarized and polarized, respectively.
and. further. the scattering cross-sections of transverse modes are expected to become
negligible for probing light at near-normal incidence [30]. It is for these reasons that
the Ty peak was assigned to a bulk acoustic transverse mode while the Ly and L_;
peaks were assigned to bulk acoustic longitudinal modes.

It is worth noting that since A (w,,) = w(uwy,) < 0.86(w/D), it follows from
Eq. (7.16) that qpg < 1.72(w/ D). Thus, the bulk phonons accessed through Brilloun
scattering have wavevectors located near the center of the second phononic mini-
Brillouin zone. The three probed phonons are, thus, expected to behave according to
Eq. (7.17) and, consequently, exhibit approximately linear dispersion. Since n% ~ 2.3
and, taking into account the constituent layer sound velocity estimates deduced from
the layer porosity values, the effective bulk mode sound velocities are Vi o ~ 2.5 kin/s
and Vi op ~ 4.5 ki/s, it follows from Eq. (7.16) that for €, = 0. vy ;=g ~ 22 GHz and

vr =0 ~ 39 GHz. Conscquently. this suggests that the Ty and Ly peaks are due to the



220

g—
&

Intensity [arb. units]

45 30 5 0 15 30 45
Frequency Shift [GHz]

T T T T

(b

S’

Intensity [arb. units]

! 1 1 1

45 30 45 0 15 30 45
Frequency Shift [GHz]

Figure 7.5: Brillouin spectra collected from (a) sample 1 and (b) sample 2 at dif-
ferent angles of incidence. Angle 6; corresponds to the incident angle used in a
180°-backscattering geometry, while 8,, corresponds to the average angle used in a
pseudo-reflection geometry. Ly (L_1): peak attributed to the { = 0 (I = —1) folded
bulk longitudinal mode; Ty: peak attributed to the [ = 0 bulk transverse mode.



Figure 7.6: Polarized DBrillouin spectra collected from the saniple 1 at 6,, = 53°.
PU: p-polarized (unpolarized) incident (scattered) light: PS: p-polarized (s-polarized)
incident (scattered) light: PP: p-polarized (p-polarized) incident (scattered) light.
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[ = 0 transverse bulk acoustic mode and the [ = 0 longitudinal bulk acoustic mode.
respectively. This is corroborated by the fact that. for both peaks. the frequency
decreases with increasing 6,, (i.e.. decreasing ¢pg) which. according to Eq. (7.17).
is the trend expected for the I = 0 bands. The frequency shift of the L, peak,
on the other hand. increased with iucreasing 6, (i.e.. decreasing qpgr). Taking into
account the fact that ¢pp is in the second mini-Brillouin zone and comparing the
observed wavevector-dependence of the phonon frequency with that expected from
Eq. (7.17), the L_, peak is attributed to the [ = —1 folded bulk longitudinal acoustic
phonon. Consequently. as in the previous Brillouin scattering studies on acoustic
phonon propagation in 7-Si SLs [3, 6]. zone-folding of the longitudinal bulk acoustic
phonon dispersion curve was observed. while no zone-folding was observed for the
transverse bulk acoustic phonon.

Equation (7.17) was fitted to the A2 -dependent phonon frequency data corre-
sponding to the three modes in each SL (see Fig. 7.7). In particular. the form of
Eq. (7.17) specific to a given mode (i.c., given [ value) was fit to the applicable data
through a least-squares fitting procedure. Further. the three sets of mode data for
each SL were analyzed siinultaneously with neg and V| g shared between the different
mode fits. While the function could be fitted to the data without placing constraints
on the fit paranieters, in order to have consistency with the previously obtained n%
and D®FM | these particular paramcters had to be fixed. Fixing both neg and D

resulted in very poor fits (i.c.. adjusted coefficient of determination B? < 0.70). how-
VI
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Table 7.3: Porous silicon SL cffective refractive index neg, effective bulk acoustic
longitudinal mode velocity Vi g, elfective bulk acoustic transverse mode velocity
Vresr, and modulation wavelength D. The fit parameters in parentheses are those
obtained for D fixed to the D“E* value given in Table 7.1. while the other fits
parameters were obtained with neg fixed to the n% value given in Table 7.2,

|
|
\
Sample Nefr VL et VT et D
|
|
\

(km/s) (ki/s) (nm)
1 2.3 4.36 £ 0.02 2.62 £0.03 76.4 0.2

(2.09=0.01) (4.96£0.02) (3.01£0.04) (87)

0o

2.23 4.08 £ 0.04 237006  93.1+£0.21

(2.0540.01) (448 +£0.06) (2.6 £0.1) (102)

ever, and it was found that only one of the two parameters in question could be
constrained at a time while still achieving R* ~ 1. Table 7.3 shows the results of
the fits deduced for each SL. Comparing the two fits obtained for each SL. there was
~ 10% variation in the effective refractive index. cffective longitudinal and trans-
verse sound velocities, and the modulation wavelength. Further. for both samples,
the fixed-neg fit gave a slightly better result. with a larger R? value. Overall, these
results suggest that 4 km/s < Vier < 5 kmy/s and 2 km/s < Vs < 3.1 kin/s, as
expected from the consideration of the dependence of acoustic phonon sound velocity
on porosity. Additionally, the effective sound velocities for sample 2 are, in general,
slightly less than that of sample 1 which, together with the trend observed in neg.

further suggests a slight sample-to-sample variation in the porosity of the SL films.



7.5.3 Bulk Longitudinal Mode Linewidths

The linewidths of both folded bulk longitudinal modes were studied in order to
gain insight into the mechanism behind the peak broadening. In particular, the near-
normal incidence 180° backscattering spectrum of each SL was analyzed. The reasons
for choosing these particular spectra are three-fold. Firstly, there is no contribution
to the bulk mode linewidth stenmning trom the aperture broadening that results from
the finite size of the collection optics (aperture broadening depends on sine of the

scattering angle) [37]. Secondly, as implied by Eqgs. (7.18), (7.19), and (7.20), both

longitudinal modes would be propagating approximately along the same direction
(2.e., near-normal to the layer interfaces). Thirdly. coupling between the transverse
and longitudinal mode bands was expected to be negligible as phonon propagation is
approximately normal to the layer interfaces [7] and thus effects due to changes in the
band curvature (z.e.. phonon group velocity) due to the presence of intra-zone gaps
can be neglected. The latter two points are particularly important when comparing
the linewidths of both longitudinal modes. as mode coupling and a change in the
propagation direction may not affect both bands in the same way.

Figure 7.8 show the near-normal incidence 180°-backscattering geometry spectrum
collected from sample 1. Prior to analyzing the spectral linewidths of the Brillouin
peaks, the shoulder of the central elastic peak had to be taken into account. To fa-
cilitate removal of this spectral contribution, both the Stokes and anti-stokes portion

of the spectrum were fitted with a zero-frequency-shitted Lorentian raised to an arbi-



Figure 7.8: (a) Anti-Stokes portion of the near-normal incidence 180°-backscattering

spectrun collected from sample 1. The contribution from the low-frequency shoulder
was fitted with a zero-frequency-shifted Lorentzian raised to a power. Empty symbols:
experimental data: thick curve: resulting fit to the low-frequency shoulder. (b) The
corresponding near-normal incidence 180°-backscattering spectrum with the shoulder
contribution removed. Empty symbols: experimental data: thick solid peak Lorentz
functions: peaks resulting froin the de-convolution of the fitted spectral peaks with the
instrumental response function: thick dotted Lorentz tunctions: peaks corresponding
to the opacity-broadening feature obtained when assmining optical attenuation equal
to that of crystalline silicon [38].



trary power: the peak bascline was fixed to ensure that the resulting function agreed
with the data corresponding to frequency shifts bevond the Stokes and anti-Stokes
Lo peaks. Oumce the fit to the center line shoulder was obtained, this contribution
was removed through simple subtraction. The resulting Brillouin peaks were fitted
with Lorentzians and the contribution of the instrumental response (taken to be a

Lorentzian raised to the sixth power as spectral analysis was done with a six-pass tan-

dem Fabry-Perot interferometer [39]) was removed through a discrete de-convolution.

Removing the instrument response. however. had little effect on the original Lorentz

functions.

One should note that the linewidth of the Ly peak was comparable to that of
the bulk longitudinal mode in single-layer 7-Si films [8]. suggesting that effects due
to scattering at the constituent laver interfaces were negligible. Furthermore. since
the optical attenuation of 7-Si is relatively small over the visible-range (7.e.. about
an order of magnitude smaller than that of crystalline silicon [35]). opacity broad-
ening is not considered a major contributor to the hnewidths. In fact, even if the
optical attenuation was cquivalent to that of bulk silicon, the resulting calculated
line-shape would not account for the broad teatures observed in the Brillouin spectra
(see Fig. 7.8). Noreover, since the probed phonon wavelength (~ 120 nm) is about an
order of magnitude larger than the characteristic size of the pore walls in the structure
(~ 10 nm) [6], any potential contribution to the line-shape due to scattering within

the nanostructure would probablv be from Ravleigh scattering.
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With this in mind, the linewidths of both the Ly aud L_; spectral peaks were
compared in order to gain further insight into the physics underlying the Brillouin

peak broadening. That is, assuming that the same (single) physical mechanism causes

the broadening of both peaks and that |V},| was the same for the | = 0 and | = —1

bands. then it follows from Eq. (7.26) that ~ ~ 2 for both SLs (the exact values of ~.

as well as the spectral data from which they were deduced. are given in Table 7.4).

Hence, the linewidths appear to be due to near-ideal viscous (Akheiser) attenuation
of the probed phonons. In view of this simple analysis, however. one should note
that while there may in fact be more than one physical process contributing to the
observed Brillouin line-shapes. the current analvsis seems to be sufficient to eliminate
both opacity broadening and phonon Ravleigh scattering as possibilities.

Using Eq. (7.23) together with ' = 1, the resulting bulk longitudinal acous-
tic mode attenuation coefficients were calculated (see Table 7.4). Taking into ac-
count the frequency-dependence of the attenuation coefficient, these values are in line
with results obtained via ultrasonic measurements (i.c.. phonon frequency of about
1 GHz) on single-layer mesoporous silicon made from p*-type silicon [40]. Further-
nmore, these attenuation coefficients are about 2 orders of magnitude larger than that
expected for bulk crystalline silicon at comparable frequencies (z.e.. ~ 0.001 !
to ~ 0.01 gm~ ! [41. 42]). This increase in phonon attenuation is thought to be a

manifestation of the porous nature of the SLs. Additionally. considering that the am-

plitude of the mode displacement is proportional to e™\ess" [11], the amplitude of the



Table 7.4: The peak positions, vy and v 1, the fitted linewidths, Ary and Av_;, the attenuation exponent value, +,

the associate folded bulk longitudinal mode attenuation coetficients, yo and x_;, and the corresponding propagation
distances of e phonons, hy and h_;. for the probed SLs. V, = V}, o¢ given in Table 7.3 for the fits with nqp fixed to
n° since the corresponding pseudo-reflection data fit had a higher R? value.

Sample g Avyg V4 Av_, 3 Yo X1 ho h_1

(GHz) (GHz) (GHz) (GHz) (pan~1) (pam™1) (zam) (pom)

1 379+£0.2 941 181+£01 21£04 20£05 6507 15+03 0.15£0.02 0.7£0.1

2 33.7+02 9+£1 100+£01 12+£01 1.7£02 69£08 092+£0.09 0.15£0.02 1.1£0.1

6¢¢
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Lo and L_; modes decrease to e~!

at distances ot hg ~ 0.15 pm and h_; ~ 1 pmn, re-
spectively. Since hg ~ D, it is not surprising that no zone-folded modes were observed

at frequencies greater than that of the / = 0 branch.

7.5.4 Oblique 180°-Backscattering Geometry Brillouin Scat-
tering

Figure 7.9 shows typical oblique-angle 180°-backscattering geometry Brillouin
spectra collected from the SLs. Up to five peaks were observed in these spectra.
Unlike with the pseudo-reflection geometry experiments, the relationship between
the polarization of the scattered light and the polarization of the scattering phonon
modes is not trivial when using an oblique backscattering geometry and, consequently.
the character of the modes associated with each peak could not be deduced in a sim-
ilar fashion to what was done above. Following from the peak assignments made
during the analysis of the pscudo-reflection geometry measurements, the three broad.
relatively high frequency-shift, low intensity peaks were thought to be due to the
[ =0 and | = —1 longitudinal bulk acoustic phonons and the { = 0 transverse bulk
acoustic phonon (denoted by Ly, L_;, and Ty, respectively). The relatively high in-
tensity and narrow line-shape of the reimaining two peaks (denoted by R and PS)
suggest that these are associated with surface-propagating phonons. The presence
of two surface modes in the 7-Si SLs was not surprising as studies on single-layer

7-Si films in this laboratory showed evidence of a Rayvleigh phonon as well as other
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q)-dependent modes which was assigned to pseudo-surface or guided phonons located

at the air-film interface of the relatively thick (i.e., ~ 5 pa) filns [17]. That is, the
exact nature of the supposed pseudo-surface mode is not known, but in the case of
the previously studied single-layer films, the samples were thought to be too thick to
suggest that the PS peak was due to a film-substrate interface-propagating mode or
a film guided mode.

Analysis of the three peaks attributed to bulk acoustic phonons (see Fig. 7.10)
revealed that the frequency shifts of two of the peaks were relatively independent
of §; (centered at ~ 35 GHz and ~ 20 GHz). Taking into account the bulk mode
assignments in the pseudo-reflection experiments together with the fact that the fre-
quency of the probed [ = 0 modes are expected to be #;-independent when using a
180°-backscattering geometry (as outlined by Eq. (7.20)). these peaks are attributed
to the Ly and Tg bulk acoustic phonons. The mode assignment for the Ty peak is
corroborated by the fact that this spectral feature was not discernible in oblique angle
180°-backscattering geometry Brillouin spectra collected at incident angles less than
f#; ~ 30° (i.e.. when approaching near-normal incidence), which. as mentioned above,
is indicative of scattering from a transverse phonon [30]. Additionally, the frequency
shift of the third peak was found to be dependent on incident angle. Further. com-
parison of the spectra suggest that this peak overlaps the Ty peak and, in the case of
the sample 1. surpasses the trequency shitt of the T peak over the accessed values of

f;. Considering the mode assignments deduced from the pseudo-reflection geometry



p—
2

Intensity [arb. units]

| Lo JVM

45 30 5 0 15 30 45
Frequency Shift [GHz]
(b)

6=50°

Intensity [arb. units]

o [,

45 30 15 0 15 30 45
Frequency Shift [GHZz]

Figure 7.9: Oblique 180°-backscattering Brillouin spectra collected from (a) sample 1
and (b) sample 2 with §; = 70° and 50°, respectively. R: peak attributed to the
Rayleigh surface mode; PS: peak attributed to a pseudo-surface mode.
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Figure 7.10: Oblique 180°-backscattering Brillouin spectra focusing on spectral fea-
tures from bulk modes in (a) sample 1 and (b) sample 2. Spectra are smoothed
using three-point adjacent averaging. L_;+7Tq: spectral feature which appears to
correspond to overlapped L_; and Ty peaks.



234

measurements, the f;-dependence of the peak frequency shift (i.e.. phonon frequency).
and the expected dependence of vgg on 8, for [ # 0 (following from Eq. (7.20)), this
third peak was assigned to the L., mode.

Figure 7.11 shows a comparison between the experimental bulk phonon frequency
versus qﬁ data with calculations based on Eq. (7.20). In particular. the calculations
were based on the effective refractive index. the effective sound velocities. and the
modulation wavelengths deduced in pseudo-reflection geometry experiments. As one
can see, the data agrees very well with the calculated curves. The agreement suggests
that for the phonon wavevectors probed in both the pseudo-reflection geometry and
the oblique 180°-backscatter geometry Brillouin scattering experiments, the phonon
and photon band structures of the SLs were reasonably treated as a series of linear
dispersion curves. Further, it implies that it was fair to neglect the effects of phonon
mode conversion and. in particular, coupling between the / = —1 bulk longitudinal
acoustic phonon and the [ = 0 bulk transverse acoustic phonon. Overall. there is 110
strong cvidence that there is a intra-zone gap in these SLs.

Figure 7.12 shows spectra containing Brillouin peaks attributed to the Rayleigh
surface mode (R) and a pseudo-surface mode (PS). The frequency shifts of both the
R and PS peaks increase with #;. thereby mmplving that the corresponding phonon
frequencies increase with increasing ¢. Plotting surface mode velocity versus g D.
however, one can sce that the velocities of the modes increase with decreasing ¢ D

(see Fig. 7.13). Thus, the observed surface modes are dispersive. Since no evidence
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Figure 7.11: Dependence of bulk mode frequency on qﬁ for (a) sample 1 and (b)

sample 2. Filled squares: duplicate data collected from sample 2; solid (dashed)

curves: calculations using Eq. (7.20) together with the fit parameters obtained with ‘

ne fixed to nZ (D fixed to DSEM) given in Table (7.3). The three different bands are

labeled. Note: error bars corresponding to the uncertainty in the phonon frequency

is comparable to the size of the symbols.
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of such surface mode dispersion was reported in previous studies on single-laver m-Si
films [17. 43. 44]. it is conceivable that this dispersive effect is an artefact of the
lavered structure of the current films. Specifically. it is possible that as ¢ decreases
and. thus. the surface mode wavelength (~ 300 nm) inercases. material at a greater
depth i the structure begins to influence the surface phonon behaviour. In turn. the
influence of the second constituent layer. which has the lower porosity (4.e.. larger
sound velocities). increases as ¢ decreases and, hence. the velocity of the correspond-
ing surface phonon increases [45]. In this case. it is expected that at some phonon
wavelength mich greater than D. the phonon velocity will no longer change with
decrcasing wavelength: this trend was not observed in the current results, which may
be due to the limited range of ¢ values accessed in the Brillouin experiments. Overall,
further experiments should be done to gain a more complete understanding of the
dispersive nature of these phonon modes.

As one can see. the range of Ravleigh phonon velocities, 2.1 km/s < Vi <
2.5 km/s is of the order of Vi, which is expected [17]. Furthermore. 3.0 kni/s <
Vps < 4.2 kin/s. which is in the range of Vg and Vi o, tvpical of a pseudo-surface
mode [46]. While the obtained results suggest that the PS peak is due to scattering

from a pseudo-surface mode. the exact nature of the phonon could not be deduced.
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Figure 7.12: Oblique 180°-backscattering Brillouin spectra focusing on the 6;-
dependence of spectral features attributed to surface-propagating modes in (a) sam-
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light was shuttered to prevent photomultiplier saturation. The arrow indicates a
portion of the spectra that is within this shuttered region.
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Figure 7.13: Surface mode velocity versus ;D for the Rayleigh (empty) and a pseudo-
surface (filled) in sample 1 (triangles) and sample 2 (circles). The values of D obtained
from the fits of the the pseudo-reflection geometry with neg = n% were used since
the corresponding pseudo-reflection data fit had given a higher R? value. The solid
lines serve as a guide for the eye.



7.6 Conclusions

Both Brillouin light scattering experiments and optical reflectance measurements
were performed on two binaryv periodic 7-Si SLs. In particular. two longitudinal
bulk acoustic phonons and a single transverse bulk acoustic plionon were observed
and the SLs exhibited an optical Brage peak corresponding to a one-dimensional
photonic band gap in the visible range. Results showed that. provided the porosity
ratio between the constituent layers was close to one. the complex phononic-photonic
crystal behaviour of these films could be eftectivelv modeled by siinply treating the
band structures as a serics of intersecting linear dispersion curves. Combining re-
sults obtained through pseudo-reflection geometry Brillouin spectroscopy and optical
reflectance measurements. values for the effective sound velocities. the effective re-
fractive index, and the SL modulation wavelength were obtained. Furthermore, bulk
acoustic phonons propagating at oblique angles to the SL were also probed through
oblique 180°-backscattering geometry DBrillouin scattering. Comparing the obtained
data to calculations based on the above theory. it was confirmed that, unlike the
zeroth-order longitudinal and transverse phonons, the Brillouin shift of the observed
zone-folded longitudinal acoustic phonon depends on the propagation direction. In-
terestingly. no intra-zone gaps due to coupling hetween the folded longitudinal bulk
acoustic phonon band and the transverse bulk acoustic phonon bhand were observed.

Moreover. analysis of the Brillouin peaks corresponding to both of the observed

zone-folded bulk longitudinal phonons suggested that the main contribution to the
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linewidth stems from viscous attenuation of the phonons. The resulting phonon
attenuation coefficients were found to be several orders of magnitude larger than that
of bulk crystalline silicon. This suggests that the porosity has a strong effect on bulk
phonon attenuation.

In addition to the bulk acoustic phonons, the Rayleigh surface mode as well as a
pseudo-surface mode were observed. Both modes were dispersive. with the velocity
increasing as the wavevector decreased. It is suggested that this dispersion is due
to the fact that as the wavevector decreases. there is an increased influence of the

second, lower-porosity layer ot the SL unit-cell.



Chapter 7 References

[1] A. Kiuchi. B. Gelloz, A. Kojima and N. Koshida, Possible Operation of Peri-
odically Layered Nanocrystalline Porous Silicon as An Acoustic Band Crystal
Device. In Materials Research Society Sympostum Proceedings Series, Vol. 832,
cdited by L. Tsybeskov, D. J. Lockwood. C. Delerue and M. Ichikawa. (Warren-

dale, PA, 2005).

2] G. N. Aliey and P. A. Snow. Mater. Res. Soc. Symp. Proc. 1145, MM13-04

(2009).

(3] L. C. Parsons and G. T. Andrews, Appl. Phys. Lett. 95, 241909 (2009).

[4] G.N. Aliev. B. Goller, D. Kovalev. and P. A. Snow, Appl. Phys. Lett. 96, 124101

(2010).

[5] L. Thomas. G. N. Aliev, and P. A. Snow. Appl. Phys. Lett. 97, 173503 (2010).

[6] L. C. Parsons and G. T. Andrews, J. Appl. Phys. 111. 123521 (2012).

[7] S. Tamura, D.C. Hurley, and J.P. Wolfe, Phys. Rev. B 38, 1427 (1938).



8]

[11]

[16]

[17]

242

A. M. Polomska-Harlick and G. T. Andrews, J. Phys. D: Appl. Phys. 45, 075302

(2012).

A. M. Polomska and G. T. Andrews, Phys. Status Solidi C 6. 1665 (2009).

G.T. Andrews, A.M. Polomska, E. Vazsonyi, and .J. Volk, Phys. Status Solidi A

204, 1372 (2007).

B. A. Auld. Acoustic Fields and Waves in Solids. (John Wiley and Sons, New

Jersev, 1973).

L. Pavesi, Riv. Nuovo Cimento 20. 1 (1997).

R. J. M. Da Fonseca, J. M. Saurel, G. Despaux. A. Foucaran, E. Massone.

T. Taliercio, and P. Lefebvre, Superlattices Microstruct. 16, 21 (1994).

R. J. M. Da Fonseca, J. M. Saurel, A. Foucaran, E. Massone, T'. Taliercio, and

J. Camassel, Thin Solid Films 255, 155 (1995).

G. N. Aliev, B. Goller. D. Kovalev, and P. A. Suow, Phys. Status Solidi C. 6.

1670 (2009).

C. Pickering, M. L. Beales, D. J. Robbins, D. J. Pearson, and R. Greef. J. Phys.

C 17. 6535 (1984).

A. M. Polomska. FElastic properties of porous silicon superlattices. Ph.D. thesis,

Memorial University of Newfoundland (2010).



[18] L. C. Parsons and G. T. Andrews, AIP Advances 2. 032157 (2012).

[19] J. Peckham and G. T. Andrews, Thin Solid Filins 520, 2526 (2012).
[20] S. Kumar and H. J. Trodall, J. Appl. Phys. 70. 1 (1991).
[21] R. Hotz and R. Siems. Solid State Commun. 51, 793 (1984).

[22] D. Schueider, F. Liaqat, E. H. El Boudouti, Y. El Hassouani, B. Djafari-Rouhani,

W. Tremel, H.-J. Butt, and G. Fytas, Nano Lett. 12, 3101 (2012).
[23] P. V. Santos, J. Mebert, O. Koblinger, and L. Ley, Phys. Rev. BB 36, 1306 (1987).

[24] P.A. Snow, E.K. Squire, P. St. J. Russell, and L.T. Canham. J. Appl. Phys. 86.

1781 (1999).
[25] J. He. B. Djafari-Rouhani, and J. Sapriel. Phys. Rev. B 37, 4086 (1988).

126] A Yariv and P. Yeh. Photonics: Optical Electronics in Modern Communications.

(Oxford University Press, New York, 2007). p. 539-601.
27} P. Yeh, A. Yariv. and C. Hong. J. Opt. Soc. Am. 67, 423 (1977).

[28] N. Gomopoulos. D. Maschke, C. Y. Koh. E. L. Thomas, W. Tremel, H.-J. Butt,

and G. Fytas. NanoLett. 10, 980 (2010).

[29] W. Cheng, J. Wang, U. Jonas, G. Gytas, and N. Stefanou. Nature 5. 830 (2006).



[30]

[38]

244

H. Z. Cunnnins and P. E. schoen, Light Scattering from Thermal Fluctuations.
In Laser Handbook, Vol 2, edited by F. T. Arecchi and E. O. Schulz-Dubois.

(North-Holland. New York, 1972). p. 1029-1075.

J. R. Sandercock, Solid State Commun. 26. 547 (1978).

A.S. Pine. Phys. Rev. 185, 1187 (1969).

J. R. Sandercock, Phys. Rev. Lett. 28, 237 (1972).

M. Randeria and J. P. Sethna. Phys. Rev. B 38. 12607 (1988).

J. Von Behren, L Tsybeskov, and P. M. Fauchet, Mat. Res. Soc. Symp. Proc.

358. 333 (1995).

F. L. Pedrotti and L. S. Pedrotti. editors. Introduction to Optics. Prentice Hall.

New Jersey. 1993.

W. F. Oliver C. A. Herbst. S. M. Lindsay. and G. H. Wolf, Rev. Sci. Instrun.

63, 1834 (1992).

J. Geist. Silicon (Si) Revisited (1.1-3.1 ev). In Handbook of Optical Constants of

Solids I11, edited by E. D. Palik. (Academic Press. San Diego. 1998), p. 519-531.

C. Gigault and J. R. Dutcher. Appl. Opt. 37, 3318 (1998).

L. Thomas. Porous Silicon Multilayers For Gigahertz Bulk Acoustic Wave De-

vices. Ph.D. thesis. University of Bath (2011).



o
i
O

[41] B. C. Daly. K. Kang. Y. Yang, and D. G. Cahill. Phys. Rev. B 80, 174112 (2009).

[42] D. B. Hondougwa, B. C. Daly. T. B. Norris. B. Yan. J. Yang. and S. Guha,

Phys. Rev. BB 83. 121303 (2011).

[43] H. J. Fan. M. H. Kuok. S. C. Ng. R. Boukherroub. J.-M. Baribeau. J. W. Fraser.

and D. J. Lockwood. Phys. Rev. B 65, 165330 (2002).

[44] G. T. Andrews. J. Zuk, H. Kicfte. M. J. Clouter, and E. Nossarzewska-Orlowska,

Appl. Phys. Lett. 69, 1217 (1996).

[45] H. Yasuda and A. Yoshihara. J. Phys. Condes. Matter 10, 9623 (1998).

[46] G. Carlotti. D. Fioretto, L. Giovamini. F. Nizzoli. G. Socino, and L. Verdini. J.

Phys. Condens. Matter 4, 257 (1992).




Chapter 8

Summary

8.1 Current Results

The main focus of this work was to study the potential of porous silicon su-
perlattices as one-dimensional hypersonic phononic erystals using inelastic Brillouin
light scattering. In particular, superlattices with a binary spatial periodicity in the
porosity of the order of ~ 100 nm were studied. Duc to the porosity-dependence of
both the elastic impedance and refractive index, these saniples are one-dinensional
phononic-photonic crystals.

The first studies within this project saw the use of necar-normal incidence 180°-
backscattering geometry Brillouin light scattering to probe superlattices with modu-
lation lengths ranging from ~ 40 nm to ~ 170 nm. an approximately 1:1 coustituent
layer thickness ratio. aud constituent laver porositics of ~55% and ~45%. For a given
set of samples. the constituent layer parameters were taken to be the same. In turn.

the phonoun frequency versus wavevector data collected for each superlattice of a series
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of samples could be combined and, thus. a set of phonon frequency versus modulation

wavelength data were obtained. In particular, spectral features corresponding to as
many as four niodes were observed in spectra collected from the samples. These data
were compared to calculations based on a one-dimensional elastic/electromagnetic
continuum model. with the known counstituent layer elastic aud optical properties
used as model inputs. Agreenient between experiment and theory suggested that two
of the modes were due to zone-folded bulk longitudinal acoustic phonons, while one
was attributed to a bulk transverse acoustic mode. One peak, which was observed
in a number of samples, did not appear to agree with the theory and, in turn, it was
unassigned.

One issue in the preceding work was that only one phonon wavevector directed
along the superlattice modulation axis was accessed per sample and, thus, physically
relevant trends in the resulting phonon frequency versus modulation wavelength data
may have been obscured by sample-to-sample variation in the constituent layer poros-
ity and etch rates. Furthermore, the polarization of the probed phonons could not
be determined experimentally. thus leading to ambiguities in the mode assignments.
With this in mind, a methodology for a so-called pseudo-reflection geometry Brillouin
light scattering technique was developed: this allowed a small portion of the bulk
acoustic plionon band structure corresponding to phonons directed approximately
along the norinal of a sample surface to be mapped. This technique is advantageous

over an ideal reflection geometry as it allowed one to avoid many of the practical
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pitfalls associated with an ideal reflection geometry, such as the possibility of the
reflected light swamping the scattered light spectrum, while still accessing approx-
imately the same phonon wavevectors. Further. analysis of the polarization of the
scattering allowed for experimental determination of the polarization of the observed
modes. This technique was shown to be useful for determining both the refractive in-
dex and the bulk acoustic mode velocities along the surface normal for both isotropic
and cubic materials. Results obtained from measurcments on fused quartz, galliun
phosphide, water, and two supported mesoporous silicon films confirmed the validity
of the method.

A more comprehensive study was done in order to better understand both the
acoustic phonon and photon band structures of mesoporous silicon superlattices with
modulation wavelengths of the order of 100 nm and constituent parameters simi-
lar to those mentioned above. In particular. both pseudo-reflection geometrv and
near-normal incidence 180°-backscattering geometry Brillouin scattering as well as
normal-incidence broadband visible-range optical reflectance measurements were done
in order to characterize the phonon and photon band structures along the modula-
tion axis of the superlattices. The optical reflectance spectra showed evidence of a
one-dinmensional photonic band gap in the visible-range whose behaviour was well-
described by a one-dimensional optical continuum model. Results from the pseudo-
reflection geometry Brillouin scattering experiments confirmed that there was zone-

folding of the longitudinal bulk acoustic phonon band structure, with two longitudi-
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nal modes observed in the spectra. A peak due to a single transverse bulk phonon
was observed and, thus. there was no evidence of folding for the transverse mode
band structure. Good agreeinent was obtained between the phonon frequency ver-
sus wavevector data and the one-dimensional clastic continuum model and, using
the pseudo-reflection geometry. a portioi of the acoustic phonon band structure was
mapped for each of the probed samples. Of particular interest was a fourth peak
which had been unassigned in the first study. This relatively narrow peak, which
pseudo-reflection geonetry results showed had a phonon wavevector-independent fre-
quency. was attributed to an evanescent mode localized at the superlattice-air inter-
face with a frequency within a longitudinal bulk acoustic mode band gap centered at
~ 16 GHz. Hence, it was confirined that these porous silicon superlattices behaved
as one-dimensional hypersonic phononic-photonic crystals.

Extending the above work, Brillouin scattering spectroscopy and optical reflectance
measurements were done on two D ~ 100 mn 7-Si SLs with the intention of char-
acterizing acoustic phonon propagation at oblique angles to the modulation axis.
Using a simplified theory, both the bulk phonon and photon band structures were
treated as a series of intersecting linear dispersion curves. Again. two longitudinal
bulk modes werce observed while data corresponding to a single trausverse bulk mode
were obtained. Using an oblique angle 180°-backscattering geometry, the effect of
propagation direction on the phonon frequencyv was probed. Unlike the zeroth-order

folded longitudinal and transverse bulk phonons. the frequency of the other observed
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folded longitudinal phonon was found to be strongly dependent on the direction of
propagation. This was accurately modeled using the simplified band structure theory.
Additionally, analysis of the peaks corresponding to the two longitudinal bulk modes
suggested that the dominant contributor to the linewidth was viscous attenuation of
the phonon. These results suggest that the longitudinal acoustic wave attenuation in
porous silicon is several orders of magnitude larger than that of crystalline silicon at
the same frequencies. This increase in attenuation is thought to be an artefact of the
nanoporous nature of the films. Finally, the Rayvleigh surface mode and a pseudo-
surtace mode was observed for each superlattice. with each mode velocity increasing
as the phonon wavevector decreased. This dependence of mode velocity on wavevector
1s thought to stem from the influence of the second, lower-porosity constituent layer

in the superlattice unit-cell. which increases as the phonon wavelength increases.

8.2 Future Work

While the preceding work provides some insight into the potential of porous silicon-
based hypersonic phononic crystals. there is still much to learn about these structures.
Future work would be of significance due to the fundamental science involved as well as
the possibilities for device applications. From the p<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>