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1. INTRODUCTION

Chapter 1

Introduction

Engineering the optical properties at will by designing and manufacturing an artificial
composite material is a very attractive area of science and technology. Already in the Middle
Age optical properties of composite materials (metal nanoparticles in glass) were used in
stained glass windows [1], despite of the fact that the understanding of the origin of colors in
such materials was not understood before Michael Faraday [2] explained the optical properties
of small metal particles in the 19" century. The next big step in engineering optical properties
by using (one-dimensional) composite materials was made during the first half of the 20"
century, when thin-film based optical filters were introduced [3-5]. In the middle of 1980" a
new frontier in optics/material science emerged, endeavoring to control optical properties by
creating two- and three-dimensional composite materials. Such materials were called photonic
crystals (PC) or Photonic Bandgap Materials (PBG) (see, for example [6-7]). At the same
time, advancements in the fabrication of nano- and micro-composite materials employing
metal nanoparticles [8-10] also offered engineers to produce unique optical properties. The
development of porous semiconductor materials (see, for example, [11] and references
therein), which could be seen as a special case of composite materials, also led to the
discovery of a number of unique optical properties [12-13].

This dissertation is devoted to the exploration of optical properties of certain composite
materials, to the design of the artificial composite materials to exhibit desirable optical
properties, and to the design and fabrication of some optical components exploiting these
artificially designed composite materials.

Chapter II describes a number of optical components made from porous semiconductors with
specifically designed morphologies. Designs of different types of spectral filters (designed for
UV, visible, IR and far IR ranges), UV polarization components and IR retroreflection
suppression plate are presented. A theoretical analysis of these passive optical components is
given in each case, followed by some details on their fabrication, and in some cases on optical
tests. It will be shown that the optical components introduced in Chapter II exhibit quite
unique performance characteristics, often not realizable otherwise. Some of these components
meanwhile have been successfully commercialized and are used by the international scientific
and research community.

Chapter III is devoted to the more fundamental question of methods of calculations of the
effective linear and nonlinear optical properties of porous semiconductors in the case of pore
sizes being much smaller than the wavelength of light. In particular, the optical anisotropy of
different porous semiconductors is studied. A significant biaxial anisotropy (a property with a
sizeable value only for a few natural materials) is predicted for certain porous
semiconductors. The linear and nonlinear properties of composite materials consisted of
metal-filled porous semiconductors are considered as well.

The first part of Chapter IV addresses the basic problem of accurate calculations of the
effective optical properties of metal-dielectric composites at intermediate metal
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concentrations (already significant, but still below the percolation threshold). Despite of the
fact that this area of optics is relatively old, there is still no widely accepted accurate and
simple model that permits calculating linear optical properties of metal nanocomposites in the
intermediate metal filling fractions (5 % to 15 %). A modified Effective Medium Theory
(EMT) is presented to address this issue.

The last part of the Chapter IV is devoted to theoretical investigations of magneto-optical
properties of metal nanocomposites. The magneto-optical effects in composite materials
containing metal nanoparticles were investigated in the past only for the case of low metal
concentrations and for certain magneto-optical metals. Here the cases of low, medium, near-
percolation and high concentrations of metals are theoretically analyzed for both metal and
dielectric materials exhibiting magneto-optical activity. Moreover, the magneto-optical
effects in metal-dielectric composites consisting of core-shell nanoparticles are analyzed in
the low concentration limit. A number of practical materials with significantly enhanced
magneto-optical effects (an important feature for a number of applications) are suggested.

Chapter V gives the conclusions of this thesis and describes the possible future research.



2. NOVEL OPTICAL ELEMENTS MADE FROM POROUS SILICON

Chapter 11
Novel Optical Elements Made From Porous Si

2.1. Introduction

Microporous Si became famous almost over night because of its unexpected optical property
of showing strong luminescence from yellow to blue, depending on its precise structure [12-
13]. However, exploiting this property for devices proved difficult if not impossible up to
now. While meso and macroporous Si does not show luminescence, the large set of different
porous Si structures does contain many elements with peculiar if not unique optical proper-
ties, and this chapter describes a subset with the common denominator that wave propagation
in pore direction will be considered.

Porosity quite generally changes the effective index of refraction from its volume value ny to
an effective value np, which can be very roughly approximated as np = ny - pny + p with p =
porosity = relative pore volume. A porosity of 1 thus would be only pores; in practice p is
confined to about 0.2 < p < 0.8. This relation between the porosity and refractive only applies
if the size scale of the pores (average diameter, distances, etc; in what follows surmised under
“pore geometry”) is sufficiently smaller than the wavelength considered, so that the metama-
terial “porous semiconductor” can be treated with an effective medium theory, e.g. from
Bruggeman [14]. A more accurate relation between the porosity (and pore morphology) and
the effective refractive index of porous semiconductors will be presented in Chapter III. Since
porosities and pore geometries can be adjusted in a wide range (for a review see, e.g. [15],
many applications based on adjustable np’s have been suggested and are investigated. Most
prominent are variants of so-called Bragg mirrors; structures with alternating layers of differ-
ent porosity; allowing to design transmission and reflection properties as a function of wave-
length almost arbitrarily, cf., e.g., [16].

For a given geometry and porosity, pores may still have completely different morphologies.
At the extremes one may have a completely random sponge-like structure, or ordered straight
cylinder-shaped pores all extending in a well-defined (crystallographic) direction. With the
latter type, np cannot only be adjusted to a particular value, but two possible kinds of symme-
try breaking can be used to induce anisotropies in zp that cannot only be adjusted, but may be
of a kind not found in “natural” materials. Consider, e.g. the case of pore growth in <100> for
Si, or <111B> for III-V semiconductors (the “B” refers to the subset of all {111} directions
pointing from the group V atom to the group III atoms in III-V semiconductor compounds; cf.
[17]. On suitable substrates ({110} for Si or {100} for the III-V’s), two sets of crystal-
lographically identical pores at equal densities grow into the substrate at angels of 45° or 55°,
respectively. The cubic symmetry of the single crystal substrate is broken, and the resulting
optically homogeneous metamaterial is optically anisotropic, showing effects like birefrin-
gence [18-21]. A second kind of symmetry breaking would occur if the density of the two
kinds of pores is made to be different; a feat that is generally possible. Rather peculiar optical
anisotropies may result, as will be shown in Chapter III.

If the porous semiconductor can no longer considered being optically homogeneous, the inter-
action of light and the porous structure can take many forms. If some periodicity in the pore
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structure is produced, either by “seeding” pores with appropriate structuring techniques (e.g.
optical or e-beam lithography or nanoimprinting) or by exploiting self-organization features,
photonic crystals result, commonly in two dimensions, but on occasion also in three dimen-
sion [22-25]. Photonic crystals based on porous semiconductors have been extensively cov-
ered in [26], suffice it to say that in two-dimensional photonic pore crystals usually only the
propagation of light perpendicular to the pores is of interest. Besides the phenomena related to
the presence of an optical bandgap, some peculiar properties of the dispersion curves at wave-
lengths outside the gap region, like very small effective propagation velocities (strongly re-
duced “speed of light”) or an effective negative index of refraction, are finding increasing in-
terest [7].

The non-linear properties of porous semiconductors may also be completely different from
those of the bulk; again we must consider porous semiconductors to be metamaterials with
novel features. The most outstanding example is porous GaP, where a more than hundredfold
enhancement of the second harmonic generation (SHG) has been observed [27-29]. However,
neither is this effect fully understood, nor has the field be exhaustively explored at present.

Comparatively little work has been done concerning the propagation of light in pore direction,
in particular for geometrically well-defined arrays of straight pores with large aspect ratios.
Most noteworthy is the work of Lehmann et al. [30], where it was shown that uniform and
ordered arrays of straight macropores with diameters in the 1 um region and lengths of sev-
eral 100 um act as efficient short pass filters in the blue to UV region, i.e. membranes of these
pore array are transparent to blue or UV light, but not to longer wavelengths.

This Chapter presents and summarizes new results concerning wave propagation along pores
in a variety of structures. Some necessary background issues are briefly reviewed, and theo-
retical and experimental results are given relative to possible applications. More complicated
structures than just plain porous membranes (e.g. coated and filled pores) are introduced and
discussed. It will be shown that porous semiconductors employed in this way show great
promise for a multitude of novel optical components; in fact, first products are already on the
market.

2.2. Pore Primer and Pore Etching

Here 1 will only consider pores obtained by electrochemical (anodic) etching, omitting the
emerging technology of (electroless) metal assisted chemical etching (cf., e.g. [31] for a re-
cent paper on this subject). There is an amazing variety of pores both with respect to their ge-
ometry and their morphology for the most important semiconductors Si, I1I-V’s, Ge and SiC.
Here I will just define some necessary terms, more details about the zoology of pores in semi-
conductors is presented in [11].

The most cursory distinction between different pore types is by geometry, i.e. average diame-
ters: According to IUPAC standards the following terms will be used: micropores denote
pores with diameter < 10 nm, mesopores range from 10 nm — 50 nm, everything > 50 nm is
called a macropore. Note that “officially” there is no such thing as a nanopore; and that in
many publications the definition given above is not strictly adhered to. The next important
parameter concerns the (macro)pore nucleation procedure. Nucleation is either random, i.e.
pores nucleate and grow more or less at random (possibly with a large degree of self-
organization, cf., e.g., the self-organized formation of pore single crystal in InP [32]), or it is
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seeded by e.g. openings in a mask layer, resulting in defined pore geometries and morpholo-
gies, provided the growth after nucleation can be controlled. The morphology of pores spans
the range form perfectly straight with a defined cross-section, to wildly branched or even
fractal. Here I will mostly consider straight cylindrical macropores in Si, possibly with con-
trolled diameter variations (although some mesoporous optical components with branched
pores will be discussed as well).

Another important pore parameter is the preferred growth direction. It is either in current flow
direction (“curro pores”), prominent in III-V semiconductors, or in a crystallographic direc-
tion (“crysto pores”). As far as Si is concerned, the two crystallographic directions expressed
in pore growth are normally <100>, and under special circumstances <113> [25]. In III-V
compounds only <111B> directions are found [11], whereas Ge expresses <100> and <111>
[33].

It remains to discuss how to produce macropores (mostly perpendicular to the surface) with
tightly controlled geometry. Two basic possibilities exist: Using n-type {100} Si employing
backside illumination in an HF based electrolyte diluted by essentially water or water with
some ethanol (aqueous electrolyte), or p-type Si in an HF based electrolyte diluted by organic
solvents like acetonitrile (MeCN), Dimethylformamide (DMF) or Diemethylsulfoxide
(DMSO). It should be noted that p-doped {100} silicon wafers with HF-based aqueous elec-
trolyte diluted with ethanol also produces macropores over some range of doping densities of
silicon. The basic pore geometry in these cases is controlled by many parameters like current
density, voltage, temperature, electrolyte flow conditions, backside illumination intensity to-
gether with the minority carrier life time of the Si in the case of n-type Si, and, most impor-
tant, the doping level.

In order to denote certain pore types, I will use the self-explaining short-hand description in-
troduced in [15], random macropores in n-type Si with a specific resistivity of 5 Qcm are de-
noted, e.g. as n-macro(aqu, bsi, random, 5 Q2cm). More specifics about the etching procedure
will be provided below.

Pore etching

Pore etching on standard size wafers up to 200 mm diameter is done with a commercial
ET&TE large area system which has been adopted to some specific needs, or in custom built
systems for smaller samples. Essentially, macropore etching processes in a variety of (pro-
prietary) modes including the standard n-macro(aqu, bsi) case and mesopore etching (includ-
ing multilayer techniques) are of interest in the context of this Chapter. In the case of macro-
pores seeded, i.e. lithographically defined structures, or random, i.e. self-nucleated structures
have been used; usually on {100}, but also on {111} oriented wafers.

A special requirement with respect to all porous structures is the precise control of the geome-
try over large areas (the whole wafer). In the case of macropores this includes the pore diame-
ter, the roughness of the pore walls, and the pore depth. For mesopores, crucial parameters are
the porosity, the thickness of the layers and the flatness of the many interfaces. Precise control
of the geometry over large areas is not an easy task and translates into the following basic re-
quirements for the etching apparatus and the etching process.

1) The basic electrochemical reactions as controlled by the etching cell must be the same
everywhere. This requires adequate control of the electrolyte flow, temperature and con-

5
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centration of the ingredients (the HF concentration, e.g. might decrease with time because
it is used up in the reaction, if no controlled replenishment is introduced) as well as a
constant electrical field between the counter electrode and the wafer (External voltages
might be very large for some etching modes). The equipment used has been optimized for
these requirements; some details can be found in [34].

11) The backside illumination in connection with the ohmic backside contact for n-
macro(aqu, bsi) must be optimized for large areas; in particular rather large illumination
intensities are needed to allow sizeable absolute currents for large wafers. A densely
packed LED matrix with more than 2.000 matched LEDs was used, driven by special
hardware included in the software controlling of the complete etching process.

ii1) All components in contact with the electrolyte must withstand electrolyte on occasion
even more aggressive than HF. An all-Teflon design optimized for safety is necessary for
this.

Some problems remain, however: Unavoidable doping fluctuations in commercial wafers
(usually present in a circular pattern) are always expressed in fluctuations of the pore geome-
try if no special measures are taken. Suffice it to say that proper control of the etching tem-
perature (in particular below room temperature) can solve or at least alleviate that problem.
This puts additional requirements on the etching apparatus, of course.

Another set of problems results from the unavoidable changes of the etching process with in-
creasing depth of the pores due to, e.g., changing transport properties of reactants and actants
inside growing pores, decreasing potential at the pore tips due to ohmic losses in the pore, in-
creasing leakage currents flowing through the pore walls, or increasing hole currents flowing
to the pore tips in the case of n-macro(aqu, bsi) pores because the distance between the hole
source (= illuminate backside) and the pore tip decreases. These problems can be addressed
by changing the external parameters as a function of time in a suitable way (i.e. increase the
potential and decrease the illumination intensity), but for precise control of, e.g., the thickness
and porosity of mesoporous layers, or the pore diameter as a function of depth, an active
feedback control loop is required. There are several ways to generate a control signal that con-
tains the necessary information about the conditions at the pore tips, and several ways to use
that signal for adjusting crucial etching parameters like external voltage, current, temperature,
or e.g. HF concentration. Suffice it to say that in-situ FFT impedance spectroscopy, or as-
sessments of resistive elements in the circuit, proved useful for obtaining good results. Of
course, for any active feedback process, at best some average of the conditions at the tips of
some billion of pores can be obtained, and the resulting signal is completely meaningless if
the etching process is not very homogeneous.

It is equally of course, but nevertheless worthwhile mentioning, that obvious problems in n-
type Si associated with diffusion lengths considerably smaller then the wafer thickness, or, far
worse, inhomogeneous diffusion lengths across a wafer, cannot be compensated at all. Pore
geometries in this case will reflect the diffusion length distribution, and nothing can be done
to circumvent the problem except using p-macropores whenever possible.

Utilizing all of the above, it is still not easy (but possible) to grow suitable macropores with
depths exceeding 300 um in both n and p-type wafers.
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2.3. Different Modes of Light Propagation Through Porous Silicon

The wide variety of possible geometries and dimensions of structures that could be fabricated
from porous silicon gives the opportunity to control the optical properties in several different
ways depending on the relation between the wavelength of the light, the pore geometry, the
pore morphology, etc. In general, light propagation through a porous silicon structure in the
direction of the pores is described in three different modes:

1) Propagation in porous Si at wavelengths considerably larger than the pore geometry and
above the absorption edge of the silicon (or “subwavelength mode”). The electromagnetic
wave in this case “sees” a homogeneous isotropic or anisotropic medium. Such a mode is
found for microporous and mesoporous silicon and wavelengths typically above 500 nm, or
for macroporous silicon in the more far IR spectral range.

i1) Propagation in porous silicon at wavelengths comparable to the pore geometry but still
above the absorption edge of silicon. For macroporous silicon this is corresponds to the mid
IR wavelength range. In this case the type of light propagation is defined mostly by the ge-
ometry of the pore array. Two different types of light propagation are possible in this case.
The first one is the Bloch mode-type of propagation, typical for Photonic Crystals [22, 35,
36]. This type of light propagation was quite well reviewed recently [7]. In this Chapter the
second type of light propagation through such structures will be introduced in relation to cer-
tain optical components utilizing such a mode of light propagation. It is based on a waveguide
type of propagation for electromagnetic waves traveling through a medium with a high index
(= Si) bounded partially by a low index medium (pores filled with air or something else).
Light transmission channels in this “normal waveguide mode” are possible in the pore growth
direction.

1i1) Propagation in porous silicon at wavelengths smaller then the pore sizes and below the
absorption edge of Si. For macroporous silicon this corresponds typically to the UV and the
visible spectral ranges. In this case the electromagnetic waves propagate through the medium
with the low index (n = 1 for air filled pores), which is surrounded by a medium with fairly
large index (Si) in the so-called “leaky waveguide mode”, and this is possible only along the
pore growth direction. This mode of light propagation will also be discussed in more detail in
this Chapter.

All of these modes of light propagation through porous silicon may be used in different opti-
cal components, as will be shown in this chapter.

2.4. Optical Components from Mesoporous Silicon

Porous silicon with pore sizes below the wavelength of the light in the micro, meso, or lower
macro region (in what follows always addressed as “mesoporous”) offers the opportunity to
“engineer” the refractive index at the visible and the IR spectral range by variations of the po-
rosity of the layer. This property can be utilized in a number of optical components that will
be reviewed later. Note that the luminescence properties of microporous silicon [12] will not
be considered here. In contrast to the other sections of this Chapter, a lot of work has been
dedicated previously to this particular optical use of porous Si as outlined below. My contri-
bution here is limited to the development of one possible way for solving the environmental
instability problem in IR optical filters based on mesoporous silicon, and in providing a solu-

7
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tion for the substrate absorption problem. Two improvements permitted to address not only
near IR and visible ranges for optical filters based on mesoporous silicon, but mid and far IR
spectral ranges as well.

The optical applications of mesoporous silicon considered here are based on optical effects
occurring in the subwavelength mode of light propagation (A >> d, where A is the wavelength
of light and d is the characteristic dimension of porous silicon, e.g., average pore-to-pore dis-
tance). In such a mode of light propagation, the light “sees” the porous silicon as a (possibly
anisotropic) effective medium. The properties of this effective medium can be controlled to a
wide extent by adjusting the pore structure, i.e. porosity, sizes of the pores, orientations of the
pores, etc, as will be discussed in detail in Chapter II1.

A number of methods for calculations of effective dielectric constants and refractive indices
of porous silicon layers can be used such as the Bruggeman method [14], the Looyenga for-
mulation [37], or the Maxwell-Garnett approach [38]. For micro- and meso-porous silicon
etched on (100)-oriented wafers these approaches provide good agreement between the theo-
retical predictions and the experiments performed so far with mesoporous silicon etched on
(110) oriented substrates (which exhibit optical anisotropy), as was shown in [18-21, 39].
Other methods are suggested in Chapter III.

2.4.1. Background and Theoretical Considerations

Reflective types of optical filters or mirrors based on mesoporous silicon superlattices were
proposed first by G. Vincent over a decade ago [40]. In this paper porous silicon superlattices
(roughly two microns thick) were etched on p-doped (100) oriented 8-15 Qcm wafers; the po-
rous layer was microporous silicon. The porosity, and concomitantly the refractive index
modulations, were formed by modulating the applied current density during the electrochemi-
cal etching. Independently, in the same year another group [41-42] demonstrated a similar ap-
proach. In [41] it was shown that in addition to modulating the current density, porous silicon
superlattices could also be formed by anodization of substrates with layers of different doping
concentrations or different compositions at constant current density. Since then a large num-
ber of papers was published with respect to (meso)porous silicon filters and mirrors. Porous
silicon filters were envisioned for color-sensitive photodiodes [43], luminescent devices [42],
and sensors [16, 44-48]. A detailed review of these activities can be found in [49].

Here mid and far IR optical filters based on mesoporous silicon are described. Mesoporous
silicon filters also offer significant advantages if theses filters require cooling to cryogenic
temperatures (e.g. for most of astronomical and defense applications). The benefit of
mesoporous silicon filters in such applications is the absence of thermal or mechanical
stresses between the individual layers. Since the layers are “all-silicon”, they are mechanically
and thermally perfectly matched. In contrast, common interference filters are always com-
posed of layers with dissimilar mechanical properties and thermal expansion coefficients,
causing considerable problems when cooled (not to mention that common interference filters
for wavelengths exceeding 24 um are not available at all due to a number of fabrication prob-
lems (the required multilayer structure is getting to thick for conventional deposition tech-
nologies).

Examples of SEM images of far IR mesoporous silicon filter cross-sections are provided in
Fig. 2.1. High porosity (low refractive index, typically in a range of 1.9 - 2.3) mesoporous
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silicon layers have darker contrast due to less silicon (meaning less charging); vice verse low
porosity (high refractive index, typically in the range of 2.7 - 3) mesoporous silicon layers
have lighter contrast. In Fig. 2.1a the structure of a quarter wave Bragg reflector centered
around 63 um is given, while Fig. 2.1b shows the magnified SEM image of the filter of Fig.
2.1a, indicating the very good quality of the interface between layers with low and high poros-
ity (an important parameter in optical filter fabrication). Fig. 2.1c¢ gives the SEM cross-
sectional image of the 100-layer wide band mesoporous mirror reflecting above 90 % from
2.5 um to 10.5 um. Different thicknesses of mesoporous silicon layers in Fig. 2.1c are created
intentionally.

a) 3BKY X348 28 L b) 668 i C)

Figure 2.1. SEM images of cross-sections of different mesoporous silicon multilayers
etched on (100)-oriented p+-doped wafers in HF/Ethanol-based electrolytes.

Depending on the wavelength range that is targeted, the overall thickness of the mesoporous
silicon superlattice can vary from as thin as 2 um (for visible-range filters) to as thick as 200-
300 pum multilayers (for far IR filters). While porous silicon superlatives can be formed on
both p and p+ doped silicon wafers, p+ doped wafers are preferred if high refractive index
contrast and/or thick multilayer structures are to be fabricated. Mesoporous silicon superlat-
tices can be fabricated on n and n+ doped wafers as well, although not as thick and mechani-
cally stable as those made on p+ doped wafers (25 pm-thick mesoporous multilayer structure
etched on n+ doped wafer is the thickest etched so far). Thus, commonly, (100)-oriented Bo-
ron-doped wafers with resistivities in the range of 1 to 100 m{2-cm are used for these purposes
(although differently orientated wafers were also used in order to achieve optical anisotropy
of mesoporous silicon layers for some applications [18-21]. Typically HF: Ethanol: H,O elec-
trolytes are used. The sharpness of the edge between the high- and low-porosity layers de-
pends on the temperature of anodization (see, e.g., [50], and etching at as low as —20 °C tem-
perature was shown to be beneficial for some applications [51]. The achievable current modu-
lation contrast (and through that the porosity contrast) strongly depends on the total thickness
of the structure to be etched and on the number of layers. In general high porosity contrast
structures are mechanically weaker (it turns out that the weakest points in such a structure are
the porosity interfaces).

Another fabrication issue is associated with drying mesoporous silicon multilayers with high-
porosity contrast. The capillary forces in pores quite frequently result in loss of the mechani-
cal integrity of mesoporous silicon samples during drying process. Two quite effective solu-



2. NOVEL OPTICAL ELEMENTS MADE FROM POROUS SILICON

tions were proposed so far: supercritical drying [52], and use of a low surface tension liquid
(e.g., Pentane). It should be noted that the “cracking” problem is not that pronounced with
mesoporous silicon as it is with microporous silicon, and that in most cases using Pentane
(much cheaper and simpler option than supercritical drying) is sufficient to solve the problem.

The attractive features of porous silicon filters and mirrors were stated to be 1) simplicity and
a low-cost fast fabrication process, 2) possibility of tailoring the refractive index, 3) compati-
bility to existing silicon technology [53]. However, some problems with porous silicon fil-
ters/mirrors were soon encountered, too. The main problems are environmental instability of
mesoporous silicon layers (see, e.g. [54]) and absorption in the highly-doped silicon substrate
usually used for mesoporous silicon filter fabrication. These problems and possible solution
shall be addressed in the remainder of this section.

2.4.2. Environmental Instability Problem

Environmental instability of mesoporous silicon originates from the very high surface area of
mesoporous silicon (600 - 700 m*/cm” for microporous and 200 - 250 m*/cm” for mesoporous
silicon [55, 56]); it causes the following unwanted effects: 1) blue-shift of the filter wave-
length; ii) degradation of the filter performance (quarter wavelength matching of the layers
get destroyed); ii1) decrease of reflectivity. In infrared transmission-type filters a strong deg-
radation of the transmission is also observed. In general, two different causes are responsible
for the effects listed above.

The blue-shift of the filter wavelength and degradation of the quarter-wave matching (causing
some decrease of the reflectivity as well) is tied to the relatively slow formation of native sili-
con dioxide on the pore walls [53]. It is well known that at room temperature and ambient en-
vironment about 7 nm of native oxide can be formed with time. Due to the very large surface
area of mesoporous silicon, the slow formation of native oxide on all the pore walls is causing
very strong optical effects.

The loss of transparency of the mesoporous silicon in the mid and far IR range (it is only
transparent through all mid and far IR ranges immediately after etching) is associated with the
adsorption of polar gas molecules on the freshly etched silicon surface [57], as illustrated
schematically in Fig. 2.2. This effect is much faster than the oxide formation effect and a sub-
stantial loss of the transparency in mid and far IR can be observed within a couple of hours
after the drying of the sample. In about one week this effect reaches saturation. However, this
effect is also fully reversible within some time after etching (for at least two weeks) as also
illustrated in Fig. 2.2a.

During the last decade several approaches were suggested for solving the environmental in-
stability problem. This includes the pre-oxidation of mesoporous silicon sample either chemi-
cally (by boiling in HNOs3) or thermally (see, e.g. [53]. The reported results suggested that
none of these techniques succeeded in a complete prevention of the aging effect. For thermal
oxidation a set of conditions exists (at quite elevated temperatures) at which the process is
slowed down to acceptable levels for most applications. It should be noted, however, that
such a processing results in very substantial shifts and reshaping of the reflection and trans-
mission characteristics of the mesoporous silicon multilayer. Also, due to a substantial lattice
mismatch of silicon dioxide and silicon, thermally oxidized layers (especially thick ones, such
as required for mid and far IR filters) exhibit large stresses even at room temperatures (caus-
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ing considerable bowing of the wafer) and the effect is even stronger at cryogenic tempera-
tures.
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Figure 2.2. a) Transmission spectra through a mesoporous silicon multilayer membrane taken
after etching, after 1 week aging in ambient atmosphere and after recovering the membrane in
wet chemical solution.; b) - ¢) schematic drawings illustrating the increase of the absorption in
mesoporous silicon (yellow) due to reversible adhesion of polar gas molecules (green), at-
tracting electrons (blue), thus creating uncompensated charge carriers (red) in the mesoporous
silicon.

Considerable efforts were devoted towards the stabilizing porous silicon with organic com-
pounds. The basis of these efforts is the replacement of the relatively unstable hydrogen ter-
mination of the Si surfaces of pore walls (Si-H bonds) by more stable carbon termination (Si-
C bonds). A quite thorough review can be found in [58]. Various techniques were employed
for this purposes, including hydrosilylation [59-61], the electrochemical grafting [62] and the
method based on alkyl halides [63], to name a few. The methods were mainly devoted to-
wards a stabilization of the optical properties of porous silicon in the visible spectral range. In
the far infrared spectral range the advantages of these methods are still to be proven, since
FTIR studies show the appearance of additional absorption bands associated with Si-C bonds
and (sometimes) other bonds related to the particular composition of pore wall coverage.

Another possible solution for the stabilization of the mesoporous silicon multilayer is the use
of a sintering process. Sintering of the mesoporous silicon is usually performed in oxygen and
water vapor-free hydrogen or hydrogen/inert gas atmosphere at elevated temperatures (up to
1100 °C and above), and results in a complete closure of the pores at the top surface of the
mesoporous silicon layer and sometimes at the porosity interfaces (see, e.g. [64-67]). My ex-
perience with this process showed that such a technique could accomplish a substantial stabi-
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lization of the mesoporous silicon multilayer, indeed, while offering a substantially reduced
mechanical stress level as compared to thermally oxidized wafers. This is no surprise, of
course, since the mesoporous silicon layers are still all-silicon after the sintering process.
However, the reshaping/shifting of the spectral characteristics of the samples were still con-
siderable and quite comparable to thermally oxidized samples.

Coating the mesoporous silicon surface with layers of SiO, deposited at relatively low tem-
peratures by Plasma Enhanced Chemical Vapor Deposition (PECVD) or by Low Pressure
Chemical Vapor Deposition (LPCVD) was suggested in [68]. In the same reference, spin-
coatable PMMA layers were also suggested for the protection of mesoporous silicon mirrors
from moisture, and it was observed that PMMA is actually better suited for moisture protec-
tion, while PECVD deposited SiO; is better suited for coating of mesoporous silicon mem-
branes. However, I was not able to observe a substantial improvement in some experiments
performed in this direction.
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Figure 2.3. a) SEM image of a silicon-encapsulating layer sputtered onto the mesoporous sili-
con surface. b) Reflection spectra of a mesoporous silicon filter with surface encapsulated
with 200 nm Si taken at different times after the deposition. ¢) Reflection spectra of a
mesoporous silicon filter with and without a 200 nm Si layer on the mesoporous silicon sur-
face taken under three days aging conditions and under forty days aging conditions.
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Here it is proposed to use a magnetron-sputtered silicon layer on the mesoporous silicon sur-
face as a method of improving the environmental stability of the far IR filters. The advantage
of such an approach is based on the fact that the thermal expansion coefficient of a sputtered
silicon layer will be the same or close to that of the mesoporous silicon multilayer and silicon
substrate. In other words, the filter structure will be all-silicon.

Here I show the results of this method. A SEM image of such a filter structure is given in Fig.
2.3a. The good quality of the silicon layer on the top of the mesoporous silicon multilayer is
apparent. Optical testing of the filters confirmed that for a sputtered silicon layer with a thick-
ness of 200 nm or larger, the environmental stability of the filter improves considerably. This
statement is illustrated by Figs. 2.3b and 2.3c. As follows from Fig. 2.3b, no change in the
reflection from a mesoporous silicon quarter wave stack is detectable three days after the
deposition, while the reflectivity of the uncoated sample at the Bragg wavelength degrades
strongly as shown in Fig. 2.3c. However, forty days aging in ambient atmosphere resulted in
some degradation of the reflectance, indicating that some further optimization of the encapsu-
lation is still required; suitable experiments are currently under way.

2.4.3. Substrate Absorption Problem

As mentioned previously, a big problem with mesoporous silicon IR filters in the transmission
mode comes from free carrier absorption (also known as multiphoton absorption) in the sili-
con substrate still present beneath the mesoporous layer. Highly doped silicon wafers with
resistivities in the range of 1 mQcm to 20 mQcm are totally opaque in most of the mid IR and
far IR spectral range at room temperature.

While at cryogenic temperatures transparency can be restored in part of the mid IR region, for
room temperature applications the only solution offered for the last ten years has been the re-
moval of the mesoporous silicon multilayer from the unetched silicon substrate by means of a
current spike at the end of the etching process, which “lifts off” the mesoporous silicon filter
structure [69], i.e. produces a free-standing mesoporous silicon membrane. However, while
some mesoporous silicon membranes are relatively robust and flexible (if sufficiently thick, as
for far IR filters) many membranes would not survive this rather violent process. In particular,
thinness or high porosity renders freestanding membranes unacceptably brittle for practical
applications.

Here a new approach is suggested. Instead of a homogeneously doped silicon wafer, a “two
layer” silicon wafer composed of a highly doped Si layer with the proper thickness for the in-
tended mesoporous layer bonded to low-doping density “handle” wafer is used. This provides
the high carrier concentration necessary for mesoporous multilayer formation on silicon that
is highly transparent throughout the far IR range. A schematic drawing of such a bonded
structure is shown in Fig. 2.4a.

The key point in choosing a wafer bonding technique suitable for these purposes is a uniform
and generally high conductivity across the bonding interface. A fusion bonding technique is
capable of meeting this requirement. In fusion bonding, two polished sides of silicon wafers
of proper doping, thickness and orientation are brought into contact in a clean environment
and then annealed under some pressure across the interface to increase the bond strength [70].

13



2. NOVEL OPTICAL ELEMENTS MADE FROM POROUS SILICON

The absence of native oxide on the wafer surfaces is a must to insure good conductivity across
the bonding interface.

0.5

Low-doped silicon wafer Fusion
bonding 0.4 4
c
Highly-doped silicon wafer S 031
k]
IS
[}
g
= 0.2
0.1 4
0.0 T T T T T T
16 18 20 22 24 26 28 30
Wavelength, um
c)

3B

Figure 2.4. a) Schematic drawing of the fusion bonded silicon wafer used for fabricating
transmission-type mesoporous silicon IR filters. b) SEM image of a bonded wafer cross section
after electrochemical etching up to the bonding interface. The bonding interface is indicated;
only the last three layers of the mesoporous multilayers are shown. ¢) Transmission spectrum
taken through a mesoporous silicon filter etched on a bonded wafer at angle of incidence ~ 14°
from normal at room temperature.

The backsides of the bonded wafers were metallized and wafers were electrochemically
etched. The etching was stopped exactly at the bonding interface, which was made possible
by monitoring the current/voltage characteristics of the system. An SEM image of a portion of
the mesoporous silicon filter around the bonding interface is given in Fig. 2.4b. In order to
prove the transparency of the mesoporous silicon multilayer with a handle wafer, one of the
etched wafers was examined in an FTIR at room temperature. The transmission spectrum is
shown in Fig. 2.4c. One can see that the structure is indeed transparent in the far IR range.
The lower than expected level of transmission within the narrow transmission band is actually
caused by losses in the mesoporous silicon multilayer itself, originating from the environ-
mental instability of the mesoporous silicon as described above. The FTIR measurements
were performed some time after etching without using the protective methods described
above.

It should be noted that while the improvements described above for a mesoporous silicon fil-
ter fabrication process in principle resolved all the critical issues, such filters are still not
commercially available. The only (but very significant) problem that is still not resolved is the
reliable supply of silicon wafers with tight specifications on resistively (i.e. doping density)
and impurity (mainly oxygen) concentration. While this is not considered to be a problem for

14



2. NOVEL OPTICAL ELEMENTS MADE FROM POROUS SILICON

large volume applications, for a niche market like far and mid IR filters, the volume is too
low to convince silicon wafer suppliers to guarantee the needed quality of silicon wafers.

2.5.  Macroporous Silicon Long Wave Pass Filters

Random arrays of macropores in Si scatter the light at wavelengths below the average pore-
to-pore distance. In this part of Chapter 2 it is proposed to use this property to make an infra-
red long-wave pass filter (LWPF) that would scatter the light with wavelengths below an edge
wavelength that is defined by the porous layer morphology, but transmit the light effectively
and uniformly for wavelengths above this edge. Infrared LWPFs have a number of important
applications. They are used both in combination with narrowband pass filters (in order to
achieve a narrow pass band with wide and deep rejection bands) and by themselves in appli-
cations where the radiation from shorter wavelengths should be suppressed in order to im-
prove the signal-to-noise performance of detectors (as in astronomy, Fourier transform spec-
troscopy, etc).

In the visible, near IR, and mid IR spectral ranges, LWPFs are usually made as interference
filters or as a combination of an absorbing material with a multilayer stack [71]. However, in
the far IR this approach is not as successful as in the visible range because the low number of
transparent materials that can be used for multilayer stacks, and because of the large thickness
of the required multilayers. For the far IR range a scattering-type filter was already proposed
in [72], utilizing a layer of diamond particles (or other transparent materials) of suitable sizes,
which are spread on a surface of a sheet or substrate of a material that is transparent in the de-
sired IR region (e.g. polyethylene, quartz or sapphire). Light with wavelengths around or be-
low the size of the particles in the “active” layer is blocked by means of scattering, while the
light with wavelengths above the size of the particles is transmitted. Such filters are truly long
wave pass filters, i.e. the transmission above the rejection edge is uniform over the wave-
lengths where substrate and particles are transparent. Such filters can be used both in room
temperature and cryogenic applications. However, the mechanical stability of such filters is
usually poor, since the active layer can be easily peel or flake off. Moreover, the versions
made with thin polymer films cannot withstand large pressure differentials very well, thus re-
quiring slow pumping time. Another drawback with particle-based filters is that in order to
fabricate filters with a specific rejection edge position, particles of specific size are needed,
which are not always commercially available. Also, in order to efficiently scatter the light the
particles should have a fairly high refractive index, which makes polystyrene particles (which
are inexpensive and widely available) not suitable for such applications.

From the MPS point of view, silicon has a sufficiently high refractive index in the IR spectral
range (around 3.5) and the pores, if etched on a flat, unstructured surface, form a random ar-
ray with a relatively narrow distribution of pore sizes that can be easily fine-tuned in a wide
range by choosing suitable substrate and etching parameters [24]. Hence, one can expect that
such a material will exhibit long wave pass behavior similar to diamond particle filters [72].
The principle of operation is schematically illustrated in Fig. 2.5a: light with wavelengths
labeled 2.3 is long enough compared to the average interpore distance and is transmitted
through the filter 2.7 (with some reflection losses), since it “sees” the macroporous layer 2.2
as an effective medium. The light with wavelengths lower than the average interpore distance
(2.4) experiences strong scattering (2.5) and thus is effectively blocked.
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Figure 2.5. a) Schematic drawing illustrating
the principle of operation of a macroporous
silicon LWPF. b) SEM image of a suitable
macroporous layer etched on (100) oriented
silicon. ¢) Normal incidence transmission spec-
tra through a number of far IR LWPFs made
from macroporous silicon layers etched on
(100) oriented silicon wafers.

Initial efforts were devoted toward the realization of a LWPF on p-doped (100)-oriented sili-
con wafers. An SEM image of a random MPSi array etching in organic electrolyte is pre-
sented in Fig. 2.5b). An optical evaluation (see Fig. 2.5¢) confirmed that random MPSi arrays
etched on (100) p-doped wafers indeed exhibit well pronounced long wave pass behavior. It
was found that by changing the silicon doping, electrolyte concentration, current density and
temperature during the electrochemical etching process, it is possible to fabricate good-quality
(optically and mechanically) long wave pass filters with edge positions anywhere from ~3 pm
to 35 um.

The sharpness of the rejection edge could also be controlled within wide limits by adjusting
the total thickness of the MPSi layer and by optimizing (usually lowering) the temperature
during electrochemical etching. Temperature control also allows to some extent to influence
the spread of the average pore distance distribution in the array.
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Figure 2.6. a)-b) SEM cross-sectional views of a MPL formed on p-doped (111)-oriented sili-
con wafers. ¢) Normal incidence transmission spectra through a number of far IR LWPFs
made from MPL etched on (100) oriented silicon wafers. d) Photo of the far IR MPSi LWPF
(at glancing angle), illustrating the good surface quality of macroporous silicon.

In addition to LWPF fabricated out of (100)-oriented p-doped silicon, the (111) substrate ori-
entation was evaluated as well. Macropores on (111)-oriented wafers do not grow straight and
perpendicular to the wafer surface, but rather in the three equivalent <113> directions [15].
They also show considerable branching. Since the basis of MPSi LWPF is light scattering,
such layers should be beneficial for LWPF applications. Several random MPSi arrays were
fabricated and tested. The results are shown in Fig. 2.6. As expected, the branchy structure of
MPSi layers on (111) substrate caused much more effective scattering indeed, as illustrated in
Fig. 2.6¢, where the same thickness of an MPSi array provided stronger rejection and sharper
edge on a (111)-oriented wafer as compared to a (100)-oriented wafer. A somewhat unex-
pected side benefit was a better mechanical behavior and an improved surface quality (see
Fig. 2.6d) obtained with the (111) orientation.

17



2. NOVEL OPTICAL ELEMENTS MADE FROM POROUS SILICON

An MPSi layer can be easily formed on both sides of the wafer. This not only helps to better
control the transmission characteristics of the filters, but also provides the opportunity to re-
duce the reflection losses within the pass band (which can be considerable due to high refrac-
tive index of the silicon).
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Figure 2.7. Log-log plot of the transmission through the MPSi LWPF etched on (100)-
oriented substrate.

The pass band of MPSi LWPF filters was found to be flat up to a wavelength of 100 um at
room temperature, as illustrated by the normal incidence transmission spectrum shown in Fig.
2.7. The reason for this is that the silicon wafers used for fabrication of LWPF are typically
low doped, thus the free-carrier absorption is relatively low. Moreover, the number of vi-
bronic bands in silicon is relatively small compared to that of polymers, which have been used
with LWPFs based on colloidal diamond [72].

In addition, LWPFs made from MPSi layers are mechanically stable and “all-silicon”, and
thus can be operated in a wide temperature range, including “bake-out” to cryogenic tempera-
tures.

As a summary, macroporous silicon long wave pass infrared filters offer a number of impor-
tant advantages compared to other kinds of long wave pass IR filters. The technology is al-
ready sufficiently developed and the filters were introduced to the market in 2005. This is, to
best of the author’s knowledge, the first commercially marketed optical product based on po-
rous Si.

2.6. Optical Components Based on Normal Waveguide Mode Propagation Through
Macroporous Silicon
Waveguide mode propagation through porous silicon is possible at certain geometries of

macroporous silicon arrays along the direction of pore growth. Let’s consider a system that is
made of an array of waveguides made in the form of a macroporous silicon (MPSi) layer
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where silicon (refractive index ng; = 3.5) islands between the pores serve as waveguide cores
above the silicon absorption edge, i.e., at A > 1100 nm, while the air-filled pores (14, = 1)
serve to optically decouple these waveguides. Such arrays are schematically shown in Fig.
2.8. Three physical processes affect the transmission through such a system: coupling of light
into the structure at the first MPSi layer interface, propagation of light through the structure,
and outcoupling at the second MPSi structure interface.

Figure 2.8. Cross-sectional schematic drawings of the waveguide array made out of ordered
macroporous silicon array. The pores (4), waveguide mode volume (6) and array’s unit cells
are schematically shown (7). (5) indicates an (optional) oxide layer. Possible realizations of
cubic-symmetry MPSi array are illustrated: a) cubic symmetry, near-square pores; b) cubic
symmetry, circular pores.

Three physical processes affect the transmission through such a system: coupling of light into
the structure at the first MPSi layer interface, propagation of light through the structure, and
outcoupling at the second MPSi structure interface. The total transmission 7 through the
“waveguide only” mode of propagation through the MPSi structure has the following form:

T(A4,6,0) | N’ R = Z DE;;"(1,0’) P;;" (2, 6) exp (-0u,;,” (2) I) (2.1

where P; J-W(ﬂ, 0) is the coupling efficiency into the (i,j) waveguide mode of the structure at the
angle of incidence 6 ; DE; JW(/I,H’) is the outcoupling efficiency into the “angle of observa-
tion” 8 ; o JW(/I) is the loss coefficient of the (i,j) waveguide mode, and / is the thickness of
the MPSi layer. It should be noted that in general the angle of incidence and the angle of ob-
servation are not in the same plane.

The efficiency, P; JW(/I), for the waveguide modes of the coupling of normally incident light at
the first MPSi layer interface into the MPSi structure is calculated as

[EV (s, ) E] (s, 2) - ds

Pl(2)= (22)

\/ [EX (s, 1) (E") (s.)-ds - [E, (s,2)- E} (s, 4) - ds

where E; JW (s,A) is the electric field of the (i/)™ waveguide mode at the plane of the first
MPSi layer interface; E/(s, A) is the electric field of the incident wave on the MPSi layer per-
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pendicular to the mode propagation direction; and A is a wavelength of light. If a plane-
parallel beam of light is normally incident on the first MPSi layer interface, for the fundamen-
tal waveguide mode the Equation (2.2) can be roughly approximated as:

4nSi (ﬂ’) : n[ . Suc - Sp
(ng(D+n)” S

Ply(A) = (23)

uc

where §), is the area of each pore (see Fig. 2.8), which for the circular pore cross section is
equal to 7 o°/4, where o is the diameter of the pore, and for near-square pores the cross sec-
tion is ~ dz, where d is the characteristic cross section size; and S,. is the area of an MPSi ar-
ray’s unit cell (which could be introduced for ordered MPSi arrays only), and where ng(A4) is
the refractive index of the silicon at the wavelength A and #; is the refractive index of the inci-
dent medium. For the most common case of air, expression (2.3) can be rewritten as

ang(A) S-S,
g+ S,

Pro(A) = 24

uc

In other words, to some approximation, P,” (1) = 0.69(1- p), where p is the porosity of the
MPSi layer. It should be noted that the cross-coupling between neighboring waveguides is so
far ignored (if the cross-coupling is significant, Eq. 2.4 has a different form).

At the second surface of the MPSi layer, the light from each end of each waveguide is emitted
with a divergence governed by the numerical aperture of the waveguide, N4, and the wave-
length. In the far field, the destructive and constructive interference of all light sources pro-
vided by the facets of waveguides takes place. In the case of an ordered MPSi array, this leads
to a number of diffraction orders, and this number is in general defined by the pore array ge-
ometry (by the relationship between pore size and pore-to-pore distance) and the wavelength
of light. For optical filters applications utilizing filters in the far field of the receiver (or light
coupling device), only the 0" diffraction order, the efficiency of which is denoted in the fol-
lowing discussion as DE"(4), is of interest. The only application that is not sensitive to the
outcoupling of light to higher diffraction orders is that of the filter mounted directly on top of
photodetector (i.e., in the receiver is in the near field of a filter). In all other cases, the outcou-
pling losses at the second MPSi layer interface can be estimated as 1 - DE,,"(A) for the
waveguide array, since the main source of such losses is the redistribution of light into higher
diffraction orders. Such losses are sensitive on both the wavelength and the pore array geome-
try. They are more pronounced at short wavelengths due to the higher number of diffraction
orders.

The optical losses exp (-0 J-W(/l) /) of the normal waveguide mode (i.e. during the propagation
of light through the structure) are small in the mid IR range if no absorptive layer or absorp-
tive filling is used in the pores. This is due to the high transparency of the silicon typically
used for macroporous silicon fabrication. However, waveguides are known to exhibit the
Bragg reflection phenomenon when their effective refractive indices are periodically modu-
lated in the direction of waveguide mode propagation. Modulation of effective refractive indi-
ces in silicon island waveguides in the MPSi layer is possible through modulation of the po-
rosity (or, in other words, modulation of macropore diameters) of the MPSi layer with its
depth. Different ways to fabricate such MPSi layers are discussed in the next section. The
modulation of the porosity of an MPSi layer will modify the spectral dependence of the
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transmission through each silicon island waveguide. This modification can be taken into ac-
count by introducing an additional term 7; JB Y in expression (2.1):

T(1,6,60)=X% DEz',jW(/L e')P i,jW(/L 0) EJBG CXp ('Oci,jW(ﬂv) D) (2.5)

Since Bragg reflections take place during waveguide mode propagation through the
waveguide, under the assumption of the independence (i.e., low cross coupling) of
waveguides in the waveguide array, this process is independent on angle of incidence. Hence,
if the Bragg grating part 7; JBG of (2.5) is the main contributor for the overall transmission
spectral shape of MPSi layers, this shape will be independent on angle of incidence.

The particular shape of the spectral dependence of 7; J-B “is a function of the silicon islands
shape, size, wavelength, waveguide mode losses, and so on. This means that uniform silicon
island sizes and shapes are required. The spectral dependence of 7; J-B “ is different for different
orders and polarizations of waveguide modes. Hence, silicon islands should be single-mode
waveguides around the central filtering wavelength. Single mode requirement is also impor-
tant to ensure independence of the transmission spectral shape on the angle of incidence due
to different dependences of the coupling and outcoupling efficiencies for different-order
waveguide modes. This effect is similar to the one discussed for the leaky waveguide case
that will be considered later in this Chapter. However, unlike leaky waveguides, where losses
dramatically increase with the number of modes, the losses of waveguide modes are generally
small, so in the case of the multimode nature of waveguide, higher-order mode transmission
cannot be neglected. To summarize, for an MPSi array to act as an omnidirectional filter, it
should be ordered, and silicon island waveguides should be independent (low cross- coupling)
and single-mode. Light transmission through such MPSi arrays other than by waveguide
modes should be suppressed. In this case expression (2.5) for 0" diffraction order will take the
form

T(A,0) = DEy"(A,.6) Pyy"(A,6) Ty,s"° exp (-0t90" (A) ) (2.6)
since for the ordered array of waveguides and zero diffraction order 6= 6.

The coupling efficiency at the first MPSi layer surface can be estimated as

Py (A,6) =Po," (1,0=0) exp (-(0/6,c)’) @7

where Py" (1,6=0) is the coupling efficiency in the waveguide array of plane-parallel beam
incident normally to the MPSi layer (which can be estimated according to Eq. 2.4), and 6,. is
the acceptance angle of the silicon island waveguide. It should be noted that the porosity (i.e.,
macropores diameters) is not constant across the MPSi layer. As was discussed above, for
narrow-band-pass, band-pass, or band-blocking filter applications, the MPSi porosity has to
be modified in a periodic fashion through the MPSi layer depth. Moreover, the porosity at
both surfaces of the MPSi layer can be minimized within some limits to maximize the cou-
pling and outcoupling efficiencies of the silicon islands waveguide array. Hence, (2.7) can be
rewritten as

Poy” (A,0) = 0.69(1 - p(0)) exp (-(8/6c)’) (2.8)

This opens the opportunity to minimize the coupling losses by minimizing the porosity at the
surfaces of MPSi layer.
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The particular value of the acceptance angle strongly depends on the waveguide structure. For
silicon island waveguides and air-filled pores, the siné,. estimation will be [(nsi)*-1]"* =
3.35; meaning that the acceptance angle of silicon island waveguides (and through the MPSi
layer as a waveguide array) will be 772. Such a wide acceptance range of the MPSi layer at IR
wavelength range means that spectral filters based on the MPSi layer will be truly omnidirec-

tional.

As mentioned above, the absence of the cross-coupling between neighboring silicon
waveguides in the MPSi layer is essential. However, the calculations showed that with pure
MPSi layers the cross-coupling is too strong. The simplest way to suppress the cross-coupling
is to partially oxidize the MPSi layer so the silicon island waveguides will be physically sepa-
rated by either air pores or silicon dioxide bridges. This is schematically illustrated in Fig. 2.8,
where thermally grown SiO, layer (5) is shown.

Before estimating cross-coupling between neighbor waveguides, let us first find the silicon
island size and silicon dioxide layer thickness ranges needed to guarantee the single-mode
character of the silicon island waveguides.

In Fig. 2.9 the numerically calculated dependences of effective refractive indices of TE po-
larization waveguide modes on the silicon island cross-section are presented for the cubic-
symmetry array of near square pores. The wavelength of light was assumed to be 1550 nm.
One can see that the silicon island waveguides become multimode starting at about 300 nm of
silicon island cross-section. For other wavelengths the maximum silicon island cross-section
needed can be found by scaling.
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Figure 2.9. Numerically calculated dependences of effective refractive indices of TE polari-
zation waveguide modes on the square silicon island cross-section (side of the square).

The SiO, layer thickness affects both the cross-coupling suppression and the number of

modes in the silicon island waveguide for constant silicon island cross-section. In Fig. 2.10a
the numerically calculated dependences of effective refractive indices of TE polarization
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waveguide modes on the silicon dioxide layer thickness are given for the MPSi layer of Fig.
2.8a. The wavelength of light was assumed to be 1550 nm, while the silicon island cross-
section was assumed to be 275 nm. One can see that even for such a silicon island cross-
section the thickness of the silicon dioxide layer covering the pore walls has to be less than
approximately 300 nm. Now having the silicon island size, the silicon dioxide layer thickness,
and the geometry of the MPSi array, we can estimate the cross-coupling coefficient between
neighbor waveguides. In Fig. 2.10b the numerically calculated dependence of the cross-
coupling coefficient on the silicon island separation is given for fundamental waveguide
mode. The wavelength was assumed to be 1550 nm, the silicon island cross-section was as-
sumed to be 275 nm, the silicon dioxide layer thickness was assumed to be 300 nm, and the
MPSi layer structure was assumed to be the same as in Fig. 2.8a.
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Figure 2.10. a) Numerically calculated dependences of effective refractive indices of TE po-
larization waveguide modes on the silicon dioxide layer thickness for the structure of Fig.
2.8a; b) numerically calculated dependences of cross-coupling coefficients of fundamental
waveguide modes on the silicon island separation.

As expected, the coupling coefficient decreases exponentially as the silicon island spacing
decreases. To provide omnidirectionality of the transmitted light, the coupling length, which
is equal to the inverse coupling coefficient, should be less than the thickness of the MPSi
layer. Taking into account that the typical MPSi layer thickness is in the range of 50 to 300
um, while the thickness of the MPSi layer with modulated pores diameters will not exceed
200 pm, it will be safe to set the upper limit of the coupling coefficient at about 20 cm™.

According to Fig. 2.10b, the cross-coupling coefficient will be suitable for providing omnidi-
rectionality of the transmittance spectrum for a silicon island spacing starting at ~980 nm. The
MPSi array is assumed to be of cubic symmetry; hence, the unit cell area in this case will be
about 1 pm” (see Fig. 2.8a). The waveguide mode area will be 0.16 um?” for the 1550 nm
wavelength. Hence, the coupling losses at the first MPSi layer interface (if pores and hence
silicon islands are constant across all MPSi depth) will be around 84 %. Such a value is not
suitable for most of optical filter applications. Even modification of the porosity of the MPSi
layer near both interfaces will not boost the potential transmittance to more than 25 to 35 %.
Hence, a better way of suppressing the cross-coupling while keeping coupling losses at a rea-
sonable level is needed. It is possible by making further modifications in MPSi layer struc-
ture.
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One relatively simple way to modify the MPSi layer structure to suppress cross-coupling
while keeping the potential transmittance at a reasonable level is to fill the pores with highly
reflective material, such as metal. A thin layer of low refractive index material (for example,
thermally grown silicon dioxide) is still needed between the metal filling the pores, and sili-
con island waveguides to suppress the propagation losses in the waveguides. Such a design
will also suppress other modes of light propagation through the MPSi structure than through
waveguides.

Lets again consider the MPSi array of cubic symmetry and near-square macropores as in Fig.
2.8a. Before investigating the particular values of coupling efficiencies and cross-coupling
coefficients, we need to define the sizes of silicon islands and the thickness of the silicon di-
oxide layer needed to maintain single-mode operations of silicon island waveguides and the
metal-caused propagation losses on a sufficiently low level.

The silicon island cross-section can be estimated from the previously given consideration (see
Fig. 2.9). Hence, we can set the maximum silicon island cross-section to be around 300 na-
nometers to ensure single-mode waveguiding at 1550 nm. However, we need to pay addi-
tional attention to propagation losses, absent in previous case, but considerable here. As an
example, in Fig. 2.11 the numerically calculated dependences of loss coefficients of TE-
polarized waveguide modes on the silicon island cross-section are presented. The MPSi layer
structure was assumed to be of cubic symmetry; the silicon dioxide layer thickness was as-
sumed to be 200 nm, and calculations were made for 1550 nm wavelength. In the calculations
the metal was assumed to be nickel.
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Figure 2.11. Numerically calculated dependences of loss coefficients of TE polarization
waveguide modes on the silicon island cross-section.

The waveguide mode losses decrease for each mode with the increase of the silicon island
cross-section. It happens due to the increase of the localization of the waveguide mode in the
silicon island and, hence, the decrease of the localization of the waveguide mode near the
metal/silicon dioxide boundary when the waveguide parameters are getting further from the
cut-off conditions. The important question here is the acceptable level of losses that are suffi-
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cient to provide a reasonable performance of narrow-band-pass, band-pass, or band-blocking
filter, based on such an MPSi layer. From one point of view, the coupling losses at the first
MPSi layer interface will be dominating (probably not less than 20 to 30 %): even the losses
of 10 % of coupled intensity due to propagation losses will not cause the dramatic change of
the performance of the MPSi-based filter. Taking into account that the MPSi layer thickness
will not exceed 300 pum, it will give maximum acceptable propagation losses of around 10 cm’
'. From another point of view, the quality of waveguide Bragg resonances is a function of the
level of losses in the waveguide: high losses will be prohibitive in obtaining a really narrow
pass band (in the case of narrow-band-pass filter) or steep edges of pass-band (in the case of
band-pass or band-blocking filters). However, these filter parameters are unique for each filter
design, as is the acceptable level of waveguide mode propagation loss. Hence, we can set the
level of maximum acceptable losses at 10 cm™.

It is obvious that for the MPSi structure of Fig. 2.11 the losses are higher than what is desired.
However, the losses are known to drop exponentially with the buffer (silicon dioxide in this
case) thickness. As an example, figure 4.12 gives the numerically calculated dependences of
loss coefficients of TE polarization waveguide modes on the silicon dioxide layer thickness.
The MPSi layer structure was assumed to be of cubic symmetry; the silicon island cross-
section was assumed to be 275 nm, and calculations were made for 1550 nm wavelength. In
the calculations the metal was assumed to be nickel. In this particular example the losses be-
came acceptable for a silicon dioxide layer thick enough to cause the appearance of a second
waveguide mode. However, unlike the MPSi layer with pores not filled with metal, it will not
cause problems due to very high losses of this mode (two orders higher than that of funda-
mental mode). Hence, we can conclude that the optimal MPSi layer structure for 1550 nm fil-
ter should be as follows: the silicon island cross-section should be not more than 300 nm, and
silicon dioxide thickness should be not less than 300 nm.
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Figure 2.12. Numerically calculated dependences of loss coefficients of TE polarization
waveguide modes on the silicon dioxide layer thickness.

With these parameters in mind, we are now ready to estimate the level of cross-coupling and
get the approximate sizes of MPSi array. In Fig. 2.13 the numerically calculated dependence
of cross-coupling coefficient on the silicon island separation is given for the fundamental
waveguide mode. The wavelength was assumed to be 1550 nm, the silicon island cross-
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section was assumed to be 275 nm, the silicon dioxide layer thickness was assumed to be 300
nm, and the MPSi layer structure was assumed to be the same as in figure 2.8a with pores
filled with nickel. By comparing Figs. 2.10b and 2.13 one can see that metal in the pores in-
deed suppress the cross-coupling between neighboring silicon island waveguides. Cross-
coupling suppression is not very strong. However, it should provide better potential coupling
efficiency at the first MPSi layer interface due to a smaller acceptable value of porosity at the
same or better cross-coupling. We can estimate it to be the same as in the air-filled MPSi
layer case: according to Fig. 2.13, the minimum acceptable (from the viewpoint of the cross-
coupling suppression) silicon island spacing of 910 nm corresponds to the area of such an
MPSi array unit cell of ~ 0.82 umz. The waveguide mode area will be 0.2 um? for the 1550
nm wavelength. Hence, the coupling losses at the first MPSi layer interface, if pores and
hence silicon islands have constant sizes across all MPSi depth, will be ~75 %. With the
modification of the porosity of the MPSi layer near both interfaces the potential transmittance
can be increased to about 40 to 50 %.
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Figure 2.13. Numerically calculated dependences of cross-coupling coefficients of the fun-
damental waveguide modes on the silicon islands separation for metal-filled pores.

This value of potential transmittance is already acceptable for some applications, but it is
lower than what is needed for e.g. telecommunication applications. The appearance of metal-
caused propagation losses in this design is negative from the viewpoint of quality of Bragg
resonance. However, since the value of propagation losses is very different for different or-
ders of waveguide modes, it is possible to utilize two-mode waveguides in such an MPSi
layer, since a second-order mode will dissipate due to high losses. It provides an opportunity
to utilize higher than 300 nm (for 1550 nm wavelength) cross-sections of silicon island
waveguides for the same area of an MPSi array unit cell (i.e., it increases the coupling effi-
ciency at the first interface of MPSi layer).

The numerically calculated spectral dependences of the coupling, outcoupling, and propaga-
tion losses of a nickel-filled cubic MPSi array with period (pore-to-pore distance of 1500 nm)
pore diameters (after oxide layer growth step) of 750 nm and a 300 nm oxide layer covering
the pore walls is presented in Fig. 2.14. One can see that propagation losses are expected to be
considerably less than coupling losses for such a filter.
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The metal-filled MPSi array of Fig. 2.8a clearly can find some applications, since despite a
considerably low level of transmittance, it can offer narrow-band-pass, band-pass, or band-
blocking filters with an independence of transmittance spectral shape on angle of incidence.
However, further suppression of losses can expand the potential markets for such a filter.
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Figure 2.14. Numerically calculated coupling, propagation, and outcoupling losses for the
structure with parameters given in the text.

Another solution of this tradeoff between cross-coupling and coupling losses is to create
MPSi arrays of more complex symmetries. The examples of such MPSi array cross-sections
are given in Fig. 2.15. In Fig. 2.15a the advanced hexagonal symmetry MPSi array is pre-
sented, while in Fig. 2.15b the advanced cubic symmetry MPSi array is presented. In both
cases the macropores are of circular cross-section. Both the array unit cells and the silicon is-
land waveguide mode profile are schematically shown. One can see that for MPSi layers in
Fig. 2.15 the ratio of silicon island waveguide mode to MPSi array unit cell is considerably
higher than that of the MPSi layers of Fig. 2.8. It should be noted that macropores in ad-
vanced-symmetry MPSi structures could be also filled either with air or with metal (if more
suppression of cross-coupling is required).

The required dimensions of the MPSi layer can be transferred at some extent from the previ-
ous discussion. The cross-section of silicon islands should be less than 300 nm for 1550 nm
wavelength. The size of macropores and the thickness of the silicon dioxide layer covering the
pore walls should be found according to cross-coupling suppression requirement. In Fig. 2.16
the numerically calculated dependences of cross-coupling coefficients of fundamental
waveguide modes on the silicon islands separation are given for the MPSi layer of Fig. 2.15a.
The wavelength was assumed to be 1550 nm, the pores were assumed to be circular, and the
thickness of the silicon dioxide layer was assumed to be equal to halve of the macropore di-
ameter. As follows from Fig. 2.16 the cross-coupling coefficient between neighbor silicon is-
land waveguide fundamental modes reaches acceptable levels at the silicon island separation
of 790 nm.
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Figure 2.15. Possible symmetries of an MPSi array: (a) advanced hexagonal symmetry; (b)
advanced cubic symmetry. In both cases the macropores are of circular cross-section.

By taking simple geometrical calculations and taking into account the single-mode require-
ment we can find that the needed macropore diameter should be around 180 nm and the
needed thickness of the silicon dioxide layer should be at least 120 nm. The unit cell area for
an MPSi layer with such dimensions will be 0.26 um? while the silicon island waveguide
mode cross-section will be around 0.16 to 0.2 pm”. Hence the coupling losses at the first
MPSi layer interface will not exceed 30 %. It is expected that by reducing the porosity of the
MPSi layer (i.e., by reducing the macropore diameters) near both interfaces of the MPSi layer
it is possible to increase the potential transmittance of such a structure over 75 %. The same
as for simple symmetries of MPSi arrays discussed previously, the macropores in the MPSi
arrays of Fig. 2.15 can be filled by metal. In this case the cross-coupling between neighbor
silicon island waveguides is expected to be even smaller (i.e., the ratio of waveguide mode
area to unit cell area can be increased). For such an array the potential transmittance is ex-
pected to exceed 85 %, which is suitable for most of applications of IR narrow-band-pass,
band-pass, or band-blocking filters.

It should be noted that in all discussions in this section the coupling efficiency at the first in-
terface of the MPSi layer was calculated as a ratio of the waveguide mode area to the MPSi
array unit cell area. However, as it follows from expression (2.3) or (2.4a) the reflectance at
the air/silicon boundary (as well as the reflectance at the silicon/air boundary during outcou-
pling at the second MPSi layer interface) strongly degrades the coupling (and outcoupling)
efficiency. Due to the high refractive index of silicon, reflection losses are expected to reach
31 % at each MPSi layer interface at normal incidence. It means that even for optimized MPSi
array symmetries (like the ones shown in Fig. 2.15) the transmittance through such an MPSi
array would not exceed 30 to 40 %. Fortunately, the high reflection loss problem can be
solved by coating of both surfaces of the MPSi layer with an antireflection coating. It can be a
single-layer antireflection coating, like silicon monoxide or multilayer antireflection coating.
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Figure 2.16. Numerically calculated dependences of cross-coupling coefficients of fundamen-
tal waveguide modes on the silicon island separation for the MPSi layer of figure 4.13a.

Figure 2.17. Schematic drawings of a mas-
sively parallel waveguide array with coher-
ently modulated cross-sections.
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To summarize, the optimal structure of MPSi array to perform as an omnidirectional optical
component in the IR spectral range should be as that artistically shown in Fig. 2.17.
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Figure 2.18. Numerically calculated transmission spectra through a thin-film interference fil-
ter (a) and through an MPSi filter (b) for different angles (light incident at 0, 10 and 15 deg.
form normal) of incidence; numerically calculated transmission spectra through a thin-film
interference filter (c) and through an MPSi filter (d) for different divergences of Gaussian
beams.

To illustrate the expected advantages of the spectral filter based on this design with respect to
common interference filters, numerical calculations are presented in Fig. 2.18. Fig. 2.18a
gives the simulated transmittance spectra through a seven-cavity narrow-band-pass multilayer
dielectric filter for normally incidence and 10° and 15° tilted plane-parallel beams. The wave-
length shift of the pass-band position together with the degradation of the pass-band shape is
rather pronounced. In Fig. 2.18b, the normalized transmittance spectra through a multiple-
cavity MPSi-array-based filter are presented for normal incident and 20° and 30° tilted plane-
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parallel beams. The transmittance in this case is presented in a normalized form since the
maximum transmittance is defined by the particular MPSi layer structure. Fig. 2.18c presents
the simulated transmittance spectra through the narrow-band-pass multilayer dielectric filter
of Fig. 2.18a for normally incident beams with different divergences: plane-parallel beam (0-
divergence angle) and Gaussian beams with 10° and 20° divergence angles. The degradation
of both the pass-band shape and the out-of-band rejection that are common to multiple-cavity
all-dielectric multilayer filters are demonstrated. In Fig. 2.18d, the calculations for normalized
transmittance spectra through the multiple-cavity MPSi filter of Fig. 2.18b are presented for
0°, 20°, and 40° divergent, normally incident Gaussian beams.

2.6.1. Fabrication

The general formation of MPSi was reviewed in some detail in a previous sections of this
Chapter. In this section the discussion will be focused on some peculiarities of the fabrication
process originating from the particular symmetries of pore arrangements required by filter de-
sign.

The peculiar (“chess-board”) arrangement of Fig. 2.8 was achieved with the help of common
photolithographic equipment and anisotropic etching of Si in a KOH solution, providing well
developed inverted pyramids as nuclei. The pore diameter modulation was obtained by peri-
odic variations of the current density during the electrochemical etching of p-doped (100)-
oriented silicon wafers in organic electrolyte. Fig. 2.19 shows SEM images of different cross-
sections of MPS arrays having modulated macropore diameters and a pore geometry as shown
in Fig. 2.8a. While a fair matching to the initial design goals was achieved, up to now the
proper pore modulation parameters could not be achieved. This prevented an experimental
proof of the feasibility of the discussed filter design. However, much progress in pore diame-
ter modulation etching has been achieved in the meantime by the Halle group [73, 74], and it
is believed that further optimization of the electrochemical etching process will enable the
fabrication of functional omnidirectional IR filter structure using MPSi.
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Figure 2.19. SEM images of an MPSi layer having the structure of Fig. 2.8. a)-b) Tilted views
at different magnifications. The top surface of the MPSi layer corresponds to the (100) crys-
tallographic orientation, while the front surface is (111) orientated; c) tilted view with two
cleaved faces; d) magnified cleaved face showing pore diameter modulations.

MPSi arrays with advanced symmetries as shown in Fig. 2.15 were fabricated as well. The
SEM images of an array with an “advanced hexagonal” symmetry is shown in Fig. 2.20; the
pattern symmetry is preserved down to at least 200pm. While so far such arrays were success-
fully fabricated only on n-doped (100)-oriented silicon substrates with back-side illumination,
it is believed that careful optimization of electrochemical etching condition can permit fabri-
cation of similar MPSi arrays on p-doped (100)-oriented silicon substrates as well. No modu-
lation of the macropore diameters in advanced symmetry arrays were attempted so far at all.
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Figure 2.20. SEM images of the advanced hexagonal symmetry MPSi array. a) Front surface.
b) Back surface (200 um deep), opened by chemical etching.

Some experiments with metal filling of the pores by electro-plating were performed as a proof
of principle as well. Plating was performed on unoxidized MPSi layers right after the anodiza-
tion. A chamber similar to that used for silicon anodization was used for plating. It was found
to be necessary to insure that the current is flowing only through the MPSi layer. Otherwise
plating was mostly observed in the areas surrounding the MPSi layer.

lag@aza J8KY

Figure 2.21. SEM images of the cupper-plated MPSi arrays.

In such an electro-plating geometry the plating process works essentially inverse to the anodi-
zation process — i.e. sharp pore tip “focuses” current lines at the bottom of the pores so the
plating initiated exactly at the bottom, not on the pore walls, and the plated metal continu-
ously fills the pores from the bottom and up. Such plating provided very good quality,
voidless filling of the pores. Copper and permaloy (Fe/Ni alloy) were plated so far, although it
is believed that many other metals can be plated into the pores equally well. For copper plat-
ing, Cubath® SC makeup provided by Enthone OMI was used as an electrolyte. The current
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density was 10mA/cm?; the system was run in a DC mode. Fig. 2.21 gives SEM images of the
electroplated MPSi layers with copper completely filling the pores. Fig. 2.21a shows the top
view of the MPSi layer that was electroplated for ~1 hour, so the copper almost completely
filled the pore, but unplated silicon “islands” were left on the filter “surface”. Fig. 2.21b gives
an SEM image of the cleaved edge of the MPSi layer. Good quality of the pore-filling copper
is clearly demonstrated. The uneven filling of the pore was not due to the bad plating but
rather occurred during the cleavage of the wafer — copper has quite poor adhesion to silicon
and during cleavage part of the pore-filled copper was left on one side of the cleaved wafer
while other part of pore-filled copper was left on another part of the cleaved wafer. It also
should be noted that all the pores were filled uniformly. Fig. 2.21c shows an SEM image of
the MPSi layer surface near the cleavage for the MPSi layer that was severely over-plated (2
hours), so a thick layer of copper was formed over all the surface of the MPSi layer. It should
be noted that cleaving such a wafer was difficult because of the malleability of copper; so
multiple bending of the copper layer was required prior to separating the pieces. During this
procedure, part of the copper was removed from the pores, as illustrated in the image. One can
see that not only the copper columns were uniform, but also the quality of the copper in the
columns was considerably better than that covering the MPSi layer from the top. This is an-
other indication of the good-quality plating achieved.

Note also that the copper-plating process used here is suitable for plating only pure silicon
MPSi layers attached to the non-porous part of the Si wafer and cannot be used with MPSi
layers having pores coated by non-conductive materials or free-standing MPSi layers. For
such layers, the electro-plating process must be modified.

Such work is currently in progress with the goal to fabricate the functional omnidirectional IR
MPS:i filter and to prove the feasibility of theoretical predictions made above.

2.6.2. Omnidirectional Filters for Visible Wavelengths

The spectral filters for the IR range based on the MPSi layer structures discussed above prom-
ise significant advantages over dielectric multilayer-based filters. However, these designs
cannot be directly transferred into the visible and near IR spectral ranges (400 to 1100 nm
wavelengths) due to the absorption of the silicon, which would cause unreasonable propaga-
tion losses in silicon column waveguides. Nevertheless, visible and near IR spectral ranges are
of great commercial importance and omnidirectional narrow-band-pass, band-pass, and band-
blocking spectral filters are clearly needed for these wavelengths.

An ordered array of waveguides with a coherently modulated cross-section made of materials
that are transparent at visible spectral range (similar to the MPSi layer discussed above)
would serve such purposes. Here it is suggested to use a completely oxidized MPSi layer
(COMPS) for the visible wavelength range. Lehmann has shown that it is possible to com-
pletely oxidize MPs membranes [75], and the considerations for MPSi IR filters can be di-
rectly transferred to COMPSI layers, except for some normalization caused by a lower refrac-
tive index of silicon dioxide than that of silicon. In particular, the reflection losses during
coupling should be about 4 % at each interface of a freestanding COMPSi layer and the ac-
ceptance angle of silicon-dioxide-based waveguides should be also considerably less than that
of silicon.
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As with an MPSi layer, silicon dioxide waveguides in a COMPSi layer cannot be considered
independent of each other. In order to obtain visible-range, omnidirectional, narrow-band-
pass, band-pass, or band-blocking filters based on the COMPSIi layer, the structure of the
COMPSI layer should be modified to suppress cross-coupling between neighboring silicon
dioxide waveguides. Again, this can be done by coating the pore walls with a metal layer.

Another design of omnidirectional filters for the visible wavelength range can be realized by
coating the walls of MPSi layer with modulated pore diameters with a transparent layer hav-
ing a low refractive index, and then to fill the pores (with small openings in the center) with a
transparent higher refractive index material. This can be done in principle by Atomic Layer
Deposition (ALD) techniques (or by a combination of thermal oxidation and an ALD tech-
nique) discussed in more detail in relation to UV filters in following sections of this Chapter.

Of course, the fabrication of such structures is more challenging than the fabrication of omni-
directional MPS structures for the IR range and the feasibility of such designs needs still to be
proven experimentally.

2.7. Optical Components Utilizing Leaky Waveguide Modes of Light Propagation
Through Macroporous Silicon

This mode of light propagation was first observed by Lehmann et al. [30], who reported the
short-wave pass filtering by a macroporous silicon membrane. The experimental findings,
however, were only explained by the spectral dependency of light diffraction at a small aper-
ture, which falls somewhat short of the task. Nevertheless, a thin sheet of macroporous
opaque material works as a short pass optical filter. The correct explanation in terms of leaky
waveguide mode transmission is given here.

2.7.1. Light Transmission Through Macroporous Silicon in the UV- Near IR Spectral
Region

The short-pass filters based on leaky waveguide mode propagation were suggested for 100
um and longer wavelengths (far IR spectral range); examples can be found in [76-78]. These
short-pass filters were based on the array of metallic leaky waveguides (see Fig. 2.22). The
manufacturing of such filters was based on drilling uniform holes in thin metal plates. By
drilling such holes with a high density, the overall transmission of such filters can be made
sufficiently high. This approach though is obviously not scalable for the UV spectral range.

Later and independently, in [30] a free-standing macroporous silicon (MPSi) array was ob-
served to exhibit short-pass filtering in UV. A reasonable transmission was shown down to
180 nm wavelengths, and it was predicted that the pass-band will extend to far and even ex-
treme UV (down to several tens of nanometers; see Fig. 2.23). However, such short-pass fil-
ters have not provided truly short-pass behavior - the spectrum showed transmission in the
near IR, which was unexpected to Lehmann et al. [30].
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Figure 2.22. Waveguide mode cut-off IR short-pass filter design.

In order to better understand the performance of such filters (denoted in the future considera-
tion as Lehmann’s filter), let us consider the optical effects that take place during light trans-
mission through the MPSi array. It should be noted that such principles are very similar to the
metal waveguides filters discussed above.

The structure of the Lehmann’s filter is schematically shown in figure 2.24. Such a filter con-
sists of air- or vacuum-filled macropores electro-etched into the silicon wafer host. The
macropores are forming an ordered uniform array (in [30] the array was of cubic symmetry).
The pore’s ends are open on both the first and second interfaces of silicon wafer.
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Figure 2.23. Measured transmittance (corrected for porosity) of MPSi array with pore radius

R, pore length L, and the pore axis parallel to the light beam. Inset shows the spectral reflectiv-
ity of bulk silicon for a large angle of incidence (after [30]).
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Figure 2.24. The short-pass MPSi filter structure of [30].

In the UV and visible spectral range, the transmission through such a structure obviously
takes place through the pores (since silicon is opaque at these wavelengths, as follows from
Fig. 2.25). Each pore in such a material can be considered as a waveguide. The waveguides,
with cores formed by the pores, are essentially leaky as long as light can penetrate into a
higher index cladding.

Optical filtering in long pores is mainly provided by wavelength dependent propagation
losses. Using a simplified geometrical picture, a short-wavelength fundamental mode in a
pore waveguide is presented by a ray trajectory with a shallow angle almost parallel to the
pore walls, while a trajectory corresponding to long-wavelength mode would make a larger
angle with respect to the pore walls. This causes more reflection events per unit of length as
well as a smaller reflection, which results in higher optical losses for longer wavelengths.
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Figure 2.25. The optical constants of silicon (from [79]) and the wavelength-dependent factor
f(A) for optical losses calculated using (2.1) and (2.2).
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This explanation can be supported by an estimation of losses in a waveguide formed by metal-
lic-like boundaries surrounding a dielectric core (e.g. vacuum). This approach can be used at
short wavelengths (4 < 294 nm) where the optical properties of silicon resemble those of met-
als (k> n, where x and n are the imaginary and real parts of the refractive index, Fig. 2.25).
An analytical solution is possible for a waveguide with flat boundaries. While it is not exactly
the geometry of the pores, it gives a reasonable estimation of how the optical losses depend on
the wavelength. For the N-th order (N = 0,1,2,...) transverse electric (7E) mode in a vacuum
slab between the metal mirrors (x>> n, k>> 1) separated by a distance d >> A this estimation
is (after [80])

2
TE 2 ﬂ« n
ametal = (N+1) ?nz +K.2 4

(2.9)

In the wavelength range A > 294 nm the real part of the index is greater than the imaginary
part; n > k. Waveguiding in the pores is still provided by the same mechanism, high reflec-
tion for a shallow incident angle. The difference with the metallic mirrors is in the electro-
magnetic field structure in the waveguide claddings. In the case of metallic claddings, the
field is strongly decaying while in the high index dielectric cladding, the waveguide mode
looses energy to waves propagating in the cladding, i.e. the waveguide becomes leaky. Due to
the high absorption of silicon in this spectral range, the leaking waves are eventually absorbed
in any case. Optical losses due to leakage only (k << n, d >> 1) are estimated as follows (af-
ter [81]):

2
Uporee = (N +1)° A1 (2.10)

d’ n? -1

Leaky modes have been studied [82] in application to high power fiber transmission systems
using hollow fibers in the mid-infrared spectral region (CO; lasers).

Both equations (2.9) and (2.10) predict similar dependence of optical losses on wavelength,
waveguide thickness, and the mode order. Moreover, equations (2.9) and (2.10) predict almost
identical values of losses for A > 380 nm. Hence, (2.9) can be used over the entire spectrum
for practical estimations. The transmission through the waveguide of length L is proportional
to an exponential factor such as exp(-ad), which transfers a quadratic dependence of losses
versus wavelength into a steep function with strong filtering of light with longer wavelengths.
The macroporous material becomes a short-pass filter. However, at wavelengths A > 1100 nm
silicon is transparent, resulting in higher transmission for MPSi. To create a true short-pass
filter (with cut-off in the UV or deep UV), one must block the infrared transmission. In fact,
as it is shown below, absorption in silicon becomes lower than the leakage losses at approxi-
mately A = 700 nm — 800 nm, which further restricts the applicability of the simple analysis
presented in this paragraph.

For simplified practical estimations we note that for a particular material — silicon - the factors

in (2.9) and (2.10) depend on the optical indices and do not change considerably across the
UV and visible spectrum. The index factor
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2.11)

e {n(ﬂ)/(n(ﬂ)2+lc(/1)2) it n(A)<x(1)
1/ Jn(A) -1 it n(1)>x(2)

calculated using published data for the optical constants of silicon is shown in Fig. 2.25. Note
that (2.9) and (2.10) are valid if n << xand n >> K respectively, which may result in a discon-
tinuity in (2.11) when n = k. The function f(1) does not change much across the entire spec-
tral range of interest. Moreover, only the fundamental mode (N = 0) is essential because of the
rapid increase of losses with N increasing. As long as the excitation of odd modes is unlikely
due to a vanishing overlapping integral of the incident flat wave and the modal field, the next
mode after the fundamental mode is the mode with N = 2. Losses for this mode are almost one
order of magnitude (N+1)* = 9) higher. This reduces (2.9) and (2.10) to a very simple and
practical formula such as

a=fA1d. (2.12)

By comparing losses calculated using (2.12) (at the assumption of f, = 0.09) with exact nu-

merical calculations for a slab waveguide, one can find that (2.12) gives surprisingly good
(£10 % accuracy) estimation in the 90 nm — 300 nm wavelength range, despite of the fact that
at the short wavelengths the condition x>> 1 is violated (Fig. 2.26).
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Figure 2.26. Spectrum of optical losses in a vacuum slab between silicon walls calculated us-
ing an exact numerical algorithm and estimated using (2.9) and (2.10), and (2.12).

In the visible range, exact calculations give slightly higher losses. For wavelengths longer
than 500 nm, equ. 2.12 must be used with f, = 0.28. The absorption in silicon is also shown

in Fig. 2.25 to emphasize the necessity of additional filtering at A > 800 nm. The simplified
loss formula allows the determination of the filter’s cutoff wavelength (at —3dB level) A3
and the rejection wavelength (e.g., at —20dB level):

d’ d’
I Aroys = -/ In(100)- I (2.13)
0 0

Asgs =4/ In(2)-

The ratio Ajosp/Asap characterizing the sharpness of the filter becomes a constant
\/In(100)/In(2) = 2.6 . Interestingly, the sharpness does not depend on the pore size and
length. This sharpness might be acceptable for some applications: e.g. at A ,,, =150nm, one
gets A, =390nm, indicating that the visible spectrum is strongly suppressed. Sharper

transmission characteristics, however, may be required for other challenging applications.
Another interesting observation is that UV filters of this type do not necessarily require nar-
row pore size. Both the 3dB cut-off and 20dB rejection wavelengths are scaled proportionally

to d+/d /L . This means that with deep enough pores, one can achieve short-wavelength op-
eration of the filter even with relatively large pore diameter. For example, from equ. 2.13,
even at d =2 pm one can get A ,, =200nm (that is, one tenth of d) if pores with L = 1.4 mm

are used. This, however, seems to be rather challenging from a technological point of view.
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Assuming that a practically achievable aspect ratio is d /L =1/100, the cut-off wavelength
becomes A ,,, =d+/In(2)/100f, =0.28d .

The overall efficiency of MPSi filters is also affected by the light coupling to the pore
waveguides. A simple estimation can be done for the rectangular (axb) cross section pores.

In the deep UV range, where optical constants of silicon are almost metallic, we can assume
that the modal field has a sinusoidal profile:

E,, (x,y)=sin((N +1)mx/a)sin(M + 1)z / b) (2.14)

where N, M =0, 1, 2, 3... are the mode order indices. The beginning of the Cartesian coordi-
nate system is placed at the corner of the rectangular pore. The squared overlapping integral
(similar to one in Eq. (2.2)) of this field with plane incident wave becomes equal to

Iy, = o4 1 1 if N and M are even; 0 otherwise (2.15)

7t (N+1) (M +1)

Thus, in addition to the porosity factor determined as the relative area covered by pores, one
has to apply an additional coupling factor for the fundamental mode equal to 64/m*~ 0.66.
High order modes have much smaller coupling: e.g. [r0 = o2 = (1/9)10,0; 1a0 = loa = (1/25)1y o;
Ly = (1/81)Iyp etc. They also experience stronger attenuation (see (2.9) and (2.10)). Total
coupling to all the modes in a very wide pore supporting a large number of modes equals 100
% (if not counting the porosity factor) due to a mathematical identity

4

- L
ZZ T= (2.16)

i 2p+l (2 +1)

As mentioned above in relation to omnidirectional IR filters made of macroporous silicon in
the near IR and IR wavelength range, the nature of the transmission through the MPSi layer of
Fig. 2.24 changes. Silicon becomes less opaque at wavelengths of 700 to 900 nm and be-
comes transparent at wavelengths starting at approximately 1000 nm. The light in these wave-
length ranges can pass through the MPSi layer not only through the pores, but also through
the silicon host (silicon “islands”). Due to the “islands” nature of the silicon host in the MPSi
layer, the transmission at the wavelengths above ~700 nm will take place through waveguide
modes confined in the silicon “islands”. As a high refractive index material, silicon can sup-
port waveguide modes if surrounded by a lower refractive index material (air or vacuum in
the MPSi filter of Fig. 2.24). Close packing of the pores is essential for efficient transmission
through the MPSi layer in the UV and deep UV ranges. Hence, the MPSi layer can be consid-
ered in the near IR, mid IR and part of the far IR ranges as an array of silicon waveguides in
an air host.

Fig. 2.27 shows numerically calculated spectral dependences of the optical fundamental leaky
waveguide and waveguide modes loss coefficients for 1x1 wm® near-square vacuum-filled
pores in silicon. According to Fig. 2.27, transmission through the pore leaky waveguides is
dominant up to ~700 nm, the transmission through the silicon host waveguides is dominant
starting from ~800 nm, while at 700 to 800 nm both transmission mechanisms compete with
each other.
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Figure 2.27. Numerically calculated spectral dependences of the optical fundamental leaky
waveguide and waveguide modes loss coefficients for 1x1 pm? near-square pore in silicon.

The outcoupling process in a leaky waveguide array is essentially similar to that of a normal
waveguide array, as considered in relation to omnidirectional IR filters previously in this
Chapter.

In Fig. 2.28 the plot of the spectral dependence of transmission through an MPSi array of cu-
bic symmetry, 50 pm thickness, and 1 pm pore diameter is given, numerically calculated ac-
cording to the formalism presented above. Close matching with the experimental data of [30],
as given in Figure 2.23 validates the model discussed above.

Fig. 2.27 shows numerically calculated spectral dependences of the optical fundamental leaky
waveguide and waveguide modes loss coefficients for 1x1 umz near-square vacuum-filled
pores in silicon. According to Fig. 2.27, transmission through the pores leaky waveguides is
dominant up to ~700 nm, the transmission through the silicon host waveguides is dominant
starting from ~800 nm, while at 700 to 800 nm both transmission mechanisms compete with
each other.

A MPSi-based short-pass filter design has considerable advantages with respect to existing
deep and far UV filters. These include transparency down to the far UV spectral range, omni-
directionality of the transmitted spectral shape within the acceptance angles of the leaky
waveguides, and other features. However, such a short-pass filter design does not provide
enough control over the steepness and the position of the rejection zone edge. Also, band-pass
filters (another important class of filters for many applications) cannot be obtained from such
a layer.
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Figure 2.28. Numerically calculated spectral dependence of transmission through MPSi ar-
ray of cubic symmetry, 50 um thickness, and 1 um pore diameter.

Fortunately, the transmission characteristics of an MPSi layer in the leaky waveguide mode
can be further optimized by managing the o*” term. This can be done by covering the pore
walls with a transparent dielectric multilayer, that is, by creating a multilayer leaky waveguide
array.

2.7.2. Coated MPSi Array

The simplest realization of a multilayer leaky waveguide array is a free-standing MPSi layer
with pore walls uniformly coated by a single layer of transparent dielectric material, as is
shown in Fig. 2.29. Such a layer will strongly modify the spectral dependences of leaky
waveguide loss coefficients by means of constructive and destructive interference of the leaky
waveguide mode inside this layer.

Figure 2.29. Freestanding macroporous silicon uniform pores array with one layer of transpar-
ent dielectric material uniformly covering pores walls.
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The main purpose of covering the pore walls with a multilayer is to modify the spectral de-
pendence of the leaky waveguide mode loss coefficient (-o” (1)). The multilayer coating
can be arranged as a high-dielectric reflector inside the pass band. To provide optimal per-
formance, the materials comprising a multilayer coating do not have to be transparent over the
pass band, rejection band and rejection edge. Hence, silicon nitride, silicon dioxide and other
materials transparent in at least part of the UV range can be used for deep and far UV filters.
As an example, Fig. 2.30 gives the numerically calculated spectral dependences of the trans-
mission through the MPSi membrane with different numbers of layers in the pore wall coat-
ing. The pores were assumed to be 350 um deep and originally 1.5 pm in diameter (i.e., the
pore diameter decreased with the increase of the thickness of the dielectric coating on the pore
walls). In the calculations the dispersions of the real and imaginary parts of the refractive in-
dices of silicon, silicon dioxide and silicon nitride were taken into account. One can see that
while the silicon nitride absorption edge is located approximately at the 290 nm wavelength,
substantial transmission in the deep UV is possible.

One of the most attractive properties of the MPSi-based UV filters is the very strong level of
rejection that can be obtained. As follows from Fig. 2.30b, even for a single-layer coated
MPSi filter the level of rejection can exceed 5 orders of magnitude over the rejection range.
With a higher number of layers on the pore walls (or with a higher aspect ratio in the pores)
the rejection edge can be made even sharper and the rejection even deeper.

In order to demonstrate the capability of meeting the most demanding requirements on the
long wavelength blocking (such as needed in certain applications of solar-blind filters), I have
done some preliminary designs of the solar blind filter with unfilled pores. By means of a
thorough optimization, it was found that the following pore structure provides sufficiently
deep rejection, sufficiently sharp edge, and acceptable levels of transmission (listed radially
inward from the pore wall):{Si pore wall/57 nm, HfO,/73 nm, SiO,/7 nm, HfO,/111 nm,
Si0,/18 nm, HfO,/33 nm, Si0,/52 nm, HfO,/91 nm, Si0,/800 nm air-filled pore}.
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Figure 2.30. Numerically calculated spectral dependences of the transmission through the
MPSi membrane with different numbers of layers in the pore wall coatings. The transmission
is on a logarithmic scale.

The numerically calculated transmission spectra through MPSi filter with such coatings are
given in Fig. 2.31. Fig. 2.31a shows the calculated transmission spectra on a linear scale,
while Fig. 11b gives the calculated transmission spectra on a logarithmic scale. The inserts in
both figures provide magnified portions of the plots in a UV region of spectrum. Black curves
on both figures correspond to the calculated transmission through the MPSi layer with per-
fectly uniform pores and pore wall coatings along the pore depth, 300 pm thick porous layer
and 150 nm metal coating on both sides of the porous layer. No tapering of the pore walls was
assumed (hence there is room for improving the transmission through the filter). Green curves
correspond to 300 um thick MPSi layer with the same structure without metal coating of the
surfaces and with 5 % random nonuniformity in layers on pore walls (quite a reasonable num-
ber as preliminary experiments with ALD pore wall coating have shown). The red curve cor-
responds to a 300 pm-thick MPSi layer with metal coating and with 5 % nonuniformity as-
sumed. The blue curve corresponds to the MPSi layer with 400 pm thickness, 5 % nonuni-
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formity and the same metal coating on the surface. One can see that, at least according to nu-
merical calculations, such a design not only offers a filter performance considerably exceed-
ing the most demanding specifications, but also permits reasonable latitude in MPSi layer pa-
rameters. The relatively few (eight) layers of pore wall coating, sufficient for reaching the
program specifications, not only should provide a reasonably low cost for the filters, but also
should insure the absence of problems typical for interference filters, such as growth of the
columnar structure and scattering of light at the imperfect interfaces. It should be also noted
that, since the reflection of light from the pore walls will occur at glancing angles (above 80°
from the normal to the pore wall), the influence of pore wall or pore wall coating roughness
will be thus minimized.
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Figure 2.31. Numerically calculated transmission spectra through an MPSi membrane with
an eight-layer pore wall coating. The transmission (y-axis) is shown in a) on a linear scale
and in b) in logarithmic units. The inserts show the magnified portions of the spectra in UV
region. See text for differences in curves.

Besides the short-pass type of filter, it is possible to fabricate a band-pass filter based on
coated MPSi layers as well. Fig. 2.32 gives the numerically calculated spectral dependences
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of the transmission through an MPSi membrane with a five-layer silicon dioxide/silicon ni-
tride pore wall coating. The band-pass shape of the transmission is clearly apparent.
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Figure 2.32. Numerically calculated spectral dependences of the transmission through an
MPSi membrane with a five-layer pore wall coating. The transmission in a) is given on a linear
scale and in b) on a logarithmic scale.

Narrow band-pass filters based on coated MPSi membranes are feasible as well. The peculi-
arities of the MPSi filter structure are such that, in order to exhibit narrow bandpass behavior,
the coating on the pore walls should act as a narrow band reflector at an almost glancing angle
of incidence (depending on a pore geometry at angles between 80° and 86°). As it is well
known, in order to form such a reflector one needs to use a substantial number of layers of
materials with adequately close indices of refraction. This is because the width of the band in
this case is determined by the index contrast - the higher the contrast, the wider the band. This
calls for the “engineering” of the refractive index of the layers in the multilayer stack, since
the choice of transparent, environmentally stable and depositable materials is quite limited in
the deep UV range. As will be shown later there is considerable potential for multilayers of
“engineered” materials with some of the deposition techniques mentioned.

As an example, Fig. 2.33 gives the numerically calculated spectral dependences of the trans-
mission through an MPSi membrane with a 9.5-bilayer pore wall coating. It is designed as a
narrow bandpass filter with the band centered at 300 nm. In the calculations the refractive in-
dices of the layers were assumed to be 1.75 and 1.9. The dispersion of the dielectric constants
in the pore wall coating was neglected. Such refractive indices are close to those of an Al,O;
and Al,O3/TiO, nanolaminated stack, discussed later in this Chapter. In the calculations an
MPSi membrane with an aspect ratio of 150 was used (such an aspect ratio is well within the
limits of the technology). The narrow bandpass transmission of such a structure is clearly
demonstrated.

One should note that in addition to a quite high level of transmission within a reasonably nar-
row band such a structure should exhibit high levels of rejection at wavelengths above the
center of the band despite a parasitic transmission peak at ~220 nm resulting from theory ne-
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glecting absorption. However, this peak should be strongly suppressed in reality since it is
located at wavelengths below the TiO, absorption edge (i.e., the TiO, portion of a multilayer
will be opaque).
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2.33. Numerically calculated spectral dependences of the transmission through an MPSi mem-
brane with a 19-layer pore wall coating designed as a narrow bandpass filter with band cen-
tered at 300 nm. a) Transmission on a linear scale. b) Transmission on a logarithmic scale with
more details.

It was observed and explained above that a free-standing MPSi array, in addition to the pass
band in the UV, also shows pass-bands throughout the near IR and IR (starting from approxi-
mately 1100 nm). For some applications, this channel of transmission should be suppressed.
Recalling the discussion above, the transmission at near IR and IR spectral ranges takes place
through waveguide modes confined inside the intrapore silicon islands. It is possible to sup-
press the transmission though waveguide modes completely by covering first, second, or both
surfaces of the MPSi layer by thin (100 to 200 nm) metal film. In this case the coupling effi-
ciency of light to waveguides will be completely suppressed. By doing that one can obtain a
truly short-pass or band-pass deep UV filter: rejection of the wavelengths longer than the re-
jection edge would be very strong (6 orders of magnitude or more) up to the limit of the wa-
veguide transmission channel (usually in the far IR).

It should be noted, however, that the covering of MPSi layer surfaces with a metal layer will
sacrifice both coupling and outcoupling efficiencies. This will also somewhat suppress the
coupling efficiencies. It will be caused by decreasing the open area of each leaky waveguide
by the area of the multilayer coating cross-section. Fortunately, most of the leaky waveguide
mode energy is concentrated within the air (or vacuum) core of the leaky waveguide. Fig.
2.34 illustrates the numerically calculated fundamental mode intensity and electric field dis-
tribution across the pore cross-section for the fundamental TE-polarized leaky waveguide
mode for the MPSi layer with pore walls covered by the five-layer coating at the wavelength
of 250 nm (central wavelength of the pass-band of MPSi layer).
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Figure 2.34. Numerically calculated fundamental mode intensity and electric field distribu-
tion across the pore cross-section for fundamental TE modes for the MPSi layer with pore
walls covered by a five-layer high-reflectance at 250 nm coating. Pores were assumed to
have near-square cross-section. The wavelength was assumed to be 250 nm.

Such a multilayer coating of the MPSi layer pore walls will provide the following advantages
over ordinary short-pass filters: the steepness of the rejection edge will be increased (due to
multiple reflections that the light-waves experience during propagation through leaky
waveguide), the rejection level will be higher by many orders of magnitude, and the transmis-
sion spectrum will be independent of the angle of incidence due to the independence of the
coupling/outcoupling and filtering processes. Although the mechanism of improving the
transmission spectra of the MPSi layer with multilayer-coated pore walls is interference-
based, the MPSi layer will not suffer from the disadvantages of the usual interference filters,
such as the dependence of the spectrum on angle of incidence.

Fig. 2.35a shows the numerically calculated transmittance spectra through the typical interfer-
ence short-pass filter for normal incident, 10° and 20° tilted plane-parallel beams. The wave-
length shift of the pass-band edge position common to all interference edge filters is demon-
strated. Fig. 2.35b presents the normalized transmittance (as was discussed above, maximum
transmittance will be defined by the particular filter structure and can vary from ~ 40 % to 75
%) spectra through an MPSi layer with a five-layer coating for normal incident, 20° and 30°
tilted plane-parallel beams. As follows from Figs. 2.35a and 2.35b, a coated MPSi layers
should provide considerable advantages over interference edge filter designs and will provide
the opportunity to use short-pass filters at different angles of incidence (£20° at least). Fig.
2.35c¢ illustrates the numerically calculated transmittance spectra through the interference
short-pass filter of Fig. 2.35a for normal incident beams with different convergence: plane-
parallel beam (0-covergence angle) and Gaussian beams with 20° and 40° convergence angle.
The degradation of both the band-edge shape and out-of-band rejection, common to the inter-
ference short-pass filter, are demonstrated. Fig. 2.35d presents the normalized transmittance
spectra through an MPSi layer with 5-layer coating for 0, 20° and 40° convergent normally
incident Gaussian beams. It follows from Figs. 2.35¢ and 2.35d, that the MPSi layer with pore
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walls coated by a dielectric multilayer will provide the opportunity to use multiple-cavity nar-
rowband-pass filters at convergent or divergent beams (+40° at least).
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Figure 2.35. a)-b): Numerically calculated transmission spectra through an interference
short-pass filter a) and through a five-layer coated MPSi layer b) for different angles of inci-
dence. c)-d): Numerically calculated transmission spectra through an interference short-pass
filter c) and through a five-layer coated MPSi layer d) for different diversions of Gaussian
beam.

50



2. NOVEL OPTICAL ELEMENTS MADE FROM POROUS SILICON

2.7.3. Wide Field-of-View Design

The MPSi UV filter design presented in the previous paragraph offers absence of the spectral
shifts or degradation of the shape of the passed or blocked spectral bands with the angle of
incidence, thus permitting operation in tilted and divergent light beams as long as the angle of
incidence does not exceed the acceptance angle of the pore structure. If the pores are left un-
filled as in the designs discussed (Fig. 2.36a), such a filter can be transmissive down to the
far-UV or even in the extreme UV spectral range. However, as will be shown in the experi-
mental section of this chapter, the acceptance angle of such filters is quite narrow (between 10
and 20 degrees, depending on the MPSi layer parameters).

a) b)

Figure 2.36. Schematic drawing of the pore structure for the a) omnidirectional narrow filed-
of-view UV filter design and b) omnidirectional wide filed-of-view UV filter design.

Omnidirectional UV filters with wider field-of-view are also possible in the design utilizing
pores almost completely filled with transparent material (as shown in Fig. 2.36b). Calcula-
tions show that such structures are possible and the field-of-view can be indeed enlarged by a
factor, which is approximately equal to the refractive index of pore-filling material. For deep
UV filters the choice of pore filling materials is limited to the materials that are sufficiently
transparent at these wavelengths. HfO, (refractive index 2.3), Al,O; (refractive index 1.7), for
example, according to the preliminary calculations, can provide the sufficient transmission
while increasing the angular range of the filter by a factor of 2.3 and 1.7 respectively. Such
materials can be deposited by, for example, Atomic Layer Deposition techniques (ALD) or
Low Pressure Chemical Vapor Deposition technique (LPCVD).

There are other factors that have to be accounted for while designing the “filled” MPSi UV
filters. One of them is that the average refractive index of the coating should exceed the effec-
tive refractive index of the leaky waveguide mode, i.e. it has to exceed the refractive index of
the pore-filling material (otherwise the pore embodies a regular waveguide instead of a leaky
waveguide, and no modification of the transmission spectrum will be possible). This limits
the possible range of materials to be used for pore coating and pore filling. For the case of LP
CVD, where the possible materials are limited to polysilicon, silicon dioxide and silicon ni-
tride, it causes the necessity to use polysilicon in a multilayer coating (which is opaque at
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such wavelength). However, numerical calculations (Fig. 2.37) show that even with such ma-
terials it is possible to design deep UV filters.
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Figure 2.37. Numerically calculated spectral dependences of the transmission efficiency by
TEOO leaky waveguide mode through 100 um (red curve) and 350 um (black curve) deep
MPSi membranes with 5-layer coated (50 nm SiO,/14 nm Si) pores (900 nm diameter after
coating), filled with Si3N4 (with 25 nm diameter unfilled area in the center. a) shows the
transmission in logarithmic scale, while b) shows a linear scale.

2.7.4. Fabrication and Results

The formation of MPSi was reviewed in some detail earlier in this chapter, so it will not be to
repeated here. The focus of this section will be on the other processes required to make a
functional UV filter from an MPSi layer or membrane. First, as mentioned above, a freshly
etched MPSi layer should be made into a freestanding membrane in order to gain any kind of
transmittance through it at UV wavelengths. Membrane formation requires removing the un-
anodized part of the silicon wafer from the backside. This can be done, e.g., by inductively
coupled reactive ion etching (RIE) or by chemical etching in hot KOH solutions [30]. Fig.
2.38 shows an SEM image of a cleaved, freestanding MPSi layer fabricated by backside
chemical etching. In order to protect pore walls from chemical species during chemical back
etching, a thin protective layer of S;N4 was deposited by a CVD process onto the pore walls
in this case, which after the process was removed in hot phosphoric acid.

The next process needed is pore wall coating. The simplest process for obtaining a single-
layer pore wall coating is thermal oxidation of the MPSi membrane. However, in order to ob-
tain multilayers of different dielectric materials on the pore walls, a different technique has to
be used. Here it is shown that a LPCVD process can be used for these purposes. Several MPSi
filters with up to seven layers coating the pore walls were successfully fabricated by a Low
Pressure CVD technique by MEMS Precision Instruments, Inc. SEM images of the LPCVD-
coated MPSi layer cross-section are given in Fig. 2.39, which gives the image of the single-
layer silicon nitride-coated MPSi membrane in a), while b) shows the image of the five-layer
coated MPSi membrane. In both cases, a thin layer of polysilicon was deposited by an
LPCVD technique after finishing the dielectric coating in order to obtain a better contract of
the SEM images. Samples were polished down from the top for these pictures and the cross
sections shown were made at a depth of ~200um down from the original MPSi layer surface.
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Figure 2.38. SEM images of the MPSi arrays. a) Top view, b) cross-sectional view of the
MPSi membrane.
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Figure 2.39. Cross-sectional SEM images of the MPSi layer with pore walls coated by:
a) A single layer of dielectric material. b) 5 layers of dielectric materials.

However, using LPCVD techniques, it may be difficult to obtain the necessary uniformity of
the individual layer thicknesses along the pore length. In addition, stresses in the films were
found to be quite large, causing various problems (such as a severe sample bowing). An
Atomic Layer Deposition (ALD) technique might be a better process for pore wall coating.

ALD is a deposition technique that puts down films sequentially, one atomic layer after the
other [83-85]. ALD films have the proven ability to coat the toughest three-dimensional struc-
tures conformally. In addition, the layer-by-layer mechanism allows reproducible film engi-
neering at the atomic level. Film engineering is a key process in enabling continuous growth
of ALD films over a variety of substrates wherein typically the incompatibility of the film
with the substrate is overcome by providing an ultrathin (several monolayers only) interface
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layer that is compatible with both the substrate and the film. Film engineering has also been
proven to modify and improve film properties such as the suppression of the growth of disad-
vantageous polycrystalline films [83]. Amorphous films are an important property for narrow
bandpass filter fabrication, as was assumed in the previous sections of this Chapter.
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Figure 2.40. a) Schematic cross-sectional drawing of the pore wall coating structure used in
the experiment. b) Cross-sectional SEM images of an ALD-coated MPSi membrane with an
Al,O3/Ti0, multilayer with the structure as in Fig. a).

To check the feasibility of an ALD technique for the UV filter fabrication, a 250 nm thick
ALD film stack was deposited over a MPSi sample using five alternating bilayers consisting
of a pure Al,O3 layer and an alumina-titanate layer, each 50 nm thick. The individual alu-
mina-titanate layer comprises fifteen nanolaminated layers of 5 nm thick TiO, and 1.43 nm
thick Al,O; resulting in a 4:1 TiO,:Al,0O3 composition ratio that is sufficient to suppress the
natural, disadvantageous agglomeration of TiO,, while achieving a relatively high optical in-
dex (see Fig. 2.40a for a schematic illustration of the layer-stack).The ALD coating was per-
formed by Sundew Technologies, Inc. (Colorado, USA). The resulting conformal coating is
apparent in the SEM images of Fig. 2.40b), indicating the feasibility of robust and reproduci-
ble multilayer growth with the required conformality over challenging MPSi substrates. The
SEM picture clearly indicates that the 250 nm thick stack is highly conformal. The high reso-
lution SEM highlights the 5 layers stack, although sample charging effects blur the borders
between the layers and do not allow to reveal individual nanolayers of 5.0 nm TiO; and 1.43
nm thick Al,Os. The feasibility of using ALD for the engineering of pore wall coating is thus
clearly demonstrated.

Fig. 2.41 shows a less challenging multilayer pore wall coating: Fig. 2.41a) shows a 5-layer
Ti10,/Al,05 coating, while Fig. 2.41b) shows a 7-layer TiO,/Al,O3 coating.
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Figure 2.41. SEM cross-sectional images of: a) Five-layer and b) seven-layer TiO,/Al,0;
coating on the pore walls of MPSi membrane. Magnified images are shown as inserts on both
figures. Scales on insert in a) are 500 nm, 196 nm and 21.3 nm, from largest to smallest, re-
spectively. Thickness of multilayer on insert in b) is 308 nm.

It should be noted that other pore-wall coating materials (such as HfO, and Si0;) were suc-
cessfully deposited by ALD onto the pore walls as well.

2.7.5. Optical Testing

In order to confirm the theoretical predictions, a number of MPSi samples were fabricated,
partially coated, and tested. As a confirmation of the theoretically predicted high rejection
level over the wide spectral band, the transmission spectrum through an MPSi membrane with
an adequately high aspect ratio (200) is given in Fig. 2.42a). One can see that the rejection in
uncoated sample exceeds 5 “O.D. units” (O.D. = optical density) from 300 nm and at least up
to 800 nm (i.e. over part of the UV range, over all the visible part of the spectrum, and over at
least part of near IR range). The transmission in the near IR was in the order of the noise level
of the IR detector (which was much noisier than the UV-sensitive detector). Metal coating of
one or both surfaces of the MPSi membrane (a 49 nm thick ion-beam sputtered Ta layer) en-
ables even more spectacular rejection levels. As follows from Fig. 2.42a), the level of IR
transmission through the MPSi membrane (up to 3300 nm) was suppressed down to the spec-
trometer detection limit, while the UV transmission band stayed unchanged (all curves exactly
match).

Imaging properties of the MPSi UV filters are demonstrated in Fig. 2.42b). This figure pre-
sents the image of a coin taken through the filter. Fig. 2.42c) demonstrates that the
(nano)roughness of the pore walls is an important factor for the achievable transmission lev-
els.
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Figure 2.42. a) Far field transmission spectrum through an MPSi membrane with and without
metal coatings on one or both surfaces. b) Photo of a quarter taken through the MPSi filter (so
the CCD array is effectively in the far field). ¢) Experimental angular dependences of the
near-field transmission through an MPSi UV filter at 248 nm wavelength. d) Far field trans-
mission spectrum through another MPSi membrane.

Experimental plots given in Figs. 2.42c) and 2.42d) illustrate high achievable levels of near-
and far- field transmission efficiency. One can see that in the deep UV (300 nm and below)
over 35 % far field transmission and up to 90 % near field transmission are possible.

The effect of the dielectric multilayer pore wall coating on the transmission spectrum of the
MPSi membrane is illustrated in Fig. 2.43. Fig. 2.43a) gives the far field transmission spectra
through an MPSi membrane with a 5-layer pore wall coating at different angles of incidence
(the plots were scaled), while Fig. 2.43b) gives the result of numerical calculations of such a
structure. While the measured and calculated shapes of the curves are fairly close, the width
of the experimental peak is lower than that predicted by theory. The explanation for such a
discrepancy is fairly simple: in theoretical modeling the refractive indices of pure silicon di-
oxide and pure silicon nitride were used. However, silicon nitride deposited by LPCVD is not
a pure Si3Ny, but rather an oxynitride (i.e. mixture of SizsNy and Si0O,). Thus, the refractive in-
dex contrast in experimentally obtained multilayer was substantially less than that used in
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numerical calculations. It is well known that the width of the Bragg peak is proportional to the
refractive index contrast in a multilayer stack, which explains the discrepancy between ex-
periment and theoretical predictions.

Fig. 2.43 not only confirms the major theoretical prediction that transmission through an
MPSi membrane can be increased over a wavelength band due to the Bragg reflection phe-
nomenon in pore wall coatings, but also confirms the omnidirectionality of the filters. Such a
property is very important for narrow bandpass applications.
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Figure 2.43. a) Far field transmission spectra through an MPSi membrane with a 5-layer
Si0,/Si3Ny4 coating on the pore walls, taken at different angles of incidence and scaled in or-
der to visualize the omnidirectionality of the filter. The 4 curves correspond to angles be-
tween 0° and 10°. b) Numerically calculated transmission spectrum through an MPSi mem-
brane with 2 S10,/Si3Ny bilayers covering the pore walls.

2.8. Polarization Components for the UV Spectral Range

Optical polarization components are used in numerous applications that include photography,
liquid crystal displays, polarimetry, astronomy, defense, sensing and photolithography, to
name just a few. There are multiple types of polarizers and polarization components currently
available. Polarizers based on metal wires, birefringence in crystals and on specially designed
dielectric multilayers are among the widest spread (although the variety of known polarizers
is by no means limited to these technologies). While polarizers oriented for the visible and
near IR wavelengths ranges perform well, that is not the situation in the UV, especially for
deep and far UV. Inexpensive plastic polarizers, e.g., are not useable at UV wavelengths since
the plastics are not sufficiently transparent. The high-end UV polarizers (such as those based
on birefringence (Glan-Thompson) or on multilayers (cube beam-splitters)) are more expen-
sive than the same types designed for the visible and near IR range. In addition, their per-
formance degrades substantially at the shorter wavelengths of light. For example, deep UV
polarizers designed to work at 248 nm offer just an extinction of 100-1000, compared to
100,000 for visible polarizers, but demand a high price even for a small working area. In addi-
tion, the performance of almost all current types of polarizers capable of performing at deep
UV and shorter wavelengths are strongly dependent on the angle of incidence of light on the
polarizer. For example, with the tilt of the incident light beam from normal, the extinction de-
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grades considerably and/or the preferred polarization may rotate. Far UV polarizers are avail-
able only by special order, are extremely expensive and offer fairly poor performance com-
pared to polarizers for the visible spectrum.

Departing from conventional technology, an entirely new concept for a UV optical polarizing
material is proposed here that promises solutions to the problems described above. These new
polarizers consist of ordered, macroporous silicon (MPSi) with the pore walls covered by di-
electric multilayers, similar to the MPSi-based UV filters considered in detail in the previous
section of this Chapter. The polarizing behavior in this case originates form the elongated
shape of the pores, which provides for the selection of one preferential linear polarization
from the transmitted light as described below.

2.8.1. Theoretical Considerations

The MPSi considered so far in this Chapter has either a random structure (as with LWPF) or a
symmetrical pore shape (either square or round). Because of this symmetry, the structures did
not alter the polarization state of the transmitted beam and were functional only as optical fil-
ters. Albeit classical macropores have a circular or quadratic shape, it is possible to generate
rectangular slit shapes by arraying the pores in lines combined with a chemical over etch [86].
The so-called Ottow technique [87] allows even to structure porous arrays in arbitrary shapes,
but necessitates a complex post-etch structuring process. Recently it was shown [88], that
MPSi arrays could be fabricated in a much richer variety of shapes even in a one-step-etch-
process, including MPSi arrays with long asymmetrical pores.
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Figure 2.44. a) Schematic drawing of an MPSi-based UV polarizer; b) numerically calculated
spectral dependences of the transmission of light with two orthogonal polarizations through an
MPSi structure similar to that in a). 1% polarization corresponds to the electric field vector aligned
along the longer pore axis, while the 2™ is along the shorter pore axis.

A freestanding MPSi membrane with rectangular or elliptic pores exhibits polarizing behavior
in transmission. This behavior originates from the higher propagation losses of the leaky
waveguide modes for electric field vectors directed along to the shorter pore axes (see Fig.
2.44a) compared to those of leaky waveguide modes with their electric field vectors directed
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along the longer pore axis. This statement can be supported by an estimation of losses in a
waveguide formed by metallic-like boundaries surrounding a dielectric core (e.g. vacuum or
other transparent relatively low refractive index material).

The theoretical treatment of such a material is quite similar to that in the previous section.
Denoting the length of the longer pore axis with a and the length of the shorter pore axis with
b, it follows that at short wavelengths (1 < 294 nm) the difference in the loss coefficients of
the modes polarized along the shorter and longer pore axes can be estimated from formula
(2.9) as

Ao =(N+1P 2 —2 (1—%) (2.17)

n+x*\b a

Similarly, in the wavelength range A > 294 nm, from Eq (2.10) it follows that

1 1 1
Aa=(N+1)V 22 —_— 2.18
a ( +) m(bs aSJ ( )

Both equations (2.17) and (2.18) predict a strong increase in the polarizing behavior of the
MPSi layer with the increase of the difference in the length of the pore axis, number of the
mode and the wavelength. However, it should be noted that equations (2.17) and (2.18) are
limited by the loss coefficient of the TM mode, which is generally considerably larger than
that of TE. This manifests itself in a saturation of the anisotropy at some specific value of the
difference in pore axis a — b. The important property of an MPSi membrane with elongated
pores is the exponential increase of the extinction (defined as usual as the ratio of the trans-
mittances for the two orthogonal polarizations) with the depth of the pores. Hence, high ex-
tinction is possible for deep pores over a wide wavelength range, including far UV.

An important factor that affects the applicability of the polarizing material to real applications
is not only the extinction but also the transmission of the preferred polarization. Hence, not
only Aa is of importance, but also Ao/a. For realistic values of the pore parameters for un-
coated MPSi layers, this ratio is limited to about an order of magnitude, meaning that it is im-
possible to achieve high levels of extinction (in excess of 1000) at reasonable levels of trans-
mission of the preferred polarization. This problem can be solved by applying once more a
dielectric multilayer coating to the pore walls, as in the UV filters discussed in the previous
section of this Chapter. A schematic drawing of such an MPSi-based polarizer is given in Fig.
2.44a). It consists of a freestanding MPSi membrane with elliptical or rectangular pores
coated with a dielectric multilayer having a specially designed structure. Fig. 2.44b) gives a
numerically calculated plot of the transmission spectral dependences through a 200 microme-
ter thick MPSi layer, as described below. In this example, the pores were assumed to have 1.3
x 0.7 micrometer cross-sections and a 5-layer coating on the walls. The coating had the fol-
lowing structure: {Silicon pore wall/10 nm Si0,/33 nm SizN4/ 60 nm SiO,/ 41 nm SizN4/ 95
nm SiO,}. As can be observed from theory, a wavelength band of over 80 nm is predicted
with better than 5000:1 extinction between orthogonal polarizations of the transmitted light
while a high level of transmission for the preferred polarization (in excess of 50 %) is still
preserved. It should be noted that the center wavelength of the band could be tuned over a
wide range (through the far UV to near IR spectral ranges) by scaling the dimensions of the
pores and tuning the structure of the multilayer coating on the pore walls. The extinction of
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the polarized material can also be increased by either increasing the aspect ratio of the pores
or by increasing the number of layers on the pore walls.
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Figure 2.45. SEM images of the MPSi arrays. a) Top and bot-
tom view (after “opening” the MPSi membrane by RIE) of
original surface. b) Schematic drawing illustrating the structure
of the MPSi layer shown in a) - b). ¢) Results of improved
groove etch process. SEM cross section of a vertical slit with
a:b = 1000 : 1 and a depth of 175 pm for the PHOKISS MIR
sensor project [89]. The groove and pore walls were addition-
ally stabilized by a proprietary process.
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For optical demonstration of the polarization behavior, an MPSi membrane with elongated
pores was made. The fabrication of the random MPSi array is essentially similar to that re-
viewed in detail in previously except that the etch pits that were intentionally made with an
elongated shape. The SEM image of the surfaces of MPSi layer used for optical testing is
given in Fig. 2.45. It should be noted that the design goal (see Fig. 2.44a) was not met yet and
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more optimization of the electrochemical etching process is required. The pore structure of
the sample that was fabricated looks like that shown schematically in Fig. 2.45¢). Meanwhile,
in the framework of the German BMBF research project “Phokiss”, established to develop a
novel MIR gas sensor, deep elongated groove etching has been further improved, in the con-
text to develop a superior coupling facet to a photonic crystal. While grooves normally de-
compose after etching of some ten microns into individual pores (cf. [88]), an optimized proc-
ess makes it possible to etch well-defined grooves up to depths of 170 microns and more.

2.8.2. Optical Testing

To prove the theoretical predictions, MPSi membranes (oxidized and uncoated) were tested in
a VARIAN CARY 500 UV-VIS-near IR spectrophotometer. A commercial polarizer in the
visible was used to analyze the polarization. Fig. 2.46a) shows transmission spectra of the un-
coated MPSi membrane for two states of polarization of the incident light. It should be noted
that the nonuniformity of the transmission for each polarization (“peaks” at ~300 nm and
~400 nm) are caused by the spectral non-uniformity of the extinction of the commercial polar-
izer. The spectral dependence of the extinction of this sample is given in Fig. 2.46b). One can
see that the sample indeed showed some polarization behavior, as predicted by theory. An-
other conclusion that can be made from Fig. 2.46b) is that the extinction of the MPSi mem-
brane increases with the wavelength approximately parabolically, in agreement with theoreti-
cal predictions.

Fig. 2.46¢) shows the transmission spectra of the same MPSi membrane, but with a thin layer
of SiO, grown on the pore walls by thermal oxidation for two states of polarization of the in-
cident light. The spectral dependence of the extinction in this case is given in Fig. 2.46d). The
transmission peaks and valleys due to the oxide presence on the pore walls are masked by
much stronger spectral variations of the commercial polarizer. However, the oxide on the pore
walls manifests itself as a strong peak of the extinction centered ~350 nm. Hence, it may be
concluded that the theoretically predicted enhancement of the extinction due to dielectric
coating of the pore walls was demonstrated.

The experimentally achieved values of extinction for the MPSi-based polarization component
were far less spectacular than those predicted by theory. This is well understandable, how-
ever, since the quality of the tested MPSi layer was quite far from the design goals and in real-
ity only the upper part of the sample was responsible for obtaining the polarization properties.

It should be also noted that the deep and far UV polarizing properties of the material weren’t
tested due to the absence of a reference polarizer with both good transmission and good ex-
tinction within these spectral ranges. The commercial polarizer used showed a transmission
cut-off at about the 260 nm wavelength. However, since the experimental results confirm the
main predictions of the theory, good polarizing properties of better quality MPSi material in
the deep and far UV ranges can be expected.
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Figure 2.46. a) Transmission spectra of an uncoated MPSi membrane for two states of po-
larization of incident light (notations are the same as introduced regarding Fig. 2.44a). b)
Spectral dependence of the extinction of the same sample as in a). ¢) Transmission spectra of
the MPSi membrane with a thin layer of SiO, grown on the pore walls for two states of po-
larization of incident light. d) Spectral dependence of the extinction of the same sample as in

c).

2.9. Retroreflection Suppression Plate

Infrared sensors have been called "the eyes of the digital battlefield" [90]. Military applica-
tions dominate the requirements today, especially for IRFPAs (infrared focal plane arrays,

which are optical sensors placed at the focal plane of an IR optical system such as a camera,
night vision system or night gun sight). In addition to the many military applications for IR
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systems such as target acquisition, search and track and missile seeker guidance, there is also
great potential for IR systems in the commercial marketplace. IR systems can enhance auto-
mobile and aircraft safety, medical diagnosis and manufacturing quality and control. Un-
cooled long wavelength infrared range (LWIR) FPA’s, i.e. those not requiring cryogenic cool-
ing equipment, have enjoyed significant recent advances, making them lighter, simpler and
easier to install and maintain. These sensors are now being considered for many “Future
Combat System” platforms to meet target acquisition, navigation and surveillance require-
ments. However, the reflectivity of current uncooled LWIR sensor technology is unacceptably
high due to high refractive index semiconductors used in the FPA: If they are used in an oth-
erwise “invisible” airplane, they can be seen, e.g. by CW search lasers as illustrated in Fig.
2.47a). In military applications it is therefore very important to minimize the signature of sen-
sors in certain wavelength regions without compromising performance. Thus, it is highly de-
sirable to reduce the reflectivity of uncooled imaging sensors.

100

Au-coated pore walls
80 -
=S
_S 60 4
1]
@
£
1]
& 40
}—
20 Pure silicon pore walls
0 T T T
8 10 12 14
Wavelength, im
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Figure 2.47. a) Schematic drawing illustrating the possible detection of friendly forces by
an enemy vehicle employing laser scanning because of uncooled LWIR FPAs. b) Numeri-
cally calculated near-field transmission (corrected for porosity) through a 500 pum-thick
MPSi layer having pore diameters of 20 um. Cases for pure silicon MPSi and for a 200 nm-
thick layer of gold uniformly covering the pore walls are shown.

This goal can be accomplished by several approaches. For example, the angle of incidence of
the incoming radiation may be diverted optically so as to minimize the retroreflection, or the
incoming image may be modified by use of optical or image processing techniques to render
it out of focus, followed by re-imaging for display. Both of these approaches may provide suf-
ficient results, but the former requires additional optics and a longer light path, thus making
the FPA optical system bigger, heavier and more complex, while the latter has the disadvan-
tage of leading to a decrease of the FPA’s resolution and lengthens the time for signal proc-
essing. A third method to accomplish the suppression of retroreflection from an FPA is to
place a special retroreflection suppression plate in the vicinity of the FPA surface, which will
not disturb the image transmission in the direction towards the FPA, but will strongly and uni-
formly scatter all the retroreflected light. The last method will be reviewed here.
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The severe difference between the far- and near-field transmission efficiencies occurring
while transmitting through random MPSi arrays in the leaky waveguide transmission mode
(as reviewed in Section 2.8) is the basis of the method discussed here for the suppression of
retroreflection. If a LWIR FPA is placed into the near field of a random MPSi array (as shown
in Fig. 2.48a), the light incident on the upper surface of the MPSi plate will be mostly trans-
mitted through massively parallel leaky waveguides to the FPA array, while light retrore-
flected from the FPA array will be scattered during reemission from the non-coherent (disor-
dered) leaky waveguides. Thus the retroreflection will be effectively suppressed. The main
difference between this retroreflection suppression plate design and prior art light diffusing
elements is that the coupling of light into such a plate does not introduce any scattering, only
the outcoupling does. This is true no matter from which side of the plate light is incident be-
cause the reflection from the plate itself is minimal and no scattered light is transmitted
through the plate. For example, if a prior art diffuser (such as described in [91] and references
therein) were to be used instead of an MPSi-based plate, the scattering at the upper surface of
the diffuser would erase or strongly blur the image (assuming the thickness of the diffuser ex-
ceeded the FPA pixel-to-pixel distance). Another important advantage of the proposed ret-
roreflection suppression plate is the wide range of angles and wavelengths over which it sup-

presses retroreflection.
Incident light + + + + + + + +

Froposed retroreflection BaCk[irgehfleCtEd \ T / \ T / \ T /

suppression plate
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Figure 2.48. Reduction of the retroreflection from uncooled LWIR FPA with the help of a
MPSi membrane: a) A random free-standing MPSi layer is placed on the top of LWIR FPA in
near-field; b) the same assembly magnified showing schematically the path of light rays.

2.9.1. Theoretical Considerations

To maximize the performance of MPSi-based retroreflection suppression plates, the follow-
ing conditions should be satisfied:

1) The near-field transmission efficiency should be maximized.

i1)) The retroreflection suppression should be maximized (i.e., the far-field transmission
should be minimized for a wide range of angles and wavelengths).

iii) The image captured by the FPA should be not distorted.

In order to design the retroreflection suppression plate one has to define first the spectral band

of interest (i.e. wavelengths at which the retroreflection needs to be suppressed while the near
field transmission have to be maintained at high levels). Since the leaky waveguide mode of

64



2. NOVEL OPTICAL ELEMENTS MADE FROM POROUS SILICON

transmission through the MPSi layer has to be utilized, the results of the theory presented in
section 2.8 will be used. Let’s, for example, estimate the pore dimensions and other MPSi
layer properties that would provide an optimized performance in the 8 to 12.5 um long wave-
length infrared range (LWIR, according to US military specifications). As was shown in Sec-
tion 2.8, both the 3dB cut-off and 20dB rejection wavelengths of uncoated MPSi arrays used

in leaky waveguide modes scale proportionally to d+d /L (where d is the diameter of the
pore and L is the length of the pore). This means that for the LWIR range and an MPSi thick-
ness of 500-700 um (common thickness of silicon wafers as supplied by vendors), the pore
diameter d should be around 30 pm. However, such large pores present a considerable chal-
lenge in fabrication. Fortunately, the transparency range of the MPSi layer may be enlarged
and the transmission efficiency within the transparency range may be improved while keeping
the pore sizes at more reasonable levels if a thin metal coating is introduced into the pore
walls. This is illustrated by Fig. 2.47b) where the numerically calculated near-field transmis-
sion (corrected for porosity) through a 500um-thick MPSi layer is shown for uncoated and
coated pores with 20um diameter. The feasibility of ALD-coating of the pore walls of an
MPSi array with dielectrics was shown in section 2.8, while the feasibility of metal deposition
by ALD was shown in a number of references (see e.g., [92]. It is apparent from that an MPSi
layer consisting of pores having 20um diameters and 200 nm of Au or Ag on the pore walls
would satisfy the requirement of the transparency in the 7.5um - 12.5 pm wavelength range.

The second point is a combination of two additional conditions: 1) low far-field transmission
across a wide spectral range (from UV to CO; laser wavelengths, since such wavelengths
may be employed by the enemy’s detection equipment) and ii) low far-field transmission
across reasonably wide angles. The condition a) is automatically satisfied if condition b) is
satisfied (provided the pore size is smaller than the wavelength of light by at least 5 times).
This is the case here since the proposed pores are 20 um in diameter while the CO, wave-
length is just 10 pm). The condition ii) basically means that not only long-range order in the
pore positions should be avoided, but that short-range order should also be minimized. The
latter requirement is necessary to avoid rings of diffracted light, which might be observed by
an enemy. Random pores optimized by proper adjustment of the anodization parameters
(such as temperature and current during the pore nucleation and reorganization stage) [93]
meet these conditions, alternatively specially constructed random arrays of pores, as, e.g.
used in [86] may be employed. The first option is preferred since it reduces the number of
necessary processing steps.

Figure 2.49. SEM image of random pores
with neither long nor short range order used
for demonstrating retroreflection suppres-
sion.
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For optical demonstration of the retroreflection suppression an MPSi membrane with parame-
ters suitable for retroreflection suppression in the UV spectral range was made. The fabrica-
tion of the random MPSi array is essentially similar to that reviewed previously in this chapter
and will not be repeated here. The SEM image of the top surface of MPSi layer used for opti-
cal testing is given in Fig. 2.49.

2.9.2. Optical Testing

For the demonstration of the retroreflection suppression the fabricated uncoated MPSi mem-
brane shown in Fig. 2.49 was mounted on the surface of an Al mirror and the normal inci-
dence reflection from such a structure was recorded in a spectrometer within the “far” field of
20 cm next to the Al mirror/MPSI membrane surface. The result of the measurement is pre-
sented in Fig. 2.50a). One can see that even at 20 cm the retroreflection was suppressed by 5
orders of magnitude. For a comparison, the near field transmission (recorded by mounting the
sample directly on a detector in the spectrometer) is also plotted in Fig. 2.50. It should be
noted that at realistic distances from the shielded FPA to an enemy detector of over 1 km (in
most situations), more than 10 orders of magnitude of retroreflection suppression can be ex-
pected. One should note that the reflection was suppressed quite uniformly over the wide
spectral range. As explained above, by coating the pore walls with metal the near field trans-
mission can be increased even further.
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Figure 2.50. a) Spectral dependences of near field and far field retroreflection of the alumi-
num mirror/MPSi membrane structure. b) Photo of the camera with the MPSi membrane
mounted on the top. ¢) Image of a parking lot obtained with the camera and the MPSi mem-
brane.

In order to investigate the imaging properties of the detector array when used with MPSi ret-
roreflection suppression plate, the MPSi membrane with larger pores (sufficiently large to
provide good transmittance in visible spectral range) was mounted on the top of a commer-
cially available CCD camera (as illustrated in Fig. 2.50b). The image of a parking lot obtained
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through such a structure is presented in Fig. 2.50c). The (inferior) resolution of the (very
cheap) camera could essentially be maintained.

2.10. Discussion and Conclusion

It has been shown that the interaction of light propagating in the direction of the pores with
the “metamaterial” porous Si provides for a plethora of interesting phenomena, all of which
are useful in the context of advanced optical engineering. If one were to include other geome-
tries, too, as for example light propagation perpendicular to pores in (two-dimensional)
photonic crystals or in either direction in homogeneous but optically anisotropic porous Si
devices, porous Si can serve as a paragon for an advanced optical meta-material. In particular,
porous Si proved to be even useful for photon energies far above the band gap energy of the
bulk material.

Since defined pore structures are not limited to Si, but can also be produced (within specific
limits) in other semiconductors [11,17,], the potential for novel optical elements is larger yet,
including for example, also new features for non-linear optics [28,29].

It has been shown that the existing theoretical framework is sufficient to predict and analyze a
large variety of phenomena. That theoretical guidance is needed for the design and production
of novel optical elements is clear from what has been presented. Unfortunately, the theory of
pore etching is far less clear-cut than that for the optical properties of the devices produced,
and this is a major obstacle for the development and production of optical devices.

Many examples in this chapter demonstrated that more progress in pore etching would be es-
sential, be it in the precise control of known and easily produced pore structures, or in the
ability to etch structures not easily obtained at all, e.g. deep trenches as outlined in Section
2.8. There is, however, constant and substantial progress in pore etching, and there can be lit-
tle doubt that all structures discussed in the preceding sections can be made with sufficient
precision now or in the near future. The fact that a first product based on porous Si is on the
market right now bears testimony to this statement.

A production process has to meet two more conditions: 1) reliable electrochemical etching of
standard size Si wafers (e.g. with 200 mm diameter) in an automated and tightly controlled
way, and ii) suitable (automated) pre- and post-processing processing like lithographical pat-
tern transfer, pore coating, or membrane production. Both conditions have been met in princi-
ple: A large-area etcher capable of meeting most if not all requirements is available in the
marketplace, and all the other processes mentioned exist, albeit as part of (expensive) clean-
room equipment. While it is rather difficult to produce, e.g., the omnidirectional filters intro-
duced in this chapter in a laboratory environment, it would not be an insurmountable problem
in a running clean-room facility.

While more work is needed to realize all novel optical devices discussed here, some are hope-

fully will find applications in the near future, while other (such as long wave pass filters) are
already used in industry and research institutions internationally.
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3. EFFECTIVE MEDIUM APPROACH FOR CALCULATIONS OF LINEAR AND NONLINEAR
OPTICAL PROPERTIES OF POROUS SEMICONDUCTOR MATERIALS

Chapter 111

Effective Medium Approach for Calculations of Linear
and Nonlinear Optical Properties of Porous Semiconduc-
tor Materials

3.1. Introduction

Engineering the optical properties of a given material by suitable modifications of its struc-
ture is a very attractive area of science and technology. Porous semiconductor materials (see,
for example, [11] and references therein) are important cases of such structured “metamateri-
als”. Semiconductors are usually turned porous by electrochemical (or photoelectrochemical)
etching of the nonporous semiconductor substrates in some suitable electrolytes. To date, it
has been shown that many types of semiconductors can be made in a porous form by this
method. The most popular example is porous silicon, which allows tailoring the pore geome-
try from micropores, via mesopores to macropores. Electrochemically etched pores have also
been obtained in Ge and III-V compound semiconductors, e.g. InP, GaP, GaAs, GaN; and
porous layers with many kinds of morphologies could be demonstrated [11]. The usefulness
of such materials for various optical components was already outlined in [18, 40, 94]. In most
cases the research has been devoted to the isotropic properties of porous semiconductors.
However, recently it has been shown [18-21, 39] that mesoporous silicon obtained from a
(110) oriented substrate offers optical anisotropy properties that may be of practical impor-
tance. A remarkable result is that in the infrared spectral range such a metamaterial offers lar-
ger values of optical birefringence than that of any commonly known natural material. Fur-
ther, the combination of the value of the birefringence in the mid to far infrared range with
the transparency of these materials at the wavelengths mentioned makes these findings even
more attractive for possible applications and theoretical studies.

In this chapter I will present the modified effective medium formalism for calculation of lin-
ear and nonlinear optical properties of porous semiconductors and composites based on po-
rous semiconductors. First, the modification of the Maxwell-Garnett (MG) approach will be
developed to evaluate linear optical properties of mesoporous silicon etched on (110)-
oriented substrate and porous Ge and III-V compound semiconductors. Then, based on the
qualitative predictions of the MG-based approach, the modification of the Bruggeman effec-
tive medium theory will be developed and applied to the optical anisotropy of metal-filled
mesoporous silicon etched on (110) oriented substrate. Finally, a formalism of qualitative
evaluation of nonlinear optical effects (second harmonic generation in particular) in porous
semiconductors will be presented.
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3.2.  Effective Optical Properties of Porous Semiconductor Materials

The method presented in this chapter provides answers to the following questions: What
other porous materials besides already investigated mesoporous silicon etched on (110)-
oriented substrate can offer optical anisotropy? What kind of optical anisotropy can be ex-
pected from different porous materials? How can this anisotropy be controlled by material
parameters (such as the porosity of materials, crystal orientation of the substrate, etc.)? In ad-
dition, the theoretical method developed here could help to obtain a more direct understand-
ing of the optical effects, which is clearly lacking so far.

A method will be presented for calculating the effective dielectric constants and refractive
indices of different porous materials. This method will be applied to several materials already
successfully fabricated by an electrochemical etching process of various semiconductors.
Previously [18-21], a somewhat generalized Bruggeman “Effective Medium Approach”
(EMA [14] was used for calculations of the optical effects in these materials. However, while
this generalization of the EMA provides fair estimates for mesoporous (110)-oriented Si, is
not applicable for more complex structures, e.g. multiple pore lattices, or for materials con-
taining pores with noncircular cross sections. Moreover, even for the case of mesoporous sili-
con, which consists of a network of pores with circular cross sections growing in some pref-
erential directions, the referenced generalization of the Bruggeman method was not sufficient
to provide a full and correct explanation for some of the observed effects. The so-called
Looyenga formulation [37] was also applied to calculations of effective dielectric constants
of porous silicon [95], however, this method is not applicable to the case of anisotropic media
(it would at least need some modification). In contrast, the method presented in this Chapter
has the capability to analyze such structures in a relatively simple fashion. The porous semi-
conductor medium is treated as macroscopically homogeneous and is assigned a dielectric
permittivity tensor. Effective dielectric permittivity tensor elements depend on the dielectric
constant of the semiconductor host, the dielectric constants of pore-filling materials, and the
pore shape, orientation and filling fraction (porosity).

3.3. Effective Permittivity Tensor Calculations

In order to implement the effective medium approximation, several assumptions have to be
made, which also indicate the limitations of the model presented here. First, pores are repre-
sented by “air voids”; e.g. by air-filled cavities with elongated elliptical shapes; cf. Fig. 3.1.
Second, it is assumed that these air voids are uniformly and randomly distributed in the semi-
conductor material such that the air voids belonging to one of M lattice subsets have their
axes essentially parallel to each other. Third, it is assumed that the bulk semiconductor mate-
rial is isotropic and has a relative dielectric permittivity &€s. Next, it is assumed that neighbor-
ing pores or air holes, respectively, affect each other only through the depolarization factor.
This is a strong assumption that limits the validity of the method to relatively small porosities
(an expanded method for calculation of optical properties of some of porous semiconductors
with higher porosities will be presented later in this Chapter). It should be noted, however,
that while this latest assumption is not strictly correct for some porous semiconductor materi-
als, the accuracy of the approximation presented here is still good enough for a basic under-
standing of the optical effects taking place in such materials. Finally, it is also assumed that
the wavelength of the electromagnetic wave considerably exceeds the cross sectional dimen-
sions of the pores.
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Figure 3.1. Pore structure of the mesoporous silicon grown on (110)-oriented substrate. Ori-
entations of three major pore lattice subsets are shown. A pore would consist of a string of
ellipsoids extending in one direction.

An electromagnetic wave with the electric field vector E gives rise to a displacement vector
D in the porous semiconductor material, given by

D =g,E+P (3.1)

where P is the effective polarization of all the particles (a pore can always be thought of as a
particle in the form of an air void in semiconductor crystal) in a unit volume. With the as-
sumptions as listed above, the porous semiconductor effective dielectric permittivity tensor

(et @) )
gxx gxy gxz
g =g " g “ g “ | canbe defined as follows:
(et @) e
gzx gzy 822
D= 8E 3.2)

From (3.1) and (3.2) it follows:
E“E =g, E+P (3.3)

Within the assumptions from above the porous semiconductor material can be considered as
an assembly of M electromagnetically separated pore lattice subsets. Hence, the polarization
of the porous layer is equal to the vector sum of the polarizations of each lattice subset con-

M
sidered separately, or P=> P", where P"is the polarization of the i™ lattice subset. In

i=l
this case (3.3) can be rewritten as:
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M
gE=g,E+Y PV (3.32)
i=1

The polarization of each pore is assumed to be a linear isotropic function of the local electric
field of the electromagnetic wave, hence:

PO = N oD O (3.4)

N is the density of the pores of the i lattice subset of porous semiconductor layer, o is the
polarizability of a pore in the i™ lattice subset, and E{" is the local electric field as “seen” by
each pore of the i™ lattice subset.

The local field £ is given by Yaghjian [96] for arbitrary shaped inclusions as

_ [ ¢ pi
+—

EP" =E (3.5)
gB

where L is the depolarization factor that depends on the shape of the pore; it is a tensor of
second rank. Under the assumptions made in the beginning of this section, the polarizability

of each pore is a tensor that is always diagonalizable in a coordinate system, in which one

a) 0 0
axis coincides with the pore growth direction, i.e., @” =| 0 «al) 0
0 0 al

The polarization of the i"™ lattice subset in the coordinate system associated with said lattice
subset then is

PO — e,M® EO (3.6a)
where
. NP ) N o
MO = I J=1,23;andM V), =0,ifj # k.

JsJ _ (i) (i)
€p LA/',A/'N a./,./

E™ is the electric field of the electromagnetic wave in the coordinate system associated with
the i lattice subset. If the coordinate transformation matrix is introduced between the refer-
ence coordinate system (which can be associated with the crystallographic axes of the semi-
conductor host or anything else) and the coordinate system of i lattice subset

cosy” cosp” —cost?” siny” sing”  —siny” cosp® —cos?” cosy” sing”  sin” sing"”
AV =| cosp” sing” +cost?” siny” cosg”  —siny” sing” +cost?” cosy” cosg”  —sind” cosg"”
sing?” siny " sin??” cosy” cost?”

where ¢,y and @ are Euler angles, the relations £”=47" E and P”=A4 P hold where
E and P" are in the main coordinate system. Hence
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Ay A ] —

PO =g, 4A°M"A"E (3.6b)

By substituting (3.6) into (3.3a) the effective dielectric permittivity tensor of the porous semi-
conductor layer is obtained as

M
T :€B|:I+ZA(i)M(i)A(i)—li| 3.7
i=1

where [, =9, ;.

The polarizability tensor ¢ and, in principle, the depolarization tensor L of individual pores,
need to be calculated numerically for the particular pore shape. In [97] the internal field ap-
proach combined with Finite Element Method (FEM) has been implemented to find the po-
larizability tensor elements for circular, square, rectangular and triangular shape of the inclu-
sions and here this approach will be followed.

According to the assumptions listed in the beginning of this section, the pore cross section is
assumed to be much less than the wavelength of electromagnetic wave (quasi-static approxi-
mation). The internal field approach, in which the polarizability is obtained by determining

the internal field of the pore, is used so the dipole moment d of the air-filled pore in semi-
conductor material is calculated as

d = [(1-¢,)Edv (3.8)

14

and the integration is carried out only within the volume of the pore.

From another point of view, the dipole moment d is defined as the product of the polarizabil-
ity o and the local field E, . Since it was assumed that the pores are electromagnetically sepa-

rate, the approximation of a single pore in an infinite medium is accurate enough and, by us-
ing the results presented in [98], the dipole moment can be written as:

) [Eppdr
d = (g — — (3.9)

where the internal electric field is integrated within the pore. In the dipole approximation, the
electric field vector in the pore has x-, y-, z-components, but its integral over the volume of
the pore will have only a component for symmetric pores aligned with respect to the electric
field. Let’s define [ as integral of the internal electric field over the pore volume divided by

JE o 7, v

said volume and the external field: B, =~ - , where 7, is a unit vector collinear to
"EEXT‘
i coordinate axis direction. In the case of electric field alignment along the Cartesian direc-
tion j, the dipole moment can be written as:

h
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d, =(1-&)Vp Eyy, (3.10)

The integral S is thus independent on both pore volume and the external electric field of the
electromagnetic wave. It can be determined either numerically or analytically. Replacing o;
in (3.7) by (1-&)V B, the final expression of the dielectric permittivity tensor of porous semi-
conductor material will be

ﬁ(l—gB)ﬁ(i) 0 0
& _l1 1f (l_gg)ﬁ( ) ( )'82()
s _ o | 7N 0 fll=&) Aol
ED =g, 1+§A 0 e LIl ) 0 4 (3.11)
0 0 fi‘(l_gB)@i) :
= & _lsaﬁ(l_é})@l) |

M

where f; is the “porosity” of the i pore lattice, and Z f.=p, 0<p<l1, where p is the total po-
i=1

rosity of the porous semiconductor layer.

34. (110)-oriented Si Containing Mesopores

The method developed above is first applied to analyze the optical effects on mesoporous Si,
which can be formed by an electrochemical etching process on (otherwise unusual) (110)-
oriented silicon substrates. This porous material has been obtained recently [19] and was in-
tensively investigated with regard to its optical properties (see, for example, [18-21, 39]).
Particularly, strong in-plane birefringence (i.e. optical anisotropy) of such layers has been
observed for IR wavelengths. These experimental findings were the basis for several pro-
posed photonic devices based on such a material. For example, dichroic Bragg reflectors have
been realized by Diener et al. [18], while optical polarizers have been reported in [21] and
[39].

The optical anisotropy of mesoporous silicon fabricated on (110)-oriented substrates has been
explained in [19] by different filling fractions of layers in different directions (i.e., anisotropic
porosity). Similar arguments have been presented in [18] to explain the different values of
birefringence (i.e. optical anisotropy). In particular, the difference of the porosity in different
directions ([001] and [1 10] crystallographic directions particularly) is proportional to the
etching current during mesoporous silicon formation, i.e., proportional to the overall porosity
of the sample. Drawing on the formalism developed in the previous section, let’s follow a
different approach towards a better understanding of the optical anisotropy in mesoporous Si
formed on (110)-oriented substrates, which appears to match the experimental results better
than the explanation given in [18].

In order to apply the model developed in the previous paragraph, the structure of the
mesoporous silicon layer grown on (110) substrate has to be identified first. As was shown in
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[99], pores in mesoporous Si propagate preferentially in equivalent <100> crystallographic
directions independently of the substrate orientation. Hence, it can be represented as a mix-
ture of three lattice subsets of pores collinear to the crystallographic directions mentioned.
However, not all <100> directions are equivalent; <100> directions more in line with the
electrical field are preferred. This is certainly due to the fact that the electric field strength at
the tip then is enlarged, enabling avalanche breakdown [100] and enhancing the electro-
chemical dissolution reaction at the pore tip.

The three pore lattice subsets found in mesoporous silicon grown on (110) wafers are ap-
proximated by a suitable distribution of ellipsoids as shown in Figure 3.1. For such a material

the [100] and [010 ] pore directions are equivalent since they have identical projections in
the direction of the current flow. The [001] direction, however, is perpendicular to the applied
current direction, since it lies in (110) crystallographic plane.

In the presented analysis it is thus assumed that the pores in each lattice can be represented as
distribution of ellipsoids, which are elongated in the direction of each pore lattice. Such an
assumption is in agreement with extensive XRD investigations of different porous layers pre-
sented in [101]. In this case equation (3.11) takes the following form:

3
2 — gs{ AW A@—l} (3.12)

i=l

The pore lattices collinear to the [010], [100], and [001] crystallographic directions have
been assigned the index (1), (2), and (3); respectively. It is further assumed that the individual
pores represented by ellipsoids are of the same shape and volume, however, the filling frac-
tion of the pores of the first and second pore lattices exceeds that of the third pore lattice due
to the current flow direction, i.e., £ = /% and /)< £V. With this assumption, the depolari-
zation factors and the polarizabilities for each pore lattice are the same.

Let’s introduce the local pore lattice coordinate system such that the x-axis is parallel to the
pore lattice direction and the y-axis lies in the (110) plane. The depolarization factor for the
longer axis of the ellipsoid L;; depends on the ratio x = c/a (a > b = c) between the axes
lengths as (see [102]):

2
X

L, =m[arcth(\/l—x2 )— \/l—x2] (3.13)

Due to the circular cross section of the pores in mesoporous Si, Ly = L3z = (1- L11)/2.

If the reference coordinate system is introduced as shown in Fig. 3.1 (X-axis is directed in the

[110] direction and Y-axis in [001]), the coordinate transformation matrices will be as fol-
lows:
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V2 2 A2y A2
2 2 . 2 2 n

AV =] 0 1 , AP =] 0 -1 0 |, 49 =|-1 0
V2o, 2 V2 N2 0 0
2 2 2 2

If the porosity of the mesoporous silicon layer is p and a coefficient » is introduced to de-
scribe the ratio of filling fractions between the [001] pore lattice and other lattices, the elec-
trical polarization matrices for each lattice will be as follows:

MO =1 = (p—p-ri-&;)8

. . 2881‘_111(17_17 r )(lﬁ)ﬁ ’ )( )
T s a5

’ ’ ’ ’ 4'£Si_(1_l11)(p_p'r )(1_851'):@

M= DT (1--)A MO =0 = 2p-r-(1-&)B
. &—L, p-r '(l_gsl')ﬁ ’ o 2€Si_(1_l11)'p'r '(1_8Si)ﬂz

The values of the coefficients £ and S, according to [102] are:
8SA 8SA

ﬁ _ i ﬁ _ i _ 28Si
l Egi _(gSi _1)'L11 ’ Ei _(831' _1)'L22 2851‘ _(gSi _1)'(1_L11)

1 1

Let’s now determine the dielectric properties of mesoporous silicon layer grown on (110)
substrate for the following assumptions: the overall porosity is 25 %, the aspect ratio of the
pore ellipsoids is 0.5 (i.e. longer axis of the ellipsoid is twice longer than other two axes), and
the parameter » is 0.1. The refractive index of Si is assumed to be 3.5 with zero imaginary
part (which is true for wavelengths exceeding the band edge of Si around 1100 nm and
smaller than free carrier absorption edge). Substituting the parameters into (3.12) gives the
following value of the dielectric permittivity tensor in the coordinate system as shown in Fig.
3.1:

8421 0 0
M= 0 81 0
0 0 8421

This result based on the effective medium model presented in the previous section means that
mesoporous silicon grown on (110)-substrate will be a negative uniaxial crystal with an opti-
cal axis that coincides with the <001> direction. The angular dependence of the numerically
calculated dielectric permittivity tensor components of such a material is given in Figure 3.2.
Suffice it to state that the model anisotropy type predicted by the theory presented is in com-
plete agreement with experimental findings as reported in [18] and [19].
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Figure 3.2. The polar plots of the elements
of the dielectric permittivity tensor of
mesoporous silicon grown on (110)-oriented
substrate: a) diagonal tensor elements for the
case of electric field rotated in the (110)
plane; b) the only nonzero nondiagonal ten-
sor element for the case of electric field ro-
tated in the (110) plane, and c) diagonal ten-
sor elements for the case of electric field ro-
tated in the (100) plane.

c)

The optical anisotropy of such a material is well known (see, for example, [81]). In such crys-
tals for any direction of the electric field in the electromagnetic wave, two eigensolutions of
the secular equation exist, which are called ordinary and extraordinary waves and described
by refractive indices usually denoted 7, and n.. In the coordinate system as drawn in Figure

3.1, ny = &) =\/e" | while n, = /¢’ . The normal surface of the electromagnetic

waves in this case consists of a sphere and an ellipsoid of revolution, contained in the sphere.
For any direction of light propagation in such a crystal two waves with different refractive
indices exist that have two different polarization states: an ordinary wave, which always has
the refractive index #n, and is polarized such that the electric field of the electromagnetic wave
is in the (001) plane, and an extraordinary wave which has a refractive index as defined by:

1 cos’@ N sin” 6
2 - 2 2
nO)  nyon
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where 6 is the angle between the electromagnetic wave propagation direction and the [001]
crystal axis. The direction of polarization for the extraordinary electric field for the case of

0

cos@

n2@)-n; |
sin @

n’(@)-n’

e

the plane of incidence being the (110) plane, is given by

The value (ny-n¢)/ n, of the relative optical anisotropy depends on the porosity of the sample,
on the relative filling fraction of the [001] pore lattice subsets, and on the pore ellipsoid as-
pect ratio. The plots of these dependences are given in Figure 3.3. In all the pictures the po-
rosity of the sample was assumed to be 25 %, the aspect ratio of the pore ellipsoids is 0.5, and
the relative filling fraction of the [001] pore lattice subset is 0.1 if it is not stated otherwise.
One can see that the dependence of the relative optical anisotropy of the material is linearly
proportional to the porosity of the sample if both other parameters are assumed to be con-
stant. However, it is highly likely that both parameters can change with experimental condi-
tions that create different porosities in the material. Unfortunately, no extensive experimental
investigation of the relative optical anisotropy vs. porosity of the sample is published to date.
Such data, interpreted with the formalism presented here, could provide straightforward in-
formation on the changes of the morphology of the mesoporous Si layers with porosity.

In any case, based on the results following from the formalism presented in the previous para-
graph, it is safe to state that optical anisotropy in the mesoporous silicon etched on the (110)-
oriented substrate is not due to the anisotropic porosity of the material, but rather due to:

1) Anisotropic polarizability and depolarization factors of the pores in each pore lattice.

2) Preferential ordering of the pores into three distinct lattices.

3) Smaller filling ratio of the pores aligned into [001] lattice compared to those aligned into
[100] and [010] lattices.

The relative optical anisotropy of the material is expected to increase with the porosity of the
material, even if the relative filling fraction of the [001] pore lattice stays the same. With
more experimental data available, the effective medium method theory developed here could
help to bring more insights into the pore morphology. The anisotropy of the mesoporous sili-
con etched on differently oriented substrates can be also easily investigated with the method-
ology presented here.
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Figure 3.3. a) Calculated dependence of the
relative optical anisotropy of mesoporous
silicon etched on (110) oriented substrate on
the porosity of the material; b) calculated de-
pendence of the relative optical anisotropy of
mesoporous silicon etched on (110) oriented
substrate on the relative filling ratio of the
[001] pore lattice of the material, and c) cal-
culated dependence of the relative optical
anisotropy of mesoporous silicon etched on
(110) oriented substrate on the pore ellipsoid
aspect ratio of the [001] pore lattice of the
material.

3.5. (100)-Oriented ITI-V Compound Semiconductors Containing Crystallographic

Pores

Other interesting examples of porous materials are porous InP [11, 103-104] and porous
GaAs [11, 104-105] with crystallographically oriented pores. In the following analysis I will
consider the case of GaAs, but it should be understood that the analysis of InP material could
be done in exactly the same way by just adjusting the refractive index of host material in nu-

merical calculations.

The crystallographically oriented pores in porous GaAs have the <111>B crystallographic
direction as definite growth direction. The zincblende lattice of the III-V compounds consists
of double layers with alternating short (three bonds) and long (one bond) distances, and the
layers are occupied by A (Ga) or B (As) atoms. The <111>B direction runs from B to A lay-
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ers along the shortest distance between A and B planes (or from B to A along the longest dis-
tance between the A and the B planes). It is important to note that A planes are generally
more stable against electrochemical dissolution then B plains. The so-called <111>A direc-
tions can be represented as —Ga = As — Ga = As —, while the second set (<111>B) can be
represented as — As = Ga — As = Ga — (- means one bond). For an (100)-oriented GaAs wa-
fer, four <111> crystallographic directions are thus possible for pore growth. The number of
<111>B directions that will be expressed in the pore lattices depends on the nucleation condi-
tions for the pores. Two general types of pore nucleation have been observed [11, 106]: uni-
form and non-uniform nucleation. Non-uniform nucleation usually resulted in formation of
“pore domains” on the surface of the sample resulting from pores more or less equally dis-
tributed along all <111> directions in the bulk. Uniform nucleation, on the contrary, causing
the majority of the pores to grow just in the two <111> direction being in the same plane and
going “downwards”, while in second pair of <111> directions (going “upwards”) the density
of pores is considerably smaller than that of first pair. Figs. 3.4a-3.4c show cross section
SEM micrographs of the pores in GaAs. It should be noted, that the pore cross-section in such
GaAs layers has a triangular shape.

(001)

plane 4—>

010) plane | (001) *
plane

(LRI EIEREIT oot TE (EEEIRETILE)

/ (010) plane

C) d)

Figure 3.4. a), b) SEM images of the porous GaAs layer with crystallographic pores; c¢) the
schematic drawing showing the pore lattices accounted by the model for the case of porous
GaAs or InP electrochemically etched on (100) oriented substrates, and d) the coordinate sys-
tem associated with the pore lattice.

In the model presented it is assumed that porous GaAs material can be represented by four
sublattices of air voids in the bulk of semiconductor material such that the air voids in each
sublattice have their axes essentially parallel to each other. It is further assumed that the bulk
GaAs material is isotropic and has the dielectric permittivity &gaas. Further on, it is assumed
that the pores are separated from each and affect each other only through the depolarization
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factor (this limits the validity of the used method to relatively small porosities). It is also as-
sumed that the wavelength of electromagnetic wave considerably exceeds the pore cross sec-
tion.

To apply the effective medium method presented here, one needs to consider four pore lat-
tices, as shown in Figure 3.4c¢. In this case equation (3.11) takes the following form:

4 Ao A A
g :eca{nZA’w/@ } (3.14)
i=1

Simple geometrical derivations lead to the following coordinate transformation matrices, if
the reference coordinate system is introduced as shown in Figure 3.4c. The X- and Y- axes
are collinear to the projections of pore growth directions (<111> directions) on the (100)
plane:

3 3
A= 0 1 8/5 A? = —ﬁ 0 L 4= o -1 \?
1, P S o,
3 3 1 0 2 NE) 3
3 3

0 —

I 0
o \/Z 0o L
3 V3

1 2

EOE

To understand how the triangular shape of the pores affects the optical anisotropy of the po-
rous GaAs material, let’s calculate first the dielectric permittivity tensor as if the pores had
circular cross section. In this case [102], Bxn = B33 and Ly = Lz = (1 - Lp)/2;

L, = (x—)y[arcth(\/l -x’ )— V- ], where x the ratio between the axes length x = c/a
1—x*)?
E 2¢e,
a>b=c) = Si : =Lf..= Si . As follows from
( ) '8“ Esi _(8&‘ _1)'L11 '822 '833 2851’ _(8& _1)‘(1_L11)

the SEM images (see Fig. 3.4a), the pores in GaAs are best represented as cylinders, or as the
limiting case of ellipsoids with x—0.

The results of the dielectric permittivity tensor elements calculations are presented in Fig. 3.5
(dashed lines). The electromagnetic wave was assumed to propagate along the <100> direc-
tion with the electric field vector of the electromagnetic wave coinciding with the <011>
crystallographic direction. A 30 % overall porosity of the GaAs layer is assumed. Calcula-
tions show that in this case a porous GaAs layer would exhibit a biaxial anisotropy for all
relative filling fractions of two pore lattice pairs except for the case of equal filling, where it
would behave as an optically isotropic material.
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To take into account the triangular shape of the pore cross-section, one needs to reevaluate
the values of the L; and f; coefficients. Since the ratio of pore length to pore cross-section
for porous GaAs is very high, with good accuracy, L; =0 and ;= 1. For equilateral triangu-
lar shape inclusions [102] L, = 0.5 = L33 =1 - Ly; = 0.5. In my calculations the 5, was as-
sumed to be 1.82, while 35 = 1.86.
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Figure 3.5. Numerically calculated dielectric tensor elements of the porous GaAs layer with
crystallographic pores etched in a (100)-oriented substrate as a function of the relative filling
fraction of one of the pore lattice pairs: a) general view; b) magnified view near the 50 % fill-
ing fraction. The overall porosity of the sample is 30 %. Dashed lines indicate the results of
calculations for the case of the pores with circular cross section, solid lines indicate the re-
sults of calculations with the account of the triangular cross sections of crystallographic pores
in GaAs.

These corrections account for the triangular shape of the pore cross sections and allow calcu-
lations of the dielectric permittivity tensor elements of porous GaAs layer with the same set
of parameters as used for the calculations for the circular pore cross section. The results of
such calculations are also presented in Fig. 3.5. The triangular shape of the pore causes quite
interesting effects, which can be viewed better in Fig. 3.5b. For example, for pore lattice pairs
with identical representation or “weight”, i.e. a relative filling fraction of 50 %, porous GaAs
no longer exhibits isotropic behavior, but rather becomes a negative uniaxial crystal with an
optical axis that coincides with the <100> crystallographic direction. Besides the case of both
pore lattice pairs being equally represented, two more points of non-biaxial behavior appear.
For the parameters of the porous GaAs layer as used for the calculations, these points corre-
spond to filling fractions of roughly 45.5 % and 54.5 %. At these points the porous GaAs
layer will exhibit positive uniaxial behavior with optical axes aligned along the two perpen-
dicular [011] crystallographic directions, respectively. In all other cases the porous GaAs
layer will exhibit biaxial behavior. Hence, porous GaAs provides the unique capability to
control not only the optical anisotropy value, as, for example, in mesoporous silicon etched
on (110) oriented substrates [18-21,39], but also the optical anisotropy type (uniaxial or biax-
ial), and even the direction of the optical axis by modifying the etching parameters.

The challenge is to develop the right porosity, cross-section, and filling factors of the pore
lattices of the porous GaAs for the desired optical properties. The morphology of a porous
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semiconductor depends on the electrochemical etching conditions used. Beside parameters
like electrolyte composition, applied current density or etching bias, the nucleation process
plays a critical role for the overall morphology. The overall current density defines the
amount of dissolved material, which can be used to define the porosity. For example in case
of porous silicon the applied current determines under certain etching conditions directly the
porosity of the layer. In case of GaAs this approach is not as straightforward because pores in
GaAs can nucleate in form of pore-domains or homogeneous on the surface. As mentioned,
the pores in both cases are crystallographic and propagate along <111>B directions. In both
cases from one primary nucleation point on the (100) surface of the sample two primary crys-
tallographic pores start to grow. If the primary nucleation points are dense enough, no
branching of the two nucleated pores is observed, and a uniform 3D structure will develop.
The “cross-hatched” structure occurs because crystallographically oriented pores are able to
intersect each other without changing their direction of growth [106]. On the other hand, if
the nucleation points are less dense, multiple branching of the two initially nucleated pores
and of the secondary pores created by branching will occur, the result is a pore domain with a
particular structure. For a homogeneous nucleation it is necessary to obtain a high density of
nucleation points on the surface of the sample, which can arrived by a two-step anodization
process [107]. Filling factor other then 50 % might be obtained by starting with a substrate
that is slightly off the (100) orientation, because the growth direction more steeply inclined is
often favored in pore growth. Further details on the different anodization conditions of porous
GaAs can be found elsewhere [11, 106-109].

3.6. Introduction to Surface Plasmon Enhancement of the Optical Anisotropy in
Porous Silicon/Metal Composites

Metal filling of the pore arrays through, e.g., electroplating or electroless plating techniques
has been already demonstrated (see, for example, Chapter II, or [110-111]. Some of the met-
als, e.g. silver, gold, aluminum, copper, are known as good providers of surface plasmons
(SPs), with non-radiative waves existing on the metal-semiconductor interfaces. SPs are
known to be responsible for large enhancements of the electromagnetic field and to influence
or dominate the scattering cross-section of metal colloids [112], Raman scattering, higher
harmonic generation [113], etc. The question arises on how the linear optical properties (e.g.
anisotropy) of the porous semiconductor (such as for example mesoporous silicon etched on
(110) substrate) will change if the pores will be filled with SP-active metals.

To answer this question, I present here a method for calculating the effective dielectric con-
stants and refractive indices of metal-filled porous materials.

3.7. Effective Permittivity Tensor Calculations

The structure of the mesoporous silicon layer grown on (110) substrate was discussed previ-
ously in this Chapter. First, let’s apply the theory presented earlier in this chapter, which was

developed for multiple sub-lattices of weakly polarizable inclusions. Equation (3.11) then
will take the form

& :g{hiﬁﬁwfﬁf“‘l} (3.15)
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where &, is the dielectric permittivity of the metal filling the pores. If the porosity of the
mesoporous silicon layer is p and the coefficient » will be introduced to describe the ratio of
filling fractions between the [001] metal-filled pore lattice and other two lattices, the electri-
cal polarization matrices MY for each lattice will be as follows:

— )
(p—p-r)ef; : 0 0
2‘5‘51'_[1,1@_17"”) 1 _
MO =@ = 0 QLP —pr )Oé% _ 0
4e; _(l _Q,l)tp_p r )Oél)z
0 0 A=l
i)
4e,— (l 111@ praé
N
P, . 0 0
8&_[1,1'17""0{1
MO = 0 2p"”'0é3§ 0
2‘9&_(1_[1,1)'17"”'042
20108
0 0 p-r Oég ;
28&_(1_[1,1)'17""0%,3

If the metal inclusions in different subsets have the same shape and volume but different ori-

entations, as was assumed originally, ¢") = "). To determine theses coefficients I will

use the result of Kuwata [112] for calculations of the normalized (by volume) polarizabilities
of metal ellipsoids, which states

o, (€)= 1 (3.16)

(L, + g2 L

4
Y+ A .e x'+B ex'—i— ¢

1,1 ll m 1 ll m l m 3
E —¢€ A

m

wherexlzﬂ%; v, =x,=wbf; x=0/ 4 =-04865L, —1.046L], +0.8481L},,
= 0.01909L,, +0.1999L7, +0.6077L}

i,i7

A is the wavelength.

Equation (3.16), according to [112] is valid for metal inclusion dimensions with sides in the
range from just a few nanometers to at least a hundred of nanometers.

The spectral dependences of the polarizability coefficients for the case of a silver elongated

ellipsoid with a =15 nm and b = 10 nm, embedded into a silicon host was calculated with eq.
(3.16); the results are given in Fig. 3.6.
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Figure 3.6. Numerically calculated spectral dependences of the polarizability tensor coeffi-
cients of the elongated silver ellipsoid with a=15 nm and b=10 nm, embedded into silicon
host.

The dielectric constant of silver was calculated according to the Drude approximation. For
the calculations, the imaginary part of the silicon refractive index at the given wavelengths
was neglected. The reason for this is that in porous silicon the position of the absorption edge
is strongly blue-shifted (see [114]), so such an assumption indeed makes sense. As one can
expect, the polarizability resonances of the silver ellipsoids for electric fields of the electro-
magnetic wave aligned along different ellipsoid axes are located at different wavelengths.
These polarizability resonances are related to the excitation of the surface plasmon modes on
the ellipsoid surface.

By substituting (3.16) into (3.15) and calculating the coefficients of dielectric permittivity
tensor of silver-porous silicon etched on (110) substrate composite one can show that the re-
sultant material will exhibit an uniaxial type of anisotropy with the optical axis coinciding
with the <001> silicon crystallographic direction, the same as for unfilled pores considered
previously in this Chapter.

The numerically calculated spectral dependences of the real (n) and imaginary (k) parts of
ordinary and extraordinary refractive indices of the material with filling fraction of the silver
ellipsoids of just 0.1 volume percent are given in Fig. 3.7. One can see that the model predicts
a substantial optical anisotropy of such a material, even for the small filling fractions used,
and that the uniaxial anisotropy of the material changes the “sign” (from positive to negative)
around the positions of the surface plasmon resonances.
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Figure 3.7. Numerically calculated spectral dependences of the real () and imaginary (k)
parts of ordinary and extraordinary refractive indices of the silver/ porous silicon etched on
(110)-oriented wafer with filling fraction of the silver ellipsoids of 0.1 volume percent.

It should be noted that the model presented above can provide reasonable results only for
very small filling fractions of metal ellipsoids, especially around the resonances. Moreover,
such a model can only predict the dielectric properties of composites consisting of weakly
polarizable inclusions fairly realistically; for such highly polarizable inclusions as metal el-
lipsoids around plasmon resonance excitation conditions, the model is not really adequate.
More self-consistent models need to be implemented and the following material is devoted to
this task.

Here the generalization of the Bruggeman [14] method for the case of composite consisting
of multiple sublattices of inclusions is presented. The main assumption in the Bruggeman
method is that the total electrical polarizability of the composite material is equal to zero. In
other words, the total polarizability of all the inclusions (in the analyzed case both metal in-
clusions and silicon “inclusions”) embedded in the medium with effective dielectric parame-
ters should vanish:

i
i=1

(4)

~on

O 4

~on

_0o (3.17)

where P, i=1, 2,3 is the polarization of the i™ lattice subset and P is the polarizability
of the Si “inclusion” in the matrix. According to the abbreviations introduced above, (3.17)
can be rewritten in the analyzed case in the following form:
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Generally, equation (3.18) states a fairly complex problem since it includes the determination
of the polarizabilities of the all inclusions in the anisotropic medium with generally speaking
unknown orientations of the axes, and thus requires solving a system of six independent
equations with six unknowns (according to the number of independent coefficients in the di-
electric permittivity tensor of the effective medium). However, in the analyzed case one can
simplify the solution of problem (3.18) by using the results obtained by using the generaliza-
tion of the Maxwell-Garnet model already introduced.
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Figure 3.8. Schematic drawing illustrating the orientation of the optical axis of the material
consisting of metal-filled porous silicon etched on (110) oriented substrate with respect to the
major axis of the meal inclusion ellipsoid (a) for 1¥* and 2™ inclusion subsets, and (b) for 3™
inclusion subsets.

Although, as mentioned before, this model cannot provide sufficiently accurate quantitative
results for the material analyzed here, the qualitative predictions of an uniaxial type of anisot-
ropy with optical axis aligned with the <001> crystallographic direction can certainly be
trusted. Taking this into account, the polarizability tensors of metal inclusions in each lattice
subset can be written as:

a,le,) 0 0 a,(e,) 0 0
aV = 0 a,,(€,) 0 [,a®=l o0 a,,(¢,) 0 |,
0 0 oyle,) 0 0 ole,)
a,le,) 0 0
a¥=l 0 a,le,) 0
O O a3,3 (80)

where the (xi(f;) coefficients are determined according to (3.16). This can be done because the

optical axis of the effective medium is always aligned with one of the axes of an inclusion
ellipsoid for porous silicon etched on (110)-oriented substrate, as illustrated in Fig. 3.8a for
inclusions from 1% and 2™ subsets and Fig. 3.8b for inclusions from 3™ subset. Silicon “parti-
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cles” in this approximation can be assumed to have spherical shape. It makes sense to pre-
serve the reference coordinate system in the silicon “particles” matrix. In this case,

gSi _80 0 O
£y +2€,
n E, — &
a(4) — 0 Si e O
£ +2¢,
0 SSi _gn
£ +2¢,

Hence, equation (3.18) can be rewritten into a system of two equations with two unknowns
(& and &,):

(4)+p_17"”

(1 — p)al,l M O (2)

2 3
(al,l o5+ +0‘3(,3))+p"”'05§,2) =0
(3.19)

p— .’/‘
(- plas? +%(0652 +a)+por-al) =0

Since according to the assumptions the metal “particles” in each of the lattices have the same
shape and volume, (3.19) can be further simplified to:

(1= plor + £=F=

(1-plosh +(p—p-rlegs +pr-a) =0

(@ +a)+p-r-af)=0 (3.20)

Equation (3.20) can be easily solved numerically.

Based on this model, Fig. 3.9 gives the numerically calculated spectral dependences of the
refractive indices of the ordinary and extraordinary waves for the silver/porous silicon system
on (110)-oriented substrate composites. Fig. 3.9a and 3.9¢ give the spectral dependences of
the real parts of the refractive indices for the composites with 1 % and 0.1 % metal filling
fractions respectively, while Fig. 3.9b and 3.9d give the spectral dependences of the imagi-
nary parts of the refractive indices (also known as attenuation coefficients). In all the figures
the silver ellipsoids were assumed to be of an elongated shape with a longer axis of 15 nm
and shorter axes of 10 nm.
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Figure 3.9. Numerically calculated spectral dependences of the a) real and b) imaginary parts
of the refractive indices of ordinary and extraordinary waves, and numerically calculated
spectral dependences of the c) real and d) imaginary parts of the refractive indices of ordinary
and extraordinary waves case for a material composed of silver-filled porous silicon etched
on (110)-oriented substrate and a 1 % filling fraction of metal.

The parameter » (see above) was assumed to be 0.1. One can see that the optical anisotropy of
such a material is indeed expected to be quite high. While at 0.1 % filling fraction the calcu-
lated dependences (Figs. 3.9c and 3.9d) of the reflective indices closely resemble those ob-
tained with the generalized Maxwell-Garnet methodology (Fig. 3.7), for filling fractions still
as small as 1 %, the spectral dependences are changing shape dramatically. However, the sur-
face plasmon enhancement of the optical anisotropy at certain wavelengths is still very
strong.
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Figure 3.10. Numerically calculated spectral dependences of the relative optical anisotropy
of the silver-filled porous silicon etched on (110)-oriented substrate for 0.1 % and 1 % filling
fraction of silver and of the air-filled porous silicon etched on (110)-oriented substrate with 1
% porosity (multiplied by 50).

Fig. 3.10 presents the spectral dependences of the relative optical anisotropies (|1, - 1¢|/n,) of
the silver-filled porous silicon etched on (110)-oriented substrate for 0.1 % and 1 % filling
fraction of silver and of the air-filled porous silicon etched on (110)-oriented substrate with 1
% porosity. One can see that an almost 100-fold enhancement of the optical anisotropy can be
achieved due to the surface plasmon resonance on silver ellipsoids.

The analyzed material can also exhibit quite interesting properties at intermediate filling frac-
tions. For example, Fig. 3.11 shows the numerically calculated spectral dependences of the
dielectric permittivity tensor coefficients for the silver-filled porous silicon etched on (110)-
oriented substrate with 17 % volume fraction of metal. Fig. 3.11a) gives the spectral depend-
ences of the real parts of the effective dielectric permittivity tensor coefficients, while Fig.
3.11b) presents the spectral dependences of the imaginary parts of those. One can see that the
theory predicts different signs of the diagonal elements of the effective dielectric permittivity
tensor around 1250-1775 nm wavelengths. Materials having these parameters within this
spectral range belong to the class of materials with “indefinite” permittivity tensors, using the
terminology introduced in [115]. It turns out that “indefinite” materials based on porosity of-
fer quite peculiar optical properties. For example, some of the optical modes (surface or bulk)
in such materials exist only for certain directions of propagations, but disappear in other di-
rections, a property that can be used in e.g. spatial filtering. However, it should be noted that
according to the model presented here, the losses in the analyzed material within the “indefi-
nite” parameter range will be high (see the large anisotropic imaginary part of the effective
dielectric permittivity tensor elements given in Fig. 3.11b). Also, as will be shown in Chapter
IV, the quantitative accuracy of the model presented here deteriorates at such concentrations.
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Figure 3.11. Numerically calculated spectral dependences of the a) real and b) imaginary
parts of the effective dielectric permittivity tensor coefficients of the material composed of
silver-filled porous silicon etched on (110)-oriented substrate for the case of 17 % filling
fraction of metal.

Another interesting effect that should take place in the metal-filled porous silicon etched on
(110)-oriented substrates is an enhancement of various nonlinear properties such as Raman
scattering and higher order harmonic generation (second, third harmonics, etc.). Such effects
should be greatly enhanced due to the very strong enhancement of the electromagnetic field
in the vicinity of metal inclusions. Moreover, uniaxial anisotropy of the analyzed material
should make it possible to achieve phase matching (a must in order to get strong coupling be-
tween irradiated and double frequency waves). A more detailed consideration of the nonlin-
ear response of analyzed material is given below.

3.8. Effective Medium Approach for the Estimation of the Second Harmonic Gen-
eration in Certain Porous Semiconductor Materials

Porous semiconductors offer the opportunity of engineering not only their linear optical prop-
erties (as was described in Chapter II and the preceeding part of this Chapter), but nonlinear
optical properties as well, as quite recently has been also shown in [11, 29, 116-118]. How-
ever, a calculation technique for predicting the nonlinear properties of various porous materi-
als is still missing. In last part of this Chapter, I will present a theoretical approach based on
effective medium theory, which permits numerical analysis of such materials.

Nonlinear phenomena in some composite materials were already considered on the basis of
the effective medium approaches by a number of authors [120-122]. For example, in [121]
composites made by mixing isotropic materials were considered. However, for the inclusions
in the composite matrix, a random distribution was assumed. In [120] the case of anisotropic
inclusions was treated. However, only two options were discussed: random distribution or
alignment of the inclusions.

The class of materials considered here (anisotropic composite consisting of a mixture of iso-
tropic materials) does not belong to any of the cases already considered, and has some dis-
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tinct peculiarities requiring separate consideration. Here I will use a (somewhat modified)
approach for the third and second order nonlinearity given in [120]

3.9. Effective Nonlinear Susceptibility Tensor Calculations

In anisotropic nonlinear materials the local displacement vector D is connected to the local
electric field vector E as:

D, =gk, +d, EE + x,EE, E +.. (3.21)
where D; and E; are the Cartesian components of D and E, g, dj and X are second-, third-
and fourth-rank Cartesian tensors. The Einstein convention that repeated indices are summed
over will be used from now on. In this consideration, let’s limit ourselves to the first and sec-
ond order terms only, i.e., y;x and higher order susceptibilities will be neglected. Further-
more, only the weakly nonlinear regime will be considered, i.e. dj 1s assumed to be small
compared to &;.

The material considered is composed of a host medium with isotropic dielectric permittivity
&% and anisotropic second order nonlinear susceptibilityd,;,f ). which contains a number of
inclusions (such as filled or unfilled pores) having an isotropic dielectric permittivity £V and
an anisotropic second order nonlinear susceptibility d ;i) It is further assumed that the inclu-
sions are arranged in N subsets characterized by a special direction, and that the size, shape,
and orientation (including orientation of the d ;.i)) are the same in each subset relative to the
special direction of the subset. The inclusions are aligned in the special direction of their sub-
set but are otherwise distributed randomly within the composite. In other words, the same
material as previously considered in this Chapter is now considered to have some nonzero
nonlinear susceptibility.

é(fff)

For the definition of the effective dielectric permittivity and the second order nonlinear

susceptibility @, the following relation will be used:
<D, >=eE} +dVEE] + yEVE] E) +... (3.22)

Where <...> denotes a volume average and E are the Cartesian components of the electric

field vector of the incident electromagnetic wave. Following the approach presented in [120],
the local electric field in the composite may be written as:

E=E" +6E (3.23)

where E“" is the local electric field that would exist in a linear composite with the same
spatial distribution of the dielectric permittivity, but with d;; = 0 everywhere in the compos-
ite, and OF is the additional electric field due to nonlinearity, which is by definition of at
least first order in djy. Following derivations similar to those presented in [120] one can ob-
tain the following formulas for the effective dielectric permittivity and for the second order
nonlinear permeability:
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[e@®E™E™d*x

i J
el 7

Y VE'E!

J-d()?) E(lin)E(lin)E(lin)de
i,jk i J k

d =

ik

o VE'EE,

where the integration is carried out over some volume V. Remembering the assumptions
about the analyzed material, these formulas can be written in the following form:

V[Elflin),BE;lin),BdSX IEi(lin),lE;Iin),fdsx
(eff) _ o(B) Vs "
€ Jj € 00 +E€ 00
VE'E' VE'E!
(3.24)
IEi(lin),BE;lin),BElilin),BdSX J‘Ei(zin),]E;zm)JEIElin),ld 3x
2 14 I Vi
dD) =q® L +d" (3.25)
i,j.k i,j.k 0770 770 i,j.k 0770 70 .
VE'E'E" VE'EE;

where the integration is now performed over either the bulk (or host) material volume (V) or
the inclusion volume (V7). Since both inclusions and the host are considered to have isotropic
dielectric permittivity, a coordinate system will exist, in which the effective dielectric permit-
tivity tensor of the composite will be diagonalizable. In this system Equation (3.24) can be
rewritten as

J'(Ei(lin),B )2 dx J-(Ei(lin),l )2 dx
¢ Vp Vi
€i(,im _e® V(EQ)Z 4 V(E9)2 (3.26)

1 1

Following the approach presented in [120], the volume average of the squared electric field
projections in both the bulk material and inclusions can be estimated from partial derivatives
of effective dielectric constant tensor elements. From (3.26) it follows that

(e g3 s pims L s 5 g OB s
g _ :!-(El ) x+€(B) V;[ g oe'? ’ +e V',[ g oe® *
e (g r(eey v(eef
(3.27)
EM™) q? s ptima OB s 5 piima OE"" s
agi(jﬂr) _ VJ( ! ) X " V.{[ i e * " V{ i e by
) o T€ .y +e .
d€ V(Ei ) V(E[ ) V(Ei )
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These equations are too unwieldy for the problem considered, and additional approximations
are required. In [120] it was suggested that one could make the following estimation of cer-
tain terms in (3.27) within the limits of the Nonlinear Decoupling Approximation (NDA)
[121, 123]:

A Engn),1 A Egzin),g
IZE[(ll”)’I aat(l)dSX Jin(ll”)»B aa’ D d3x
£ &
PURY _ ye® s . ~0 (3.28)
v(E?) v(E])

Under such an assumption (3.27) takes the following simple form:

J‘(Ei(zm),] )2 dx

el
7 e
(3.29)
in),B \?
agi(jff) i V;!-( I,(l )B) dx
9e® V(Eio)z

However, no proof of the validity of approximation (3.28) was published to the best of my
knowledge. Here I will provide such a proof:

Equation (3.28) can be rewritten in a following form:

) Flin) — A 8E.(””) -
jg(f)E;f’“(f)aEl ) <8(F)E}l’”)(7)’ 1(r)>
e oe”
- = O & v = O

Within the NDA approximation the following estimation holds:

_ i (2 OE™ (F) %L ()
<e(r)E§ )(r)agm> (e()E™ (7)) <ae”

@7 ) (&) (330

i 1 1

In a first order approximation

EMI(F)=E =4 -(e® —eV)E>  E"™S(F)=E’+ % -(6® -V )E*  (3.31)

1

7 B .- . .. (lin) 0 f(i) 013
where y" and y° are some positive coefficients (it is so because E* ' = E° + —— , and
gB
in first order approximation, as was shown in Paragraph 3.3, P is proportional

to(e® —&")E). Hence,
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aEi(lin) (’-;) B aEi(lin) (’—;) aEi(lin) (’—;) B , . ) .
<3€“)>V_< o0 | T\ Taem ) B, -0 B, G

From another point of view as follows from Bruggeman assumption

<E,.<”">>V =E°. (3.33)

By substituting (3.31) into (3.33), one can obtain

<E,»O ! _(8(3) _8(1))Eio>w +<Ei0 + 7" _(g(B) _8(1))EiO>VB =E'®

<::><}(1 .(g(m _8(1))E1'0>V1 —<ZB .(g(B) —g(”)EiO> =0

VB
<:::><Z] .E"O>V1 _<XB .E'Q>VB =0
(3.34)

By substituting (3.34) into (3.32) the following obtains:

<aEi( in)(l',:)> S (3.35)

e
and by substituting (3.35) into (3.30):

— o (lin) (= M
<8(7’)E,» (7) e |, <g(7)Ei(li") (’7)>V 0
(E°) (£7)

This means that under the approximation used in (3.30), the following indeed holds true:

)=

A  (im.d A £ (in).B
IZE[(lt"),l aa’ 5 d’x Jin(’”‘)’B aa’ od ’x
gL < +e® L ¢ ~0
V(e ) v(E)

Defining the porosity p as p = V;/V=V; /(V;+V3p), from (3.29) it follows that

<(Ei(lin)’1 )2>1 ) | agi(jﬂ‘)
() poe”

1

(3.36)

Where < > , means average value over the volume of all the inclusions (filled or nonfilled

pores). Similarly,
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<(E,~(lm)’3 )2>B 19
(£'f  (-p) e

(3.37)

Returning now to (3.25), let’s study the case when only the semiconductor host has a nonzero
nonlinear susceptibility. In this case (3.25) takes the following form:

IEi(lin),BE;lin),BElilin),BdSX
. ,,
4 =g® L
,Jk ,Jk
R VE'E'E"

(3.38)

Let’s further assume that only elements with indices {i,i,j} or {j,i,i}of the semiconductor host
second order susceptibility are not equal to zero (which is quite a reasonable assumption for
at least some semiconductor materials [119]). In this case (3.38) can be written as:

(E,(””)’B )2 Ejgm),B
&Y &

i J B

di =d,(1-p)

ii,j ii,j

(3.39)

Next, let’s make the assumption that the signs of the Ej(.li")’B and EJ0 are always the same

within semiconductor host, which is a fairly reasonable assumption for air-filled pores and
holds for metal-filled pores in the case of a small porosities (i.e., small filling fraction of the
(lin), B (lin), B
. . . . E; E;
metal in the composite material). In this case, — = -
E’ E
J

J

, and one can rewrite

(3.39) as

e (Ei(li")’B )2 |E§1in),3|
dii;y =di;;(1=p) (EO)2 ‘ JE? ‘

i

B

Within the limits of nonlinear decoupling approximation (NDA), one can obtain:

(tin),B \2 (lin),B| ( (lin),B )2 | (lin),B|
(Ei ) |EJ Ei Ej

E) L e, N ey LN E

By applying NDA again and substituting the results into (3.39), one can obtain the following
estimation of the second order effective susceptibility of the composite material:

. o'l [9g'D
(eff) - 7(B) ii ,
di,i,j - di,[,j (1 - p) ag(g) aé‘j(;) . (3.40)

Equation (3.40) is the main theoretical formula of this paragraph. It allows to estimate the
effective nonlinear susceptibilities of composite materials as described (such as porous semi-
conductors) from the effective dielectric tensor values of said materials, which can be found
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reasonably accurately based on effective medium approaches described previously in this
Chapter. For the case of second harmonic generation, (3.40) must be evaluated in the form:

JEDSH g Bt g () ag;ij‘) (20) 341
i, =i (I-p) 9e® () 22 ). (3.41)

(e)

i,i

5e® (a)) stands for the value of the partial derivative of the effective permittivity ten-
E

where

()
i,i

2B (2w)stands for the value of this partial derivative at
£

sor element at the frequency o,

twice the frequency 2.

3.10. SHG from Silver-filled Pores Etched into a (110) Substrate

In this section I will apply this theory to the case of mesoporous (110)-oriented silicon sub-
strates where the pores have been filled with metals (silver in this case) supporting surface-
plasmons, i.e., I will use the results, obtained earlier in this Chapter (paragraph 3.7). Numeri-
cally calculated spectral dependences of the refractive indices of the ordinary and extraordi-
nary waves for the silver/porous silicon system on (110)-oriented substrate composites are
given in Fig. 3.9.
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Figure 3.12. Numerically calculated spectral dependences of the a) real, and b) imagi-
(eff)

nary parts of e @

coefficients of the silver/ porous silicon etched on (110)-oriented

wafer with filling fraction of the silver ellipsoids of 1 volume percent.
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Fig. 3.12 gives the numerically calculated spectral dependences of the real (Fig. 3.12a) and
(eff)

imaginary (Fig. 3.12b) parts of the 8#

- coefficients for such a composite. These coeffi-
£

cients, as follows from the theory derived in the previous section (see eqs. (3.40-3.41)) essen-
tially define the second order nonlinear response of the composite material. The surface
plasmon-caused peaks are clearly visible. Also, they are spectrally separated for ordinary and
extraordinary waves.

By using the results obtained and Eq. (3.41), we now are ready to estimate the SHG coeffi-
cients for the composite. Fig. 3.13 shows the numerically calculated spectral dependences of
the

RYRCA) et RYCA) et

B o) B (2w) (denoted as o/e), ﬁ(a)) #(2(0) (denoted as e/0),
o€ o€ o€ o€
RYCA) et (eff) et

(2w) (denoted as e/e) coeffi-

o€,
5e® w 3e® (2w) (denoted as 0/0) and 5e® w 3e®

cients, again for the composite material analyzed in relation to Fig. 3.12. One can see that the
(eff) RFYRC)

o

ag(B) @ ag(B)

strongest enhancement factor is predicted for the (2m) coefficient at

around 1700 nm wavelength.

This result can be intuitively understood from the following considerations: due to the ellipti-
cal structure of the metal particles and three directions of preferential alignment of these par-
ticles, for some frequencies the electromagnetic field of the pump waves and the electromag-
netic field of the second harmonic waves get simultaneously enhanced, leading to overall
strong enhancement of the SHG. Hence, it can be concluded that the theory presented above
is in agreement with the intuitive expectations; a satisfactory result given the somewhat tenta-
tive character of the theory considering the many approximations.
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3.11.  Discussion of SHG in Certain Porous Semiconductor Composites

The quantitative result presented for a complex metamaterials could only be obtained by us-
ing a number of approximations and assumptions. Most of these are well understood or quite
reasonable and it is generally possible to estimate that the will not significantly question the
validity of the results obtained. The main approximation used in presented derivation that
possibly limits the applicability of the developed theory, is the Nonlinear Decoupling ap-
proximation, introduced in [121], and [123]. This approximation is based on an assumption

L2 . 2
that the fluctuations of the electric field <‘E;l’”)‘ >— <‘E;l’”)‘> within the /™ component are

12\ 2
small compared to <‘ E;lm) > itself. This approximation is the most accurate in metamateri-

als, for which the electric field is nearly uniform within the nonlinear component, and less
accurate when those fluctuations are large (such as near the percolation threshold). For the
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material examined here, the conditions were quite far from the percolation threshold, so the
qualitative and quantitative results obtained should be fairly accurate. It should be also noted
that the NDA approximation has been widely accepted, and its use in the present context thus
appears to be justified; the more so since the result obtained appear to be quite reasonable
from a qualitative point of view.

The theory is easily extend to other hosts and pores geometries. In this context it should be
noted that it is generally possible to engineer the pore structures in semiconductors; for ex-
ample the pore sizes (and, hence the axes of pore ellipsoids) can vary in to large extent by
changing electrochemical etching parameters (such as silicon doping level, electrolyte com-
position, current density during etching, etc.). This, in turn, gives the opportunity to “tune”
the theoretically predicted SHG enhancement band over a potentially wide spectral range to
the near IR range currently practically important for SHG (e.g. YAG laser, powerful semi-
conductor lasers).

It should also be noted that the formalism developed here could be used for calculation of
other second-order nonlinear processes, such as parametric amplification and frequency up-
conversion.

3.12.  Conclusions of Chapter III

A number of modifications to an effective medium theory have been made in order to adapt it
for the calculation of linear and nonlinear optical properties a certain classes of porous semi-
conductors and porous semiconductor-based composite materials. In particular, the cases of
pores in silicon etched in (110)-oriented substrates, and porous III-V compound semiconduc-
tors were considered, together with the case of silver-filled mesoporous silicon etched in
(110)-oriented substrates. Optical anisotropy of such materials was explained and the biaxial
anisotropy in porous III-V compound semiconductors was predicted at certain anodization
conditions. Strong enhancement of the second harmonic generation efficiency was predicted
for certain wavelengths in metal-filled mesoporous silicon etched on (110)-oriented substrate.
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4. THEORETICAL ANALYSIS OF OPTICAL AND MAGNETO-OPTICAL
PHENOMENA IN METAL NANOCOMPOSITES

Chapter 1V

Theoretical Analysis of Optical and Magneto-Optical Phe-
nomena in Metal Nanocomposites

4.1. Introduction

While the exploration of the peculiar optical properties of composite materials consisting of
metal nanoparticles (or, in another terminology, nanoclusters) embedded into a transparent
dielectric matrix dates back to the Middle Ages [1], the first step to an understanding of the
metal nanoparticle properties can be attributed to the work of Michael Faraday in the 19™
century [2]. Possible applications include sensing [124] (including single-molecule detection
[125]), enhancement of nonlinear processes [8], materials with otherwise unavailable optical
properties, such as, for example substantial deviation from unity of the magnetic permeability
at visible wavelengths [9], and many more. This area of research very recently became
“mainstream” in the optical sciences under the heading “plasmonics”, with the goal of creat-
ing plasmonic integrated optical components and circuits [10].

Despite of the fact that this area of optics is relatively old, a number of topics in the optics of
metal nanocomposites are not yet sufficiently developed. For example, there is still no widely
accepted accurate and simple model that permits the calculation of linear optical properties of
metal nanocomposites for intermediate metal filling fractions (5 % to 15 %). The theory of
magneto-optical properties of metal nanocomposites is even less developed — there are only a
few papers addressing some limited cases - despite of the clear promise of metal nanocompo-
sites to enhance magneto-optical effects [126]. This chapter is intended to fill this void in
theory and modeling of metal nanocomposites.

In the first part of this chapter a modified effective medium approximation (EMA), account-
ing for higher order interactions between metal nanoparticles in metal-dielectric composite
materials, is presented. An experimental section, which elucidates the details of the compos-
ite material preparation, as well as results of the structural and optical characterization of the
material, is given first. Next, a modified EMA is introduced, and the theoretical results are
applied to a composite material consisting of randomly distributed spherical gold nanoparti-
cles. Finally, the comparison of experimental results and theoretical predictions and analysis
is provided. It is shown that the theory presented considerably expands the applicability range
of EMA to up to a ~20 % metal filling fraction at very little additional computational ex-
penses. It is also demonstrated that the new theory permits to extract additional information
from the optical characterization of the composite material, such as the distribution of inter-
particle distances in a composite.

Another part of this chapter presents the theoretical formalism needed for the calculation of
magneto-optical properties of metal nanocomposites. A number of metal/dielectric nanocom-
posites comprising magneto-optically active media (either as a magnetic or dielectric part of
the composite) are evaluated. In particular, the magneto-optical activity of such composites is
theoretically evaluated around the plasmon resonance conditions. A number of compound
materials with significantly enhanced magneto-optical activity is proposed.
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In the last part of this chapter the calculations of magneto-optical properties of the metal-
dielectric composites containing core-shell nanoparticles is presented. With the resent break-
throughs in core-shell nanoparticles fabrication (see [127] and references therein) such com-
posites become available for research and commercial applications. It is theoretically shown
that core-shell nanocomposites present a significant promise in magneto-optics as well.

4.2. Linear Optical Properties of Metal Nanocomposites: Background

A considerable number of theoretical models and theories devoted to the optical response of
metal particles dispersed in a transparent dielectric material have been developed up to date.
At the beginning of the 20th century, Mie already gave a complete solution to the problem of
light absorption and scattering from a single metallic particle [128]. Later models accounting
for the collective properties of metal particles in composites were developed. Models that be-
came classical are the Maxwell-Garnett (MG) theory [38], and the Bruggeman effective me-
dium approximation (EMA) [14]. Both these models are still actively used today due to the
ease with which one may calculate the dielectric constants of the composite - despite of con-
siderable shortcomings of these theories, which limit accurate predictions to low concentra-
tions of the metal. And even for low metal concentrations it was shown that both models fall
short of correct predictions of the far infrared absorption [129].

For metal concentrations close to percolation conditions, a number of models were developed
as well; such as a scaling approach [130-132] which offers the empirical formulas for the cal-
culation of the divergence of the dielectric function in a close vicinity of the percolation
threshold: an approach based on depolarization distribution functions (see, for example, [133,
134]), which is relatively straightforward if accounting for just the dipole polarizabilities and
accurate at low concentration limits, but getting complex if accounting higher order polariza-
bilities; or various cluster-related approaches [135, 136] that are usually limited to some spe-
cific distribution of the metal particles in a composite, to name just a few. Calculations of in-
dividual fractal clusters were also performed by a number of authors [137, 138] using the
Discrete Dipole Approximation (DDA) method. While giving accurate results, DDA is com-
plex, and in most cases requires quite substantial knowledge of the topology of the compos-
ites.

In general both the low metal concentration limit and the “close-to-the-percolation” limit are
covered quite satisfactorily with the theories already proposed. This is not the case, however,
for intermediate metal filling fractions, when the EMA, MG and other models are no longer
applicable due to the multi-polar polarizability contributions, while scaling theories are not
yet applicable because the conditions are too far off the percolation threshold. While several
interesting methodologies were suggested, such as, for example, a diagrammatic approach by
Barrera [139, 140], or the method of Grechko [141], both methodologies showed limited re-
production of the experimental results at intermediate metal filling fractions.

Here 1 present a modification of EMA, capable of accounting for higher order interactions
between metal nanoparticles in metal-dielectric composite materials. The approach given
considerably expands the applicability limits of EMA, while still keeping the computations
simple. In additions, I present a technique allowing to extract additional information from the
optical characterization of the composite material, such as the distribution of the interparticle
distances in a composite (in addition to the corrected identification of the concentration of the
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metal particles). An experimental section is given first, to identify the kind of composite ma-
terial used for checking the theory, and to validate the reasonableness of the assumptions
used.
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4.3. Experimental Results

Nanocomposite metal-polymer films prepared by vapor-phase co-deposition of Au and poly-
mers in high vacuum is a good testing system for the optical models, since such a fabrication
technique offers unique control not only over the metal filling fraction, nanoparticles size and
spacing, but also over the dimensionality of the nanocomposite layer (see [142-145]). Such a
method was chosen for the work reported.

Au-polystyrene nanocomposite films were synthesized by vacuum phase deposition of metal
and polymer. Due to the extreme difference in cohesive energy between metal and polymer
and the small metal/polymer interaction, spherical Au nanoparticles are formed either on the
polymer surface or they are embedded into the polymer, as was shown in [143]. The good
control over the size and interparticle distance provided by this technique allows a thorough
study of how the particle plasmon modes depend on the particle size and distributions. The
nanocomposite films were characterized with the different techniques like TEM, EDX, XPS,
and UV-Vis spectroscopy as recently described in [142].
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The optical properties were studied using an UV/Vis/NIR-spectrometer Lambda900 (Perkin
Elmer). To obtain information about the morphology and the particle size and particle distri-
bution in the nanocomposite films, TEM micrographs (Philips CM 30 TEM) were taken after
deposition of nanocomposite films on carbon TEM-grids. Thickness measurements and EDX
analysis were performed to determine the metal filling factors.

4.3.1.

Two-dimensional planar gold nanoparticle arrays were prepared by deposition of Au directly
on a polystyrene surface. The monodisperse polystyrene (PS) (M,, = 212000 g/mol, M,,/M, <
1.1) used in the experiments was obtained from Aldrich Chemical Company as a powder. The
polymer films (with a thickness of approximately 200 nm) were prepared by dissolving the
polymer powder in toluene (27 g/l) and spin coating on a silicon wafer with a native oxide
layer. The PS samples were then annealed under UHV conditions for 40 min. at a tempera-
ture of 130°C, and then slowly cooled to room temperature with a constant cooling rate of
1K/min. Next, Gold (99.99 % pure, Good Fellow Industries) was evaporated from a heated
Mo crucible mounted in the preparation chamber of the XPS spectrometer (Omicron Full
Lab). The deposition rate R and the nominal thickness Rt were monitored by a quartz crystal
microbalance, which was calibrated gravimetrically. The nominal or equivalent thickness,
which is a measure for the amount of metal evaporated onto the surface, was identified by
accounting for the condensation (sticking) coefficient of Au atoms on polystyrene, which was
determined previously [144].

Noble metals exhibit a strong aggregation tendency during deposition on polymers due to the
fact that the cohesive energy of metals is typically two orders of magnitude higher than that
of polymers, and the interaction between moderately reactive metals and polymers is gener-
ally very weak in comparison to the strong metal-metal binding forces. For these reasons
metals of low reactivity like gold do not wet untreated polymer surfaces and form random
distributed spherical nanoparticles during vacuum deposition [145]. To avoid various sources
of inhomogeneities in particle growth, an Ar ion pre-treatment of the polymer surface was
performed. This treatment of the polymer surface with a low ion dose creates a definite num-
ber of surface adsorption sites (nucleation centers), the number of which is proportional to the
ion flux. As was demonstrated in [145], Au adatoms are diffusing on the surface until being
caught at an ion-treatment caused nucleation center. This procedure allows the synthesis of
two-dimensional nanoparticle arrays with well-controlled surface density.

During vacuum deposition process the uniformly distributed spherical nanoparticles growth
on the surface until they coalesce (around percolation threshold) and then form a continuous
film at high metal coverage. Before the percolation the size of nanoparticles increases propor-
tionally to 1" where ¢ is the nominal (received from quartz monitor) Au thickness. Fig. 4.1a
shows a typical TEM image of the two dimensional Au nanoparticle array with nominal Au
thickness of 0.2 nm. Au nanoparticle density N, was ~5x10'* cm™ (average interparticle dis-
tance ~ 5.3 nm) and average nanoparticle diameter was 2.7 nm as it is apparent from Fig.
4.1b. The nanoparticle diameter distribution had a nearly-Gaussian shape with 0.5 nm stan-
dard deviation. At such a dosage of Ar+ treatment (i.e., at such a surface density of nucleation
sites) during the deposition of additional Au, the cluster size grows until the nanoparticles
coalesce near percolation threshold at ~2.2 nm nominal Au coverage.
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Figure 4.2. Optical extinction data for Au nanoparticles recorded for 4 different nominal Au
thicknesses.

The typical extinction UV-Vis spectra at different Au thicknesses are shown in Fig 4.2. Plas-
mon oscillations are excited within the Au particles, which manifest themselves as a peak in a
spectral dependence of the absorption. The spectral position, strength, width and shape of the
plasmon resonance (PR) peak strongly depend on the nanoparticle size, interparticle distance
and other parameters, thus giving a good testing data for the theoretical model, as will be
shown later in this paper.

4.3.2. Three-Dimensional Au-Polystyrene Nanocomposite Films

Three dimensional nanocomposite films were prepared by simultaneous evaporation of gold
with Poly(a-methylstyrene) [P(a-MS)] (ALDRICH) on glass substrates at room temperature.
XPS shows that the chemical structure of the deposited polymer films was similar to the pris-
tine polymers. Two quartz-crystal monitors were used for independent control of the deposi-
tion rates of the metal and organic species. In nanocomposite films synthesized by simultane-
ous metal-polymer evaporation, metal particles are uniformly dispersed and fixed in a poly-
mer matrix (see TEM images in Fig. 4.3).

The percolation threshold in three dimensional films was identified through the resistance
measurements of the nanocomposite, since percolation manifests itself as an abrupt change in
the resistance characteristics from the insulation to the conductance regimes. Percolation
threshold was observed at metal filling fraction around 20 %. The average values of the ratio
of nanoparticle radius to interparticle distance in a case of 3D composite films were estimated
in range ~ 0.3-0.5 for filling factors between 9.5 % and 21 %. The typical extinction UV-Vis
spectra of 3D nanocomposites at different Au filling fractions are shown in Fig. 4.4.
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Figure 4.3. TEM micrographs of Au-polystyrene three dimensional nanocomposite films at
various Au volume filling factors. a) 5 % , b) percolation — 21 %.
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Figure 4.4. Normalized extinction UV-Vis spectra of 3D Au-polystyrene nanocompo-
site films at different metal filling.
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4.4. Modified Effective Medium Approximation

Before deriving the modified EMA it is worthwhile to overview the list of assumptions that
can be made in relation to the considered nanocomposite material. It is reasonable to assume
that the polymer material has an isotropic dielectric permittivity £®, independent on the
metal filling fraction. Based on TEM investigation of both 2D and 3D nanocomposite materi-
als it is further reasonable to assume a random distribution of the metal nanoparticles either
over the surface of the polymer (as in 2D case) or over some volume (as in 3D case). It is ob-
vious from TEM images that no fractal-like metal structures are formed at least up to a close
vicinity of the percolation threshold. It is also reasonable to assume that the dielectric permit-
tivity £€” of metal nanoparticles is isotropic. However, the dependence of £” on the nanopar-
ticle size cannot be neglected, especially taking into account the small size of nanoparticles in
experimental samples (less than 3 nm in the 2D case and less than 10 nm in the 3D case).

Following [137] we will assume that the size-dependence of the relaxation time y is dominant

and can be approximated as y(R) =7y, + Vr/ where vp is the Fermi velocity, R is the radius

R >
of the nanoparticle and y_ is the relaxation time of the bulk gold. From the Drude formula it
follows that the dielectric permittivity £” of the gold nanoparticle is given by

m m 'v a) v oo
e (R)=el" +it——r —F%» (4.1)
R w,+y. R w,+7y.

where £ is the bulk value of the dielectric permittivity of bulk gold, and @, is the plasma

frequency of gold. Equation (4.1) is quite convenient since it permits an estimation of the
size-dependent correction to the dielectric permittivity, while using the tabulated values of
bulk gold (i.e., values taken, e.g., from [146], which deviate from Drude-like behavior at
short wavelengths). Such an approximation was used in this work. Fig 4.5 shows the calcu-
lated size-dependent corrections to the Au dielectric permittivity for 2 nm diameter nanopar-
ticle according to Eq. (4.1)

0.1 | | | | Figure 4.5. Numerically calculated spectral
dependences of the size-dependent correc-
tions to the real (blue curve) and imaginary
@ (red curve) parts of the dielectric constant of
* Lop syt Au nanoparticle with 2 nm diameter; ac-
cording to Eq. (4.1).
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Another assumption that is made in this work is the spherical shape of nanoparticles (at least
till close to percolation threshold conditions). TEM investigations, however, do not provide a
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definite confirmation for the validity of such an assumption. Since from another point of view
it was shown [127] that a deviation from the spherical shape of the nanoparticles can cause
quite a substantial shift and reshaping of the plasmon resonance absorption peak; so this is a
crucial point. Fortunately, optical measurements can provide some insight into the problem.
The peculiarity of the nanoparticle formation mechanism is such that the formation of ellipti-
cally shaped nanoparticles having their major axis oriented at angles different from 0° or 90°
to the normal direction of the polymer surface is energetically unfavorable. In other words, if
an elliptical shape of the nanoparticles is assumed, such particles would be either prolate or
oblate ellipsoids with their axis being normal to the polymer surface. However, a layer com-
posed of such particles would inevitably exhibit uniaxial anisotropy with an axis normal to
the polymer surface (see for example [147]). Such an anisotropy would cause a spectral shift
of the extinction of the composite film if the angle of incidence deviates from normal direc-
tion [147]. In order to validate such an assumption, measurements of absorption through the
2D nanocomposite film were made at different angles of incidence (see Fig. 4.6). One can see
that no spectral shift was observed, i.e. the gold nanoparticles must be quite close to perfect
spherical shape and the deviation from the spherical shape is randomly oriented, thus not
causing any detectable optical effects. Quite interestingly, the results of Fig. 4.6 also demon-
strate that the anisotropy due to the induced electrical polarization (image-dipoles) of the
polymer underneath the nanoparticles (see [147] and references therein) can be neglected as
well.
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Figure 4.6. Normalized absorption spectra of 2D Au-polystyrene nanocomposite taken at dif-
ferent angles of incidence.

Here 1 will expand the EMA [14] method to account for the interactions between metal
nanoparticles more accurately. The main assumption in the Bruggeman method is that the
total electrical polarizability of the composite material is equal to zero. In other words, the
total polarization of all the inclusions, embedded in the medium with effective dielectric pa-
rameters should vanish. In classical EMA [14] two kinds of inclusions are encountered, metal
em _ gler)

inclusions (which are also assumed to be spherical) with a total polarization of

spherical inclusions with a total polarization of P, (e‘(eﬁr )): f.., and dielectric
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) @) _ lef)
P, (g(e-” )) = 'id)—zg(eﬂ,)(l — f.),where f;, is the metal filling fraction and £%” is the effective
E 7+ 2

dielectric constant of the composite material. The classical EMA equitation for €D is as fol-
lows:

Pm (8(6.[/"')) + Pd(g(@?)) =0 (4_2)

In addition to the polarizabilities of metal and dielectric particles, in my model it is proposed
to account also for the polarization originating from metal particle dimers. In order to do that,
let’s start with the modeling of the polarizability of isolated metal nanoparticle dimers in an
insulating (and optically lossless) host.

4.5. Polarizability of Metal Nanoparticle Dimers

Over the last two decades the problem of accurately finding the polarizability of metal
nanoparticle dimers was solved at least twice. The latest solution is described in [148] and is
based on the so-called plasmon hybridization approach [149]. This method received a lot of
attention recently, because it provides the basic understanding of the physics that takes place
in the interacting particles. It also can be easily expanded to the case of particles with multi-
ple layers (nanoshells or “nanomatrushkas™) [150]. A rigorous algorithm for the calculation
of the optical response of interacting metal particles was developed in 1980" by Gerardy and
Auslos (see, e.g. [151-153], but this method is even more computationally intense than that of
Prodan and is much less intuitive. Here I will follow the plasmon hybridization approach for
the analysis of polarizability of metal nanoparticle dimer (after [148-150]).

In the plasmon hybridization approach it is assumed that conduction electrons in metal
nanoparticles form an incompressible, irrotational, charged fluid sitting on a top of a rigid,
uniform and positive background charge po, representing the ion cores. The entire particle is
assumed to be charge neutral. The dynamics of small deformations of the fluid is determined
from the Lagrangian of the system:

L=

nym, o1 ro(F)o(r)
: jnads 2[—|F_F'| ds.ds.. (4.3)

where © is the surface charge (“superficial charge”) distribution of the metal particle, 1 is a
scalar function satisfying the Laplace equation V?77 =0, ny is the electron density of the con-

duction electrons (i.e. unique for each particle material), m. is the electron mass. The first
term in (4.3) corresponds to the kinetic energy, while the second term contains the potential
energy. For a single solid metallic spherical particle the surface charge can be expressed as

/
o(Q,0)=nee) FS,M )Y, (Q), (4.4)
I,m

where Y;,,(€2) is a spherical harmonic of the solid angle €2, and e is the charge of the electron.
As was shown in [150], the dynamics of the deformation of a single isolated particle embed-
ded in vacuum is described by the Lagrangian:
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nym,
Ly=—2¢ > e N[S], —5,S],] (4.5)
l,m
where
[
a)S,l = C()B m (46)
4
where @, = zeny | is the bulk plasmon frequency, and /= 1,2... is the angular momentum

m

e

of the respective mode.

If retardation effects are neglected (which is permissible in the case considered, since both
particle sizes and the inter-particle separation distance are much smaller than the wavelength
of light), the potential energy of the dimer contains an additional term characterizing the Cou-
lomb interaction between the surface charges of the particles (after [148]):

c'(Q,)0(Q,)

7 =7

V'(x) = [RIdQ, [R}dQ, , 4.7)

which is a function of the separation distance x between the centers of the spherical particles.

It is fairly straightforward to expand (4.7) to the case of three or more particles. The potential
energy term will then have the following form:

0'(Q)0’(Q))

-7

rV ()= [R7dQ, [R}dQ, (4.72)
ij

where the summation is performed over each particle pair in a multi-particle assembly.

For the case of the dimer', as was shown in [148], due to axial symmetry, the interaction is
diagonal in the azimuthal quantum number m (see Eq. (4.5)), so the Lagrangian can be writ-
ten for each azimuthal quantum value separately in the following form:

L = B {( ~0}S2)5,, a’B LSS, (4.8)

where the interaction term Vif_;”) is zero if / and j refer to the same sphere; otherwise we have

Vo (x) = 4z /” R21+1R Idg in (P (clc;s)?(‘(;)l)zl P"(cosd),). (4.9)

! The same will hold fora “linear” trimer, etc.
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InEq.4.9; and lj stand for the angular moments of /™ and j™ particles, R; and R; are the radi-
uses of the 7' and j partlcle and the P, are Legendre polynomials of the second kind:

R -sin(6;) 2 2
o J,Xj:\/R +D*~2R-D-cos(6),)

(in both these expressions D = x).

0(9,) = arctg(

. oL™ 9 L™ .
From the set of equations — ———=0 one can conclude that the frequencies of the

s, at as,

plasmon modes in a particle dimer are eigenvalues of the following equation:

detl4™ —w*|=0, (4.10)

where the matrix A(m) is defined as:
A(m) = 5 + Y% - (V(’") +V(”’)). (4.11)

and oy is defined according to Eq. 4.6.

Prodan et al. [150] pointed out that the structure of the secular equation (4.10) is entirely
analogous to that for molecular levels obtained from atomic orbitals in a two-atom molecule.
For example, the case of dimer composed of two identical spheres is entirely analogous to the
case of the levels of an H, molecule. The matrix elements V;; describes the coupling (hybridi-
zation) between the modes / and j and results in separation-dependent shifts in the dimer
plasmon modes.

As an illustration, Fig. 4.7 gives the calculated plasmon energies of the lowest order plasmon
modes (m = 0, / = 1). The slight discrepancy with the results presented in [150] close to the
sphere touching point is due to the fact that in my program I truncated the expansion at /y.,x =
4, while in [150] the calculations included sphere plasmons with angular momentum up to
Imax = 50. It should be noted that such an accuracy is probably not needed in our case because
if the average distance between the particle centers approaches 2R (the parameter region
where such a large number of interacting plasmon modes needs to be taken into account), we
are getting very close to the percolation condition, so the accuracy of my model will not be
satisfactory anyway in this case.
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The behavior of the plasmon modes in a dimer is schematically illustrated in Fig. 4.8a. All
the modes of the individual metal particle split in two, and the value of splitting increases
with the decrease of the interparticle separation (as follows from Fig. 4.7).
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Figure 4.8. a) Plasmon hybridization in a nanoporaticle dimer (after [148]); b) Effect of av-
eraging over the distribution of dimers with some dispersion of particle separation.

If we will consider the nanoparticle dimer assembly with some distribution of the interparti-
cle distances in dimers, then due to the averaging over the distribution of interparticle separa-
tion, we will get energy bands (instead of energy levels) as schematically shown in Fig. 4.8b).
If the interparticle distance is not very close to 2R, then, as was mentioned in [148], the split-
ting will be proportional to x>. The effect of the embedding of the dimer into some effective
medium with some effective dielectric permittivity exceeding that of a host medium will re-
sult in some blue-shift of the energy levels of the dimer modes.
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4.6. Expansion of EMA by Accounting for Dimer Polarizabilities

After an understanding of the electromagnetic interaction of nanoparticle dimers has been
developed, we can now incorporate this knowledge into the EMA-type of model. In order to
simplify numerical calculations, some more assumptions are needed: In my model it is further
assumed that all the particles have the same radius R, and that the interparticle separation dis-
tance x obeys a Gaussian distribution law. While such an assumption is not obvious, it greatly
simplifies the necessary calculations, but, as will be shown below, still provides quite a rea-
sonable fit to the experimental data. Moreover, I limit the model to the quadrupole order of
expansion in interparticle interaction. Analytical formulas for the dimensionless polarizabili-
ties of two optically active modes of the dimer are fairly simple and can be found in [154]:

1
ay = 5 I
1-3t-22° —928(1 —2t—6zsj
(4.12)
1
a, = 5 )
1-3t+2° —328(1—2”425)
e .
where ¢ = ————/- and £ stands for either the polymer or the effective medium dielectric
E  —&

permittivity, and z = R/x, ze (0,0.5), is a dimensionless parameter.

As an illustration, Fig. 4.9 gives the numerically calculated spectral dependences of a;; (Fig.
4.9a) and a; (Fig. 4.9b) for different values of the ratio of nanoparticles radius to nanoparti-
cles separation in a dimer (z parameter). In these calculations the interparticle material was
assumed to be glass, and the bulk value of the Au dielectric constant was used. In such a case
the results of the calculations are independent of the nanoparticle dimensions, and are de-
pendent only on the z-parameter.

It is logical to assume a random orientation of the dimers in a composite material. In this case
the important parameter for the calculation of the effective properties is the “orientation-

averaged” polarizability of the nanoparticle dimer in the form of [%au +§a1,0] The nu-

merically calculated spectral dependence of the imaginary part of this term for different val-
ues of the z-parameter are plotted in Fig. 4.10. One can see that with an increase of the z-
parameter (which corresponds to a decrease of the spacing between the nanoparticles at fixed
particle size, or an increase in particle size at a fixed interparticle spacing), an increase in the
splitting of the resonance curve occurs with larger effects at the longer wavelength tail of the
resonance curve.
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Figure 4.9. Numerically calculated spectral dependences of the imaginary parts of the po-
larizabilities of the a) a;;, and b) a;( optically active modes of Au nanoparticle dimer embed-
ded in glass for different values of z-parameter (according to Eq. (4.12)).
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L - y-axis for easier comparison.
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In order to include the nanoparticle dimer-caused contribution described above to the electri-
cal polarization of the composite material in EMA, I propose to rewrite Eq. (4.2) in the fol-
lowing form:

A j F(x)- Bam(g“ff'),x) +%a1,0(g<ef"> : x)} cdx+ P (D) + P (g)=0, (4.13)

x=R

where  F(x) is the distribution function of the interparticle spacing,

em _g(eﬁ‘) _ e@ _8(627) -

D (o)) = D (eleff)) — . 7 .
P, (8 )— S 1 gl Lo Pd(e )— @ 1 20 f.; f, andf, are the appropriately

reduced filling fractions of the metal nanoparticles and the host material, respectively (by the
fraction of metal nanoparticles and the interparticle dielectric material accounted in dimers),
and 4 is the coefficient defining the relative contribution of the dimer polarizability (which
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will be found by fitting the experimental data). In general the type of the distribution of
nanoparticles in a composite determines the particular dependence of A on the metal filling
fraction. For a purely random placement of the particles I assume that it is linearly propor-

tional to the total metal filling fraction £, .

Equation (4.13) can be solved numerically (with substitution of the integration by a finite
sum). However, equation (4.13) can be simplified under the assumption that the dimer-caused
polarization contribution is small compared to P, (£'“”)and P,(¢'’"). This corresponds to
the case of concentrations reasonably far from the percolation limit. In this case the interac-
tion term in Eq, 4.13 can be assumed to be small in comparison to the other two terms, and

the effective dielectric permittivity of the composite can be found through an expansion in the
following way. Let’s use following abbreviations:

(e = B, () + P, (£ (4.14)
P = [ Fx): Ba (e, x) + %al,o(e“f“,x)} dx, (4.15)
x=R

where &% is the solution of the equation P(e“)=0, & is the solution of
P (e )+ P(e“D)=0, 8D = gD - gD Then the following equation holds to the first
order approximation:

of oP off ~ .
P()(g()(jf))—i_ ag(;f) (go(ff)), 5g(eff) +})1(80(ff)) =0 (416)

or:

&

@ g

. (eff)
@ _ P(g, ™) 4.17)

9p,
ag(fﬁ")

)
(& ")

In Eq. 4.17 all the terms can be relatively easily estimated numerically.

4.7. Application of the Modified EMA to Polymer/Gold Nanocomposites

In order to compare the applicability of the model presented above to metal nanoparticle
composites, the calculated absorbance spectra of the Au-polystyrene film with ~10 % metal
filling fraction were calculated with both the Bruggeman model and my model. The results of
the calculations, together with the experimental absorbance spectrum, are plotted in Fig. 4.11.
The model parameters (filling fraction in the Bruggeman model, filling fraction, size and z-
parameter distribution in my case) were adjusted in order to match the spectral position of the
absorbance maximum to the experimentally obtained data. fit with our model up to ~725 nm
the actual contribution from dimer modes was overestimated.
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Figure 4.11. Experimentally meas-
ured normalized absorbance spec-
trum of the Au-polystyrene compos-
ite (blue curve); numerically calcu-
lated absorbance spectrum of Au-
polystyrene composite according to
the Bruggeman model (black dashed
curve), and the model developed here
(black solid curve).
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One can see that even at such a moderate filling fraction of the metal (less than half of the
percolation concentration), there is a substantial deviation between the Bruggeman model
predictions and the experiment. On the contrary, my model provides a very close fit of the
experimental curve from roughly 500 nm to about 725 nm. I believe that the deviation at
wavelengths shorter than 500 nm (higher absorbance than predicted) is due to the losses in
polystyrene material (in calculations, I neglected the dispersion of the polystyrene refractive
index and assumed polystyrene to be lossless over all the spectral range). The absorption
peak centered at ~475 nm is clearly due to the polymer material. The degradation of the accu-
racy of the fit with my model at the long wavelengths tail (>725 nm) is most probably due to
the optically active modes excited in nanoparticle clusters with more than two particles. The
contributions of such polarizations start to play a role at wavelengths shorter than 725 nm, so
in order to get the best fit with my model up to ~725 nm, the actual contributions from dimer
modes were somewhat overestimated.

In order to illustrate the range of applicability of the model, and to compare the experimen-
tally determined values of z-parameter (through TEM investigations) with the values, provid-
ing the best fit to the data, the spectra given in Fig. 4.4 were fitted. The results are presented
in Fig. 4.12. One can see that our model provides reasonably good fits up to roughly 19 %
metal volume filling factor. Taking into account that the percolation threshold for such films
was determined experimentally to be slightly above 20 %, so the range concentrations at
which the good fit was achieved was significant. The fitting quality degraded considerably at
around percolation condition (21 %), which was expected, since at such concentrations the
dimer expansion is clearly insufficient and higher order polarizabilities have to be accounted.
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Figure 4.12. Black curves: Experi-
mental extinction spectra of 3D Au-
polystyrene nanocomposite films at
different metal fillings (same as in
Fig. 4.4); colored curves: numerically
calculated extinction spectra accord-
ing to the model presented here.
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The values of z-parameter used for fitting the curves in Fig. 4.12 are given in Fig. 4.13. A
Gaussian distribution of the z-parameter in dimers was assumed, while the centroid and the
dispersion of the distribution functions were actually fitting parameters. The values deduced
from fitting of the z-parameter were within the range of parameters identified in TEM inves-
tigations (0.3 - 0.5). Moreover, a widening of the distribution of z-parameters with the metal
filling factor was predicted, which is quite consistent with the TEM observations. It thus can
be concluded that the proposed model, while approximate, still can provide some additional
information from analyzing optical data as compared to classical EMA. Since the necessary
computations are quite simple with the technique proposed, the fitting procedure is fast and
straightforward as well. 1 believe that the method can be very useful in studies of metal-
dielectric composites below the percolation threshold conditions, since in some instances it
provides information otherwise available only from time-consuming and expensive TEM in-
vestigations.
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4.8. Magneto-Optical Properties of Metal Nanocomposites: Background
Magneto-optical (MO) effects and magneto-optical materials were known and used since 19"
century [155, 156]. The most prominent magneto-optical effects are the Faraday effect

(which manifests itself in a rotation of the light’s polarization plane as it propagates through a
medium placed in a longitudinal magnetic field) and the Voigt effect (which causes the rota-
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tion of the light’s polarization as it propagates through a medium placed in a transverse mag-
netic field). The magnetic field-induced polarization rotation for light reflected from the sam-
ple surface is typically called Kerr effect, although physically this effect is based on the same
principles as the Faraday and the Voigt effects.

The Faraday effect (or the magneto-optical activity of the material) is based on the Zeeman
splitting of the atomic or molecular levels in the presence of an magnetic field, which leads to
a difference in the resonance frequencies (and thus spectral positions and, possibly, intensi-
ties, of the absorption bands) for the right-handed and left-handed circular polarizations
[157]. This results in a difference of the refractive indices n, and n,, respectively (and phase
velocities), for light waves with right- and left-handed circular polarizations propagating
through the medium, causing the rotation of the polarization. The rotation of the plane of po-
larization is obeying the following law:

0, =n(n, —n, )%, (4.18)

where / is the length of the sample, and A is the wavelength of light.

Magneto-optical effects found a large number of applications, including light modulators,
optical switches, optical isolators, circulators, magneto-optical memories, and magneto-
optical imagers, to name just a few. All of these applications require material with large mag-
neto-optical activity besides the purely magnetic specifications. Magneto-optical activity was
found in a large number of materials, such as magnetic metals, metal oxides, or doped
glasses, to name a few. The largest magneto-optical effect is observed in metals, although in
this case it is necessarily accompanied by a large absorption, thus limiting the maximal thick-
ness of the material to less then 100 nm if operated in a transmission mode. Doped glasses,
while being reasonably transparent, typically exhibit a low level of Faraday rotation per unit
length, and require large values of the applied magnetic field. Macroscopically thick (up to
several cm) samples are necessary in order to accommodate a 45° or a 90° polarization rota-
tion (such as required in optical components). The range of materials with high enough mag-
neto-optical activity and an absorption lower than that of metals (common specifications for
magneto-optical imaging and magneto-optical sensing) is limited more or less to iron garnets
(bismuth-doped yttrium iron garnets, in particular Bi:YIGs). However, the supply of such
materials became unstable after bubble-memory applications were phased out by the market.

An enhancement of the magneto-optical effects due to surface plasmon excitations was pre-
dicted and observed in thin-film multilayer structure (Au/Co) at “Kretchmann and Otto ge-
ometries”, i.e. through evanescent wave coupling (see, e.g. [158-160]). An enhancement of
the polarization rotation in a grating structure on Ag/Bi:YIG interfaces through diffraction
coupling was reported in [161]. Magneto-optical effects in composite materials containing
metal nanoparticles also were investigated in the past: In [162] the effective dielectric permit-
tivity tensor was derived based on the MG theory in an effort to explain the magneto-optical
Kerr effect in cermets or composites in which magnetized spherical particles were embedded
in dielectric materials. The Faraday effect in composite material containing metal spheres of a
magneto-optically-active metal was theoretically analyzed under Bruggeman EMA assump-
tions in [126], while the magneto-optic Kerr effect was theoretically evaluated under Max-
well-Garnett assumptions for composite materials containing metal multilayer core-shell
nanoparticles in [163]. The application of the Bruggeman EMA to the case of magneto-
optical ellipsoids was described in [164], with some improvements made in [165]. However,
neither the cases of magneto-optical dielectric core shell-particles, nor cases of medium or
near-percolation concentrations were considered. Moreover, for core-shell structures only the

118



4. THEORETICAL ANALYSIS OF OPTICAL AND MAGNETO-OPTICAL
PHENOMENA IN METAL NANOCOMPOSITES

magneto-optical Kerr effect was considered and found to be suppressed since the reflectivity
from the composite material at low (1 %) metal concentrations (the limit of applicability of
MG approximation used in [163]) was obviously much lower than that of pure magneto-
optical metal layer.

The objective of this work is to evaluate theoretically a number of metal/dielectric nanocom-
posites containing magneto-optically active media (either as a magnetic or dielectric part of
the composite). Particularly, the magneto-optical activity of such composites is theoretically
evaluated around the plasmon resonance conditions. A number of compound materials with
significantly enhanced magneto-optical activity is proposed.

4.9. Faraday Effect in Metal/Dielectric Composites at Low Metal Concentrations

Here I will limit myself to the case of a Faraday geometry (i.e. the magnetization of the mag-
neto-optically active medium is assumed to be along the propagation direction of the elec-
tromagnetic wave in the medium). I will further assume that the magnetization of the mag-
neto-optically active medium is uniform throughout all the volume fraction of such a com-
posite. It should be noted that such an assumption is generally incorrect in the case of mag-
neto-optically active medium made from ferromagnetic or ferrimagnetic materials.

Assuming further that the magneto-optically active medium is spatially isotropic, the dielec-
tric permittivity tensor of the magneto-optically active medium has the following form in the
Cartesian coordinate system:

£ =|-ie, e, 0 (4.19)
0 0 ¢

In a left-right-handed circular cylindrical coordinate system, the dielectric permittivity
tensor have the following form:

E.—&, 0 0
A(lr) _
e = 0 e.te, 0. (4.20)
0 0 £

It is easy to see that the transformations between different coordinate systems yield

A

0 = 4.8 . 47" and £ = 47" £"" . 4 in a Faraday geometry can be obtained with the
. 1 =i 0
help of the matrix A=—|1 i 0 |.The Faraday rotation per unit length of the material

*/500\/5

then is equal to:

T Relexy J

9F=z'm,

while the ellipticity is given by:

4.21)
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(4.22)

4.10. Gold Nanoparticles Embedded into a Magneto-Optically Active Dielectric with
Magneto-Optical Properties

Let’s consider first the case of metal nanoparticles (gold, for example) embedded into a mag-
neto-optical dielectric material. The geometry that I am considering is schematically shown
in Fig. 4.14a). Under the assumption of a perfectly spherical shape of the metal nanoparticles
the polarizabilities of the gold nanoparticle with radius a for the right- and left-handed circu-

lar polarizations (¢"" and @’ , respectively) of an electromagnetic wave will be as follows:

3 gAu - (gxx - gxy)
gAu + 2(€xx - gxy)

o' =4
(4.23a)
gAu - (gm + gxy)

gAu + 2(€xx + gxy )

3

ar.h — 4m
(4.23b)

The spectral dependences of the normalized polarizability of gold nanoparticles embedded
into a magneto-optically active dielectric for the right-handed and the left handed circular po-
larizations of the incident electromagnetic wave are given in Fig. 4.14b). The dispersion of
the diagonal and non-diagonal parts of the dielectric constants of the MO-active material
were neglected the same as an absorption in magneto-optically active dielectric material. The
diagonal part of the dielectric constant of the MO active material was assumed to be 2.35,
while the non-diagonal parts were assumed to be 0.1 (values close to those of Bi:YIG at ~514
nm wavelength). The splitting of the plasmon modes for the two polarizations is demon-
strated.
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I I Figure 4.14. a) Schematic drawing of
the gold nanoparticle embedded into a
magneto-optically active dielectric ma-
terial. The orientations of magnetiza-
tion and direction of light propagation
are schematically shown; b) numeri-
cally calculated spectral dependences
of the normalized polarizability of gold
nanoparticles embedded in a magneto-
optically active dielectric for right-
L __| handed and left-handed circular polari-
J=0.035 | zations of the incident electromagnetic
wave; c¢) numerically calculated spec-
tral dependences of the Faraday effect
| | in a composite material consisting of
Y00 500 600 700 800 Au nanoparticles embedded into the
Wavelength, nm magneto-optically active dielectric for
c) different filling fractions f of metal.

Faraday Rotation, rad/m

For calculations of the effective dielectric constant of the composite material, I am further
assuming that 1) nanoparticles are small compared to the wavelength (which is a very reason-
able assumption), and 2) the distribution of particles in the composite is macroscopically iso-
tropic in all three dimensions. For low (<5 %) and high (above 95 %) concentrations of metal
in a composite, the Bruggeman EMA [14] is a reasonably accurate approximation for visible
and near infrared spectral ranges. If applied to a magneto-optical medium, Bruggeman’s
EMA accounts for two kinds of inclusions, metal spherical inclusions with total polarization
of

P=f (g(m) +2§(€ﬂ'))’1 (é(m) _ gl )E()a (4.24a)

and dielectric inclusions (which are also assumed to be spherical) with a total polarization of
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B, = (l—fm)(é(”” +2§(e_17'))*1 (é(d) _ gl )E()a (4.24b)

where f,, is the metal filling fraction, and €4 is the effective dielectric constant of the com-

posite material, (...)" stands for the inverse matrix of (...), and Eo is the electric field of the
propagating electromagnetic wave. The value of £ can thus be found from equation (4.2).

In a left-right circular cylindrical coordinate system all matrices of the dielectric constants are
diagonal, so equation (4.2) transforms into three scalar quadratic equations for the different
elements of the effective dielectric constant tensor. Based on such an approach one can come

, which is

typically the case for all the magneto-optically active materials) for the estimation of the
Faraday effect in a composite material (for all the assumptions listed previously, and under
the additional assumption that only one component in a composite exhibits magneto-optical
activity):

Jele)
6, ~ % — Y e, |, (4.25)
2 l g(e/f)J oe,,

where £\%is the effective dielectric constant of the composite material at zero magnetization
(since we assumed isotropy of the composite at the absence of magnetization), €,,, is the
dielectric constant of the magneto-optically active material at zero magnetization, and i€, is

the nondiagonal element of the dielectric permittivity tensor of the magneto-optically active
material at non-zero magnetization.

Thus, with such a perturbational approach, the enhancement factor I',. of the Faraday coeffi-
cient in a composite can be estimated as:

(eff)
08, } (4.26)

ReL/é‘(eff) J [ 0€,10

It is quite interesting to compare the average electrical field enhancement factor I', in a mag-

neto-optically active medium in a composite, which can be roughly estimated at the assump-
tion of low metal concentrations as follows (see [120-121]):

E? 1 deteh
T, i EZMO ~ Re[ . } 4.27)
0 fMO EMO

By comparing (4.26) and (4.27), it is fair to conclude that at low metal concentrations the
Faraday coefficient in a nanocomposite material is proportional to the electromagnetic wave
intensity enhancement factor due to the plasmon resonance in metal nanoparticles, i.e.

T, =40 .1 (4.28)

- E
Re 18(()6.[/)
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With the formalism developed, one thus may obtain an estimate for the magneto-optical ef-
fects, based on the knowledge of the dielectric permittivity of a composite material with no
magneto-optically active medium. The problem is now mathematically much simpler, due to
a large number of already solved cases for non magneto-optically active composites.

Using such a simple formalism, I calculated the dielectric properties and thus the Faraday ro-
tation of a composite with the same composition as in Fig. 4.14b) under the same assump-
tions (losses in the magneto-optically active dielectric were neglected, as well as the disper-
sion of tensor elements of the dielectric permittivity of the dielectric). Results are presented
in Fig. 4.14c). One can see that the Faraday coefficient of such a composite exhibit certain
peculiarities around the plasmon resonance wavelength, with some enhancement of Faraday
coefficients at certain wavelength range exceeding plasmon resonance wavelength and deg-
radation of the Faraday coefficient at certain wavelength range below the plasmon resonance
wavelength.

4.11. Magneto-Optically Active Dielectric Nanoparticle Embedded in Gold

Using the same formalism I estimated the Faraday coefficient and dielectric constants of the
composite material with high gold concentrations. Physically such a material is made of mag-
neto-optically active dielectric nanoparticles embedded in gold, as schematically shown in
Fig. 4.15a). The numerically calculated spectral dependences of the Faraday coefficient and
the imaginary part of the diagonal tensor element of effective dielectric permittivity are given
in Figs. 4.15b) and 4.15c¢), respectively. The strong peak of the Faraday rotation corresponds
to the so-called cavity plasmon resonance; which is also causing a significant enhancement of
the electromagnetic field in the cavities. The peculiarity of such a material is a very high loss
coefficient of the material, which probably makes such a material completely impractical in a
transmission mode. In a reflection mode, however, such a material may be of interest to some
applications, since it combines significant values of the Faraday coefficient (comparable with
that of magneto-optically active metals, such as Co or Ni) with the comparatively large re-
flectivity of gold in the green-red spectral range (in comparison with reflectivities of, e.g.,
Co and Ni).
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Figure 4.15. a) Schematic drawing of the
nanocomposite made from a magneto-
optically active dielectric material embed-
ded into gold; b) numerically calculated
spectral dependences of the Faraday effect
in such a composite for different filling
fractions f of gold; c¢) numerically calcu-
lated spectral dependences of the imaginary
part of the diagonal element of the effective
dielectric constant in a Cartesian coordinate
system for different filling fractions of
gold.
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4.12. Magneto-Optically Active Metal Nanoparticles Embedded in a Dielectric Ma-

trix

Another type of composite material that was evaluated consisted of magneto-optically active

metal nanoparticles embedded into the isotropic

dielectric material (a schematic drawing is

given in Fig. 4.16a). In the calculations the dielectric constants of Co were used. The results
of numerical calculations of the Faraday rotation in such a composite material for different
Co filling fractions are given in Fig. 4.16b). The plasmon resonance manifests itself by a

change in the sign of the Faraday coefficient in

the green-red portion of the spectrum. The

spectral feature caused by the plasmon resonance in Co nanoparticles is spectrally broad, and

virtually no plasmon-caused enhancement of the
is predicted. This is due to the strong damping

unity ratio of M

, which defines the quality
Im[SCo ]
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Figure 4.16. a) Schematic drawing of a magneto-optically active metal nanoparticle embed-
ded in glass; b) numerically calculated spectral dependences of the Faraday effect in such a
composite material for different filling fractions of the magneto-optically active metal.

4.13. Mixtures of Magneto-Optically Active Metal Nanoparticles and Gold Nanopar-
ticles Embedded in a Dielectric Matrix

An interesting case (that is also and relatively simple to make) is the combination of the
“good” plasmon resonance of gold with the “good” magneto-optical activities of metals like
Co. This can be achieved in nanocomposites containing gold nanoparticles and magneto-
optically active metal nanoparticles embedded in a dielectric loss-less matrix, as schemati-
cally shown in Fig. 4.17a). In order to estimate the magneto-optical response of such a com-
posite one can use a similar formalism to that described above (under the same assumptions),
with equation (4.2) replaced by:

P (&) + By o (8")+Py(8)=0 (4.29)

The numerically calculated spectral dependence of the Faraday rotation for such a composite
for different filling fractions of Au and Co nanoparticles are given in Figs. 4.17b)-c), while
Fig. 4.17d) gives the normalized value of the Faraday rotation at a fixed Co filling fraction
and for different Au filling fractions. The peak at ~675 nm is obviously caused by the change
in the sign of the Faraday coefficient in the Co/glass nanocomposite (which was used as a
reference point in normalization). However, it also follows that by adding gold nanoparticles
into the composite, a substantial enhancement of the magneto-optical can be expected - al-
most an order of magnitude at near-IR wavelengths!
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Figure 4.17. a) Schematic drawing of the nanocomposite material consisting of magneto-
optically active metal nanoparticles and gold nanoparticles embedded in glass; b) numeri-
cally calculated spectral dependence of the Faraday effect in such a composite material for
different gold filling fractions at a fixed Co filling fraction (0.1); c¢) numerically calculated
spectral dependences of the Faraday effect in such a composite material for different Co fill-
ing fractions at a fixed Au filling fraction (0.1); and d) numerically calculated spectral de-
pendences of the normalized Faraday rotation in such a composite material for different gold
filling fractions at fixed Co filling fraction (0.1).

126



4. THEORETICAL ANALYSIS OF OPTICAL AND MAGNETO-OPTICAL
PHENOMENA IN METAL NANOCOMPOSITES

4.14. The Faraday Effect in Metal/Dielectric Composites at Intermediate Metal Con-
centrations

As already mentioned in this chapter, at intermediate concentrations of metal in a composite
(5 %-15 % of metal), the accuracy of Bruggeman’s EMA deteriorates, due to multiparticle
polarizability contributions; i.e., the polarizability of individual constituents in a composite
cannot be estimated according to Eq. (4.24) anymore. Here I will use the method described in
the beginning of this chapter.

By applying the formalism developed previously (Equations (4.21-4.25) and related discus-
sion), the polarizabilities of the “orientation-averaged” nanoparticle dimers were calculated
for z = 0.488. The results are plotted in Fig. 4.18. By comparison with the calculations for the
single nanoparticle (Fig. 4.14b) one can see that accounting for the contributions from dimer
polarizabilities should provide stronger Faraday effects at longer wavelengths than the plas-
mon resonance of a single nanoparticle.

By using the perturbational approximation (see Equations (4.14-4.17)), numerical calcula-
tions of the imaginary part of the effective dielectric function for an Au-YIG (zero magneti-
zation) nanocomposite were performed. The results are given in Fig. 4.19a) (calculations
were done in a quadrupole approximation). One can see that on account of the dimer Po-
larizability, a red-shift and a strengthening of the plasmon peak is predicted.
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ized orientation-averaged polarizability of
the nanoparticle dimer (Au in YIG) for z =
0.488, for different polarizations of elec-
-| tromagnetic wave in a quadrupole ap-
proximation.
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Numerically calculated Faraday coefficients of the Au-YIG nanoparticle composite at inter-
mediate metal filling fractions are given in Fig. 4.19b). As was expected from Fig. 4.18, ac-
counting for interparticle interactions results in a further enhancement of the Faraday coeffi-
cient in the near-IR spectral region, although the enhancement is moderate and expected to be
in the range of a factor of 2 - 3.
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Figure 4.19. a) Numerically calculated spectral dependences of the imaginary part of the ef-
fective dielectric constant of an Au-YIG composite (at zero magnetization) for 0.08 filling
fraction of Au with Bruggeman’s EMA (blue curve), and with taking the interparticle po-
larizability into account (red curve); b) numerically calculated spectral dependences of the
Faraday coefficient in an YIG/Au composite (the same parameters were assumed as in Figs.
4.15-4.16) for 0.08 Au filling fraction, calculated according to Bruggeman EMA (blue curve)
and with the dimer approximation (red curve). The Faraday coefficient of the YIG is plotted
for comparison (green curve).

Based on the above results one would expect that the enhancement of the Faraday rotation
would be higher close to the metal percolation threshold. However, neither Bruggeman EMA
[14] nor models accounting for some level of interparticle interactions, are providing the nec-
essary accuracy. Hence, different models have to be used.

4.15. Faraday Effect in Metal/Dielectric Composites Near the Percolation Threshold

For the metal concentrations close to the percolation conditions a number of models were de-
veloped for metal-dielectric composites made with isotropic inclusions. Examples are: the
scaling approach [130-132], which offers the empirical formulas for calculation of the diver-
gence of the dielectric function in a close vicinity of the percolation threshold; an approach
based on depolarization distribution function ( see, for example, [133-134]), which is rela-
tively straightforward if accounting just for the dipole polarizabilities (accurate at low con-
centration limits), but getting complex if accounting for higher order polarizabilities; various
cluster-related approaches [135,136] that are usually limited by some specific distribution of
the metal particles in a composite; to name reiterate what has been said before. Calculations
of individual fractal clusters were also performed by a number of authors [137,138] with a
DDA (discrete dipole approximation) method. While giving accurate results, DDA is com-
plex, and in most cases requires a quite substantial knowledge of the topology of the compos-
ites.
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All of these theories predict very strong enhancements of the local and of the aver-

7%,

enhancements observed (up to 14 orders of magnitudes) for nonlinear optical processes (sec-
ond and third harmonic generation, etc.) near the percolation threshold (see [8] and references
therein). As was shown previously in this chapter, at low metal filling fractions the enhance-
ment of the Faraday rotation in a composite is proportional to the electromagnetic field en-
hancement factor (see Eq. (4.28) and related discussion). However, one should note that the
magneto-optical effects that I investigate here are nonreciprocal, unlike the nonlinear optical
effects. Thus the local mutual orientation of the magnetization direction, propagation direc-
tion and electric field vector may have an effect on the total Faraday effect in a composite
material.

E(%

age for electromagnetic fields near the percolation threshold. This explains the huge

In order to evaluate the magneto-optical properties of metal-dielectric composites near the
percolation threshold, I will evaluate separately the magneto-optical effect in arrays of or-
dered metal nanodiscs and nanospheres, since the analytical solution is available for such
composites [166], and will then analyze the theoretical predictions based on a scaling theory
[130-132].

4.16. Cubic Array of Au Nanodiscs Embedded in YIG

First, let’s consider the composite material made of a two-dimensionally ordered array of
gold nanocylinders (or nanodiscs) embedded into a magneto-optically active dielectric mate-
rial (a schematic drawing is given in Fig. 4.20a). Lets assume that the light is propagating
parallel to the axis of rotation of these cylinders, which is also the magnetization direction.
For the case of zero magnetization one can use the following equation to estimate the value of
the effective dielectric constant according to formula derived in [166]

id (H%) , (4.30)

g(eﬁ‘) =~|e _
2K(A=DW +1) (7 +1)

m

Re(e,) (V%‘ly Im(e,) 2d -
where W = ”’A, A= e o K=- m/{e(gm)’ Y= /(D—d); D is the

period of the array, d is the diameter of the nanodisc. It should be noted that Eq. (4.30) was
derived under the assumption of k¥ <<'1 and y>> 1. This corresponds to close to percolation
conditions and wavelengths in excess of 600 nm for gold.

The dependences of real parts of the effective refractive index of the composite made of Au
nanodiscs embedded into YIG with zero magnetization on the normalized T parameter

(7= 7 m—P % ) for different wavelengths of electromagnetic waves calculated with Eq.

(4.30) are given in Fig. 4.20b. The losses in YIG, and the dispersion of the YIG dielectric
permittivity were neglected. One can see the sharp spectral peaks correspondimg to the plas-
mon mode excitation in a nanocomposite. The spectral positions and strengths of these peaks
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experience red-shift and enhancement as the wavelength increases. The increase of the
strength of the peak is due to the improvement of the quality of resonance (decrease in the x -
factor).

By applying the formalism, developed previously (Equations (4.21-4.25) and related discus-
sion), | estimated the Faraday effect in such a composite. The results of numerical calcula-
tions are given in Fig. 4.21a, where the normalized (by the value of the Faraday effect in YIG
with no metal inclusions) absolute value of faraday rotation is plotted. One can see that the
significant (factor of 30) enhancement of the magneto-optical effects is expected around the
plasmon resonance (with Faraday coefficient changing the sign exactly at the plasmon reso-
nance wavelength) at certain values of T-parameter.

2=3850 nm

2.=1050 nm

~A=633nm n

a) b)

Figure 4.20. a) Schematic drawing of the metal-dielectric composite made of ordered metal
nanodiscs; b) numerically calculated dependences of real parts of the effective refractive in-
dex of the same composite on the T parameter for different wavelengths of electromagnetic
waves.

However, the predicted enhancement is significantly smaller than the predicted average elec-
tromagnetic enhancement factor G (derived in [166]) given by

a-(%

The dependence of G on the value of the T-parameter for the same nanocomposite at differ-
ent wavelengths is given in Fig. 4.21b.

? z(w +1)" AN +9  A[A +154° +15)
~ - . (43D
24—-mW +4)7" | (A +1)°? (A* +1)°
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Figure 4.21. a) Numerically calculated dependences of the normalized Faraday coefficient of
a composite material as in Fig. 4.20 on the T-parameter at different wavelengths of the elec-
tromagnetic wave; b) average electromagnetic enhancement factor as a function of the t-
parameter for the composite material of Fig. 4.20 at different wavelengths of incident light.

Fig. 4.22 provides the spectral dependences of the real part of the effective refractive index
(Fig. 4.22a), normalized Faraday coefficient (Fig. 4.22b) and spatially averaged electromag-

netic field enhancement factor G (Fig. 4.22¢) for different values of T-parameter.
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Figure 4.22. a) Numerically calculated
spectral dependences of real parts of the ef-
fective refractive index of the composite
material as in Fig. 4.20 for different values
of T-parameter. b) Numerically calculated
spectral dependences of the normalized
Faraday coefficient of a composite material
as in Fig. 4.20 for different values of the t-
parameter; c¢) spectral dependence of the
average electromagnetic enhancement factor
for different values of the t-parameter for
the composite material of Fig. 4.20.

Square Array of Au Spherical Nanoparticles Embedded in YIG

Let’s consider now the ordered array of spherical gold nanoparticles embedded in YIG. I as-
sume cubic symmetry of the nanoparticle array and will neglect the losses in the YIG and the
dispersion of the YIG dielectric constants. In such a case (under all the assumptions and limi-
tations as in the case of nanodisc or nanocylinder array considered previously), one can use
the following equations to estimate the value of the effective dielectric constant and electro-
magnetic enhancement factor (see [166]):

, KA
(eff)
& =2&, |1+ lo
(( W+1j g(

w+1

F)
K(A—1i)

(4.32)
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3w +1) (1_ A
W +3)x?

2 1+(A+kK)’

—tan~ (A+ K)J . (4.33)

By applying the formalism developed earlier, I have estimated the Faraday effect in such a
composite as well. The results of the numerical calculations are given in Fig. 4.23. The pre-
dicted enhancement of the magneto-optical effects around the plasmon resonance (with Fara-
day coefficient changing the sign exactly at the plasmon resonance wavelength) is also pre-
dicted; the value of the enhancement factor is expected to be around one order of magnitude.
Again, as with the nanodisc array considered above, the magneto-optical enhancement factor
(Fig. 4.23b) 1s by far less spectacular than the electromagnetic field enhancement factor (Fig.
4.23c).
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Figure 4.23. a) Numerically calculated spec-
tral dependences of real parts of the effective
refractive index of the composite material
consisted on Au nanoparticles arranged in an
ordered array with cubic symmetry and em-
bedded in YIG for different values of 7-
parameter. b) Numerically calculated spectral
dependences of the normalized Faraday coef-
ficient of a composite material as in Fig. a)
for different values of the t-parameter. c)
Spectral dependence of the average electro-
magnetic enhancement factor for different
values of the T-parameter for composite ma-
terial as in Fig. a).
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4.18. Magneto-Optical Kerr Effect in Ordered Nanoparticle Arrays

As was mentioned previously, the reflectivity of nanocomposite materials grows significantly
in the near IR spectral range as the metal concentration approaches the percolation threshold.
On the other hand, it was shown above that the Faraday coefficient also exhibit a significant
enhancement close to the percolation conditions in the near IR spectral range. Thus it is logi-
cal to predict that the magneto-optical Kerr effect (see Fig. 4.24 illustrating typical Kerr ge-
ometry) will also exhibit the local plasmon-caused enhancement in the near IR range. I will
limit the consideration to the case of the polar Kerr effect at normal incidence (i.e., the direc-
tion of magnetization in a sample is normal to the surface and thus parallel or antiparallel to
the incident and reflected radiation).

Figure 4.24. Schematic drawing illus-
trating the geometry of the magneto-
optical Kerr effect.

In order to estimate the magneto-optical Kerr effect in metal-dielectric nanocomposites near
the percolation threshold, I will use slightly modified abbreviations for the dielectric permit-
tivity tensor of magneto-optical medium as follows.

1 iOm, —iQOm,
€,
Eyo =€.| —10m, 1 iOm, |, Q=i—. (4.34)
E..
iOm, —iQm, 1 -

In the case of normal incidence and polar Kerr effect (m. = 1, m, = m, = 0), the Kerr rotation
angle is equal to (see [167, 168])

g, = Qe (4.35)

8xx - 80

By following the same arguments as presented in the discussion related to Equations (4.20)-
(4.26), and under the assumption of incidence from vacuum, the normal incidence polar Kerr
effect can be estimated as

(eff) (eff)
g7 dg )
L =~ 130 i€, . (4.36)

& - Evo
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An important parameter indicating the usefulness of a material for applications based on a
magneto-optical Kerr effect (such as magneto-optical recording or magneto-optical visualiza-
tion of electrical currents and magnetic fields) is the respective Figure-Of-Merit (F.O.M.),
which is defined as a product of the reflectivity and the polarization Kerr rotation angle:

FOM =R, . (4.37)

As mentioned above, only the normal incidence polar Kerr effect is considered here, with
light incident from air or vacuum, so the reflectivity then can be estimated to

[ (el
|
) ) A E— (4.38)

e +1

These formulas were applied to the case of the composite material consistimg of Au nano-
discs embedded in YIG (effective dielectric permittivity is given by Eq. (4.30)), and to the
composite material consisting of Au nanospheres embedded into a YIG (effective dielectric
permittivity is given by Eq. (4.32)). The results of the calculations are presented in Fig. 4.25
(nanodiscs) and in Fig. 4.26 (nanospheres). In both these figures the spectral dependences of
the reflectivity (Figs. 4.25a and 4.26a), of the Kerr polarization rotation (Figs. 4.25b and
4.26b), and of the F.O.M. (Figs. 4.25c and 4.26c¢) are presented for different values of the 1-
parameter. One can see that a significant enhancement of both the Kerr rotation and the
F.O.M. is predicted in such composites for the near IR close to percolation. Similarly to the
Faraday effect evaluated previously, the spectral band where the maximal enhancement is
theoretically predicted is red-shifting as the metal concentration approaches percolation con-
ditions (1—>0). However, unlike the average local electromagnetic field enhancement, and
similarly to the Faraday enhancement studied earlier, the maximal enhancement factor satu-
rates at some vicinity of percolation.
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Figure 4.25. a) Numerically calculated spec-
tral dependences of the normal incidence re-
flectivity from the composite material con-
sisted of Au nanodiscs arranged in an ordered
array with cubic symmetry, and embedded in
YIG for different values of the t-parameter.
b) Numerically calculated spectral depend-
ences of the polar Kerr rotation angle of a
composite material as in Fig. a) for different
values of the t-parameter. c¢) Spectral de-
pendence of the F.O.M. for different values
of the t-parameter for composite material as
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Figure 4.26. a) Numerically calculated
0,003 o _ spectral dependences of the normal inci-
T=0.84 Fmom dence reflectivity from the composite mate-
rial consisted on Au nanospheres arranged
in an ordered array with cubic symmetry
and embedded in YIG for different values of
T-parameter. b) Numerically calculated
spectral dependences of the polar Kerr rota-
tion angle of a composite material as in Fig.
a) for different values of the T-parameter. c)
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4.19. Application of Scaling Theory to the Estimation of Magneto-Optical Effects in
Metal-Dielectric Nanocomposites.

Let’s consider now the case of a random composite material made of noble metal nanoparti-
cles embedded into a magneto-optically active dielectric material, such as YIG, very near the
metal percolation conditions.

Unlike the case of ordered nanoparticle arrays considered above, the dielectric and optical
properties of random metal-dielectric nanocomposites near the percolation threshold cannot
be analytically derived (moreover, these properties strongly depend on the distribution of the
nanoparticles), so the scaling approach (see [8] and references therein) was developed.

In such an approach (valid only for 7<< 1 and W >>1), the following estimate of the effective
dielectric constant of the composite material was found to be reasonably accurate:
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g(eﬁ‘)

{:‘%
‘g En (4.39)

1+s

=|f., - p.
E

m

| m c

Where S(y) is a scaling function of complex variable y, which has the following asymptotic
forms:

A+ By +... |y|<<l fo > D,
S(y)=1 B'y+.. ||<<1 f,<p, (4.40)
A”y%’”) |y| >1 VY,

In this expression s and ¢ are so-called percolation critical exponents, which define the so-
called fractal dimensionality and for three-dimensional composite ¢ = 2.0 and s =0.7[169,
170]. From (4.40) under the assumption that W>>1 (near IR and longer wavelengths for
gold) it follows:

t+s

Angm S(t+s)€d/(t+s) g_d >> |fm - P,

I+s

S |Ey

e =y Belf -l CH<mp [T fu<p (4.41)
_s €d t+s

By applying Eq. (4.21) to Eq. (4.41), one can estimate the Faraday coefficient in such a
metal-dielectric composite to

ANy Re(e %(m)) £, +s
— A" . z £ — >> -n.
A t+s ed(Hz%(Hs) ve, =P,
£, £ .
0, ~ g S|t =p" S0 <p. (4.42)
A = p.| En
£, € s
%\/E—y, <<\t =p|" S > P
\fo = P En

o corresponds to the near IR spectral range and a situation ex-

... |€
The limit |—%
tremely close to percolation-threshold conditions. In this case a divergence of the dielectric
function and of the Faraday coefficient is not expected for the metal concentration approach-

ing percolation (as follows from Egs. (4.41) and (4.42)). The enhancement of the Faraday ro-

>>|f, = p.

tation in such a composite is proportional to Rele, %(f“)), i.e. in the near IR (where the real
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2
part of metal dielectric constant is approximately Re(gm ) =]- /1—2 ), the Faraday rotation can
A
P

be estimated as

4 [ A ! Exy 2
z 4 T (r+2s) (1 ~4 /12
t+s g e )

Jless)
J . (4.43)

Further, if we limit ourselves to the case of %2 >>1 (which is the case for Au and Ag in
P

near IR), and assume that \/A”L =1, the enhancement of the Faraday effect G, com-
t+s

pared to the pure magneto-optical dielectric material with no metal inclusions will be

1 )f%(m‘)

Gp = (4.44)

£,)2ews) ,ﬁ%(m) '

As mentioned above, for a three-dimensional composite, ¢ = 2.0 and s = 0.7 obtains; we
have

G, ~ "%, (4.45)

At similar conditions the field enhancement G = <‘ %
0

2
> can be estimated to [171]

G ~C [EJ - (4.46)
Imie ' g,

where C can be approximated as a constant and v is another critical exponent, approximately
equal for 3D composites to 0.89. At %2 >>1, Eq. (4.46) predicts G*” to be independent
P

of the wavelength. For two-dimensional composites near the percolation threshold it is pre-

dicted (see [172]) that the field enhancement factor G ** is wavelength dependent and can be
estimated to

3/2
G ~C €. ~ 2, (4.47)
£, Imi £m|)

€4

E

m

1+s

This means that G, and G *” have similar spectral dependences at

>>|f, = p.

(near IR and very close to the percolation threshold).
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The case of in Eq. (4.42) corresponds to the mid and far infrared spectral

f;n _pc

region and some (although small) distance in the parameter space from the percolation of the
composite. In this case the developed model here predicts the divergence of the Faraday rota-
tion as the metal concentration approaches the percolation threshold, and the value of the
Faraday rotation is predicted to be independent of the metal dielectric constants (i.e., on the

wavelength). This case is qualitatively similar to the theoretical estimation of G*”, where
also no dispersion is predicted.

In the case of magneto-optically active metals embedded in non-magneto-optically active di-
electrics we can estimate the Faraday coefficient by applying the Eq. (4.21) to (44.1) to

1+s

¢
V4 £ Jliss) £
Z A" N . d(ztﬂ) 8xy d >> |fm - p.
A t+s Re(ﬁ' ‘A(H_S)) £,

0, = (4.48)
0 A
gm
. g,/2w) . . .
Since << 1 for all metals in thr visible and IR range, Eq. (4.48) predicts the

Re(sm O”%(m))

degradation of the magneto-optical activity near the percolation threshold for such a nano-
composite material.

4.20. Discussion of the Magneto-Optical Effects in Metal Dielectric Nanocomposites

From all the cases considered above it is apparent that a substantial electromagnetic en-
hancement of the magneto-optical effects is expected in metal-dielectric nanocomposites. The
particular value of the enhancement factor and the optimal metal concentration needed to ob-
tain the maximal enhancement, strongly depend on the wavelength. The highest possible en-
hancement factors (x50 and possibly above) are expected in the near IR wavelength range at
near-metal-percolation conditions.

The theory presented here predicts that the enhancement of the magneto-optical activity in
metal-dielectric composites is proportional to the enhancement of the electromagnetic field in
the magneto-optical material at metal concentrations sufficiently far from the percolation
threshold. Near the percolation threshold, at least according to the formalism used, the corre-
lation of the magneto-optical enhancement and the electromagnetic enhancement is not that
straightforward. It is my opinion that this is caused by the non-reciprocity of the Faraday ef-
fect.

While the enhancement of magneto-optical effects is much less pronounced in such compos-
ites compared to the enhancements of nonlinear optical effects, the value of achievable en-
hancement factors (x50 and above in some cases) may be useful for a number of applications.
Such an enhancement allows to grown much thinner magneto-optical films in order to pro-
duce the specified optical effects. Another prospect that is opened by the strong enhancement
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of the magneto-optical rotation is the possibility of making certain components out of materi-
als that are cheaper and/or easier to manufacture. For example, magneto-optical imaging at
present requires Bi:YIG films with tight specifications and an unreliable supply. According to
the theoretical results of this paper, a similar performance might be obtained in a composite
material made of a mixture of gold and cobalt nanoparticles in, for example, a dielectric ma-
trix. Another possibility is to use very thin YIG films with significantly relaxed specifications
(which might be synthesized by a number of techniques) and to enhance the polarization rota-
tion by depositing and/or mixing such films with Au or Ag nanoparticles. Other applications
of such materials in optical isolators can be also expected.

4.21. MO Core-Shell Nanoparticle Composites

The last part of this chapter is devoted to the theoretical investigations of the magneto-optical
properties of nanocomposites consisting of core-shell type nanoparticles. Core-shell types of
plasmon nanoparticles (also known as “nanoonions” or ‘“nanomatrushkas”) are gaining sig-
nificant attention nowadays because of the significant technological advances in nanoparticle
fabrication. Such a construction of nanoparticles provides researchers an additional freedom
in tailoring the optical properties of nanoparticles to the design goals. While for isolated
metal nanoparticles the spectral position of the plasmon resonance (absorption peak) is nearly
fixed for each type of metal’, the spectral position of the plasmon resonance can be tailored in
a wide range (see [127] for a recent review) for core-shell nanoparticles

Various bimetallic core-shell nanoparticles have been experimentally realized and studied
[173-175], as well as metal-dielectric core-shell nanoparticles [176, 177]. Most efforts in the
development of core-shell nanoparticles so far were focussed on linear optical effects. How-
ever, it was recently theoretically shown that nonlinear optical effects (such as SHG- second
harmonic generation) can also be considerably enhanced in core-shell nanoparticle with a
metal core and weakly nonlinear shell materials [122]. Such an enhancement was predicted to
occur due to the strong enhancement of the electromagnetic field in a shell of such a nanopar-
ticle. On the other hand, as was shown previously in this chapter (see Eq. 4.28 and related
discussion), magneto-optical effects are to some extent proportional to the local electromag-
netic field and should be enhanced in core-shell nanoparticles as well.

Magneto-optical effects of core-shell nanoparticles have already been studied within some
limits. In [178] the effective dielectric permittivity tensor of a composite material consisting
of a Co core and a cobalt oxide shell was derived based on a MG theory, and the magneto-
optical Kerr effect was evaluated for such composites. The enhancement of the magneto-
optical Kerr effect around the plasmon resonances in nanoparticles with a Na core (treated as
magneto-optically active metal) surrounded by a lossless isotropic dielectric shell was re-
cently theoretically predicted in [163]; again based on MG theory. It is my objective to de-
velop the EMA-type of theory for treatment of core-shell nanoparticles (since it is more accu-
rate and self-consistent that MG) and to study the Faraday effect in more practical material
systems, where the enhancement of magneto-optical effects is expected to be optimal.

The isolated coated sphere is optically identical to the sphere of the same radius with dielec-
tric permittivity [179]

* The plasmon frequency shows considerable size dependence even in the assumption that the metal nanoparti-
cle is much smaller than the wavelength of light, see the discussion related to Eq. 4.1
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where Q = R R R is the outer radius of a shell, R¢ is the radius of the core, &(is the dielec-

tric constant of the shell material, and £.. is the dielectric constant of the core material.

This means that one can use Equations 4.19-4.25 with a substitution of Eq. (4.49) to the cor-
responding spots. With such a formalism we can now proceed to the evaluation of different
practical cases.

4.21.1. Magneto-Optical Properties of the Composite Material Consisting of YIG
Core/Au Shell Nanoparticles Embedded into Isotropic Dielectric Material

The first case that I will examine is a nanocomposite material consisting of nanoparticles hav-
ing a YIG core and an Au shell, as schematically shown in Fig. 4.27. As mentioned previ-
ously in this chapter, YIG is material that is transparent in the visible and near IR range and
possesses unique magneto-optical properties, while the Au is second best choice (after Ag)
for the highest quality plasmon resonance at these wavelengths. Numerically calculated spec-
tral dependences of the loss coefficient in such a composite for different Q- factors and 1 %
filling fraction (of core-shell nanoparticles embedded in glass) are presented in Fig. 4.28. As
one can see at low values of Q-factor (corresponding to small YIG core in a large Au shell)
the plasmon absorption peak is close in the position to the plasmon peak of the composite
made of pure Au nanoparticles. As the Q- factor increases (corresponding to the increase of
the YIG content in core-shell structure) the plasmon absorption band experience the red shift.
This is due to the fact that the plasmon mode is getting more localized in a YIG layer than in
glass. Quite interestingly, the strength of the plasmon absorption band increases with the in-
crease of the value of Q factor up to roughly the value of 0.8 (corresponding to volume filling
fraction of YIG in nanoparticle of ~50 %), where it reaches the maximum.

Figure 4.27. Schematic drawing of the
YIG core/Au shell nanoparticle showing
the orientation of the magnetization vector
and the electromagnetic wave vector as
considered here.
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Figure 4.29. a) Numerically calculated spectral dependences of the Faraday rotation for a
composite material consisteing of “YIG”-core/Au shell nanoparticles with 1 % filling frac-
tion embedded in glass for different values of O-parameter; b) numerically calculated spec-
tral dependences of the Faraday rotation of the composite material from above with O = 0.7
embedded in glass for different filling fractions of core-shell particles.

The calculated spectral dependences of the Faraday rotation in such a nanocomposite material
are given in Fig. 4.29. Fig. 4.29a) shows the effect of varying the Q-factor of nanoparticles
for a fixed filling fraction of the nanoparticles in a nanocomposite, while Fig. 29b) illustrates
the influence of the filling fraction of the nanoparticles at a fixed Q-factor. As expected from
Eq. 4.28, the enhancement of the Faraday rotation in such a composite is following the in-
crease in strength of the absorption in a plasmon peak, as illustrated in Fig. 4.28 at least for a
low concentration limit. If we compare the values of the Faraday rotation for the {YIG
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core/Au shell nanoparticles embedded in glass} nanocomposite with those of the {Au
nanoparticles embedded in YIG} nanocomposite (shown in Fig. 4.14c), we find that even at a
1 % filling fraction of core-shell nanoparticles (and thus at a less than 1 % YIG filling frac-
tion in a nanocomposite) the Faraday effect is predicted to be of the same order of magnitude
as that of pure YIG. In other words, the prediction here is that such a core-shell nanocompo-
site enhances by more than two orders of magnitude the value of the magneto-optical rotation
per fraction of magneto-optical! Such an enhancement can have significant practical applica-
tions since it is simpler to synthesize YIG reproducibly in the form of nanoparticles through
chemical reactions, then to grow good-quality epitaxial thin films of YIG materials.

4.21.2. Magneto-Optical Properties of a Composite Material Consisting of YIG
Shell/Au Core Nanoparticles Embedded into an Isotropic Dielectric Material

The next core-shell nanocomposite that will be analyzed is an Au-core/YIG-shell nanoparti-
cle dispensed in glass, as schematically shown in Fig. 4.30. The calculated spectral depend-
ences of the Faraday rotation in such a nanocomposite material are given in Fig. 4.31. Fig.
4.31a) shows the effect of varying the Q-factor of the nanoparticles at a fixed filling fraction
of the nanoparticles in a nanocomposite, while Fig. 31b illustrate the influence of the filling
fraction of the nanoparticles at a fixed Q- factor. Compared to the case of YIG-core/Au-shell
nanoparticles considered above, the Q-factor in such a composite has a far smaller influence
on the spectral position of the plasmon band. The plasmon band experiences a relatively
weak blue-shift with the increase of the Q-factor (corresponding in this case to the increase of
the Au content in a nanoparticle). At a fixed filling fraction of nanoparticles the enhancement
of the Faraday effect also grows with the increase of the Q factor up to a value of ~0.9, corre-
sponding to a 70 % metal filling fraction.

Figure 4.30. Schematic drawing of the

YIG shell/Au core nanoparticle embed-
ded into e.g. glass, showing the orienta-
tion of the magnetization vector and the
electromagnetic wave vector as consid-
ered here.

In order to illustrate the enhancement effect of the Faraday rotation per fixed filling fraction
of YIG in a nanocomposite, Fig. 4.32 shows the calculated spectral dependences of the Fara-
day rotation for different values of the Q-factor. One can see that the maximum enhancement
factor occurs at Q = 0.9. However, by comparing Figs. 4.31 and 4.29, we can conclude that
the YIG-core/Au-shell nanoparticle composite is preferential from the viewpoint of the po-
larization rotation.
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Figure 4.31. a) Numerically calculated spectral dependence of the Faraday rotation of a com-
posite material consisting of Au-core/”YIG” shell nanoparticles with a 1 % filling fraction
embedded in glass for different values of O-parameter; b) numerically calculated spectral de-
pendences of the Faraday rotation of composite material from above for Q = 0.75 and various
filling fraction.

st L - Figure 4.32. Numerically calculated spec-
tral dependences of Faraday rotation of
the composite material consisted of Au-
core/”’YIG” shell nanoparticles with 1 %
YIG filling fraction embedded in glass for
= different values of Q-parameter.
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4.21.3. Magneto-Optical Properties of the Composite Material Consisting of Ni
Shell/Au Core Nanoparticles Embedded into Isotropic Dielectric Material

In addition to metal-dielectric core-shell nanoparticles I will analyze the magneto-optical ro-
tation in nanocomposite materials made of bimetallic core-shell nanopaprticles with one of
the metal being magneto-optically active (such as Ni, Co or Fe) and the other optimized for
plasmon excitation (such as Au). In this section we will analyze the case of nanoparticles
made of an Au core and a Ni shell, as schematically shown in Fig. 4.33.
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Figure 4.33. Schematic drawing of
the Ni shell/Au core nanoparticle
showing the orientation of the mag-
netization vector and the electro-
magnetic wave vector as considered
here.

The calculated spectral dependences of the Faraday rotation in such a nanocomposite material
are given in Fig. 4.34. Fig. 4.34a) shows the effect of varying the Q-factor of the nanoparti-
cles at a fixed filling fraction of the nanoparticles in a nanocomposite, while Fig. 34b) illus-
trate the influence of the filling fraction of the nanoparticles at a fixed Q- factor. Unlike the
case of metal-dielectric core-shell nanoparticles considered above, such a material shows
only marginal enhancement of the Faraday rotation in a narrow spectral band due to the Au
shell if compared to the case of the pure Ni nanoparticles (Q = 0). The reason for this is that
the energy of the plasmon mode in a nanoparticle is mainly localized in the dielectric material
surrounding the nanoparticle and in the Ni shell, while the localization of the plasmon mode
in a gold core is small. Because of this the improvement in the quality of the resonance due to
the Au core is insignificant. In other words, two effects counterbalance each other: the higher
the Au filling fraction in a nanoparticles, the higher is the enhancement of the electromag-
netic field and the lower is the fraction of the magneto-optical metal causing the significant
Faraday effect. On the other hand, the higher the fraction of the magneto-optical metal in a
nanoparticle, the lower is the electromagnetic field enhancement, since all magneto-optically
active metals have a fairly low ratio of real to imaginary parts of the dielectric constant at
visible and near IR wavelengths, meaning poor quality plasmon resonances.
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Figure 4.34. a) Numerically calculated spectral dependences of the Faraday rotation for a
composite material consisting of Au-core/Ni shell nanoparticles with 1 % total metal filling
fraction embedded in glass for different values of Q-parameter; b) numerically calculated
spectral dependences of the Faraday rotation of the above composite material with Q = 0.9
for different filling fractions of core-shell particles.

In order to illustrate the effect of the enhancement of the value of the Faraday rotation per
fixed filling fraction of magneto-optically active metal in a nanocomposite, Fig. 4.35 shows
the calculated spectral dependences of the Faraday rotation for different values of the Q-
factor. One can see that the maximal enhancement factor occurs at Q = 0.9 (corresponding to
a 50 % volume filling fraction of Au in a nanoparticle). By comparing these results with that
of the YIG/Au core shell structure (see Fig. 4.32), we can see again that the enhancement
value of the Faraday rotation per fixed filling fraction of magneto-optically active metal in Ni
core/Au shell nanoparticles is much less spectacular.
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Figure 4.35. Numerically calculated spec-
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4.21.4. Magneto-Optical Properties of a Composite Material Consisting of Au Shell/Ni
Core Nanoparticles Embedded into an Isotropic Dielectric Material

The last bimetallic core-shell nanoparticle composite that we will analyze is the case of
nanoparticles made of Au shell and Ni core, as schematically shown in Fig. 4.36.

Figure 4.36. Schematic drawing of
the Ni core/Au shell nanoparticle
showing the orientation of the mag-
netization vector and the electro-
magnetic wave vector, considered
here.

N

The calculated spectral dependences of the Faraday rotation in such a nanocomposite material
are given in Fig. 4.37. Fig. 4.37a shows the effect of varying the Q-factor in nanoparticles at
fixed filling fraction of the nanoparticles in a nanocomposite, while Fig. 37b illustrate the in-
fluence of the filling fraction of the nanoparticles at a fixed Q- factor. For such a material the
calculations predict only a marginal enhancement of the Faraday rotation compared to the
case of pure Ni nanoparticles (Q = 1) over a limited spectral band with a maximum enhance-
ment achievable at Q ~ 0.75 (corresponding to ~40 % volume fraction of Ni) - quite similar
to the previously analyzed Au core/Ni shell composite system. The reason for this again can
be found in the fact that the energy of the plasmon mode in a nanoparticle is mainly localized
in the dielectric material surrounding the nanoparticle, so the presence of the Au shell effec-
tively reduces the localization of the plasmon mode in a magneto-optically active metallic
core. This effect effectively cancels the overall enhancement of the electromagnetic field of
the plasmon.
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Figure 4.37. a) Numerically calculated spectral dependences of the Faraday rotation of a
composite material consisting of Au-shell/Ni core nanoparticles with 1 % filling fraction em-
bedded in glass for different values of O-parameter; b) numerically calculated spectral de-
pendences of the Faraday rotation for the above with Q = 0.75 for different filling fractions
of core-shell particles.

4.22. Discussion of the Magneto-Optical Effects in Nanocomposite Materials Con-
taining Core-Shell Nanoparticles

Based on the numerical calculations presented above, it can be concluded that composite ma-
terials consisting of core-shell nanoparticles embedded in a lossless dielectric material hold
significant promise for magneto-optical applications. Core-shell nanoparticles not only pro-
vide the opportunity to tailor the spectral position of the plasmon band, but also show signifi-
cant increase in the value of the Faraday rotation due to the electromagnetic field enhance-
ment in a core-shell structure (discussed in [122] in relation to the enhancement of the Sec-
ond Harmonic Generation in core-shell nanoparticles). In particular, it was theoretically pre-
dicted that a composite material made from gold-coated YIG nanoparticles dispersed in glass
with less than 1 % YIG filling fraction can exhibit a Faraday effect comparable to a pure YIG
thin film at certain wavelengths. If such a prediction will be experimentally confirmed, such a
composite material could find significant applications, e.g. for magneto-optical memories,
magneto-optical imaging.
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Chapter V

Summary and Conclusions

5.1.

Summary

A complete theory of light propagation through ordered thick macroporous silicon arrays was
developed. It was shown that

In the EUV-visible spectral range (from below 100 nm to roughly 700 - 800 nm) the
light propagates through macroporous silicon by the leaky waveguide transmission
channel, where leaky waveguide modes are confined in pores.

In the near IR to mid IR spectral range (from roughly 700 - 800 nm to a wavelength
roughly equal to 2 — 5 times of the pore array period) the light propagates through the
waveguide transmission channel, where waveguide modes are confined mostly in the
silicon islands between the pores.

In that part of the mid IR range to the far IR range (from a wavelength roughly equal
to 2 — 5 times of the pore array periods and up to the free carrier absorption edge of
silicon) the light propagates through the macroporous silicon as through an effective
medium with some effective optical properties.

An improved effective medium theory was developed for calculations of effective dielectric
constants of porous semiconductors and applied to the explanation and identification of types
of optical anisotropies in several porous semiconductor materials and composite materials
made on the basis of porous silicon. The following items were accomplished:

The optical anisotropy of electrochemically etched mesoporous Si on (110)-oriented
substrate was explained, and the dependence of the optical birefringence of this mate-
rial on various material parameters was obtained.

The optical anisotropy of electrochemically etched porous InP and GaAs on (100)
substrates with crystallographic pores was predicted to be of either uniaxial or biaxial
type, depending on the pore structure. The triangular cross section of pores in porous
InP and GaAs (100) substrates was predicted to play a major role in its anisotropic op-
tical behavior.

The optical anisotropy of materials composed of strongly polarizable metal ellipsoids
aligned into several subsets (such as silver-filled mesoporous silicon etched on (110)-
oriented substrate) was evaluated. An uniaxial behavior of such materials was pre-
dicted. At small metal filling fractions of the composite material dramatic enhance-
ments of the optical anisotropy at some wavelengths was theoretically demonstrated.
It was further predicted that the optical anisotropy of silver-filled mesoporous silicon
etched on (110)-oriented substrates would have different signs (positive or negative)
at different portions of the spectrum. In addition, it was theoretically demonstrated
that such a material might exhibit “indefinite” (meaning different signs of the differ-
ent elements of the effective dielectric permittivity tensor) dielectric properties at
some wavelengths for intermediate filling fractions.
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A specifically modified kind of effective medium theory was developed for the evaluation of
the nonlinear optical properties of porous semiconductors in the small nonlinearity/small po-
rosity limit. It was applied to the study of second harmonic generation (SHG) from a com-
posite material consisting of mesoporous (110)-Si and pores filled with silver, e.g. by electro-
plating. The theory developed permitted a determination of the SGH tensor coefficients of
such composites. It was shown that:

e The SHG of a composite material consisting of mesoporous (110)-Si with the pores
filled with silver can be greatly enhanced in some wavelength ranges due to the local
electromagnetic field enhancement around the surface plasmon resonance conditions
of the metal-filled pores. Moreover, some peculiarities of the SGH generation effi-
ciency were predicted, which are due to spectral peculiarities of the effective dielec-
tric constant such a composite (originating from the morphology of the mesoporous
(110)-Si). The optimum material parameters for an experimental observation of the
theoretically predicted effects were identified.

Based on the theoretical formalism developed, it was shown that porous Silicon in various
geometries and morphologies can be used for novel optical elements by combining theoreti-
cal insights with suitable porous structures and some pre- and post-processing of the Silicon.
The following novel optical elements were designed, modeled and in most cases experimen-
tally fabricated/optically tested:

e Environmentally stable optical components from mesoporous Silicon for far IR spec-
tral range.

Long wave pass filters for the mid and far IR spectral range.

Macroporous Silicon UV Filters.

Polarization components for the UV range.

Retroreflection suppression plates.

Omnidirectional IR and visible wavelengths filters.

A number of fabrication processes have been developed and/or adapted for the fabrication of
these components. Experiments in most cases fully confirmed the feasibility and the unique
performance characteristics of these optical components. Some of these components (such as
long wave pass filters) are already successfully commercialized and are used by the interna-
tional scientific research community.

A modified effective medium approximation was developed that accounts for higher order
interactions between metal nanoparticles in metal-dielectric composite materials,. The
mathematical formalism was developed and applied to actual experimental data. By compari-
son of experimental results and theoretical predictions it was shown that:

e The approximation presented provides a much better fit to experimental results than
the classical EMA - even at low metal filling fractions.

e It was demonstrated that the theory developed expands the applicability range of
EMA up to ~20 % metal filling fractions at very little additional computational ex-
penses.

e It was shown that the theory developed permits to extract additional information from
the optical characterization of the composite material, such as the distribution of the
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particle distance in a composite (in addition to the correct identification of the con-
centration of the metal particles).

The magneto-optical effects in metal-dielectric nanocomposite materials have been analyzed
in detail. The theoretical formalism was developed and applied to the analysis of such materi-
als at low, medium, and near-percolation metal concentrations. The predicted magneto-
optical enhancement factors were compared with electromagnetic field enhancement factors.
Several practical realizations of such composite materials were considered, and some possible
applications were discussed. In particular, the following was shown:

e A substantial electromagnetic enhancement of the magneto-optical effects is expected
in metal-dielectric nanocomposites.

e The enhancement of the magneto-optical activity in metal-dielectric composites is
proportional to the enhancement of the electromagnetic field in the magneto-optical
material at metal concentrations sufficiently far from the percolation threshold.

e Near the percolation threshold, the correlation of the magneto-optical enhancement
and the electromagnetic enhancement is not that straightforward.

e The particular value of the enhancement factor and the optimum metal concentration
needed to get the maximal enhancement strongly depends on the wavelength.

e The highest possible enhancement factors (x50 and possibly above) are expected in
the near IR wavelength range at near-metal-percolation conditions.

e Composite materials consisting of core-shell nanoparticles embedded in a lossless di-
electric material hold significant promise for magneto-optical applications. Core-shell
nanoparticles not only provide the opportunity to tailor the spectral position of the
plasmon band, but also show significant increase in the value of the Faraday rotation
due to the electromagnetic field enhancement in a core-shell structure. Particularly, it
was theoretically predicted that a composite material made of gold-coated YIG
nanoparticles dispersed in glass with less than 1 % YIG filling fraction can exhibit
comparable Faraday effect to the pure YIG thin films at certain wavelengths.

5.2. Outlook and Future Research

While the material presented in this thesis provides a good background for the understanding
of how porous semiconductors can be modified to serve as a base material for different opti-
cal components, there is still a lot of work that needs to be done in the immediate future:

e The fabrication of mesoporous silicon far IR filters needs to be made reproducible
enough to allow a commercially viable product. In addition, application-based designs
of particular filter structures adapted for particular user’s requirements have to be de-
veloped.

e A similar situation obtains with macroporous Silicon UV Filters, where still a number
of processes need to be optimized or fine tuned, and more application-specific designs
need to be developed.

e Even more process optimization is needed for polarization components for the UV
range. Large progress in the optimization of the electrochemical etching is required to
prove the theoretically predicted advantages of such optical components.

e It is still not experimentally proven that omnidirectional IR and visible wavelengths
filters are feasible. Optically functional structures have still to be made and tested,
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which will require substantial optimization of the electrochemical etching/pore coat-
ing/filling processes.

e It is yet to be experimentally identified whether porous semiconductor other than sili-
con could used for the optical components.

While I believe that with the material provided in this thesis, the theoretical background and
the understanding of optical anisotropies of porous semiconductor materials are sufficiently
established, there is certainly a lot of interesting work that can be done in the future in this
regard:

e The electrochemical etching of III-V compound semiconductors on (100) substrates
need to be sufficiently optimized to experimentally verify the achievability of the bi-
axial anisotropy in such porous materials. Further, it needs to be identified whether
the fabrication process could be sufficiently optimized to produce well-controlled bi-
axial anisotropy as is needed for a number of optical applications. Only in such a case
such materials can be successfully commercialized.

e The technique of metal-filling the pores needs to be developed, and the theoretical
predictions of strong anisotropy and indefinite optical properties need to be experi-
mentally verified. It is still to be shown whether such properties could find the use in
optics, and whether it could be the base of viable commercial products.

e [t is yet to be experimentally proven whether the theoretically predicted enhancement
of the nonlinear optical effects in metal-filled porous semiconductor composites is
correct.

e The nonlinear optic effective medium theory can be (and probably should be) further
expanded to medium metal concentrations (somewhat similar to the expansion of the
linear optic EMA presented in Chapter IV) and then can be applied to the case of po-
rous GaP, where there is still no acceptable theoretical explanation of the experimen-
tally observed significant enhancement of the SHG.

The prospects of the future research in magneto-optical phenomena in metal-dielectric com-
posites are even more exciting:

e The structures with the highest theoretically predicted enhancements of the magneto-
optical effects should be experimentally realized and tested. It is especially interesting
to evaluate such structures near the percolation conditions, where no experimental
data is available yet.

e The magneto-optical phenomena theoretically considered in this thesis should not
only be investigated in the far field, but also in the near field. Near field investigations
(such as with specifically modified Scanning Near Field Optical Microscope
(SNOM)) may reveal the local distribution of the light polarization in such structures.
It is especially interesting to examine the near-percolation structures, since in such a
case enormous local electromagnetic fields are expected. Such an investigation may
provide the understanding why the theory presented here predicts significant devia-
tions between the electromagnetic enhancement and the magneto-optical enhancement
in metal-dielectric composites.

e The nonlinear magneto-optical effects can be theoretically investigated in metal-
dielectric composites as well. If following the analogy to linear optics, such compos-
ites might provide much more significant enhancements of nonlinear magneto-optic
effects than that of linear magneto-optical effects investigated in this thesis.
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Engineering of magneto-optical materials can be attempted with the combination of
DDA and EMA as presented in this thesis. The key will be to theoretically identify
what kind of unit cell structure such materials should have, and what would be the
performance limits of such materials. The difference to the engineering of magneto-
optical properties via photonic crystals (already analyzed in a substantial number of
publications) is in the size of the unit cell and the dimensions of the “building blocks”.
Here I propose to investigate the subwavelength structures.

It would be very interesting to evaluate the possible applicability of magneto-
optically-active materials in nanostructures exhibiting left handiness (i.e. negative re-
fraction) at certain wavelengths. It is known that negative refraction occurs if the real
parts of the effective magnetic susceptibility and the dielectric permeability have
negative signs simultaneously. The magneto-optical activity of a composite may pro-
vide a coupling between different modes in such structure and interesting (possibly)
unique optical effects may take place at such conditions.

At last, but not the least, it needs yet to be shown whether the fabrication of metal-
dielectric magneto-optical composites can be optimized sufficiently to permit some
commercial applications.
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