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ABSTRACT

The ability to manipulate the electromagnetic spewot has long been an
important factor in the field of photonics, howeweditional optical filters are largely
restricted to simple geometries due to practicaditéitions in fabrication. Recent
developments in manufacturing technology has garagineers the ability to relax these
restraints. A newly developed custom RF magnetputter deposition system located
here at the University of Delaware has enabledithform coating of spherical micro
particles. With this new fabrication technique, migarticles can be engineered to
exhibit numerous application-based extinction pesfito produce highly effective
optical filter aerosols, and so the need to sineuthiese new devices has become
imperative.

A custom Mie code was developed to assist in tisggdeand modeling of non-
homogeneous spheres with highly absorbing shejlsidihg the principles of classical
Mie theory together with the implementation of auesive algorithm scheme when
calculating the Mie series coefficients, it is npassible to simulate the extinction and
scattering efficiency curves for these highly absay multilayered spherical optical
filters in the visible and infrared spectrum. Ttemgrated efficiency curves can then be
passed through an optimization scheme dependinth®ruser’s intent for particle
design.

The first part of this thesis will be focused ofradlucing the core concepts of
optical filters and aerosol modeling. Next, the Mieory and recursive algorithm
methods employed in the custom optimization sofewaill be explored. The custom
Mie code, optimization schemes, and user interfaitiebe outlined. This thesis will

focus on two major designs, a particle with a haghss extinction coefficient in the



mid-wave infrared, (MWIRA = 8-12um) and a particle exhibiting a narrow paasel
filtering effect inside the short-wave infrared sppeam (SWIR,A = 1-3um). The

remainder of this thesis will present numericaidations of my findings.



Chapter 1

INTRODUCTION ON OPTICAL FILTERSAND MODELING PARTICLE
AEROSOLS

1.1 Introduction

While the idea of filtering the electromagnetic gfjpem with a collection of
aerosolized microspheres sounds like an idea rifnoead a science fiction movie, the
original concept started out much more modestlyn&of the first man-made “optical
filters” were created by aerosolizing visibly opaquowders to create simple band-stop
filters inside the visible spectrum. The earliestwimented use of these crude optical
filters occurred in 1622, where the Dutch shotdlarof damp gunpowder into the wind
to shelter landing infantry from the enemy’s sightthe Dutch-Portuguese War [1].
Traditional optical filters are still in use todalgpwever a new desire to not only
extinguish incident radiation, but to create uniguéinction profiles in the infrared
frequency bands of radiation has been rapidly agnet). Current optical filter
technology extends this concept by producing devicapable of selectively
transmitting, reflecting, or extinguishing light different wavelengths [2]. The ability
to create application based optical filters on laesigal micro particle would allow for
several exciting new applications. The modeling dedign work introduced in this
thesis provides a robust method for engineering kificiency optical filters through
aerosolized micro particles. These aerosols camdeel to create electro-optically
switched mirrors, tunable notch filters, and remciiemical and biological sensors.

Although more work is to be done to fully perfebetfabrication of multi-layered



spherical micro particles, the promise held byuitsque resonant effects encourage

further design and simulation to extend its possdgplications.

1.2 Introduction to Thin Film Optical Filters

The field of photonics has always been energizetthéypromise of operating at
or near the speed of light. While technology in phetonics field continues to grow, it
produces an increasing amount of optics based caonmeation and sensing techniques,
therefore a need for better and more versatilealdiiters has developed. Optical filters
are designed to modify each component of the frecpier phase of incident light by
promoting the absorption or interference of théert&d and transmitted signals. Thus
by sequencing specific materials or films with vagyindices of refraction in order to
redirect or extinguish specific wavelengths of tighnovative optical devices can be
created. While optical filters use many differeppeoaches to achieve the modification
of incoming signals, this thesis will focus on tHilm optical filters. Thin film optics
require an understanding of basic electromagnie¢ioryy to understand how the light is
interfering with itself inside the multilayeredstture. The basic theory is best summed
up by Macleod in his boolhin Film Optical Filterd3], in which he begins by defining
a series of basic equations. First, the reflectantight at a boundary between to media
is described by Equation (1), in which R, the r&#@ce at a boundary, is related to the
square of the ratio of the difference of the indicé refraction at the boundary over

their sum.

ny.12
(1__2) ni«—n 2
_ ni — 172
R= I(1+Z—i)l [n1+n2] (1)
By examining a simple material with negligible atpgmn and purely real index of

refraction, we can see that a reflection insida twer index material as compared to



the adjoining medium will result in a negative \@lor a 180° phase shift. Conversely,
the reflection occurring in the higher index mediwii produce a positive resultant
with no phase shift. If a complex index of refraatiis taken into account in which a
material has a non-negligible absorption coefficigmaginary component), the phase
shift and amplitude can result in various interragelvalues, and can be solved through
complex algebra. When incident light strikes a arg, most often the energy is split
into two components, a reflected and transmittesrb&Vhen the reflections occur from
multiple locations, the recombined energy can tesula difference or sum of the
multiple reflected paths. If the reflected beams separated by 180° in phase they
subtract from each other, or “destructively” ined, while in-phase energy will sum,
or “constructively” interfere. These interferencdtprns can lead to interesting designs
in optical filters.

A common design approach of optical filters isteck an alternating pattern of
high and low index films on top of a substrate evide. The reflections caused at each
boundary inside of the higher index films receivephase shift, while the reflections
inside the lower index material will be 180° outpifase, this provide designers with
the ability to choose a specific film thicknesses andices to encourage constructive
or deconstructive interference when reflected dgypnaerlap with the incident beam.
One common example of this design is a single lag&freflection coating, which uses
a single dielectric layer to cancel the reflectadrgy from an abrupt change in index.
For complete cancellation in a single layer anflietive coating, the amplitude of the
reflected energy must be equal at the upper andrlsurfaces of the film, therefore the
index of the layer must be equal to the squaré®index of the surrounding medium

and substrate as depicted in Equation (2).



n n
n—j: — > Ny = \MoNsup (2)

Nsub

Additionally, the optical thickness of each layemiade to be a quarter wavelength of
the incident light inside of the medium. This watsure that the two reflections at the
top and bottom surfaces of the layer will destuedfi interfere as they travel back

towards the source of the incident light. This ctetgocancellation eliminates reflection

and can be expanded upon by increasing the nunfblayers and broadening the

bandwidth of the filter. Another application of hignd low index alternating stacks is
a high reflectivity film. If all films are kept aqual quarter wavelength thicknesses
while alternating between a high and low index,alernating phase shifted reflections
will recombine constructively generating a reflexta proportional to the number of

layers in the stack. Figure 1.1, adapted ffbimm Film Optical Filters[3], depicts the

cross-section of an alternating high-low index tiilim reflector.

5-Layer Alternating Thin Film
Reflector

Incident
Light
‘ Constructive
Interference of
Individually
Reflected Waves

Air
High Index })\/4

Low Index
High Index

/) Low Index
v High Index

Substrate

1 Transmitted Light

Figure 1.1: 5-layer thin film reflector based ohigh-low index dielectric stack,
adapted from [3].



1.3 Introduction to Modeling Aerosols

Aerosolized particles, as depicted below in Figug are formed by dispersing
a low transmission, superfine material into a megithus providing a barrier between
the source of incident radiation and its intendegét [4,5]. The aerosol’'s constituent
particles work together to attenuate any penetyatiectromagnetic energy either by
scattering or absorption mechanisms. While botlthese mechanisms are effective
ways of extinguishing unwanted radiation, the pgets size, geometry, and material
properties will determine how much of each contiéisuo the overall extinction of the
energy at a specified wavelength. Given the speeafiplication requirements, the
particle size, material, and geometry must be allye$elected as the contribution of

each individual particle will shape the overall @w@eristics of the aerosol.

Infrared
radiation

IR Source

Aerosolized Particle Cloud

Figure 1.2: Simple aerosolized particle cloud attsgion model, adapted from [4].



1.3.1 Basic Equationsfor Attenuation by Optical Filter Aerosols

Considering the situation depicted in Figure 12 incoming energy emitted
from the infrared source will be attenuated asrection of distance travelled through
the aerosol. The series of equations we will defiinhe upcoming section have been
described by Shi, in their article, “Infrared extilon of artificial aerosols and the effects
of size distributions” [4]. The further the beamshtravel through the aerosol to reach
the target, the more heavily attenuated the bedhb@dome. Therefore, the transmitted

irradiance can be calculated by Equation (1).

I, = Iyel~Jo BWax] 3)
where b is the incident irradiance, L is thickness of #erosolized cloudh is the
wavelength of the incident irradiation, affigh) is the extinction coefficient at a
particular wavelength. An extinction coefficient ajiifies the aerosol’s ability to
attenuate incident energy of a certain wavelenigtis. a function of both the number
density of particulates, N, and the extinction sresction of each individual particle,
OE.

B(A) = Nog(4) (4)
Equations (3) and (4) can be adapted to incorpdhatdikely condition that a relative
size distribution exists within the constituent roigarticles. If we were to have an
aerosol of micro particles ranging from {8 in diameter we would want to represent
that variety by representing: as a function of both particle diameter, D, asl\asl
wavelength). Additionally, a distribution of the varying parte diameters would be
represented by the function f(D). With these changige extinction coefficient would

now be best described by Equation (5).

B = J, Nog(4,D)f(D)dD (5)



Since we will most likely be observing the aerosgberformance within a given

wavelength band, (SWIR/MWIR), it is normally advag¢ous to represent the
extinction coefficient as an average across thel lsdinterest. In this case a standard
averaging equation will be modified to calculﬁethe average extinction coefficient

across a the band.

1

[ e ALY (6)

It is important to remember that while it may bgitd to design a particle with a high
extinction coefficient, it is equally important éxamine the particle’s mass, as its total
weight will ultimately determine the time duratidhat the aerosol can remain
suspended within its respective medium. We can ex@the extinction capability of a

material per unit mass by using the following exsgren,

B (@) =E2 ()
wherepm is known as the mass extinction coefficient, andelgresents the total mass
of N particles. We can solve for the mass by irdégg the total volume of each subset
of micro particle diameters and multiplying by tin@ss density of each (This equation

will be adjusted based on the geometry of the diesit particles inside of the aerosol).
—_ (% 1 _pn3
M= Nf(D)_mD*pdD (8)
If we examine Equations (5), (7), and (8) we cataimba general expression that shows
in order to attain a mass extinction coefficient éoparticular aerosol we must first

obtain the extinction cross-section of each patiet, as well as the distribution

function of the particle sizes inside the aerogdl).

6 Jy° oE(A.D)f(D)dD
np [°D3f(D)dD

Pm (1) = (9)



By using Equation (7) together with the averagiegrsin Equation (6) we can produce
our most comprehensive and final equation to desdiie average mass extinction

coefficient of the given aerosol over a set bandafelengths.

B = o o Bn(W)dA (10)
Now that we have covered the basics of thin filniaagb filters, and outlined a
way to quantify the efficiency of both the indivalyparticles and overall aerosol based
upon the extinction cross-section of a single pertiwe will turn our attention to the
specific design of multilayered particles. Speailig, we will need to discuss how the
particle geometry and material properties will b&edi to determine an effective

extinction cross-section.



Chapter 2
PARTICLE DESIGN

2.1 Particle Geometry

Many different geometries were explored when det@ng an ideal micro
particle for simulation. High aspect ratio metaparticles such as flakes and rods were
first explored due to their connection with knowrface plasmon resonant (SPR)
effects, which are capable of producing high masis&ion coefficients [6]. However,
these high mass extinction coefficients were fotmtle both highly dependent upon
the orientation of the particle in respect to tludapzation of the incident light, and
narrow-band in the IR. This orientation dependeraybe best described by examining
the effects of polarization in the incident enertfjyhigh aspect ratio particles were to
be used in my design, the scattered energy woud#t pden the polarization of the
incident E-field was aligned parallel to the majlamension of the particle, thus any
random motion or disorder would cause a decreasgtinction from the ideal case of
complete parallel alignment of each particle in #eosol. This scattering peak is
caused by the formation of surface currents onctireuctive surface opposing the
incident electric field [7]. If the field is aligaeparallel to the major axis, the largest
path for the surface current to propagate woulsdas, thus re-radiating or “scattering”,
the highest possible percentage of incident endfghis orientation is changed, the
path length of the generated surface currents wdatitease as would its scattering

effects. This phenomenon is best illustrated irufFgg 2-1 and 2-2.



Conductive Rod Scattering:
Horizontal Orientation

E

Figure 2-1: Conductive rod scattering with majandnsion parallel to electric field

Conductive Rod Scattering:
Vertical Orientation

N

=2

E.
—

inc

il
.

Figure 2-2:Conductive rod scattering with major dimension pegicular to electric field
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To get around this challenge, a spherical geonveais/chosen to ensure spatial
symmetry and eliminate a variation in scattering da particle orientation or the
polarization of the incident energy.

By focusing on a traditional spherical geometryeNMheory can more easily be
used to determine the specific extinction behaef@n individual particle. Mie Theory
will lay the groundwork for the custom Mie softwahat will be introduced in Chapter

3.

2.2 Material Selection

When considering the materials that will contribtdea particular optical filter
design it is important to have an understandintpeir performance and characteristics
in the frequency spectrum of intended use. Matgmniaperties typically change over
frequency (dispersion), and because of that popmoiaterial choices for visible
wavelength optical filters may not be the best cador a filter designed in the infrared.
The material’s transparency, density, abbe numbeéex of refraction, and absorption
will all need to be carefully examined and assed$se@ach specific application. It is
also important to consider the conditions thatdece will be exposed to, the required
mechanical strength of a device, and ease of fatilwit need to be considered when
making an informed decision. The devices discugsékis thesis may be deployed in
a variety of situations, so the specific materiatidions will be detailed later in the

application specific section of this thesis.

11



The most frequently used materials for filter dasig the visible and infrared

spectrum are shown below in Table 2.1 [8].

Table 2.1: Material properties of common matenieed in the visible and infrared.

Index of Densit Abbe
Material Refraction (g/cm% Number
(n) (va)
Polystyrene
(CeHa)n 1.570 1.04 29.53
Calcium Fluoride
(Cab 1.434 3.18 95.1
Silicon Dioxide
(SiOy) 1.456 2.65 67.8
Germanium 4.003 5.33 N/A
(Ge)
Magnesium Fluoride
(MgF) 1.413 3.18 106.2
N-BK7 1.517 2.46 64.2
Potassium Bromide
(KBr) 1.527 2.75 33.6
Sapphire
(A1203) 1.768 3.97 72.2
Silicon
(Si) 3.422 2.33 N/A
Sodium Chloride
(NaCl) 1.491 2.17 42.9
Zinc Selenide
(ZnSe) 2.403 5.27 N/A
Zin Sulfide
(ZnS) 2.4631 5.27 N/A
A'“&:;‘“m 6332-32.109 2.70 N/A
Titanium Dioxide
(TiO5) 2.4538 1.71 9.87

As expressed earlier, two major design focusedim thesis are to create a

narrow pass-band filter in the SWIR and a broag-s@nd filter in the MWIR. The

12



three primary materials we will be using to comgleur design are silicon, silicon
dioxide, and aluminum, although all of the materiigdted in Table 2.1 could be used

for various filtering applications.

2.3 Introduction to Mie Theory

After selecting a spherical particle base geometeycan now turn our attention
toward obtaining the scattering cross-section ofiratividual particle. First it is
important to understand the physics behind thena#tigon of incident radiation when
interacting with matter. The equations and basrggules found in this section are well
summarized by Ng [9]. All matter is made up fromadinelectrical charges known as
electrons and protons. These charges are setrirdsdlatory motion when excited by
incident radiation. This oscillation in turn leamtsa re-radiation of energy known as
scattering. Another mechanism in which materials aienuate incident radiation is
through absorption, in which incident energy upanaderial is extinguished rather than
re-radiated. Absorption occurs in materials witbomplex index of refraction, m, as
shown in Equation (11) the real part of the indexednines the material’'s index of
refraction, n, while the imaginary part, k, contriés to absorption and is known as the
attenuation coefficient.

m=n+ik (11)

The total amount of radiation that is extinguishedn incident beam when
travelling through a material is known as extingfiand it incorporates both scattering
and absorption losses. Two of the possible thedoesonsider when describing the
interaction of incident radiation with a spheripalkticle are Mie theory and ray optics.
Mie theory is based upon Maxwell’'s equations in ekhthe incident, scattered, and

internal fields are derived. The expressions offtakels take the form of an infinite

13



series of vector spherical harmonics (VSWF). Witbse expressions it is possible to
find cross-sections, efficiency factors, and intgndistributions on a homogeneous
particle. One aspect of Mie theory we will focusismorphology dependent resonance
(MDR), where the particle resonances are genelgtedrying a size parametgr,The

size parameter is a function of the particle radajsand the wavelength of incident
radiation in the surrounding mediuﬁﬂfé, as seen in Equation (12).

2mang,
x="0 (12)

The micro particles we aim to design must be lgidugh to remain suspended in air,
therefore we are practically limited to particleuheters less than 30um depending on
particle density. At this particle size, the diaereatf the particle will be comparable to
the wavelength of the incident light in which cadee theory becomes the preferred
tool to examine the particle’s extinction crosstsec
For the rest of this introduction to Mie Theory, wil focus on the general case

in which a plane wave excitation is incident updroenogeneous spherical particle. The
electric field is polarized in the x direction amgvels in the z direction with an
amplitude of b and propagation constantf@f As seen in Equation (13).

E;n. = Eje~Pozg (13)
We can use Maxwell's equations to solve for thestoependent vector wave equations
in Equations (14a) and (14b)

VZE + k4E =0 (14a)

VZH + k2H =0 (14b)
Wherek2, = w?e,, 1 represents the wave vector in the surroundingunednde,,, is

the permittivity in that medium. Now, we need taide the vector solutions of the wave

14



equation by applying a spherical coordinate systentered around the base particle
geometry, defining a scalar functignm, and a constant vectar If the scalar function

is a solution of the wave equation, we can find tadependent vector solutiorﬁl,m
andN, ,, which are solenoidal of each other much likandH as shown in Equations

(15a) and (15b).
My =V X P m (15a)
Nim ===V X My (15b)

These vector spherical harmonics can be used teegxphe internal and scattered

electric and magnetic fields, which are shown mghbt of equations

Egeq = %Z[Al,malﬁl,m + Bl,mblﬁl,m] (16a)
Hoe = _%Z[Al,malﬁl,m + Bl,mblﬁl,m] (16b)
Eint = w:ZnHZ[Al,mClMl,m + Bl,mdlﬁl,m] (16c¢)
Hipe = _%Z[Al,mclﬁl,m + Bl,mdlﬁl,m] (16d)

Ai,m and Bm represent expansion coefficients characteriste gjjecific incident beam
of energy, gand bare scattering coefficients, anagod dare coefficients of the internal
fields, which can be determined from the boundaryditions located at the surface of

the sphere.

[Einc + Esca - Eint] X7 =0 (173)
[ﬁinc + Fisca - ﬁint] X7=0 (17b)
By using the boundary conditions together with dieénitions for the fields provided

above, the Mie coefficients|(d, a, and @ can be calculated.

15



With these coefficients and the intensity incidentthe particle we can
calculate the scattered and extinction energiasfamthermore the scattering,

extinction, and absorption cross-sections.

Osca = 2 E2(2L+ DIyl + |i]?) (182)
Oext = 1z L2120+ D(ay + ) (18b)
Oabs = Oext — Osca (18c)

From the extinction cross-section, an extinctidicieincy can be calculated by dividing

by the geometrical cross-section of your particle.

Qsca = % (lga)
Qext = ::Czt (lgb)

Finally, a mass-extinction coefficient fn'g) can be found by dividing the extinction

efficiency by the mass of the particle.
mass extinction coef ficient = a = % (20a)
p

When the scattering or extinction efficiency ofpdnerical particle is plotted vs
the size parametey, it is evident that there exists an extinctioricgéihcy peak at a
particular size parameter given the index of theosunding medium and of the
scattering sphere. Figure 2-3 compares the plobotf the extinction efficiency and
extinction cross-section of a homogeneous lateerspiith g = 1.59, m = 1, against

the size parameter of the sphere \kith 1um.
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Figure 2-3: Extinction cross-section (top) and motibn efficiency (bottom) for a latex
sphere with an index okr 1.59 in air, m = 1, figure borrowed from [9].
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In the figure it is easily seen that while the s&@hg cross-section continues to
rise as the size parameter of the sphere growsgfficeency of the scattering relative to
the size of your particle has a series of resorgvaeich reach a maximum peak when
the radius of the particle is roughly equal to weeselength of the incident light. This
efficiency peak will come in handy when designingrtigles in the short and mid

infrared frequency bands for optimal extinction.

2.4 Multilayered Sphere Extinction

While the classical Mie theory explained above &l wuited for describing the
extinction characteristics of a homogeneous splieegheory must be adapted to take
advantage of the multilayered design proposedigmthesis. The idea behind the basic
geometry of a multilayered spherical scattereroisexplore the effect of layered
dielectric and metallic films when surrounding @epcal core substrate in order to
reproduce filter profiles seen in traditional plasauctures. If the thin film interference
described in Section 1.2 could be replicated inpatially symmetric shape, the
dependence on the angle of incidence for incomignags could be avoided, therefore
producing a much more robust optical filter thatuuldomaintain function while
experiencing the random motion frequently exhibligcherosols. The basic alternating
high and low index layered sphere design is shawfigure 2-4.

This design will be the basis for the simulatiomesented in Chapter 4. The
boundary conditions at each interface will neetiésolved starting from the inside of
the sphere and continuing outwards, until the fisehttering coefficients can be
extracted in order to characterize the sphereeabtitermost surface, generalizing the
functionality of the particle as a whole. The resive algorithm approach we will take

in our optimization software for obtaining theseeMieries coefficients is outlined in
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Wen Yang'’s journal article titled, “Improved Recwes Algorithm for Light Scattering
by a Multilayered Sphete[10], | recommend reading this article to receiugher

background on the functions and variables pertgitonYang's algorithm that will be

outlined in the rest of this section.

Escat

”
-0

Figure 2-4: Multilayered thin film spherical patacscatterer

A great number of contributing authors have adajpied improved upon the
original model of EM scattering from a sphere fingirked out by Aden and Kerker

[11], with a number of recent iterations attempttoginclude thin shelled and non-
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homogeneous spherical particles in their calcutatid2-15]. An abundance of these
types of spherical particles are found in naturel the need to model the scattering
behavior of finely stratified or large and heavdpsorbing particles has until very
recently endured numerical errors caused by rodhdrod overflow problems
originating from calculations of the Riccati-Besdahctions with large complex
arguments. In Yang's paper an improved recursigerdhm leveraging the calculation
of the logarithmic derivatives of the Riccati-Bdsmctions to recursively solve for
the scattering coefficients, and  has proven to increase numerical stability when
considering particles with large size parameténs) heavily absorbing shells, and
finely stratified layers. It suggests that if wepegach an iterative solving technique for
a series of concentric spheres with varying sizarpaters rather than the discrete layer
indicative of our design, we can rewrite our defoms for the size parameter and

relative refractive index as

X = 27'[;\/7'1 = le (Zla)
m; = NI/N =n + lkl (Zlb)

where N, is the index of refraction of the outsmedium, Nis the index inside
the " layer of the spher@, is the wavelength of the incident wavidsrthe radius of the

I'" layer, and k is the propagation constant.
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Figure 2-5: Multilayered concentric sphere partgd®metry, adapted from [10].

If we assume the particle to be suspended in aicavetake the relative index of the
outermost layer, m, to be unity. We also will make the assumptiont ttize
permeability, 4, is equivalent to the permeabibtyree space, ¢leverywhere. Now, if
we were to excite and incident plane wave uponntidtilayered sphere, we could
express the field through a combination of inwand autward travelling waves. The
inward travelling waves will be dictated bylr), the spherical Bessel function of the

first kind, while the outward travelling waves wile defined by the spherical Hankel
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function of the first kind, K (kr), this is different from the typical choice Mie
scattering algorithms. We can express these tiageNaves through the vector space

spanned by andM described in Section 2.2

o) l . 4
b= o B[R~ 0N 20

oln eln

0 . (L 3
Eout = Zn:l En[la;)N( )

eln

- "M% ] (22b)

From these definitions we can further explain tleeteic and magnetic fields in th@ |

region of the sphere

o0 l 1 . 5 1 . 3 l 3
Ey = Yn=1 En[cr(z)McE1)n - ldr(t)Ne(131 + la;)Nédz - b1EL)M¢§1)n (23a)
— ki goo DOpD 4 On@ _ O3 O a3
Hi= =22, Bn| MG, + i NG, — NG, — P M) | (23b)
whereE, = i"E, (2n+ 1)/n(n+ 1), o is the angular frequency, amd(g’i)n, M(g’l)n

N andn®

eln’ »1n (=1,3) are the vector harmonic functions withadial dependence on

Jn(kyr) forj=1 andhﬁll)(klr) for j = 3. Following Bohren and Huffman’s treatme
light scattering in the core of the particle [18f can see the fields expressed in the

region, 0<r<r; as

o 1).,(1 )
Ey = 55 En[cPMS), — ia°N) (24a)
&%) k 1 1 .
Hy=Yp1 _w_MEn[d‘f(’l )Méli + wr(zl)No(gl] (24b)

The incident and scattered fields found in the@urding medium can also be

referred to in traditional Mie Theory expansionfobe

E; = Yy En| M, — iNG)] (25a)

kK <o .
Hi = = = B B MG, + NG, (25b)
Ey = iy Ey|ianNSy — baM S, (25¢)
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oln eln

k o .
Hy=-2 anlEn[—lbnN(g) - anM(g)] (25d)

If we compare equations (23a) and (23b), (24a)a4l), and (25a-d), we can infer that
aM=b® =0, ¢V =g =1, a=a"Y, and b = Y. We have already seen
that we are able to obtain the scattering and esiparcoefficients by applying the
tangential boundary conditions in Section 2.2, h@venow we need to implement a
recursive function to solve for each layer of thbeye as we travel outwards from the

core. This is achieved by utilizing the followingfahitions,

D@ = ¥ (2)/¥a(2) (26)
DP(2) = ' (2)/%n(2) (27)
R, = lpn(z)/{n(z) (28)

wherey represents the Riccati-Bessel function of thd &isd, and{ represents the
Riccati-Bessel form of the Hankel function of thmstfkind. In traditional multilayered
sphere scattering algorithms these ratios are ttlirealculated given a real material
index and then used to find intermediary terms thatirsively solve inside out, until
the final scattering coefficients can be obtaingdwever, it is well documented that
many of these values grow exponentially with ameasingly large complex argument
leading to overflow errors. Additionally, subseqtiealculations required by previous
algorithm schemes lead to subtractions of near #wsras which can lead to major
round-off problems when considering the case oy stratified or highly absorbing
shell particle. This new approach differs in thdcekation of these logarithmic
derivatives, Y will be calculated via a downward recurrence sahastarting with a

given initial value,
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DY (2) = 0+0i (29)

Nmax+1s

DV (2) =2 - -5 (30)

z  pP@)+2
where Max is a decided number of terms in the partial waxgaasion that has been
thoroughly explored through the work of Wiscombd][1Similarly, D\® is solved
through an upward recursion presented in the paloéeynal absorption cross sections
in a stratified sphefeby D.W. Mackowski [15], that uses the previousijoulated R
values to begin an upward recursion to find th€ @alues where z represents your

complex argument, a+ib.
DI (2) =i (31)

Yo(2)&(2) = %[1 — (cos 2a + isin2a)e™??] (32)

Yn(Dén(2) = Y1 (DEn1 (D) |5~ D2, (2 )] BRG] (33)

D (2) = D{P(2) + (34)

Yn(z )En(z)

These logarithmic derivative values of the Ric&#ssel function can then be used to
find a new term, @, which represents a ratio of the two distinct Bégsnctions,
however this time the recursion will produce a sefgseries for each layer of the
sphere. While the numerator and denominator combres Ri(z) is unbounded, the
ratio of these values as seen in the factoisQ

() _ Rn(z1) _ Yu(mx;— 1)/¢n(m1x1) (35)

T Ru(z2)  En(muxi—q)! En(mux))

The values zand z are the complex argumentsxm, and nx, respectively. Next, the
values ofH¢ andH? will be generated based off of,@nd four G values which are

defined in Equations (36-41).
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6,0 )P 6, D8P (myxp)

Hi(mx,) = GZ_Qr(ll)Gl (36)
Y () = B (37)
Gy = mHg(my_1x4) — ml—1D151) (mx;-1) (38)
G, = mHp (my_1x-4) — ml—lDr(l3)(mlxl—1) (39)
Gy = my_ HP (my_1x,_4) — mlDr(ll)(mlxl—l) (40)
Gy = my_ HY (my_1x,_1) — mlDT(l3) (myx;—1) (41)

With the new H values that we have calculated mage numerically stable way we
can now return to traditional multilayer Mie theogygorithms in obtaining the

scattering coefficients through Equations (42) &8).

a, = A;L+1) — [Hy (mpxp)/mp+n/x JPn (xp)=Pn_1(x1) (42)

[Hfy(mpxp)/mp+n/xp)én(x)—En—1(x1)

b —_—
b, = BT(lL+1) _ [muHR(mpx)+n/xp [P () =1 (x1) (43)

T [miHE (mpx)+n/xp)En (o)~ En—1 (1)

With these scattering coefficients, we now have dbdity to calculate the
desired cross-sections, efficiencies, and massaiin coefficients of multilayered
spherical particles with complex valued indiceseadfaction. This adapted Mie theory
proves to be a powerful tool when combined withrapbical user interface, and an
efficient coding scheme to optimize user designsdptical filter applications. In
Chapter 3, we will detail the implementation ofttheory into the MATLAB™ coding

environment and explain its functionality.
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Chapter 3

CODING AND OPTIMIZATION OF MULTILAYERED SPHERICAL
PARTICLES

3.1 Custom Mie Code

A custom Mie code was developed to help facilitagedesign of optical filters
based on multilayered spherical particles. The ceteh has been attached as an
appendix to this thesis, has three distinct brasm¢that work together to allow users to
better understand how the material choice, numbédayers, and layer thicknesses
contribute to a filter's overall performance. Theee branches include a custom Mie
coefficient solver, graphical user interface (GUpd a multi-step optimizer. The
custom Mie code was programmed in the MATLUAB numerical computing
environment, which was selected for its broad finmclibrary and extensive use in the
fields of Engineering and Science. In order to gatesthe response of each multilayered
particle, we need an effective and stable methodcddculating the mass extinction
coefficient, extinction efficiency, or scatterinffieiency. The code responsible for the
generation of the scattering coefficients and avarextinction profiles is located inside

the function “Optimal_spheres_FP”.

3.1.1 Optimal SpheresFunction

Wang’s aforementioned revised recursive algorithiondight scattering by a
multilayered sphere has been incorporated intonation in this file, which will be
responsible for providing the stable and efficier@iculation of the scattering
coefficients. However, the “Optimal_spheres_FR2 &ik a whole will work in a loop to
use slew of user inputs and stored material prigset create descriptive arrays for the

particle designs built in the GUI that are beingamined during the optimization
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process. These descriptive arrays will serve asitgnpo the “calcmie_coeff FP”
function which will be directly responsible for calating the scattering coefficient for
the design based on those arrays. Then the enticegs will repeat, slightly modifying
the descriptive arrays built for the design asthgelength is iterated to the next value.

This loop has many complex steps, but initiallyfilnection takes in an array, X,
comprised of layer thicknesses in micron. Fronihg,rest of the program can gather the
total number of layers for the design. The functadso pulls in important design
properties such as the complex index of refractiwairix for all of the particles
incorporated materials in the wavelength band térest, material densities, and a
hollow or solid core designation. These variablesgimarily set in the GUI through
user input, and will be discussed in subsequeniosec

With x, the function builds a new array, r, whidtda the core radius and layer
thicknesses to build a single dimensional arraydingl the radii for an equivalent
concentric spheres model that will be adapted frleenshell geometry. This approach
mirrors that of Wang’s initial setup outlined in &iter 2. Next, the mass of the particle
is calculated by recalling the stored density aalirvalues inside of a simple set of
equations. After the mass of the patrticle is stonesiemory, another array, ns, is built
by iterating through each layer and assigning dexrvalue given a specific wavelength
and material designation. The values used forrtlex of refraction interpolation were
taken from thédandbook of Optical Constants of Sol[d§]. Once the index array, ns,
and radii array, r, have been built at a particulavelength “calcmie_coeff FP” is
called. This function takes in both the ns and-ay® at a given wavelength, the index
of the surrounding media (typically taken to beefepace, orm=1), and a series of

option parameters which are then used in the reeueadgorithm scheme to return the
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scattering coefficients,nand b, for that particle design. The details of thisdtion
will be discussed in the next section, but for rletis continue to examine the parent
function. After obtaining the scattering coeffidign the function calculates an
extinction efficiency by substituting their valueso Equations (18) and (19) as seen in

Figure 3-1, and indexes their values into two nenays Qext and Qsca.

[ an, bn ] = calcmie_coeff FP( r, ns, nm, wavelengthopt(ii),...

n=1:length(an);
a=max(r):;

k=2*pi./wavelengthopt(ii):

Qext (ii)=2./(k*a).”2*sum((2*n+1l) .*real (an+bn)):

global QOsca;

Osca(ii) = 2./ (k*a) .”"2*sum((2*n+l) .*((abs(an) .”2)+(abs(bn).”2))):

Figure 3-1: Calculation of extinction and scattgrefficiencies from the
“Optimal_spheres” function

After storing the extinction and scattering effiotées at the current wavelength, the
function iterates through to the next wavelengép gor which a new index array must
be calculated. This loop continues, eventually ¢etireg a full array of scattering and
extinction efficiencies for the entire wavelengtand. It is important to note that
because this function will be used to define tiger®e of merit for each particle design
in the optimizer, the step size of the wavelengthdomay be rather large. The large
step size is chosen in order to allow the solveyuickly quantify the general shape of
the profile so that the optimizer can determine@esentative function value quickly

before iterating to the next design. A much smallavelength step will be used in the
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function “Optimal_spheres_test” which will be ugedlot the extinction profile of the
optimal design after completing a sufficient optzation requirement. Following the
for-loop iteration, the efficiency arrays, Qsca &@pelxt are used to calculate the mass
extinction coefficient, “alpha”, and scattering ssesection, “sigma_sca”.

The function value, F, returned by the file is lthse a user defined optimization
scheme in order to quantify the current designi$gpmance in a given application
which can then be passed along to the overlayitigxger. Figure 3-2 displays a simple
optimization scheme developed inside of the “Oplimheres_FP” function that seeks
to promote designs with low extinction about a eentavelength while encouraging
the highest possible average extinction outsidethaft localized dip. The full

optimization details will be discussed in Sectio8.3

if grap

alpha_opt;
elseif pe 'SE
var = Qsca_opt:
elseif g 'QE
vari ext_opt
elseif g pe 'SC
va = sigma_sca_opt;
end
if (strcmp(FilterSelect,'PB') == 1)
buffer = round(length(variable)/12); % buffer variable used to isolate points inside dip from outside e
dip = 0;
wall = 0;

counter = 0;
for i = 1:length(

variable)/2) + buffer)) ...
dip = dip +
else
if (variable(i) < .2)
bad = bad + 1;
end
counter = counter + 1; % count
wall = wall + variable(i); $ ad
end
end

average = wall / counter; % average extinction/scattering value outside of dip

F = ((variable(Imin).”3) / average); % final function value used returned to optimizer

Figure 3-2: Excerpt of “Optimal_spheres” functi@s@ning a function value for an
optimal pass-band filter device.

29



After executing the entire function, the designamaeters including a modified r array
are sent back to the GUI with a specific layer kh&ss indicated for optimal filter

performance.

3.1.2 Custom Mie Coefficient Solver

As mentioned previously, “calcmie_coeff FP” is adapted MATLAB™
function that will be used to implement Wang's s&d recursive algorithm for the
calculation of the scattering coefficients of fipedtratified and highly absorbing
multilayered spherical particles. The function &lke the radii array, r, and the index
array, ns, and the current wavelength step. Fr@setvalues the function evaluates the
wavenumber in the surrounding medium, k, the patticsize parameter, x, and the
relative refractive index, m, which is simply timelex array, ns, divided by the index of
the surrounding medium, nm. The function then chetik see if the sphere is
homogeneous, or multilayered, if it is multilayerad is usually the case with our design
principles, it will call a secondary function, “ecgeff_mie_strat FP”. This new
function will be responsible for calculating thegpaxsion coefficients for the scattering
of a stratified sphere, and inside are the adafpections created based upon Wang's
algorithm.

The first calculation made in the “expcoeff_mieastFP” file is in evaluating
the truncation number, M. The truncation numbemsmportant variable that looks at
the value of the size parameter and relative ref@index of each concentric sphere,
and from that information it estimates the necgssere of the partial wave expansion
[14]. Figure 3-3 shows the implementation of thentation number calculation in my

code, originally expressed by Wiscombe.
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%% Calculate truncation number
if (x(end)<=8 && x(end)>=.02)

Mstop = ceil (conv* (x(end) + 4*x(end)”~(1/3) + 1)):
elseif (x(end)<4200 && x(end)>8)

Mstop = ceil (conv*(x(end) + 4.05%(x(end)”(1/3)) + 2)):
else

Mstop = ceil (conv* (x(end) + 4*(x(end)”~(1/3)) + 2)):
end

M = round(Mstop) + 15;

Figure 3-3: MATLAB™ implementation of Wiscombe’sitrcation number

Finally, the function initializes the necessary neass for holding the numerous
variables and initial values which will be calledrihg the execution of the Wang's
recursive algorithm. The actual execution of thgoathm is shown in Figure 3-4,
performed by the function “FindAnBn”, which is cadl in the “expcoeff_mie_strat FP”

function, a function | have written to implement kgés theory.
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function [an,bn] = FindAnBn (M, x,ns)
global Han;

global Hbn;

global Psi;

global Xi;

persistent mL;

persistent xL;

persistent
persistent
persistent P

persistent Xi dummy;

an
bn

zeros(1,M):;
zeros(1,M);

ns (end) ;

xL x (end) ;
FindHan (M, 1, x,ns)
Han_an = Han(end,:):

Hbon bn = Hbn(end, :)’
FindPsi (M, 1,x);

FindXi (M,1,x):

for n = 1:M

an(n) = (((((Han_an(n+l) / ml) + ((n)/xL)))*Psi_dummy dummy (n+1)) ...
/ (((((Han_an(n+l) / mL) + ((n)/xL)))*Xi_dummy (r _dummy (n+1) ) ;
bn(n) = (((((mL * Hbon bn(n+l)) + ((n)/ml)))'?z;é jummy (n+1) ) ...
/ (((((mL * Hbn bn(n+l)) + ((n)/x;)))'x;_j;r i v(n+l)):
end

end

Figure 3-4: MATLAB™ adaptation of Wang'’s recursiakgorithms

In the “FindAnBn” function a carefully selected seqce of sub-functions is

called to recursively populate the logarithmic datives of the Riccati-Bessel

functions. Inside of the function “FindHan” and fidHbn” hold the functions that

generate BY, Di®, Q\", and all four G functions described in Section THe larger

algorithm is then pieced together through an imgletation of Equations (42) and (43),

ultimately returning the scattering coefficientsand k. This calculation will occur

thousands of times as the overall program loopsuthir the wavelength array. The
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scattering coefficients derived at each wavelengiifbe used to back out a single curve

for the efficiencies, cross-sections, and massetxtin coefficients seen in later graphs.

1 function [] = FindHan(M,1,x,ns)

2= global Dnil;

3= global Dn3;

4= global On:

= global G1:

6 - global G2;

= global Han;

8 - if( 1 == 1)

9 - FindDnl (M,M, (ns(1)*x(1)),1,1):
10 Dnl_Hanl = Dnl;

RS (= Han(1,:) = Dnl_Hanl(1,:):

T2l = L= 1+

131 = end

14 - if (1 <= numel(x) && 1 ~= 1)

15 = FindG1G2 (M, x,1,ns):

16 = G1_Han = G1;

T = G2_Han = G2;

18 - FindOn(M,1,1,x,ns);

19| |= On_Han = On;

20 - FindDnl (M, M, (ns(1)*x(1)),1,1);
238 = Dnl_Han = Dnil:;

22 - FindDn3 (M, 1, (ns(1)*x(1)),1):
23 = Dn3_Han = Dn3;

287 = for n = 1:M+16

25 - Han(1l,n) = ((G2_Han(l,n) * Dnl_Han(l,n)) - (On_Han(l,n) * G1_Han(l,n) * Dn3_Han(l,n)))...
26 / (G2_Han(l,n) - (On_Han(l,n)*Gl_Han(l,n))):
2T = end

28) 1= 1=1+1;

29 - FindHan (M,1,x,ns);

30 - else

SE = return;

92! (= endl

Figure 3-5: MATLAB™ adaptation of Wang's recursidan function (Equation 36).

3.2 Graphical User Interface

In order to take full advantage of our newfoundightio generate the extinction
profiles of multilayered spherical particles witlonaplex indices of refraction, |
developed a graphical user interface using thestoavided by the MATLAB™ guide
software. This interface allows users unfamiliathathe complex theory behind the
calculations to easily modify a design setup anthioban accurate summary of the

particle’s performance in a given wavelength balitien designing the GUI, | decided
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to group the user inputs into two major sectiorikedi “Design Parameters” and

“Simulation Setup”.

3.2.1 Design Parameters

In the “Design Parameters” section of the GUI, sis@re able to select the
desired filter type, along with specific requirerteethey would like to impose in that
filter's design. In this case either a pass-ba@rficentered around the pass-band
wavelength input, or a broad stop-band filter carchosen from the available options.
This input determines the appropriate function gahlgorithm calculated in the
“Optimal_spheres_FP” function. For example, wheser selects the narrow pass-band
filter option, the function value will want to mmize extinction at the pass-band
wavelength, while maximizing it outside of the passmd. A broad stop-band filter
would conversely aim to maximize the extinctioratkhiareas of the band from the start
to stop wavelength. Next, the user can input the ttumber of layered media on top
of the core. This is valuable, because the userhmag a practical limitation imposed
by the fabrication equipment that dictates the mmaxn number of layered media that
can be deposited on a spherical core given itsasidenill want to limit optimization to
this complexity. Another drop-down menu allows tlser to select a material type for
the core, and each layer. The layers are reprasbgtevo variables shown as Material
1 and Material 2. These materials will be alterdagtarting with a layer of Material 1
directly on top of the core material. This desidmice allows high and low index
alternating layers to be easily generated to sitautse interference effects found in
thin-film optical filters. Once selected, a largeay of the material’s complex index
will be stored into memory. The wavelength bandnéérest can be dictated by user

entry into the start and stop wavelength text bpaed doing so will begin a background
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interpolation of the selected material propertesrsure a consistently dense grid will
be available when calculating the scattering coffits at the specific subset of data
points within the previously existing index arr&ynally, users may input a specific
core radius and layer thicknesses in order to nmibnsalect an initial value for
optimization, or to simply evaluate it. Figure €low depicts the “Design Parameter”

section of the GUI.

Design Parameters

Select Fiter Type Core radius
Narrow pass-band fiter v 1 um
Select Number of Layers Layer Thicknesses

3 v 0.251341 um

Core Silicon Dioxide v 0.0830043 um

Material 1 Silicon v 0.0188011 um

Material 2 Silicon Dioxide v N/A um

N/A um
Start Wavelength 1 um
Stop Wavelength 3 um
Window Frequency 2 um

Figure 3-6: Design parameter sub-section of thetiMykred Spherical Optical Filter
GUI
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3.2.2 Simulation Setup

The next field for user entry inside the GUI is ti&@mulation Setup” section.
In this section users will be able to decide tmeusation and optimization types, graph
the resulting profile, and reset all user inputsosMoften, the user will begin an
optimization from an initial design condition, oropluce a graph of a specific design
input, however if the user does not have a staktalge, an initial starting value will be
created based upon the application that will detegrmitial core and layer sizes. The
drop down labeled “Simulation Type” allows userslézide which variable they would
like to optimize for, and subsequently plot on éixes located to the right. The variable
options include the particle extinction efficiensgattering efficiency, scattering cross-
section, or mass extinction coefficient as a fuorctf wavelength. There is a checkbox
for users to allow the optimizer to modify the ceize if it is not fixed, and in the pattern
search checkbox the user can manually switch opdition functions. Finally, the

“Run” and “Graph” buttons start the optimizatiordgpiot the results respectively.

Simulation Setup

Simulation Type

Extinction Efficiency v

e h o
|| Include core when optimizing Reset

L_| Pattern Search Save Design to Desktop

Figure 3-7: Simulation setup section of the Muytdeed Spherical Optical Filter GUI.
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To summarize, these two sections work together tmithbuilt-in optimization
functions, allowing users to quickly input and nfgdiheir designs and plot their
selected variable of the particle in the axes gediin the GUI. This tool will help to
design and discover new multilayered particle apions that can easily be modified
to facilitate specific user requirements. An exampUI simulation for a narrow pass-

band filter centered around a 2um wavelength isvehzelow in Figure 3-8.

= OptimizationSphereGUI_FP - oI EE

Optical Filter Aerosol Optimizer

Calculated Profile Results

Design Parameters 07 T T T T T T T T T
Custom Particle
Select Fiter T C di P .
sdpfitid e e *  Optimization Points
Narrow pass-band fiter v 1 um
Select Number of Layers LayseiThicinesses 0.6~ * g
v 0.316864 um ¥ x
Core Siicon Dioxide v 0.098221 um g % * % Vi
05 * * 4
Material 1 | Siicon v 0.266605 um L i *
E X
s * ¥ ¥
n
Material2 | Siicon Dioxide v 0.249659 um E * *
o *
c
w904 L s
Start Wavelength 1 um § *
5] %
o
Stop Wavelength 3 um (%)
5 +
Window Frequency 2 um bt Ed * T *
2 - * =
£03 % * *
| *
& *
Simulation Setup 8 “
=
* *
Simulation Type R 02 * * =
Mass Extinction Coefficient v Graph
*
[] Include core when optimizing Reset *
01 =
L1 Pattern Search Save Design to Deskiop Rt
*
*
0 1 1 1 I 1 L 1 1 1
1 12 14 1.6 1.8 2 22 24 26 28 3

Wavelength, microns

Figure 3-8: MATLAB™ GUI for multilayered sphericaptical filter code.

The axes shown in the figure above display two esira solid blue curve representative
of the final simulation of the particle, and a aconsisting of a number of starred red

points. The solid blue curve has a very small wavglh step to provide the user with
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better resolution when examining the filter's pemi@nce. It is therefore calculated only
at the completion of optimization. The starred eussdisplayed to show the user which
points are being seen by the optimizer contributiinigs function value. This allows the

user to modify the density of the optimization wiangth to balance speed and efficient

characterization of the filter during the process.

3.3 Optimization Code

The optimization code in this program works to mmize a function value, F,
that is generated based on filter type or appbeoatequirements and is user-defined.
An example of a simple function value algorithm vgagen in Figure 3-2. Inside the
“Optimal_spheres_FP” function. The function comgatiee chosen output figure of
merit (mass extinction, scattering efficiency, eto. the desired value dictated by the
design’s application in order to assign a numenedie to that variable’s profile over
the wavelength band. Since both of the two optitioracodes work to find the lowest
possible function value, the algorithm needs tddesloped with minimization in mind.
If a broad stop-band filter is desired the usewusthoreate a function value algorithm in
which the average of the particle extinction e#fitty over the band is located in the
denominator of the function, therefore, the higther extinction across the band, the
smaller the function value will become and henegétter chance that design will have
of being chosen as the optimal particle designhBptimization types display a current
and best function value, which will indicate the sheoecently evaluated design’s
function value compared to the lowest (or bestrfiom value it has found thus far. The
two optimization functions used in this program dsmulannealbnd.m” and
“patternsearch.m”. Both functions are built in h& tMATLAB™ global optimization

toolbox.
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3.3.1 Simulated Annealing

The bounded simulated annealing optimization isfitls¢ of the two possible
optimizations that will occur when searching fopaxticle design. The user will enter
the design constraints before pressing run, whithbegin by evaluating the given
initial design and obtaining its function value @&f running the simulated annealing
search algorithm to choose its next design. Thellsited annealing algorithm is known
as a threshold algorithm and can be useful in a&wahge of problems. It exhibits a
stochastic factor in its iteration, where the pattakes may be estimated through
probability, but cannot be defined outright. Itoalls the program to search through
seemingly random layer thicknesses while offerlreguser the ability to bound specific
outputs to upper and lower limits [17]. For examfla user would like to optimize for
a particle with a fixed core size, number of layarsd maximum layer thickness, it can
randomly iterate through some of the design pagsési that fall within those criteria.
This allows for an effectively broad search acrb&snumerous design possibilities if
given enough time to acquire a design with a sieffity low function value. The
progress made by the optimizer is displayed inpaisge pop-up window after the user
initiates the function in the GUI. Figure 3-9 diays the user’s view of the simulated

annealing optimization in progress.
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Figure 3-9: In progress view of simulated anneatipgimization including best (top)
and current (bottom) designs.

The simulated annealing optimization is capableapfidly testing different
design options usually leading to thousands ofnaigaitions in a matter of minutes,
when the user is satisfied with the best functialue seen in the optimizer’s interface
they can move on to the second optimization fumchg pressing stop, allowing the
best design’s layer thicknesses to pass back et@tJI before checking the “Pattern

Search” checkbox.
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3.3.2 Pattern Search

After the simulated anneal optimization is complated the pattern search
checkbox is selected, and the program begins tbendeoptimization. The pattern
search algorithm begins at an initial value basethe output of the simulated annealing
optimization and then builds a mesh that extendslggin all directions if the binding
constraints permit it [18]. The function value atk of the extended points of the mesh
are evaluated until a lower function value is fouhduccessful the algorithm will move
to that point and modify the mesh size, most dftemultiplying it by a constant before
repeating the process. If no lower function vakidound the algorithm, then reduces
the mesh size by multiplying by a constant lesa thar his continues until an “optimal”
function value has been found and the mesh seayciuronger produces a reduction
in function value. This optimization provides matdity as an efficient way to obtain
the local minimum of the design that produced theelst function value in the more
sporadic simulated annealing search. Upon ternoinatf pattern search, your final
layer thicknesses will be placed into the text sodisplayed in the design parameter
section of the GUI. At this time the user can clibke “Graph” button to display the
results. The results can be graphed alone, comparadrevious design, or overlaid
with the optimization points to better understartd/wour optimizer chose that profile

as the optimum design.
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Figure 3-10: In progress view of the Pattern Seaptimization including best (top)
and current (bottom) designs.

These two optimization schemes work together wellsufficiently search
through the possible filter designs when deternginthe geometries required to
facilitate a user's needs. With these tools thegmesf multilayered spherical optical
filters will become much faster and efficient. Ndivat the theory and code behind the
process has been discussed we can move on toexéamples of designing, optimizing,

and evaluating practical optical filters in Chapter
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Chapter 4
RESULTSAND APPLICATIONS

4.1 Single Particle Simulation for MWIR Stop-Band Filters

When designing a stop-band filter in the MWIRH8-12um) it is important to
first outline the application requirements beforaking a determination of an ideal
geometry or material choice in the optimizationeda this instance we wish to create
a high mass extinction filter that will impede th@ansmission of incident energy
between the wavelengths of 8 and 12um. Since ltiee i designed to be deployed as
an aerosol, the particles must be light enough &ntain a suspension in air for a
sufficient period of time. Aluminum was chosen doi@s high absorption in the MWIR

and relatively low density (2.70 g/én

Aluminum Complex Index of Refraction

100

n - index of refraction

90 k - absorption coefficient | 7

BO

or

60

50

Index Value

40
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10r

0 2 4 6 8 10 12
Wavelength, microns

Figure 4-1: Aluminum complex index of refractiorofied against wavelength in the
mid-wave infrared [16].
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In order to satisfy the weight requirement of aroaelized filter a hollow-core
design will be pursued. Obviously, the trade-oftlag design choice would primarily
be particle durability, and in order to preserve plarticle’s integrity during dispersal a
minimum wall thickness of 20nm will be imposed bt thounded optimizers. Figures
4-2 through 4-4 overview the entire simulation @®x from initial user input to the

generated filter profile.

Design Parameters

Select Fiter Type Core radius
Broad stop-band fitter v 5 um
Select Number of Layers Layer Thicknesses

| v 0.025 um
Core Air v N/A um

Material 1

Material 2 Silicon N/A um
A um
Start Wavelength 8 um
Stop Wavelength 12 um
Window Frequency 1 um

Simulation Setup

Simulation Type

Mass Extinction Coefficient v Graph

S ) -
[¥] Include core when optimizing Reset

[] pattern Search Save Design to Desktop

Figure 4-2: Initial user GUI input for high masdgiektion aluminum hollow sphere
design.
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Figure 4-3: Results of simulated annealing ancepattearch optimization processes
for MWIR broad stop-band filter.
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Figure 4-4: Resulting filter profile of optimizedWIR aluminum hollow-core stop-
band filter.
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The function value of the design dropped from aginal value of 1.3 to a final
value of .0944, indicating that our initial parécgeometry of an aluminum hollow
particle with a 5-micron radius and 25 nanometel wackness could be greatly
improved upon. The final geometry of the optimipediticle has a 1.95-micron radius
and wall thickness of 20 nanometers. The fact dbatoptimized wall thickness came
out to be our lower boundary makes sense, as @ @ation properties of the particle
contributed by the aluminum remains largely uncleahgith thicknesses of at least 5
nanometers before dropping significantly. Therefdreve continued to decrease our
wall thickness as the optimizer decided to do weulddbe cutting mass without
sacrificing particle extinction properties, howesgaice the restrictions imposed to our
particle integrity requires a 20 nanometer waltkhess our optimizer continued to
reduce the wall thickness until it conflicted withhe bounded conditions. With this
design we are able to achieve a relatively largesmetinction coefficient of 10-11
m?/g, which peaks about the middle of our wavelermgthd. Through correspondence
with other researchers and engineers these high exdmction values seem to be at
least an order of magnitude higher than most atbermonly used extinction aerosols
[19-21]. Overall, this simulation was very succesgf producing a promising particle

design.
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Figure 4-5: Render of MWIR stop-band filter (20-timck aluminum hollow-shell).

4.2 Single Particle Simulation for SWIR Pass-Band Filter

The second device we aim to design is a narrow-Ipaisd filter in the short
wave infrared spectrum. & 1-3pm). This application requires us to use medtethat
have low absorption coefficients in the pass-bardle providing a low enough density
such that the particle can stay suspended eveputithhollow-core design. The design
instead will attempt to recreate an alternatindnlaigd low index thin-film reflector with
a pass-band centered around the middle of the S@Age (2um). The materials used
to construct the thin-film reflector will be silino(n~ 3.44) and silicon dioxide (r
1.43), both materials exhibit relatively low abgowp coefficients in the SWIR band,

while maintaining a high index contrast necessarycfeating the interference effects
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of the filter, additionally their densities are l@mough to achieve suspension if the core

size is sufficiently small.

Silicon Complex Index of Refraction
I T T

4 P R — T
3l -
o
=
s
2l o
3
=
£
1k -
n - index of refraction
0 _ | | | | k - absorption coefficient
0 2 4 4] 8 10 12
Wavelength, microns
Silicon Dioxide Complex Index of Refraction
3 T T T T
TN
25 /\ N i
o 2b N AN 4
S |
& N\
5157 - - | —
=}
= -
05T n - index of refraction
0 . . . k - absorption coefficient
0 2 4 5] 8 10 12

Wavelength, microns

Figure 4-6: Complex index of refraction for silicand silicon dioxide fok = 1-12um

[16].

Another requirement of the thin film reflector ditgs that the design must start

and end with the higher index material [3]. Forstheeasons we have chosen a solid-

core silicon dioxide particle with an odd numberatiernating silicon/silicon dioxide

layers. In order to keep particle mass down we hmasticted the core to a maximum

radius of 3 microns. With these constraints in miheé same process was followed as

outlined in the broad stop-band filter to optimae design. An image of the initial user

inputs for the optimization are shown below in Fegd-7

48



Design Parameters

Select Fitter Type Core radius
Narrow pass-band fiter Vv 2
Select Number of Layers Layer Thicknesses
3 v 0.25
Core Silicon Dioxide v 0.25
Material 1 Silicon v 0.25
Material2 | Silicon Dioxide v N/A
N/A
Start Wavelength 1 | um
Stop Wavelength 3 um
Window Frequency 2 um
Simulation Setup
Simulation Type Run
Mass Extinction Coefficient Vv Graph
Include core when optimizing —
(] Pattern Search _ Save Design to Desktop

Figure 4-7: Initial user GUI input for narrow pasand filter design.
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Here we can see that we have allowed the optirntoz@ake an initial simulation
for a 2-micron radius, 3-layered particle with &cen dioxide core and alternating
silicon and silicon dioxide layers. The optimizatimok about 5 minutes to find a better
design and ended up reducing the function valua bactor of 100. The exact steps

taken by the optimization steps can be seen below.

Best point OB;?I Function Value: 0.000999122 10 Best Function Value: 0.000354954

3

£
6 | 2003

0
s

04 { §o002
T

[}

Function value
o ®

2 { 5001
@ 0L

0 0 e |
1 2 3 4 0 100 200 300 400 4 6 8 10 12 14 16 18
Number of variables (4) Iteration Iteration
Current Point Current Function Value: 0.115294 Current Best Point

1 2 3 - 100 200 300 400 1 2 3
mber of variables (4) Iteration Number of variables (4)

N

)
~N

Function value
o o
> o

6 - N W
Current best point
o o

Current point
o

N

el Y Aade

°
°

o

"
4
{
H

[Swep.] | Pause

Figure 4-8: Results of simulated annealing andepattearch optimization processes
for SWIR narrow pass-band filter

The final particle design resulting from the optation is a multilayered Si/SiO2
particle with a core diameter of 1.39 microns amel thicknesses of 302, 664, and 273
nanometers respectively. The profile of the figsplays a narrow dip in extinction
about the center of the SWIR band as intended aitblatively high mass extinction

over the rest of the band.
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Figure 4-9: Resulting filter profile of optimized\8R Si/SiG pass-band filter.

Figure 4-10: Render of optimized SWIR pass-bandrfdlesign.
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Overall the adaptation of the thin film reflectarto the spherical particle, while
not perfect, did help to create sharp peaks inetttenction curves for narrow-band
filters, and | believe with further work the dessgoan be improved to create more

unique, user-defined filter profiles.

4.3 Validation of Results

To confirm the validity of my results, | performadfew comparisons between
the custom developed Mie code and Lumerical™, angernially available 3D FDTD-
method Maxwell solver. As an initial test to seevhmoth programs would handle the
solving of a multilayered, complex valued spherigatticles | simulated a 2-micron
diameter silicon dioxide particle with a 20 nanoenetiuminum shell to output the mass

extinction of the particle over the SWIR band=1-3um).

Lumerical™ Custom Mie Code

Calcuated Profie Results

Figure 4-11: Mass Extinction Coefficient results fmmerical™(left) and custom
Mie code (right) for a 2em SiQ microsphere with 20nm Al shell in the
SWIR.
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The result of the initial simulation agreed betwéeth programs, proving that

both could handle the complex problem and wereioibig similar results despite the

different approach. The next two figures displag tlutput from both programs for the

MWIR and SWIR filters designed in Section 4.1 ariel 4

107
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Calculated Profile Results
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Mass Extinction of MWIR Stop-Band Filter

7
/

Wavelength

Figure 4-12: Mass Extinction Coefficient results fmmerical™ (right) and custom
Mie code (left) for a 1.9%4m radius 20nm thick Al hollow-sphere in the

MWIR.
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Figure 4-13: Mass Extinction Coefficient results fmmerical™ (right) and custom
Mie code (left) for a multilayered Si/Si@pherical particle in the SWIR.

In these three examples it is clear that our cudtbensolver is able to produce
an almost exact match to the Lumerical™ software¢assfully validating the findings
discussed in this thesis. | was very pleased totlseeagreement between the two
platforms, because it confirms the precision of tteav software, and profoundly
improves upon the simulation time needed to evalagbhroposed design. The custom
Mie solver takes an average of 10-15 minutes fdin bptimizations to run their course,
while the generation of the scattering coefficidiotsa single design may take only 1
minute. Conversely, the FDTD software requires achmlonger simulation time,

depending on particle geometry it could extend upwaf 6 hours.
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Chapter 5
CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

The research included in this thesis provides ailéetlook into the complexities
of designing an optical filter through the suspensif constituent micro particles. The
custom Mie code developed leverages previouslyvedrirecursive algorithms to
circumvent the numerical instabilities found inditeonal Mie theory when modeling
multilayered particles composing of highly absogomaterials. The recursive solver
uses ratios of the logarithmic derivatives of thecRti-Bessel functions to avoid direct
calculations of Bessel functions containing largenplex arguments. Through the
development of this code, two optimization schenw® driven by the simulated
annealing search algorithm, and another by patearch are used to arrive at an
optimal design for multilayered spheres based en input and design parameters. The
code can quickly generate the extinction and seagf@rofiles of complex multilayered
designs to give users insight into the potentiability of an overall optical filter
aerosol, as the aerosol’s optical properties aagilyedependent on the scattering cross
section of an individual particle.

The custom Mie code was used to develop a desrgwéospecific applications,
one MWIR broad stop-band filter, and a SWIR nariags-band filter. The MWIR
stop-band filter utilized an aluminum hollow-shadisign where the particle radius and
aluminum wall thickness was optimized to generatehmh of a mass extinction
coefficient over the MWIR band as possible. The BWass-band filter was based upon
an alternating high-low index dielectric stack inder to promote interference of

incident light inside the sphere. This design us&don (n = 3.44) and silicon dioxide
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(n =1.43) as the dielectric layered media andh@sgpal silicon dioxide core. The stack
was comprised of three total layers on top of thee @and the optimizer was used to
determine optimal layer thicknesses in order taimte window of low extinction
centered around the middle of the SWIR band.

Overall, both simulations produced useful desitwas &accomplished the goal of
the specific application. The MWIR reflector wagahle of achieving a high mass
extinction coefficient approaching 11%fm at its peak, while the SWIR filter was
successful in creating an engineered low extinotvordow in the middle of the band
(A = 2um). Both designs and the solutions from the cusidien code were validated
through a comparison with a commercially availésl@ FDTD Maxwell solver known
as Lumerical™. The validation proves that a mofeieht solver has been created to
model multilayered spherical particles and the igptibn of those particles can benefit

many different fields including filtering.

5.2 FutureWork

The results of this thesis conclude that multilagespherical particles can be
designed to enhance the electromagnetic propeastias aerosol or like suspension,
creating highly useful filters. This work can bentiaued through the fabrication of the
proposed particle designs. Work is currently bedoge to deposit various materials
onto microsphere particles through a variety of hods including sputtering, wet
chemistry, and chemical vapor depositions, but mafnhese methods have yet to be
perfected. Following the fabrication of these s, one area of research that could
greatly benefit from this research is additive nfaoturing [22,23]. Experiments
incorporating the multilayered micro particles irggisting substrates and composite

materials should be performed to test the abiditiatlor the Electromagnetic properties
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of the structure. If it is found that the concentna of particles can gradually alter the
performance of the composite, many new devicespptications can be explored. This
thesis provides an encouraging outlook upon thdulmess of engineering micro-
particles, however future work will dictate thealimpact this research can have on the

future of our devices.
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