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Abstract

In this dissertation, we begin with a brief introduction to nanophotonics. In particular,
we will focus on the theory of computational electricity and magnetism, specifically, the
method used for this research, the transfer-matrix method. We will also provide discussions
of the principles which motivate the analysis of the multilayer structures: Planck’s blackbody
distribution, Kirchoff’s law, and thermodynamics. Finally, we will provide a brief discussion
of computer-based optimization algorithms, specifically NLOPT (a library which provides
computational packages for nonlinear optimization) and genetic algorithms. This background
information is necessary to understand discussions which occur in later chapters.

Chapter 2 will discuss multilayer structures which are optimized by a genetic algorithm
to provide both narrowband and narrow-angle thermal emission for selected wavelengths
in the infrared wavelength range. This chapter will compare the performance of aperiodic
multilayer structures with more widely researched periodic multilayer structures. It will also
provide a detailed analysis of how this emission profile is achieved via an electromagnetic field
analysis. Finally, Chapter 2 will present a concrete application for such optimized structures
as a carbon monoxide detector via absorption spectroscopy.

Chapter 3 will focus on the development of aperiodic multilayer structures for use as
narrow-angle absorbers. Both the layer thicknesses and materials used are optimized by a
genetic optimization algorithm coupled to a transfer matrix code. We find that utilizing
silicon and silica above a thick tungsten substrate provides a structure capable of near unity
absorptance at a single wavelength. Finally we show that structures with almost perfect
absorptance at multiple wavelengths for normally incident light can be achieved.

Chapter 4 presents optimized aperiodic structures for use as broadband, broad-angle ther-
mal emitters. These structures are capable of increasing the thermal emittance by nearly a

factor of two when compared to bulk tungsten. We utilize a hybrid optimization algorithm

vi



coupled to a transfer matrix code to maximize the power emitted in the visible wavelength
range in the normal direction. Chapter 4 also discusses the mechanisms present which al-
low these structures to possess properties, which could lead to a decrease in incandescent

lightbulb power consumption by nearly 50%.
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Chapter 1

Introduction and Theory

Photonic crystals are a widely known field of ongoing research which involves fabricating
or simulating structures in one, two, or three dimensions for some specific use from solar
thermophotovoltaics to antireflective coatings. Photonic crystals, by nature, exhibit period-
icity; photonic nanostructures, however, do not. These nanostructures may be fabricated or
computationally explored in one, two, or three dimensions and seek to affect the motion
of photons in such a way that a specific use is achieved — high absorptivity, high reflectiv-
ity, angular selectivity, etcetera. Some of the most common applications kept in mind when
designing these structures are: coherent emitters, solar themophotovoltaics, and filters. Re-
search in these areas is done largely computationally. Electromagnetic codes implementing
Transfer Matrix, FDFD (finite difference frequency domain), FDTD [1] (finite difference time

domain), and plane wave expansion methods are among some of the most frequently used.

periodic in periodic In periodic in
one direction two directions three directions

FIGURE 1.1: Schematic [2] of photonic crystals of one, two, and three dimensions. Figure 1.1
shows that a one dimensional photonic crystal only has one degree of freedom; while the other
directions are considered infinite or periodic (depending upon the boundary conditions used).
Two dimensional photonic crystals have two variable widths (a checkerboard); while, three
dimensional photonic crystals have three variable sides (such as the sides of stacked cubes).
The source of this figure is Photonic Crystals: Molding the Flow of Light, by Joannopoulos,
Meade, and Winn.



As such, nanophotonics is an interdisciplinary field, which combines thermodynamics, elec-
tricity and magnetism, and computational methods to achieve structures suitable for many
possible applications. These structures may vary in complexity, and, due to the difficulty and
expense in fabricating and modeling more complex structures (two- and three-dimensional
structures), we choose to focus on one-dimensional, aperiodic structures. We computation-
ally model these structures and implement the transfer matrix formalism, which is coupled

to either a genetic or hybrid optimization algorithm.

1.1 Computational Electricity and Magnetism

To fully investigate the properties of these nanophotonic structures, we will first begin with
a detailed analysis of their electromagnetic properties. Starting with Maxwell’s equations,
we will develop a transfer-matrix formalism which we can use to analyze a one dimensional,
aperiodic structure’s absorption, transmission, and reflection properties.

Electromagnetic waves in free space obey Maxwell’s equations:

V.E=0, (1.1)
V.B-= 0, (1.2)
0B
E=—— 1.
V X ETR (1.3)
OE
VxB= /,606057 (14)

where €y and p are the free space permittivity and permeability, respectively. Additionally
we identify the propagation velocity, ¢ is the speed of light such that jgeq = ¢=2. By taking

the curl of Equation 1.3 and 1.4, making use of the vector identity,

VxVxA=V(V-A)— VA, (1.5)

we find,
V(V-E) - V’E = —az—jB = —MOEO?;—;), (1.6)
V(Y -B) - VB = e~ E = e 28, (1.7)

2



as well as Equations 1.1 and 1.2, we arrive at the free-space equation for electromagnetic

WwWaves:
1 0°E
g DS 1.
V C2 aQt O’ ( 8)
V’B — 162]3—0 (1.9)
292t '

1.1.1 Transfer Matrix Formalism

We consider light incident on an aperiodic, one-dimensional, multilayer structure composed
of multiple materials with different indexes of refraction and thicknesses. Here, we restrict
ourselves to materials where p = pg, but € # ¢y, and is, in fact, the relative permittivity
of the material. Additionally, we consider structures which are infinite in both the x- and

y-directions. Under these conditions, Maxwell’s equations change slightly. Most notably, we

|

Incident

|

Light

FIGURE 1.2: Light is incident from vacuum on an aperiodic n-layer structure com-
posed of multiple materials with indexes of refraction Ni, Ns,...., N, and thicknesses
Dlv D27 D37"'>Dn-

replace €y with € and ¢ is no longer the speed of light in vacuum, but the speed of light in
3



the " layer is given by ¢; = ¢/Nj, such that:

V-D=p, (1.10)
V.B= 0, (1.11)
0B
oD
H=J+— 1.1

where J is the electric current density and p is the free charge density present [3, 4]. In the
cases we consider here, there is no free charge or electric current density, so Equations 1.10

and 1.13 simplify, yielding:

V.D =0, (1.14)
oD

where D = €E.

To analyze the properties of such a structure, we must first consider the solutions to the
electric field wave equation. By examining Maxwell’s equations in the frequency domain and
assuming an e /“* harmonic time dependence for all field quantities, and, to avoid confusion,

j =+/—1, we can write Maxwell’s equations in the following way:

V-D=p, (1.16)
V-B= 0, (1.17)

V x E = jwB, (1.18)
V xB=J— jwD. (1.19)

A full solution is then just the superposition of solutions found for each individual frequency.
Solutions will then have the form:

Aedkim) (1.20)
4



where, for example, the wave vector k,; in the ' layer is given by:

fp, = i SIMY (1.21)
) )\0

N; is the index of refraction in the i layer, 6; is the angle of propagation in the i** layer and

Ao is the wavelength in free-space. Additionally, we can now suppress the time dependence of

the solution. More specifically, in the presence of a multilayer structure which reflects some

portion of incident radiation, the field to the left of the multilayer structure is given by:
E(x,y,z) = 1ol Faavthaiz) 4 pomilkeiz—hziz) (1.22)

where we have normalized the incident field amplitude to be 1 and r is the reflection coef-
ficient of the structure. As such, we have shown how electromagnetic radiation propagates
in free space, and by extension inside the layers of our multilayer structure. Now, we must
discern the effects that the interfaces between the layers have on the electromagnetic fields.

First, we begin by examining light incident at an angle ; as in Equation 1.21. To achieve
this, we take a closer look at Figure 1.3 and examine the boundary conditions.

We consider monochromatic light propagating in the +z-direction and incident upon the
boundary between two materials which possess indexes of refraction Ny and N;. We are
interested in the angle of propagation of light reflected from the boundary, 6,, and the
angle of propagation of light which is transmitted into the second medium, 6;. We consider

harmonic plane waves which result from the interaction with the interface of the form:

Aeltim) (1.23)
Ae= i) (1.24)
Aeilker), (1.25)

for each the incident, reflected, and transmitted wave. For there to be a constant relation
which exists for all points of the interface, the phase, ¢ = k - r of each the incident, re-

flected, and transmitted waves must be equal at the interface. Thus, we apply the boundary
5



FIGURE 1.3: Light is incident at an angle #; on an interface between two materials with
indexes of refraction Ny and N; respectively.

conditions at z = 0, the interface between Ny and N such that:
ki r|.—0 =k, - |.o0 = k; - 1[.0. (1.26)
For z = 0, this leads to the relation:
kyix = kypt = kyy, (1.27)
which must be true for all values of x; therefore, we have:

kii = kpy = kuy, (1.28)

Finally, with ky = % and k| = % we can rewrite these using their constituent angles:
kyi = kosing,, ky, = kosin®,, ky; = kisinby, k., = kocost;, k., = kocosb,,
k.: = kicosO:,and, finally, k,; = k,, = k,; = 0 and with k., = k,,, we recover: 0; = 0,.

Making use of the relation derived from Equation 1.28, k,; = k,., we recover Snell’s Law:

Ny sin6; = N sin 6,. (1.29)
6



While Snell’s law determines the direction of propagation for both the reflected and trans-
mitted waves at the interface between two materials with difference indexes of refraction,
it gives no information about the amplitude of the two waves. To establish a relationship
between the incident, transmitted, and reflected amplitudes, we must further investigate the
boundary conditions which apply. To achieve this, we will, once again, make use of Maxwell’s
equations, this time, in integral form, adjusted for electric current density, J = 0 and free

charge, p=0:

j{D -dS =0, (1.30)
%B -dS =0, (1.31)

9
E-dl=—-—— | B- 1.32
j[ a-—5 [ B-as (1.32)

)
H-dl=— [ D-dS. 1.
jf d 62&/5 ds (1.33)

First, we will apply the boundary conditions; then, we will apply these boundary conditions
to both TE (Transverse-Electric), also known as s-Polarized, and TM (Transverse-Magnetic),
also known as p-Polarized, light.

We first consider the two closed surface integrals, and, as depicted in Figure 1.4 (a), we
assume that the interface is surrounded by a cylinder. From Equations 1.30 and 1.31, we

find that in region Ny, dS = —qdA and in region Ny, dS = qdA, so these equations yield:
Dy, -q=Dy, - q, (1.34)

By, -q=By, - qQ. (1.35)

This implies that the components of B and D in the normal direction are continuous across
the boundary between Ny and N;. Now, we consider the line integrals in Equations 1.32 and
1.33, which, as depicted in Figure 1.4 (b) involve constructing a loop across the boundary

between Ny and N;. We note that as we let dh — 0, the fluxes of both B and H across the
7



FIGURE 1.4: (a) We enclose the boundary between Ny and N; with a cylinder of height dh,
surface area dA whose sides are perpendicular to the surface of the interface, and q is the
unit vector from medium Ny to medium N;. (b) We enclose the boundary between N, and
N7 with a loop of height dh and surface area dA whose short sides are perpendicular to the
surface of the interface and q is the unit vector from medium Ny to medium N;. Here, p is
the unit vector which is parallel to the surface of the interface between Ny and Nj.

boundary go to zero; therefore,

ENO : f) = EN1 . pa (136)

Hy, -p=Hy, - p. (1.37)

From this, we can surmise that E and H’s tangential components are continuous across
the boundary between Ny and N;. Now, we will apply this to the s-Polarization of light as
depicted in Figure 1.5.

We begin by considering incident light at an angle 6; to the surface of an interface between

two materials:

E; = E;e/Ckivy, (1.38)
8



FIGURE 1.5: For Transverse Electric (s) polarized light, the electric field is perpendicular to
the plane of incidence, and the magnetic field is parallel.

where, here,

N,
k;, = w0 (sin ;% + cos 6;z). (1.39)
c

Similar relations exist for B;, E,, B,, E;, and B;. Due to the fact that there is no normal
component of the electric field for transverse electric polarized light, the condition of conti-
nuity of the D field is satisfied by construction. We are left with the boundary conditions
that the normal (z-direction) component of B and the tangential (z-direction) component
of H be continuous:

Nosin6;(E; + E,) = Nj sin 0,E,, (1.40)
N() COSs Qz(El — ET> = N1 COS HtEt. (141)

Here, we have suppressed the p which would come from the magnetic field equations due to

the fact that we only consider materials where p = pg. Thus, we can normalize the incident
9



field such that |E;| = 1, rearrange Equations 1.40 and 1.41, and find that the reflection and

transmission coefficients are:

_ Nycost; — Ny cos 0,
"~ Nycosb; + N cosb,’
B 2N, cos b;

~ Nycosb; + Ny cosb,

TE (142)

e (1.43)

We then can calculate the reflection and transmission coefficients for transverse magnetic
polarized light by a similar process and by taking into account the difference in the electric

and magnetic field directions as depicted in Figure 1.6.

FIGURE 1.6: For Transverse Magnetic (p) polarized light, the electric field is parallel to the
plane of incidence, and the magnetic field is perpendicular.

The continuity equations are:

cos 0;(E; — E,.) = cos 6, E,, (1.44)
10



Bi + Br - Bt7 (145)

N

which then, by relating E and B in the following way, B = —E, where N is the index
c

of refraction in the first or second medium, leads to the transverse magnetic reflection and

transmission coefficients,

— Ny cosb; + Ny cosb;

— 1.46

™ Ny cos @, + Ny cosb; ’ ( )
2Ny cos0;

try = ) 1.47

™ Ny cos 0, + Ny cos b; ( )

As expected, for §; = 0, we recover:
N; — Ny

— - -7 1.48

TTE = I'T™™ Ny +N1’ ( )
2N,

trp = toy = 1.49

TE ™ No+ N ( )

under the Fresnel equation symmetry relations [5], which allow us to equate the following

coefficients:

TN(),Nl - _er,N07 (150)
tNo,N1tN1,N0 + TNO,N1TN1,N0 =1. (151)

Now, we must consider how to approach both the boundary conditions and free propaga-
tion in tandem. For this, we return to Figure 1.2 and Equations 1.20 and 1.21 to formulate
the transfer matrix method. We consider the field to the left (and in principle in the i layer)
of the multilayer structure for z < 0, which now, is composed of both a forward-propagating
(in the positive z-direction of amplitude E% ) and a reflected wave (traveling in the negative

z-direction of amplitude E',) of the i layer.

where k is as defined in Equation 1.21. Henceforth, we will suppress the variation in the

x-direction, as it only serves to keep track of phase in that direction. Now, we can discern
11



a matrix which will propagate the changes in the electromagnetic field (phase accumulation
and attenuation of the field) across a layer. That is, we will compose a matrix equation for
Efl and £ from E' and E', and we have dropped the vector form of the electric field

due to the fact that the fields which are not in the direction of propagation do not contribute

to this analysis:

B e 0 E!
T = T, (1.53)
E 0 ed? E
21 N; D; cos 0; . : :
where ¢ = %, and, again, N; and 6; are the index of refraction and angle of

propagation in the i'* layer, D; is the thickness of the i layer. That is, we account for the

phase change and, in principle, loss in the following way:

B =" (1.54)
EHl — ¢ 19" (1.55)

which means that the forward (rightward) propagating wave accumulates a phase €/¢, and
the backward (leftward) propagating wave gains a phase e=7¢.

Finally, let us consider writing the boundary conditions in matrix form. Due to internal
reflection and transmission, we could, in principle, have both forward and backward propa-
gating waves for both E"'and E'*', so, we desire a matrix which will operate in the following

manner:

Ei:_l = tm'_HEi + 7’7;+177;Ei+1, (156)
EZ_ = Ti,i—&-lEi + tz‘-{-l,iET_l- (157)

Now, Equations 1.56 and 1.57 form a system of equations which we can solve and isolate
E and E' from E7'and E', which will allow us to combine the boundary conditions

with the propagation matrix shown in Equation 1.53. Solving the system of equations and
12



using the symmetry relations of the Fresnel coefficients, found in Equations 1.50 and 1.51,

we can accomplish this:

B o) [
= [ et . (1.58)
Ei Ti,i+1 1 Ei+1

tigtr  ligta

Thus, we have established a transfer-matrix formalism for the boundary conditions, and need
only to combine it with the propagation through a layer found in Equation 1.53; therefore, we
define 9; ;4+1, as the boundary condition matrix for the boundary between the ¢ and i+1 layer,
and, by solving Equation 1.53 for the fields in the i** layer, we can recover the propagation

matrix for the 7" layer, II, :

1 Tii41
67:,1‘_’_1 — 1,41 1,441 , (159)
Ti,i4+1 1

Ligr1  ligga

I; = . (1.60)

Thus, we have successfully related the fields on the left and right hand sides of the n-layer

structure in Figure 1.2:

EO n—1 Eln
Tl = do.1 H I1;6; 4111, * , (1.61)
E° i=1 0

where E™ is identically zero because there is no incident field from the right side of the
structure. This allows us to extract the overall reflection and transmission coefficients for
the structure. By rewriting the product which corresponds to the boundary conditions and

propagation matrices, we find:

EQ ) [ My M, | [ B2 L62)

My Myo 0

=]

E”
Solving the system of equations for the reflection, r, and transmission, ¢, coefficients of the

structure yields:

E° My,

- _ M 1.63

BT My (1.63)
13



E" 1
E° M,

(1.64)

In principle, if there were a semi-infinite substrate (as there is in many calculations presented
in this dissertation), the calculation would end with §,_;, and the transmission coefficient
would be identically zero. We can then calculate the power reflected, R, transmitted, T', and

absorbed, A, by the structure:

My, M3,
R=|rf = —2——, 1.65
I My, MY, (1.65)
1 1
T = |t? = — 1.66
g My, MY, (1.66)
and, by conservation of energy,

Arg/rm(M, 0) = 1 — Rrg/rv(A, 0) — Tre/ma(A, 0), (1.67)

where the dependence of the absorptance, reflectance, and transmittance upon polarization,
wavelength, and angle of incidence is explicitly shown.

We can go through a similar process, which will be outlined here, to reach a transfer-
matrix formalism for the E and H fields which will give insight as to the physical mechanisms
which drive the absorption and emission of the structures. The reflection and transmission
coefficients for the structure, gotten by the previously outlined method, are necessary to
compute the fields. We find that the electric and magnetic fields, as a function of z through

the first layer of thickness D, again, as depicted in Figure 1.2, are:

E(2) _ cos (#542) —ﬁ sin (279%2) E(z = z) | (168)
ZoH(2) —jN;sin (222)  cos (#7552) ZoH (z = zp)

where E(z = zp) is the field calculated by the method shown in Equations 1.61-1.64 and
Zjy is the free-space impedance. Thus, we are able to extract the field at each position z as
the field moves from left to right in the structure. It is important to note that at the end of
each layer, we multiply by an additional propagation matrix after accounting for the phase

accumulated in that layer by setting z = D;, where D; is the thickness of the i*" layer. We
14



can also calculate the power as a function of z within the structure, and, as a result, locate
areas of high and low loss within the structure.
Starting with the Poynting vector, which computes the rate of energy transfer per unit

area,

S=Ex H. (1.69)

We can rewrite Equation 1.69 in a more useful form, assuming a sinusoidal field and com-
puting the time-averaged value of the Poynting vector S, by considering the integral over a

time T
1 T
<S8 >= —/ S(t) dt, (1.70)
T Jo

which then yields the time-averaged Poynting vector:
1 *
<S>= §Re(E x H). (1.71)

Thus, we have established methods for calculating the absorption, transmission, and reflec-
tion coeflicients for an n-layered one-dimensional structure. We have also outlined a method
for extracting the exact fields within the layers of the structure and shown that the power

(and therefore, the loss) can be calculated.

1.2 Thermodynamics

Many of the applications of nanophotonic structures are motivated by the laws of thermo-
dynamics. These structures have clear applications as absorbing devices, useful for, among
other things, light filters and solar energy conversion. We must investigate the process of
the emission of light from heated objects, which will be useful in this end. While we have
only explored a method for calculating the absorptance of multilayer structures, we make
use of Kirchoff’s law to equate absorption and emittance under the condition of thermal
equilibrium. Using Kirchoff’s law, in conjunction with Planck’s theory of Blackbody radia-

tion is necessary to explore the usefulness of these aperiodic multilayer structures as thermal
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emitters, which have a wide variety of applications, including spectroscopic detectors and

replacements for incandescent lightbulbs.

1.2.1 Blackbody Radiation

The theory of Blackbody radiation [6] is well-known. Under the condition of thermal equilib-
rium, we consider a cube with sides of length L. In each dimension, we note that the allowed

momenta and wavelengths are:

2L hn
AN=""1and p= — 1.72
~ and =137, (172

where n is a positive integer used to label the specific oscillatory mode, h is Planck’s constant,

and c is the speed of light. Here, the energy associated with any photon is

B hen

B(n) = 5+ (1.73)

Thus, we consider these quantities in three-dimensions:

h
E(n) = c\/p} + ) +p2 = i n2 + n2 + n2, (1.74)

and use Equation 1.72 again, where we consider n as the magnitude of the {n,,n,, n.} three

vector. Now, we make use of the partition function [7] in statistical mechanics, which is

defined:
00 _BE(®)
2(8) =3 e PP — e (1.75)
> 1 c—BBm’ '
where g = kBLT, kg is the Boltzmann constant, and 7' is the temperature. Finally, we can

calculate the expected energy in each mode:

el _azngzﬁ(ﬁ)] _ E(2n) N emﬂ)n)_ . (1.76)

If we now consider the states with energies that lie in a small range E(n) < E < E(n) + 9,

define g(FE) as the density of states:

U= /OOO emﬂ—)”)_lguz(n)]dfz(n). (1.77)
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We recall Equations 1.72 and 1.73, and we discover that this g[E(n)]dE(n) integral is com-
prised of a single octant of a spherical shell; thus, by accounting for two polarizations of light
(an additional factor of two in the number of states) and the g[E(n)|dE(n) = 4mn*dn =

StL3E?
7T—dE contribution to the integral is found, and we are able to drop the E(n) notation,

h3c3
yielding:
Srl3 [ E3
&th [ V3
n="2 /0 L (1.79)
eksT —

which is an integral we can carry out to find the power radiated per unit area and wave-

length, the Planck blackbody spectrum (in units of Watt per square meter per nanometer):

2
B<)\’T>:2hc 1

(1.80)

It is important to note here, that B(A,T') is used interchangeably with p only for a perfect
blackbody. If we wish to extend this to other objects, we must alter the form of u slightly,
which will be discussed in Section 1.3.2.

Let us now investigate some of the properties of this distribution. We can calculate the
power radiated per unit area as a function of temperature by considering Equation 1.79, and

making the substitution ¢ = %, which leads to the integral:

knT h 0o 3 5k4
B )487T / q _ 8mkp . (1.81)
0

_ do —
= h c3 i — 1707 a3’
thus, we recover the power radiated by a blackbody as a function of temperature, the Stefan-

Boltzman law:

p=oT* (1.82)

where o = 7.566 x 107162

m3K4-
1.3 Kirchoff’s Law

We seek a method to relate the emittance of an object (how well a particular object, or, in our

case, the multilayer structure) emits a given wavelength \. To achieve this, we will investigate
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the implications of a simple system and the laws of thermodynamics. It is important to note
that a full proof of Kirchoft’s laws is beyond the scope of this dissertation, and we will
only complete an argument for Kirchoff’s law of thermal radiation here, which speaks to the
link between emittance and absorptance. This law also spoke to the dependence of thermal
radiation on the wavelength of light radiated; however, that portion of the work has since
been overshadowed by Planck’s work on blackbody radiation shown in Equation 1.80.

We consider placing a hot block of material, with emittance €,(\) and absorptance Ay(\) in
an extremely-well-insulated container, with emittance e.(\) = 1 and absorptance A.(\) = 1,
a perfect blackbody. The block of material emits radiation. Specifically, we choose to consider
the positive z direction, without loss of generality. At a wavelength, A\, the radiation which
is emitted over the cross-section dA of the block facing the positive = direction is given by
er(A)B(\, Tp)dA. Similarly, the wall of the container emits radiation which will fall on that
same area dA which is given by €.(A)B(A,T.)dA. The wall of the container absorbs A, of
incident power and the block absorbs A; of the incident power, where each 0 < A., A, < 1.

Now, we have that the transfer of energy onto the surface of the block of material:

Q = Ay(Nee(N)B(A, To)dA — e,(\)B(\, Th)dA, (1.83)

which is to say that the container absorbs a fraction A.(\) of the incident radiation, and
then re-radiates a portion. Now, If we consider the system in thermodynamic equilibrium,
we know that B(\,T,) = B(\,T.), the walls are a perfect blackbody, and that the transfer

of energy () = 0 due to the second law of thermodynamics, which yields:

A,(N) = e(N). (1.84)

That is, the absorptance of the black and the emittance of the block of material are equal
under the condition of thermal equilibrium. Thus, we have recovered Kirchoff’s law for radi-

ation: In the state of thermal equilibrium, the emittance and absorptance of a given object
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must be equal. We can now combine Equations 1.80 and 1.84:

2hc? 1

h Y
A5 e,\k,;T -1

(A, 0) = erorar( A, 6) (1.85)

which is the power radiated per unit area and unit wavelength by a non-blackbody as a
function of wavelength, angle, and temperature. Here, eroa (A, 0) is the averaged emittance

from both the TE and TM polarizations.

1.3.1 Solar Thermophotovoltaics for Power Generation

Traditional solar energy conversion occurs when incident radiation from the Sun falls on
a solar cell, which contains a photovoltaic cell and is converted into usable energy via the
photoelectric effect. This conversion process takes place when an incident photon dislodges
an electron which is orbiting an atom. This now free electron had some transition energy that
is a function of the material used in the photovoltaic cell wafer and is commonly referred
to as the band gap. A maximum conversion efficiency by the solar cell is reached when
incident light on the wafer is comprised only of monochromatic light tuned to the band gap
wavelength A.

Figure 1.7 depicts the solar irradiance, the energy incident on the earth’s surface which
is usable by a photovoltaic cell. Solar radiation is broadband. Approximately 42% of solar
radiation lies in the visible; while around 55% is in the infrared. The final 3% is found in the
ultraviolet, with wavelengths less than 400 nm. Because of large spread in incident radiation,
photovoltaic solar cells are extremely inefficient. Photons which have a lower energy than
the bandgap simply cannot excite a transition; while, photons which have a higher energy
than the band gap waste any energy they have in excess of the band gap.

In recent history, there has been much research in the area of these cells. Some research
suggests that employing concentrators to increase the amount of radiation which falls on the
solar cell to both decrease initial investment cost and increase efficiency; however, concen-
trators are extremely bulky and heavy, not suitable for use on spacecraft. Additionally, while

it is cheaper to increase the incident radiation on solar cells with concentrators than it is to
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FIGURE 1.7: Solar irradiance incident on the earth’s surface in units of watt per meter
squared per nanometer. Above the earth’s surface, approximately 1400 watts per meter
squared is incident; however, due to the screening effects of the atmosphere, this falls to
approximately 1100 watts per meter squared at sea-level.

simply increase the surface area which is composed of wafers, the concentrators themselves
are still quite expensive.

Other research (and some in-practice solar plants) has developed multi-junction solar cells.
While conventional photovoltaic cells utilize one semiconductor material to convert a small
range of wavelengths efficiently, multi-junction photovoltaic cells use two, three, or even four
different layers of semiconductor materials to efficiently convert a larger portion of the Sun’s
radiation to usable energy.

In 2007, Florescu et al proposed two closely related new designs as seen in Figure 1.8 for
solar cells relying on solar thermophotovoltaics - utilizing the heat from the Sun’s radiation

to cause monochromatic thermal emission from a nanophotonic emitter [8]. A blackbody’s
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Solar Cell

FIGURE 1.8: Schematic of proposed energy conversion device. Radiation from the Sun is
incident on an absorbing layer which is in contact with a narrowband emitting layer. Nar-
rowband radiation from the emitting layer strikes the solar cell and is converted with high
efficiency to usable energy. Here A) is the solid angle subtended by the Sun at the surface
of the absorbing layer of the solar cell.

radiant power is given by Equation 1.82 and the efficiency of a Carnot Engine is given by:

1.

—1-=° 1.
n T (1.86)

where T}, is the temperature of the absorbing layer and 7, is the temperature of the cell. It
is important to note here, that for the purposes of this discussion, we are suppressing the

dependence of emittance on wavelength. In principle, for the absorbing layer, the integral
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leading to the calculation of Equation 1.82 would need to be numerically evaluated and
depend on €(\, 6, ¢). However, for this discussion, we will continue to assume that for the
absorbing layer, €(\,0,¢) = 1 and consider the incident radiation on the cell as well as the

energy which is re-radiated by the cell due to spontaneous thermal emission:

ﬂﬁzﬂdﬁ—ﬂ%ﬁ, (1.87)
T ™
in which each term resembles Equation 1.82 due to the fact that the form factors % and %
are the ratios of the solid angle subtended by the Sun and the absorbing cross section to the
total solid angle facing the other. Here, T} is the surface temperature of the Sun, T, is the
temperature of the absorbing layer, and o is the Stefan Boltzmann constant.

Let us now investigate the the normalization factor of 7. Equation 1.82 applies to a black-
body with emittance e = 1 for all wavelengths; here, the Sun is, to a very good approximation,
a blackbody, but is located a large distance from the Earth. This decreases the solid angle
subtended by the Sun and must be accounted for. Similarly, our absorbing layer is not a
perfect blackbody. That is, €, and A,, the emittance and absorptance, respectively, of the

absorbing layer can be written as ¢, = A, < 1. The solid angle subtended by the Sun is

r-ndS
R—Q—// 2 (1.88)
Surface r

where  and n are the unit vectors in the direction of the viewer and to the surface, respec-

given by:

tively. For the sum this dot product can be closely approximated as unity. Therefore, we are
left with the cross sectional area of the Sun, and the radius at which the earth orbits the
Sun, leading to F, = 6.796 x 10~ sr. Following a similar argument and accounting for the
fact that the emittance and absorptance of the absorbing layer are not one, as well as the
fact that the backradiation of the absorbing layer will follow that of a Lambertian object we

can write:
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where, for a one-dimensional multilayer structure, the emittance does not depend on ¢. Thus,

we seek to maximize the solar thermophotovoltaic cell efficiency, given by:

FaT;1 T,
nrpv = (1 - FsTf)(l - fl)a (1-90)

where the left multiplicand accounts for the efficiency of the Sun-absorber system and the
right multiplicand accounts for the efficiency of the absorber-emitter. If we assume a small
solid angle for absorption such that F,/Fj is on the order of 100, we note that the theoretical
limit of thermophotovoltaic energy conversion efficiency nears 70% [9].

Thus, we seek to maximize the temperature of the absorbing layer. This can be accom-
plished by a broadband, narrow angle absorbing layer. Our search for such a layer to serve

as a key component of this system is found in Chapter 3.

1.4 Discussion of Optimization Algorithms

Physics in general, and, in particular, computational electricity and magnetism often presents
problems which possess solution spaces which are incredibly vast. For instance, a seemingly
simple 16-layer aperiodic multilayer structure that will be discussed in Chapter 2 has ap-

0% possible solutions, even in the case of discretizing the layer length.

proximately 2 x 1
Specifically, in most situations, we choose the smallest layer change to be 1 nm. Thus even
using today’s high-powered computers, finding an optimal solution to this problem by brute
force would likely take years to achieve. Therefore, we must employ optimization algorithms
to quickly and efficiently assess the solution space and produce a solution in a reasonable
period of time. Genetic optimization algorithms [10] are very-well suited for global optimiza-
tion (searching a large portion of a solution space); however, they do not perform efficiently
for local optimization. Therefore, in this dissertation, we employ a genetic optimization al-

gorithm both by itself as well as a hybrid [11] code which couples the genetic algorithm to an

optimization suite packaged by Massachusetts Institute of Technology called NLOPT [12].
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A genetic algorithm is an optimization procedure which begins with a randomly selected
population of possible solutions. It gradually evolves toward an improved solution by apply-
ing genetic operators which are patterned after the natural selection process. To begin the
calculation, a random selection of values for the genes is created and assigned to a population
of chromosomes. Then, the genetic algorithm iteratively generates a new population by the
crossover, mutation, and selection operators.

The work in this dissertation made use of a microgenetic algorithm, which has been shown
to avoid the problem of premature convergence which is associated with more traditional,
large-population genetic algorithms. The microgenetic algorithm also shows faster conver-
gence to the near-optimal region [13, 14, 15]. A microgenetic algorithm begins with a small
population of random members which evolves and converges after a few generations. Here,
the genetic algorithm selects a new random population, and the evolution process restarts
while keeping the best individual from the previously converged generation.

It is here that in some of the results (particularly in Chapter 4) contained in this document
we make use of the NLOPT optimization package which provides access to extremely efficient
local optimization algorithms. Specifically, we make use of the COBYLA [16] (Constrained
Optimization by Linear Approximations) algorithm contained in NLOPT. This optimization
algorithm maps the local area by examining small changes in the optimization parameters;
then, the algorithm follows this mapping to the local maximum. Once no further improvement
can be found in a small region around the best solution, the new optimized parameters
are returned to the microgenetic algorithm for further optimization. In results presented in
Chapters 2 and 3, however, we do not utilize the NLOPT optimization package.

A tournament selection scheme is employed in this genetic algorithm. Here, we select a
subpopulation of individuals at random from the general population. This subpopulation
competes on the basis of their fitness values. We then choose the individual with the highest

fitness value as the winner and the process is repeated. It has been shown that this selection
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scheme converges more rapidly and operates more quickly when compared to other competing
schemes [17]. We then select a pair of individuals as the parents, and the crossover operator
creates two offspring. These offspring possess a combination of the chromosomes of their
parents. Here, we use uniform crossover [17, 14] rather than single-point crossover, as it has
been shown that microgenetic algorithm convergence is faster with uniform crossover. For
each generation, we employ an elitist [18] strategy, choosing the best individual from the

previous population to pass on to the next.
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Chapter 2

Optimized Aperiodic Highly Directional
Narrowband Infrared Emitters

In this chapter, we present optimized aperiodic structures for use as narrowband, highly
directional thermal infrared emitters for both TE and TM polarizations. These aperiodic
multilayer structures designed with alternating layers of silicon and silica on top of a semi-
infinite tungsten substrate exhibit extremely high emittance peaked around the wavelength
at which the structures are optimized. Structures were designed by a genetic optimization
algorithm coupled to a transfer matrix code which computed thermal emittance. First, we
investigate the properties of the genetic-algorithm optimized aperiodic structures and com-
pare them to a previously proposed resonant cavity design. Second, we investigate a structure
optimized to operate at the Wien wavelength corresponding to a near-maximum operating
temperature for the materials used in the aperiodic structure. Finally, we present a structure
that exhibits narrowband and highly directional emittance for both TE and TM polariza-
tions at the frequency of one of the molecular resonances of carbon monoxide (CO); hence,
the design is suitable for use in the emitting portion of a detector of CO via absorption

spectroscopy.!

2.1 Introduction

The thermal emittance of both bulk materials and textured structures has been widely in-
vestigated over recent years. Bulk thermal emittance sources (such as tungsten) possess
incoherent, isotropic, and broadband radiation spectra that vary from material to material;
however, it is well-known that these radiation spectra can be drastically altered by utilizing
textured surfaces [19], multilayer structures, or even three-dimensional constructions [20]

possibly in tandem with a bulk material substrate. From highly directional emitters (anten-

1Part of this chapter previously appeared as C. H. Granier, F. O. Afzal, C. Min, J. P. Dowling, and G. Veronis, “Optimized
aperiodic highly directional narrowband infrared emitters,” J. Opt. Soc. Am. B, 31, 1316, (2014). It is reprinted by permission
of the Optical Society of America (OSA). See the permission letter in the Appendix.
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nae) to quasi-coherent radiation sources [21, 22] (lasers), as well as solar photovoltaics [23, 9],
these emitters may have many uses due to their emittance spectra altering properties.

There are several approaches that have been used to achieve narrowband, highly direc-
tional thermal emittance. One of these approaches, with one-dimensional photonic crystals,
employed a periodic quarter-wave stack with a half-wavelength resonant cavity as well as
tungsten or silver substrate. This design resulted in the bulk substrate exhibiting direc-
tional, tunable, wavelength-selective emittance [24]. A similar outcome was realized using
periodic one-dimensional metallic photonic crystal slabs [25]. Another approach to achieve
coherent thermal emittance is to use gratings [26, 27, 28] or textured metal surfaces [29].
Other approaches include utilizing metamaterials [30] or shock waves propagating through
a crystal [31, 32] to achieve this end. Finally, narrowband, highly directional transmittance
can be achieved by a photonic heterostructure consisting of two, defective, one-dimensional
photonic crystals [33].

In this chapter, we focus on aperiodic multilayer structures of alternating layers composed
of silicon and silica above a tungsten substrate to produce narrowband, highly directional
thermal emission for both TE and TM polarizations. One-dimensional layered structures
without texturing are preferable to more complex two- and three-dimensional structures
because of the relative ease and low cost of fabrication. Our narrowband, highly tunable in-
frared emitter exhibits highly narrow angular emittance. We achieve this emittance profile by
utilizing a genetic optimization algorithm [14] to select each layer’s thickness independently
so that the structure is completely aperiodic. The choice of the fitness function proved crucial
in obtaining structures with narrowband highly directional emittance. Such a device should
have applications not only as a quasi-coherent radiation source, but also a gas-detection
scheme which will be discussed.

The remainder of this chapter will be organized into three sections. The theory section, (II),

will discuss the computational techniques used. The theory section is followed by the results,
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(III), which is broken into three subsections. In the first subsection, (III.A) of the results,
we investigate the properties of a genetic-algorithm optimized aperiodic design and compare
them to a previously proposed resonant cavity design. A discussion of an emitter tuned to
the Wien wavelength of a near maximum operating temperature for the structure follows
in the next subsection, (III.B). Lastly, we discuss a structure designed for an application as
the emitting portion of a low-cost carbon monoxide (CO) detector (III.C) and provide our

conclusions in Sec. IV.

2.2 Theory

We envision a structure composed of infinite slabs of material of varying aperiodic thicknesses
as depicted in Figure 2.1. Light is incident from air at an angle 6 to the structure. Utilizing the
transfer matrix method [34], we calculate the transmittance, reflectance, and absorbance of
the structure for both TE and TM polarized light.We make use of experimental data for the
wavelength-dependent indexes of refraction, both real and imaginary parts, for silica, silicon,
and tungsten [35] for the calculations done in this chapter. Since the tungsten substrate is

taken to be semi-infinite, the transmittance is identically zero, so that:
Arg/rm(A, 0) = 1 = Rrg/rv(A, 0), (2.1)

where Apg v is the TE/TM absorbance, Rrg v is the TE/TM reflectance, and A is the
wavelength. While we only calculate absorbance, reflectance, and, in principle, transmittance,
we make use of Kirchhoff’s second law and conservation of energy to equate absorbance
(Arg/rm) and emittance (epg/ryv) under thermal equilibrium [36] .

2.2.1 Fitness

We are interested in finding structures with highly directional and narrowband thermal emit-
tance. We used a genetic optimization algorithm to determine the best structure’s dimensions
for varying numbers of layers at a given wavelength, A\g. The genetic algorithm is an iterative
optimization procedure, which starts with a randomly selected population of potential so-

lutions, and gradually evolves toward improved solutions, via the application of the genetic
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operators. These genetic operators are patterned after the natural selection process. In the
initialization function, a population of chromosomes is created by random selection of values
for the genes. The genetic algorithm then proceeds to iteratively generate a new population
by the application of selection, crossover, and mutation operators.

More specifically, here we use the microgenetic algorithm. It has been shown that the

microgenetic algorithm avoids premature convergence and shows faster convergence to the

FIGURE 2.1: Schematic of structure optimized by genetic algorithm coupled to the transfer
matrix code. Incident light at an angle 6 to the normal of the surface of the structure enters
the n-layer alternating structure of silicon and silica above a semi-infinite tungsten substrate.
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near-optimal region compared to the conventional large-population genetic algorithm for
multidimensional problems [13, 14, 15]. The microgenetic algorithm starts with a small ran-
dom population which evolves and converges after a few generations. At this point, keeping
the best individual from the previously converged generation, a new random population is
chosen, and the evolution process restarts.

We use the tournament selection as the selection scheme in the genetic algorithm. In this
method, a subpopulation of individuals is randomly chosen from the population and made
to compete on the basis of their fitness values. The individual in the subpopulation with
the highest fitness value wins the tournament, and is thus selected. The remaining members
of the entire subpopulation are then put back into the general population, and the process
is repeated. This selection scheme converges more rapidly and has a faster execution time
compared to other competing schemes [17]. Once a pair of individuals is selected as parents,
the basic crossover operator creates two offspring by combining the chromosomes of their
parents. We use uniform crossover rather than single point crossover, as it has been found
that microgenetic algorithm convergence is faster with the uniform crossover [17, 14]. An
elitist strategy [18] is also employed, wherein the best individual from one generation is
passed on to the next generation.

Specifically, we calculated the emittance of each structure as a function of angle for 0° <
6 < 90°. We then minimized the fitness function, F(\g),

90°

F(o) = [ ennaa.6) do, 22)

5o
subject to the constraint that et (No, @ = 0°) > 0.95. Here, eroa(Ao, 0) = [eTE(N0, 0) +
erm(Ao, 0)]/2. That is, we calculated the integral of the emittance over all angles 6 at a given
wavelength, \g, and minimized it subject to the constraint that the emittance at normal
incidence was at least 95%. It is interesting to note that the fitness function that we use

does not impose any constraints on the wavelength dependence of the emittance, since the
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structures are optimized at a single wavelength; however, simply by minimizing the integral
of the emittance over all angles at a single wavelength [as seen in Figure 2.2, for example],

we also achieve narrowband emittance.

2.3 Results

In this section, we discuss three genetic algorithm optimized structures for use as thermal
emitters. The first structure is optimized to operate at A\g = 2.357 um for ease of comparison
to a previously proposed resonant cavity design. The second structure is optimized to operate
at the Wien wavelength corresponding to a near-maximum operating temperature for the
materials used in the structure. Finally, the third structure discussed is optimized to operate
at one of the molecular transition frequencies for CO for possible use in the emitting portion

of an absorption spectroscopy detector.

2.3.1 Aperiodic Emitter

Using the transfer matrix method and genetic algorithm as outlined in Sec. II, we investigated
the properties of the aperiodic one-dimensional structures. We chose A\g = 2.357 pum as a first
example in the infrared wavelength range. For comparison, we define the angular full width
at half maximum (FWHM) §6,, for the n-layer structure, calculating the width about 6 = 0°
for which the emittance is larger than half of the maximum achieved value as seen in Figure
2.2. We also define the spectral FWHM 0\, for the n-layer structure, calculating the width
about the wavelength at which we optimized the structure, Ay, for which the emittance is
larger than half of the maximum achieved value as seen in Figure 2.3.

We consider structures of six, eight, and sixteen layers composed of alternating layers
of silicon and silica. In each case, we minimize the fitness function, F()\g), [Equation 2.2]
subject to the constraint that the normal incidence emittance erya1(Ag, @ = 0°) > 0.95.

The optimized six-layer structure shows highly directional emittance with 06 = 10.8°
[Figure 2.2]. The optimized eight-layer structure improves upon this with dfg = 7.2°. The

optimized sixteen-layer structure improves on the six-layer and eight-layer designs by nearly
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a factor of four and more than a factor of two, respectively, having 06,4 = 2.7°. We also
compare the genetically optimized structures with a previously proposed design consisting
of a periodic quarter-wavelength stack with a half-wavelength resonant cavity over a semi-
infinite tungsten substrate [24], which will heretofore be referred to as the periodic design,
having 00periodic = 26°, an angular FWHM of more than twice that of the six-layer optimized

structure [Figure 2.2].
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FIGURE 2.2: Emittance versus angle of an aperiodic multilayer structure of six, eight, and
sixteen alternating layers of silicon and silica over a semi-infinite tungsten substrate. The
structure is optimized such that the integral of the emittance over all angles for \g =2.357
pm is minimized subject to the constraint that the emittance at normal incidence is greater
than 0.95. The layer thicknesses of the optimized structure (in units of microns) are: {1.53,
0.46, 0.17, 0.36, 2.32, 2.0} for the six-layer structure, {2.21, 0.45, 1.83, 1.92, 1.18, 1.49, 0.19,
2.07} for the eight-layer structure, and {2.25, 1.28, 0.49, 1.95, 2.27, 1.14, 0.85, 2.03, 0.33,
1.94, 2.34, 2.28, 0.92, 2.36, 1.27, 1.18} for the sixteen-layer structure. The red dashed line
depicts a four-layer quarter-wave stack of alternating layers of silicon and silica followed by
a half-wavelength resonant cavity over a semi-infinite tungsten substrate tuned to Ay =2.357

.
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Moving to the spectral FWHM, we note that the six-layer optimized structure has d\g =
8.8 nm [Figure 2.3]. In comparison, the eight-layer optimized structure improves by more
than a factor of two with dA\g = 3.1 nm. The sixteen-layer structure further improves this
property by a factor of six over the eight-layer structure with a d\;4 = 0.5 nm. Compared to
the genetic-algorithm-optimized aperiodic structures, the periodic structure exhibits much
more broadband emittance, having 0 Aperiogic = 39.7 nm [Figure 2.3]. These results can be
found for at-a-glance comparison in Table 2.1.

In Figure 2.4 we show the profile of the electric field amplitude, normalized with respect to
the field amplitude of the incident plane wave for the six-layer genetic-algorithm-optimized
aperiodic structure. The structure is excited by a normally incident plane wave at the res-

onant wavelength. We observe a large resonant enhancement of the electric field inside the
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FIGURE 2.3: Emittance versus wavelength of the same structures described in Figure 2.2 at
normal incidence.
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TABLE 2.1: Angular FWHM 66,, and spectral FWHM 0§\, of the structures described in

Figure 2.2.
n 66, .
6 10.8° | 8.8 nm
8 7.2° | 3.1 nm
16 2.7° 1 0.5 nm
Periodic | 26° 39.7 nm

silica layer adjacent to the tungsten substrate, which leads to greatly enhanced absorption

in the substrate. Thus, one can think of this structure as a silica cavity sandwiched between

a tungsten substrate and a partially reflective aperiodic multilayer stack composed of alter-

nating layers of silicon and silica. We also found that, when the wavelength or the angle of

>
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FIGURE 2.4: Profile of the electric field amplitude, normalized with respect to the field
amplitude of the incident plane wave for the six-layer genetic-algorithm-optimized aperiodic
structure described in Figure 2.2. The structure is excited by a normally incident plane wave
at the resonant wavelength of \g = 2.357 pm.
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incidence are shifted away from the resonance, the field enhancement rapidly decreases. This
is consistent with the narrowband, highly directional emittance of the structure (Figure 2.2).

Overall, the periodic structure exhibited both highly directional and narrowband emit-
tance; however, even the six-layer genetic-algorithm-optimized aperiodic structure improved
upon the directionality and increased the wavelength selectivity of the emittance, with the
eight-layer and sixteen-layer structures further improving these features. As depicted in Fig-
ure 2.2, it is important to note there is a trend of increasing angular selectivity as the number
of layers increases. In addition, we found that there is a decrease in the outlying emittance
in the # > 60° range as the number of layers increases. In Figure 2.3, a similar trend is seen:
the wavelength selectivity of the emittance of the structure increases with the number of
layers. Even the six-layer aperiodic structure shows vastly increased performance over the

previously seen periodic design. The eight-layer aperiodic structure shows further increased
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FIGURE 2.5: Angular emittance of the six-layer aperiodic structure described in Figure 2.2.
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performance, and the sixteen-layer aperiodic structure exhibits both extreme angular and
spectral selectivity.

We then investigated the off-normal behavior of the emittance for both the genetic-
algorithm-optimized aperiodic structures [Figure 2.5 as well as the periodic structure [Figure
2.6]. Similar trends were seen in the off-normal emittance bands as were seen with the normal.
We looked specifically at the emittance at 30° and 60° and selected the peak wavelength emit-
ted at those angles. There is a trend that as the angle 6 increases, the peak of the emittance
shifts to shorter wavelengths. This is due to the fact that the phase accumulation inside each
layer decreases as the angle of incidence increases. This decrease can be compensated for by
decreasing the wavelength [37]. This trend can also be seen in Figure 2.7 where we show the
emittance as a function of wavelength and angle for the six-layer genetic-algorithm-optimized

aperiodic structure. Qualitatively, the periodic structure’s peaks possess larger FWHM for
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FIGURE 2.6: Angular emittance for the periodic structure described in Figure 2.2.
36



both wavelength and angular emittance peaks than the genetic-algorithm-optimized ape-
riodic structures. We also note that the genetic algorithm-optimized aperiodic structures’
peaks shift more in angle with decreasing wavelength than do those of the resonant cavity
design. This difference is related to the higher quality factor of the resonances, Q = A/, of

the aperiodic structures, which leads to higher sensitivity to changes in angle of incidence.
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FIGURE 2.7: Emittance as a function of wavelength and angle for the six-layer genetic-
algorithm-optimized aperiodic structure described in Figure 2.2.
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2.3.2 Wien Wavelength
The Planck blackbody spectrum introduces temperature and wavelength dependence into

the spectral radiance B(A,T') of a blackbody:

2hc? 1
BAT) = 5 (2.3)
e kpT

where h is Planck’s constant, c is the speed of light, and kg is the Stefan-Boltzman constant.

In principle, the power spectrum p(A) for any material or structure with emittance e(\) is:
1) = €(VBOT). 2.4)

Here, we seek to maximize such emittance while accounting for the melting points of the
materials used. We can calculate the maximum of B as a function of wavelength by setting
OB/OX = 0. This results in the following equation:

re®

ex—lz

5, (2.5)

where © = he/AkgT. Once solved, Wien’s displacement law is extracted:

he

)\max = T 2.6

where z is the solution of Equation 2.5, z = 4.96511....

Considering melting points for silicon, silica, and tungsten, silicon has the lowest melting
point of 1690 K. Allowing a small safety margin, we reduce this temperature to 1500 K and
make use of Wien’s displacement law to calculate the appropriate wavelength for maximum
power output to be A = 1.931 um. As before, we consider structures of six, eight, and sixteen
layers composed of alternating layers of silicon and silica. In each case, we minimize the
fitness function F'()\g), [Equation(2.2)], subject to the constraint that the normal incidence
emittance erya1(Ao, @ = 0°) > 0.95.

We chose this wavelength and optimized the same six-, eight-, and sixteen-layer aperiodic

structures for angular and wavelength selective emittance here. Again, as we saw in Figure 2.2
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& Figure 2.3, the same trends appear in Figure 2.8 & Figure 2.9, with the six-layer structure
showing a well-defined peak in both angular and wavelength space, the eight-layer structure
improving upon what the six-layer offered, and the sixteen-layer further increasing angular
and wavelength selectivity. More concretely, the six-layer structure offers a selective emitter,
with a 005 = 14.4° and d\¢ = 11.1 nm. The eight-layer optimized structure performs better
by nearly a factor of two with a dfg = 8.1° and dAg = 3.2 nm. The sixteen-layer optimized

structure outperforms the eight-layer by another factor of two and is a full factor of four
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FIGURE 2.8: Emittance versus angle of an aperiodic multilayer structure of six, eight, and
sixteen alternating layers of silicon and silica over a semi-infinite tungsten substrate. The
structure is optimized such that the integral of the emittance for Ay =1.931 pum over all angles
is minimized subject to the constraint that the emittance at normal incidence is greater than
0.95. The layer thicknesses of the optimized structure (in units of microns) are: {1.81, 0.36,
0.12, 1.83, 0.43, 1.09} for the six-layer structure, {1.81, 0.29, 0.72, 0.35, 0.72, 1.82, 0.72, 0.26}
for the eight-layer structure, and {1.55, 0.9, 1.56, 1.63, 1.21, 1.62, 0.39, 1.24, 1.30, 0.34, 0.77,
1.87, 1.54, 0.23, 0.24, 0.24} for the sixteen-layer structure.
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TABLE 2.2: Angular FWHM 66,, and spectral FWHM 0\, of the structures described in

Figure 2.8.
n | 60, O\,
6 14.4° | 11.1 nm
8 8.1° 3.2 nm
16 | 3.6° 0.5 nm

better than the six-layer structure with a 6615 = 3.6° and d\;g = 0.5 nm. These results can

be found for at-a-glance comparison in Table II.

2.3.3 Aperiodic Structure as the Emitting Portion of a Detector

Carbon Monoxide (CO) is a colorless, odorless, and tasteless gas that is poisonous to hu-

mans. One of the molecular resonances of CO occurs at A = 4.7 ym [38]. Here, we consider
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FIGURE 2.9: Emittance versus wavelength of the same aperiodic structures described in

Figure 2.8 at normal incidence.
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constructing the emitting portion of a low-cost detector for CO utilizing a quasi-coherent
thermal source emitting at the transition frequency.

By heating the designed structure, light is emitted at one of the resonant frequencies of
CO. Via absorption spectroscopy, one may use a detector which searches for dips in the
intensity of the 4.7um light which would signify an increase of concentration of CO in the
air, thereby setting off the alarm.

With this application in mind, we chose \g = 4.7 um, and we designed optimized struc-
tures. These results are depicted in Figure 2.10 & Figure 2.11. Again, the same trends are
found that increasing the number of layers both increases the angular and wavelength se-
lectivity. At 4.7um, the selectivity of each the six-, eight-, and sixteen-layer structures was
notably higher than at previously optimized wavelengths.

At this wavelength, the six-layer structure performed a factor of two better than the
structure optimized for A\g = 1.931 um with a §6g = 8.2° and d\¢ = 4.4 nm. The eight-layer
structure showed marginal improvement over the six-layer with d6g = 5.4° and d\g = 2.2 nm;
however, the sixteen-layer optimized structure showed more than a factor of three overall
improvement, with a 0615 = 1.8° and d\;g = 0.2 nm. These results can be found for at-a-

glance comparison in Table III.

TABLE 2.3: Angular FWHM 66,, and spectral FWHM d\,, of the structures described in
Figure 2.10.

00, | 0\,

82° | 4.4 nm
8 |5.4°| 2.2 nm
16 | 1.8° | 0.2 nm

3

(@)

2.4 Conclusion
We have designed a series of aperiodic structures that have been optimized to produce
narrow-angular emittance profiles and also display narrow-wavelength emittance. We com-

pared the angular and spectral FWHM of the genetic-algorithm-optimized aperiodic struc-
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tures to the ones of the resonant cavity design. We have demonstrated that angular selectivity
increases with the number of layers and noticed a strong correlation between angular selec-
tivity and spectral selectivity. We have presented an additional structure that has a use
as a quasi-coherent emitter optimized to operate at the Wien wavelength corresponding to
a near-maximum operating temperature for a silica-silicon structure. Finally, we have out-
lined a low-cost method for constructing the emitting portion of an absorption spectroscopy

detector for CO.
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FIGURE 2.10: Emittance versus angle of an aperiodic multilayer structure of six, eight, and
sixteen alternating layers of silicon and silica over a semi-infinite tungsten substrate. The
structure is optimized such that the integral of the emittance for A =4.7 um over all angles
is minimized subject to the constraint that the emittance at normal incidence is greater than
0.95. The layer thicknesses of the optimized structure (in units of microns) are: {3.77, 0.9,
3.76, 4.49, 4.62, 3.16} for the six-layer structure, {3.75, 0.91, 2.40, 4.53, 4.51, 1.28, 3.93,
2.94} for the eight-layer structure, and {4.47, 0.88, 0.39, 1.02, 0.35, 0.91, 1.14, 4.00, 2.03,
2.39, 1.72, 3.38, 0.34, 0.99, 3.04, 4.15} for the sixteen-layer structure.
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As final remarks, we have discussed several specific structures that can be tuned to emit
at a wide variety of wavelengths. We note that due to the wavelength dependence of the
dielectric permittivity of the materials used in the design, one cannot simply scale the layer
thicknesses by a factor to scale the operating wavelength by that same factor. In other words,
the optimized designs are not scale invariant, so the optimization process must be carried
out at the new desired wavelength. In all cases, we found that the optimal structures were
unique. In other words, if the stochastic genetic optimization process is repeated, it converges
to the same result. Finally, for structures designed as emitters, there is a question of how
performance will change as temperature is varied. It is known that temperature variations
tend to primarily modify the material losses [39]. We found that, if the material losses

change, we can still use the same genetic algorithm optimization approach to design highly
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FIGURE 2.11: Emittance versus wavelength of the same aperiodic structures described in
Figure 2.10 at normal incidence.
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directional, narrowband emitters. Thus, our approach can be used to design structures at
a desired operating temperature. We also found that the effect of layer thickness variations
due to thermal expansion on emittance can be neglected [39].
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Chapter 3

Optimized Aperiodic Multilayer Structures
for Use as Narrow-Angular Absorbers

In this chapter, we investigate aperiodic multilayer structures for use as narrow-angular
absorbers. The layer thicknesses and materials are optimized using a genetic global opti-
mization algorithm coupled to a transfer matrix code to maximize the angular selectivity in
the absorptance at a single or multiple wavelengths. We first consider structures composed
of alternating layers of tungsten and silicon or silica, and find that it is not possible to
achieve angular selectivity in the absorptance with such structures. We next consider struc-
tures composed of alternating layers of silicon and silica, and show that when optimized
they exhibit high angular selectivity in absorptance. In addition, as the angular selectivity
in absorptance increases, the wavelength range of high angular selectivity also decreases.
Optimizing the material composition of the multilayer structures, in addition to optimizing
the layer thicknesses, leads to marginal improvement in angular selectivity. Finally, we show
that by optimizing the absorptance of the multilayer structures at multiple wavelengths, we
can obtain structures exhibiting almost perfect absorptance at normal incidence and narrow
angular width in absorptance at these wavelengths. Similar to the structures optimized at a

single wavelength, the wavelength range of high angularly selective absorptance is narrow.

3.1 Introduction

The absorptance properties of materials and structures have been widely investigated in
recent, years. Bulk materials, such as tungsten, exhibit broadband and broad-angle absorp-
tion spectra which vary from material to material. However, it has been demonstrated that
the absorption spectra of bulk materials can be drastically changed by using multilayer

structures[40], textured surfaces, or other three dimensional constructions[41, 42]. Several

1Part of this chapter previously appeared as C. H. Granier, F. O. Afzal, S. G. Lorenzo, M. Reyes Jr., J. P. Dowling, and G.
Veronis, “Optimized aperiodic multilayer structures for use as narrow-angular absorbers,” J. Appl. Phys. 116 243101 (2014).
It is reprinted by permission of the American Institute of Physics (AIP). See the permission letter in the Appendix.
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different structures with modified absorptance properties have been investigated, including
metallic gratings[43, 44], metallic and semiconductor photonic crystals[45, 46, 47], periodic
grooves[48], and nano-antennae[49]. The use of metamaterials has also been investigated as a
possible method for tailoring the absorptance characteristics.[30] Developing such structures
that have unusual absorption characteristics in the optical wavelength range is important
for many applications such as photovoltaics,[50, 51, 20] control of thermal radiation,[52, 53]
photodetectors,[54, 55] and chemical sensing[56, 46].

Most related efforts have been focused on developing structures with wide-angle near-
perfect absorption in either a narrow or a broad wavelength range [57, 58, 59, 60, 61, 62,
63, 64, 65, 66]. However, structures which exhibit angular selectivity in absorptance are also
investigated because of their many potential applications [67, 68]. In particular, in solar ther-
mophotovoltaics solar radiation is absorbed by an intermediate absorber, which then emits
thermal radiation towards a solar cell. Solar thermophotovoltaic cells are capable of achieving
theoretical efficiency which far exceeds the Shockley-Queisser limit when a single-junction
cell is directly exposed to sunlight [20, 8]. In order to approach such efficiency, however,
there are very important constraints on the properties of the intermediate absorber. For
efficient solar thermophotovoltaic systems which do not employ sunlight concentration, the
intermediate absorber must exhibit broadband angular selectivity. More specifically, it must
provide near-perfect absorption in a narrow angular range, corresponding to the solid angle
subtended by the Sun, over the entire solar spectrum.[20, 8, 69] Efficient solar thermopho-
tovoltaic systems must have relatively high temperature [69]. From the Earth’s surface, the
solid angle subtended by the Sun is very small. However, a conventional planar surface emits
radiation isotropically in all 27 steradians. Due to this angular mismatch, the planar surface
reaches thermal equilibrium at a much lower temperature than the Sun’s temperature. An-
gular selectivity in the absorption of the intermediate absorber is therefore highly desired in

the case of no sunlight concentration [8, 69], since then we can avoid the loss of energy by
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the radiation of the intermediate radiator outside of the solid angle subtended by the Sun,
a process which cools the absorber. It was also recently demonstrated that it is possible to
design structures which exhibit broadband angular selectivity in transmission by tailoring
the overlap of the band gaps of multiple photonic crystals, so as to preserve the characteristic
Brewster modes in a broad wavelength range [70].

In this chapter, we investigate one-dimensional multilayer aperiodic structures for use as
narrow-angular absorbers. It has been demonstrated that multilayer structures can tailor the
absorptance spectra of bulk materials.[23] In many cases a multilayer structure may provide
spectra-altering properties similar to that of more complex and harder-to-fabricate two- or
three-dimensional structures. Here, we optimize the layer thicknesses and materials using
a genetic global optimization algorithm coupled to a transfer matrix code to maximize the
angular selectivity in the absorptance at a single or multiple wavelengths. We first consider
structures composed of alternating layers of tungsten and silicon or silica over a tungsten
substrate. We find that, due to the high absorption of tungsten, it is not possible to achieve
angular selectivity in the absorptance with such structures. We next consider structures com-
posed of alternating layers of silicon and silica. Unlike the structures containing tungsten,
the optimized silicon-silica structures exhibit high angular selectivity in absorptance at the
wavelength at which they are optimized. However, as the angular selectivity in absorptance
increases, the wavelength range of high angular selectivity decreases. We then consider opti-
mizing the material composition of the multilayer structures, in addition to optimizing the
layer thicknesses, and find that this approach leads to marginal improvement in angular
selectivity when compared to the silicon-silica structures. Finally, we investigate optimiz-
ing the absorptance of the multilayer structures at multiple wavelengths. We find that with
this approach we can obtain structures exhibiting almost perfect absorptance at normal in-

cidence and narrow angular width in absorptance at these wavelengths. However, similar
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to the structures optimized at a single wavelength, the wavelength range of high angularly
selective absorptance is narrow.

We previously showed that optimized aperiodic multilayer structures can lead to narrow-
band, highly directional thermal infrared emitters [71]. In this work, structures are designed
to operate in the visible. We note that the properties of the materials used are very differ-
ent in these two wavelength ranges. Silicon is essentially lossless in the infrared, while it is
quite lossy in the visible. As a result, the mechanisms that lead to high angular selectiv-
ity in absorptance are very different. In the infrared designs all the power is absorbed in
the tungsten substrate[71]. In the visible designs presented in this work only a portion of
the power is absorbed in the substrate. In fact, in some of the designs almost no power is
absorbed in the substrate. One can think of such structures as lossy multilayer resonators
which are almost perfectly impedance matched to air. In this work, we also show that it is
not possible to achieve angular selectivity in the absorptance with structures composed of
alternating layers of metals, such as tungsten, and dielectrics due to the high material loss
of metals. In addition, we investigate the effect of optimizing the material composition of
multilayer structures, in addition to optimizing the layer thicknesses. Finally, we show that
with the proposed aperiodic structures it is possible to achieve almost perfect absorptance
at normal incidence and narrow angular width in absorptance at multiple closely-spaced
tunable wavelengths.

The remainder of this manuscript is divided into three sections. The computational tech-
niques used will be discussed in Section II. The results are described in Section III, which
is subdivided into four subsections. The first subsection, (III.A) discusses the results of
genetic-algorithm optimized structures composed of tungsten and silicon as well as tungsten
and silica. Subsection III.B presents the results of genetic-algorithm optimized silicon-silica
structures for use as angular selective absorbers. In Subsection III.C, we investigate opti-

mizing the material composition of the multilayer structures, in addition to optimizing the
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layer thicknesses. Subsection II1.D presents genetic-algorithm-optimized aperiodic structures
composed of alternating layers of silicon and silica with narrow angular absorptance at two
wavelengths (a narrow-angular, bichromatic absorber). Our conclusions are summarized in

Section IV.
3.2 Theory

We model an aperiodic structure composed of infinite slabs of material of varying thicknesses
as depicted in Figure 3.1. Light is incident from air at an angle 6 to the structure. Utilizing
the transfer matrix method [34], we calculate the transmittance, reflectance, and absorptance
of the structure for both TE (transverse electric) and TM (transverse magnetic) polarized
light. We make use of experimental data for the wavelength-dependent indexes of refraction,
both real and imaginary parts, for silicon carbide, silica, silicon, and tungsten [35] for the
calculations done in this chapter. These materials are commonly used in applications related
to engineering the absorptance properties of different structures [24, 20], and have high
melting points. In addition, silicon and silica provide a high index contrast which is useful
for engineering the photonic band structure. It is important to note that in the visible range of
wavelengths, both silica and silicon carbide are almost lossless. Since the tungsten substrate

is taken to be semi-infinite, the transmittance is identically zero, so that:
Argyrm(N, 0) =1 — Rygyra(A, 0), (3.1)

where Arg v is the TE/TM absorptance, Ry v is the TE/TM reflectance, and A is the
wavelength.

We are interested in finding structures which are highly absorbing for normally incident
light and also exhibit highly directional absorptance.

We use a genetic optimization algorithm to determine the best structure’s dimensions
for varying numbers of layers at a given wavelength \y. The implementation of the genetic
algorithm that we use has been realized in-house. A genetic algorithm is an iterative opti-

mization procedure, which starts with a randomly selected population of potential solutions,
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Air 0
Material 2 _1:&2

Material 2 |o,

FIGURE 3.1: Schematic of aperiodic structure optimized by genetic algorithm coupled to
the transfer matrix code. Incident light at an angle # to the normal of the surface of the
structure enters the n-layer structure comprised of various materials above a semi-infinite
tungsten substrate.

and gradually evolves toward improved solutions, via the application of the genetic operators.
These genetic operators are patterned after the natural selection process. In the initializa-
tion function, a population of chromosomes is created by random selection of values for the
genes. The genetic algorithm then proceeds to iteratively generate a new population by the

application of selection, crossover, and mutation operators.
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More specifically, here we use the microgenetic algorithm. It has been shown that the
microgenetic algorithm avoids premature convergence and shows faster convergence to the
near-optimal region compared to the conventional large-population genetic algorithm for
multidimensional problems [13, 14, 15]. The microgenetic algorithm starts with a small ran-
dom population which evolves and converges after a few generations. At this point, keeping
the best individual from the previously converged generation, a new random population is
chosen, and the evolution process restarts.

We use the tournament selection as the selection scheme in the genetic algorithm. In this
method, a subpopulation of individuals is randomly chosen from the population and made
to compete on the basis of their fitness values. The individual in the subpopulation with
the highest fitness value wins the tournament, and is thus selected. The remaining members
of the entire subpopulation are then put back into the general population, and the process
is repeated. This selection scheme converges more rapidly and has a faster execution time
compared to other competing schemes [72]. Once a pair of individuals is selected as parents,
the basic crossover operator creates two offspring by combining the chromosomes of their
parents. We use uniform crossover rather than single point crossover, as it has been found
that microgenetic algorithm convergence is faster with the uniform crossover [14, 72]. An
elitist strategy is also employed, wherein the best individual from one generation is passed
on to the next generation.

Specifically, for the structures discussed in Subsections II1.A, II1.B, and II1.C, we calculate
the absorptance of each structure as a function of angle for 0° < 6 < 90° at wavelength Aq.

We then minimize the fitness function, (o),

F()\O) - ATotal()\Oa (9) d@, (32)

S —
vl

subject to the constraint that Arytai(Ao, @ = 0°) > Anyin. Here, Agora(MNo, 0) = [ATr(Ao, 0) +

A1n(Xo,0)]/2. That is, we calculate the integral of the absorptance over all angles 6 at a
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given wavelength, )y, and minimize it subject to the constraint that the absorptance at

normal incidence is at least Ap,.

3.3 Results

In this section, we discuss genetic-algorithm-optimized structures for use as directional ab-
sorbers. Each structure is optimized for angular selectivity in an attempt to find a broadband,
narrow-angle absorber. The structures discussed in Subsections III.A, ITI.B, and III.C are
optimized at A\g = 550 nm, roughly the center of the visible range. The structure discussed
in Subsection II1.D is optimized to operate as a narrow-angular, bichromatic absorber. It is
optimized at both A\; = 450 nm and Ay = 550 nm, which correspond to indigo and green

light, respectively, in the visible range.

3.3.1 Tungsten-Silicon and Tungsten-Silica Structures

Using the transfer matrix method and genetic algorithm as outlined in Sec. I, we investigate
the properties of the aperiodic one-dimensional structures. We choose Ay = 550 nm at the
center of the visible spectrum as the wavelength at which to optimize angular selectivity of
the absorptance.

First, we consider structures of six, eight, and sixteen layers composed of alternating layers
of tungsten and silicon over a semi-infinite tungsten substrate. In each case, we minimize the
fitness function, F'(\g), [Equation (3.2)] subject to the constraint that the normal incidence
absorptance, Arotai(Ao, ) > Amin = 0.90. For comparison of the structures, we define the
angular full width at half maximum (FWHM), 66, for the n-layer structure, calculating
the width about # = 0° for which the absorptance is larger than half of the maximum
achieved value as seen in Figure 3.2. We also define the spectral FWHM, §\,,, for the n-layer
structure, calculating the width about the wavelength at which we optimized the structure,
Ao, for which the absorptance is larger than half of the maximum achieved value as seen in

Figure 3.3. These results for the tungsten-silicon structure are found in Table 3.1.
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FIGURE 3.2: Absorptance versus angle of an optimized, aperiodic multilayer structure of
six, eight, and sixteen alternating layers of tungsten and silicon over a semi-infinite tungsten
substrate. The structure is optimized such that the integral of the absorptance over all
angles for A\g = 550nm is minimized subject to the constraint that the absorptance at normal
incidence is greater than 90% (A, = 0.90). The layer thicknesses of the optimized tungsten-
silicon structures (in units of nanometers) are: {0, 222, 17, 117, 34, 511} for the six-layer
structure, {0, 357, 17, 51, 18, 48, 30, 313} for the eight-layer structure, and {0, 166, 0, 37,
0, 154, 17, 51, 17, 56, 15, 50, 26, 43, 34, 443} for the sixteen-layer structure. It is important
to note that, for some layers, the optimized thickness was found to be zero. We found that
for the opimized tungsten-silicon structures the top layer, which is adjacent to air, is always
silicon.

TABLE 3.1: Angular FWHM 66,, and spectral FWHM ), of the tungsten-silicon structures
described in Figure 3.2.

00,, oA,

161.4° | 70.4 nm
8 | 161.6° | 42.6 nm
16 | 161.8° | 45.4 nm

3
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FIGURE 3.3: Absorptance versus wavelength of the same structures described in Figure 3.2
at normal incidence.

We observe that the genetic-algorithm-optimized tungsten-silicon structures do not exhibit
angular selectivity [Figure 3.2]. In addition, the structures exhibit no wavelength-selectivity
and the absorptance is relatively broadband in nature. The structures exhibit absorptance of
more than 50% in a broad wavelength range [Figure 3.3]. There is very little change in the an-
gular FWHM, 66,,, of the respective silicon-tungsten genetic-algorithm-optimized structures
with increasing number of layers (Table 3.1). Overall, the silicon-tungsten material combina-
tion fails to provide angular selectivity and increasing number of layers does not improve the
angular selectivity. This is due to the high absorption of tungsten. In Figure 3.7, we show the
profile of the electric field amplitude, normalized with respect to the field amplitude of the
incident plane wave for the six-layer genetic-algorithm-optimized aperiodic tungsten-silicon

structure. The structure is excited by a normally incident plane wave at the wavelength of
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FIGURE 3.4: Profile of the electric field amplitude, normalized with respect to the field ampli-
tude of the incident plane wave for the six-layer genetic-algorithm-optimized tungsten-silicon
aperiodic structure described in Figure 3.2. Note that the thickness of the first tungsten layer
is zero; thus, the layer adjacent to air is silicon. The structure is excited by a normally inci-
dent plane wave at the wavelength of Ay = 550 nm. The ratio of the power absorbed inside
each layer to the total power absorbed in the structure was calculated and from left to right,
beginning with air, is: {0, .273, .323, .06, .274, .03, .04}. That is, ~27.3% of the power is
absorbed in the first silicon layer adjacent to air; while, ~4% is absorbed in the tungsten
substrate.

Ao = 550 nm. We observe that the structure is almost perfectly impedance-matched to air,
since only ~10% of the incident power is reflected. For this tungsten-silicon structure, the
first two layers provide the majority of the absorption in the structure, contributing ~27%
and ~32%, respectively. The second tungsten layer provides ~27%; while, the substrate
provides less than ~5 % of the overall absorption of the structure. In the silicon-tungsten
structure, it is obvious from Figure 3.4 that there is no field enhancement provided by the

structure. We therefore conclude that the high absorptance at normal incidence is not asso-
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FIGURE 3.5: Absorptance versus angle of an optimized aperiodic multilayer structure of
six, eight, and sixteen alternating layers of tungsten and silica over a semi-infinite tungsten
substrate. The structure is optimized such that the integral of the absorptance over all
angles for A\g = 550nm is minimized subject to the constraint that the absorptance at normal
incidence is greater than 90% (A, = 0.90). The layer thicknesses of the optimized tungsten-
silica structures (in units of nanometers) are: {2, 406, 21, 171, 34, 137} for the six-layer
structure, {0, 395, 3, 207, 21, 165, 34, 144} for the eight-layer structure, and {0, 413, 9,
192, 22, 168, 22, 155, 26, 293, 0, 392, 17, 163, 13, 517} for the sixteen-layer structure. It is
important to note that, for some layers, the optimized thickness was found to be zero. We
also found that for the optimized tungsten-silicon structures the top layer, which is adjacent
to air, is in the case of the eight and sixteen layer structure, silicon.

ciated with any strong resonances. This is also supported by the broad angle and wideband
absorptance depicted in Figures 3.2 and 3.3.

We also consider structures of six, eight, and sixteen layers composed of alternating layers
of tungsten and silica. Again, we minimize the fitness function, F'()\g), [Equation (3.2)]

subject to the constraint that the normal incidence absorptance, Aroal(Ag, 0) > Amin = 0.90.
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FIGURE 3.6: Absorptance versus wavelength of the same structures described in Figure 3.5
at normal incidence.

TABLE 3.2: Angular FWHM 66,, and spectral FWHM 0\, of the tungsten-silica structures
described in Figure 3.5.

n | 66, O,

74.6° | 88.4 nm
8 | 72.9° | 82.6 nm
16 | 68.4° | 71.0 nm

(=)

Similar to the tungsten-silicon structures, the tungsten-silica structures do not exhibit high
angular selectivity in absorptance. As depicted in Figure 3.5, the tungsten-silica structures
all achieve a peak of 90% absorptance at normal incidence and exhibit reduced angular
FWHM, §6,, (Table 3.2) when compared to the tungsten-silicon structures. However, the
tungsten-silica structures maintain high absorptance for large angles of incidence [Figure 3.5].
We note that the tungsten-silica structures possess more broadband absorptance, having a

larger spectral FWHM (0\,) compared to the tungsten-silicon structures (Table 3.2). In
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FIGURE 3.7: Profile of the electric field amplitude, normalized with respect to the field
amplitude of the incident plane wave for the six-layer genetic-algorithm-optimized tungsten-
silica aperiodic structure described in Figure 3.5. The structure is excited by a normally
incident plane wave at the wavelength of A\g = 550 nm. The ratio of the power absorbed
inside each layer to the total power absorbed in the structure was calculated and from left to
right, beginning with air, is: {0, .541, 0, .302, 0, .13, 0, .03}. That is, ~54.1% of the power is
absorbed in the first tungsten layer adjacent to air; while, ~3% is absorbed in the tungsten
substrate.

Figure 3.7, we show the profile of the electric field amplitude, normalized with respect to
the field amplitude of the incident plane wave for the six-layer genetic-algorithm-optimized
aperiodic tungsten-silica structure. As before, the structure is excited by a normally incident
plane wave at the wavelength of A\g = 550 nm. In the tungsten-silica structure, ~85% of
the absorption occurs in the first two tungsten layers. The substrate provides less than
~5% of the overall absorptance in the structure. As with the tungsten-silicon structure, the
absorptance mechanism is non-resonant and is the result of impedance matching.

Overall, due to the high absorption of tungsten, we found that it is not possible to achieve

angular selectivity with structures using tungsten. In both tungsten-based structures, the
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high absorptance at normal incidence is not associated with resonant field enhancement. In
addition, in both cases the structures were impedance-matched to air in a broad wavelength

range.

3.3.2 Silica-Silicon Structures
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FIGURE 3.8: Absorptance versus angle of an optimized aperiodic multilayer structure of four,
six, eight, and sixteen alternating layers of silicon and silica over a semi-infinite tungsten
substrate. The structure is optimized such that the integral of the absorptance over all
angles for A\g = 550nm is minimized subject to the constraint that the absorptance at normal
incidence is greater than 0.95 (Apim = 0.95). The absorptance of bulk tungsten is depicted in
black for reference. The layer thicknesses of the optimized silicon-silica structures (in units
of nanometers) are: {28, 530, 33, 301} for the four-layer structure, {30, 508, 32, 340, 34, 88}
for the six-layer structure, {25, 110, 34, 530, 34, 92, 33, 80} for the eight-layer structure,
and {12, 172, 28, 120, 34, 496, 34, 503, 0 (silicon), 550, 25, 321, 27, 106, 36, 81} for the
sixteen-layer structure. It is important to note that in some cases the optimized thickness
was found to be zero.

We consider structures of four, six, eight, and sixteen layers composed of alternating layers

of silicon and silica over a semi-infinite tungsten substrate. In each case, we minimize the

29



| | | !
- 6 Layer

== Bulk Tungsten

6=0°

Absorptance
© 0 0 0 0 0 o0 9
NnNeYrT SR eT

g
=N
|

0 | | |
400 450 500 550 600 650 700
Wavelength (nm)

FIGURE 3.9: Absorptance versus wavelength of the six-layer structure described in Figure 3.8
at normal incidence. Again, absorptance of bulk tungsten is depicted in black for reference.

fitness function, F'(\y), [Equation (3.2)] subject to the constraint that the normal incidence
absorptance at Ay = 550 nm, Arytai( Ao, ) > Apin = 0.95. In doing so, we seek structures

which provide narrow angular absorptance profiles.

TABLE 3.3: Angular FWHM 46,, and spectral FWHM 4§, of the silicon-silica structures
described in Figure 3.8.

n | 46, O,

4 | 28.8° | 12.8 nm
6 | 20.8° | 6.6 nm
8 13.3° | 2.6 nm
16 | 6.9° | 0.8 nm

The genetic-algorithm-optimized, silicon-silica structures exhibit angular selectivity at
A = 550 nm, the wavelength at which the structures are optimized. As before, the FWHM

comparison of the optimized four, six, eight, and sixteen layer structures can be found in
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FIGURE 3.10: Absorptance versus wavelength of the four, six, eight, and sixteen layer struc-
tures described in Figure 3.8 and zoomed in on the wavelength for which the structure was
optimized. Absorptance of bulk tungsten is depicted in black for reference.

Table 3.3. All of the silicon-silica structures exhibit angular selectivity, with each structure
peaking at 95% absorptance at normal incidence and decreasing rapidly as 6 increases [Fig-
ure 3.8]. We also note that there is a trend of increasing angular selectivity as the number
of layers increases. For comparison, the absorptance of bulk tungsten at this wavelength
is also shown. Figure 3.9 shows the spectral response at normal incidence of the six-layer
genetic-algorithm-optimized, silicon-silica structure as well as bulk-tungsten’s response. The
six-layer structure provides a narrow band response centered around the wavelength at which
it is optimized with additional resonances at other wavelengths. The eight and sixteen layer
structures’ spectral response at normal incidence is similar. As the number of layers in the
optimized structure increases, the number of resonances in the A = 400 nm to A = 700 nm

wavelength range also increases. Figure 3.10 shows the absorptance of the four, six, eight,
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FIGURE 3.11: Absorptance as a function of wavelength and angle for the eight-layer, genetic-
algorithm-optimized, aperiodic structure described in Figure 3.8.

and sixteen layer structures near A = 550 nm, the wavelength at which the structures are
optimized. We observe that there is a trend of decreasing spectral resonance width with
increasing number of layers in the optimized structure. Figure 3.11 shows a color plot of the
absorptance as a function of both angle and wavelength for the eight-layer, genetic-algorithm-
optimized structure. We observe that the structure exhibits angular selectivity around the
wavelength at which it was optimized, but its angular occurrence shifts with wavelength.

More specifically, as the wavelength decreases, the peak of the absorptance shifts to larger
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angles. Overall, with increasing number of layers, we observe an increase in angular selectivity

and a decrease in the wavelength range of high absorptance at normal incidence.
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FIGURE 3.12: Profile of the electric field amplitude, normalized with respect to the field
amplitude of the incident plane wave for the six-layer genetic-algorithm-optimized aperiodic
structure described in Figure 3.8. The structure is excited by a normally incident plane wave
at the wavelength of Ay = 550 nm. The ratio of the power absorbed inside each layer to the
total power absorbed in the structure was calculated and from left to right, beginning with
air, is: {0, .062, 0, .06, 0, .107, 0, .77}.

In Figure 3.12 and Figure 3.13 we show the profile of the electric field amplitude, nor-
malized with respect to the field amplitude of the incident plane wave for both the six-layer
and eight-layer genetic-algorithm-optimized, silicon-silica aperiodic structures. The structure
is excited by a normally incident plane wave at Ay = 550 nm, the wavelength at which the
structures are optimized. In the six-layer structure [Figure 3.12], we observe a large, resonant
enhancement of the electric field toward the center of the structure. As a result, the major-

ity (~77%) of the power is absorbed in the tungsten substrate. In the eight-layer structure
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FIGURE 3.13: Profile of the electric field amplitude, normalized with respect to the field am-
plitude of the incident plane wave for the eight-layer genetic-algorithm-optimized aperiodic
structure described in Figure 3.8. The structure is excited by a normally incident plane wave
at the wavelength of Ay = 550 nm. The ratio of the power absorbed inside each layer to the
total power absorbed in the structure was calculated and from left to right, beginning with
air, is: {0, .048, 0, .29, 0, .318, 0, .046, 0, .3}. That is, ~5% of the power is absorbed in the
first silicon layer adjacent to air; while, ~30% is absorbed in the tungsten substrate.
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[Figure 3.13|, the enhancement of the field is approximately twice the enhancement of the
six-layer structure; however, the majority of the power is absorbed outside of the tungsten
substrate. Less than one-third of the overall power is absorbed in the tungsten substrate. The
two largest contributors to power absorbed for the eight-layer structure are the second and
third silicon layers with the second silicon layer absorbing ~29% and the third silicon layer
absorbing ~32% of the total power absorbed by the structure. Overall, we found that with
increasing number of layers, the fraction of the power absorbed in the substrate decreases.
We also found that, when the wavelength or the angle of incidence are shifted away from the

resonance, the field enhancement rapidly decreases. This is consistent with the narrowband,
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highly directional absorptance of the structure (Figure 3.8). Additionally, it is important to
note that as the number of layers increases, the field enhancement drastically increases.

In short, unlike the structures containing tungsten, optimized, multilayer, silicon-silica
structures exhibit high angular selectivity for absorptance at the wavelength at which they
are optimized. However, we found that, for such optimized multilayer silicon-silica structures,
as the angular FWHM, §6,,, decreases, the spectral FWHM, d\,,, also decreases. In other
words, as the angular selectivity in absorptance increases, the wavelength range of high

angular selectivity decreases.

3.3.3 Multiple Material Structures

We also investigated optimizing the material composition of the multilayer structures in
addition to optimizing the layer thicknesses. As before, we minimize the fitness function,
F(Xo), [Equation (3.2)] subject to the constraint that the normal incidence absorptance at
Ao = 550 nm, Apeea(Ao, @) > Apin = 0.95. In doing so, we seek structures which provide
narrow angular absorptance profile. More specifically, for each layer, the material was chosen
among silicon, silica, tungsten, and silicon carbide. In each case, the genetic optimization
algorithm searched for the optimal material composition as well as the optimal thickness of
each layer. We considered structures consisting of four, six, eight, and sixteen layers. In all
cases except for the four-layer structure, silicon carbide was found to be the optimal material
for the first layer adjacent to air. In addition, none of the optimized multilayer structures
contained tungsten. The fact that the optimal material composition of the multilayer struc-
ture does not contain tungsten is consistent with our conclusion in Subsection III.A that it
is not possible to achieve angular selectivity in the absorptance with structures containing
highly lossy materials such as tungsten.

Even though the optimized material composition was found to be, in general, different
from the one of the silicon-silica multilayer structures, the improvement in angular selectivity

with respect to silicon-silica structures with the same number of layers was marginal. More
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specifically, for a given number of layers n, the angular FWHM, §6,, of the structures with
optimized material composition was no more than 2% decreased with respect to the silicon-
silica multilayer structures with the same number of layers.

3.3.4 Bichromatic Absorber
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FIGURE 3.14: Absorptance versus angle of an aperiodic multilayer structure of eight alter-
nating layers of silicon and silica over a semi-infinite tungsten substrate. The structure is
optimized such that the integral of the sum of the absorptances at the wavelengths at which
the structure was optimized over all angles, 6, is minimized subject to the constraint that
the absorptance at normal incidence was at least A, = 0.95 at all wavelengths considered.
Simultaneously, we constrained the angle-average difference between the absorptances at the
two wavelengths at which the structures were optimized to be less than 0.01. The layer thick-
nesses of the optimized silicon-silica structure (in units of nanometers) for the eight-layer

structure are: {14, 300, 69, 248, 21, 127, 245, 463}.

As described in Subsection III.B, optimized silicon-silica multilayer structures exhibit high
angular selectivity in absorptance when optimized at a single wavelength in the visible wave-

length range. However, as the angular selectivity increases, wavelength selectivity also in-
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FIGURE 3.15: Absorptance versus wavelength of the same structure described in Figure 3.14
at normal incidence.

creases. In an attempt to increase the wavelength range of high angular selectivity in absorp-
tance, we investigate optimizing the angular selectivity of multilayer structures at multiple
wavelengths.

More specifically, we calculate the absorptance of each structure as a function of angle for
0° < 0 < 90° at two wavelengths, A\; = 450 nm and Ay = 550 nm in the visible wavelength

range. Then we minimize the fitness function, Fj (A1, A2),

F(A, \g) = /ATotal A1, 0) + Arotar( A2, 0)] d6, (3.3)
0

subject to the constraints Aroa(Ai, 0 = 0°) > A = 0.95, 7 = 1, 2. Here, Apoa(Ni, ) =
[ATE()\iv 9) + ATI\T()\ﬂ 9)]/2
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FIGURE 3.16: Profile of the electric field amplitude, normalized with respect to the field am-
plitude of the incident plane wave for the eight-layer, genetic-algorithm-optimized, aperiodic
structure described in Figure 3.14. The structure is excited by a normally incident plane wave
of Ay = 450 nm (blue) and Ay = 550 nm (black, dashed). The ratio of the power absorbed
inside each layer to the total power absorbed in the structure was calculated and from left
to right, beginning with air, is: {0, .217, 0, .519, 0, .025, 0, .196, 0, .04} for A; = 450 nm, and
{0, .053, 0, .596, 0, .021, 0, .155, 0, .17} for Ay = 550 nm. That is, for A\; = 450 nm, ~22%
of the power is absorbed in the first silicon layer adjacent to air; while, ~4% is absorbed in
the tungsten substrate.

Normalized Electric Field Amplitude
N

That is, we calculate the integral of the sum of the absorptances at the wavelengths at
which the structure is optimized over all angles, #, and minimize it subject to the constraint
that the absorptance at normal incidence is at least A,;, = 0.95 at all wavelengths consid-
ered. However, we found that with this optimization process, the absorptance response of
the optimal structures was not unique. This is due to the fact that structures with identical
fitness, F1(A1, A2) may exhibit different angular selectivity at the wavelengths at which the

structures are optimized. As an example, we consider two distinct structures. One of the
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structures exhibits higher angular selectivity at wavelength A, [00(A1) < 00(\2)]; the other
one exhibits higher angular selectivity at Ao [06(A1) > 66(A2)], while both have the same
fitness, Fi (A1, Ag).

To address this, we added one additional constraint in the optimization process:

By d) — / Aot (M, 0) — Arepaa(Ma, 0)] d6 < c. (3.4)

That is, we constrained the angle-average difference between the absorptances at the two
wavelengths at which the structures were optimized to be less than €. Here, we chose € = 0.01.
In other words, the average difference in the angular absorptance profiles has to be less than
1%.

Here, we consider a structure composed of eight alternating layers of silicon and silica above
a thick tungsten substrate. We found that at least eight layers are required in the silicon-silica
structure in order to achieve high angular selectivity at the two wavelengths at which the
absorptance of the structure was optimized. The structure provides relatively narrow-angular
absorptance features at both of the wavelengths at which it was optimized, A\; = 450 nm and
A2 = 550 nm. In fact, the angular absorptance spectra for the two wavelengths are nearly
identical [Figure 3.14]. The absorptance of the optimized structure at normal incidence as
a function of wavelength is shown in Figure 3.15. The structure absorbs the incident light
almost completely at the two wavelengths at which it was optimized; however, similar to the
structures optimized at a single wavelength (Subsection II1.B), the wavelength range of high

angularly selective absorptance is narrow (Table 3.4).

TABLE 3.4: Angular FWHM §6,, and spectral FWHM 0§\, of the structures described in
Figure 3.14.

Wavelength | 66 P
A1 =450 nm | 36.7° | 8.4 nm
A2 = 550 nm | 36.6° | 10.6 nm
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In Figure 3.16, we show the profile of the electric field amplitude, normalized with re-
spect to the field amplitude of the incident plane wave for the eight-layer, genetic-algorithm-
optimized, aperiodic structure. The structure is excited by a normally incident plane wave
at either Ay = 450 nm or Ay = 550 nm. While the wavelengths at which the structure was
optimized have nearly identical angular spectra, the two absorptance mechanisms within
the structure are different. The A\; = 450 nm light is absorbed mainly in the first two sili-
con layers, which account for over ~70% of the structure’s absorbed power. The tungsten
substrate accounts for less than ~5% of the overall power absorbed at A\; = 450 nm. The
A2 = 550 nm light is absorbed mostly in the second silicon layer, which provides ~60% of
the overall absorption at this wavelength; the final silicon layer before the tungsten substrate

and the substrate itself account for an additional ~30% of the structure’s absorbed power.

3.4 Conclusion

We investigated one-dimensional aperiodic multilayer structures for use as narrow-angular
absorbers. We focused on structures which are highly absorbing for normally incident light
and also exhibit highly directional absorptance. We optimized the layer thicknesses and
materials using a genetic global optimization algorithm coupled to a transfer matrix code to
maximize the angular selectivity in the absorptance at a single or multiple wavelengths.

We first considered structures composed of alternating layers of tungsten and silicon or
silica over a tungsten substrate. We found that, due to the high absorption of tungsten,
it is not possible to achieve angular selectivity in the absorptance with such structures.
In addition, the absorptance of such tungsten-based structures is relatively broadband in
nature, and is not associated with any strong resonances.

We next considered structures composed of alternating layers of silicon and silica. Unlike
the tungsten-based multilayer structures, the optimized silicon-silica structures exhibit a
resonance and high angular selectivity in absorptance at the wavelength at which they are

optimized. The resonance is associated with large field enhancement in the structures. We
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also found that there is a trend of increasing angular selectivity as the number of layers
increases. However, as the angular selectivity in absorptance increases, the wavelength range
of high angular selectivity decreases.

We then considered optimizing the material composition of the multilayer structures, in
addition to optimizing the layer thicknesses. For each layer, the material was chosen among
silicon, silica, tungsten, and silicon carbide. Even though the optimized material composition
was found to be, in general, different from the one of the silicon-silica multilayer structures,
the improvement in angular selectivity with respect to silicon-silica structures with the same
number of layers was marginal.

Finally, we investigated optimizing the absorptance of the multilayer structures at multi-
ple wavelengths. We found that this approach leads to structures exhibiting almost perfect
absorptance at normal incidence and narrow angular width in absorptance at these wave-
lengths. However, similar to the structures optimized at a single wavelength, the wavelength
range of high angularly selective absorptance is narrow.

As final remarks, we note that due to the wavelength dependence of the dielectric permit-
tivity of the materials utilized in the design, one cannot simply scale the layer thicknesses by
a factor to scale the operating wavelength by that same factor. In other words, the optimized
designs are not scale invariant, so the optimization process must be carried out at the new
desired wavelength. It is also important to note that the optimized designs for the tungsten-
silica and tungsten-silicon multilayer structures are non-unique. In other words, there are
multiple designs which achieve the minimum fitness. On the other hand, the optimized de-
signs for the silicon-silica multilayer structures are unique. In addition, we note that it is
possible to design silicon-silica multilayer structures which exhibit high angular selectivity in
absorptance at visible wavelengths without the tungsten substrate. In these structures the

light is absorbed in the silicon layers, since silicon is a lossy material in the visible.
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It should also be noted that at the wavelength of A = 550 nm the real part of the di-
electric permittivity of tungsten is positive. Thus, at this wavelength tungsten behaves as
an extremely lossy dielectric rather than as a plasmonic metal. The very high absorption of
tungsten broadens all resonances both in angle and wavelength. In fact, we found that, if
one assumes that tungsten is lossless [by setting €ungsten = Re(€tungsten) and neglecting the
imaginary part Im(€qungsten)], then it is possible to design multilayer structures containing
this artificially lossless tungsten which exhibit high angular selectivity in absorptance.

In addition, we note that angular selectivity in absorptance can also be achieved by a
structure consisting of a quarter-wave one-dimensional photonic crystal placed over a perfect
mirror with an absorbing material included in the defect layer formed by the photonic crystal
and the mirror. In the one-dimensional photonic crystal structure the number of layers in
the photonic crystal has to be adjusted in order to get unity absorptance at the resonance
[24]. However, once the number of layers of the photonic crystal is chosen, the angular width
of the absorptance cannot be tuned. Compared to such a structure, our proposed structures
have many more degrees of freedom. Thus, it is possible to simultaneously obtain perfect
absorptance on resonance and also tune the angular width of the absorptance. Our proposed
aperiodic multilayer structures can achieve much narrower angular width than the one-
dimensional photonic crystal structures. In addition, with the proposed aperiodic structures
it is possible to achieve perfect absorptance at normal incidence and narrow angular width in
absorptance at multiple closely-spaced tunable wavelengths. Such an absorptance response
cannot be achieved with the one-dimensional photonic crystal structures.

This research was supported by the National Science Foundation (Award Nos. 1102301,
1263236, 1403105), and a Fund for Innovation in Engineering Research (FIER) grant from
the Louisiana State University College of Engineering. Jonathan P. Dowling wishes to also
acknowledge support from the Air Force Office of Scientific Research and the Army Research
Office.
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Chapter 4

How to Build a Better Lightbulb —
Exploiting Optimization Algorithms to
Decrease Incandescent Lightbulb Power
Consumption by Nearly 50 %

In this chapter, we present optimized aperiodic structures for use as broadband, broad-angle
thermal emitters which are capable of increasing the emittance by nearly a factor of two over
the visible wavelength range when compared to bulk tungsten. These aperiodic multilayer
structures designed with alternating layers of tungsten and air or tungsten and silicon carbide
on top of a tungsten substrate exhibit high emittance in a broad wavelength range peaked
around the center of the visible. We optimize the layer thicknesses using a hybrid optimization
algorithm coupled to a transfer matrix code to maximize the power emitted in the visible
wavelength range in the normal direction. We investigate the properties of these structures
for use as lightbulb filaments, and compare their performance with conventional lightbulbs.
We find that these structures greatly enhance the emittance over the visible wavelength
range, while also increasing the overall efficiency of the bulb. These structures could lead to

a decrease in incandescent lightbulb power consumption by nearly 50 %.

4.1 Introduction

Conventional incandescent lightbulbs (ILB) are composed of a tungsten filament inside a
bulb which is filled with inert gas. These devices are less than 10 percent efficient [73, 74]
due to the fact that most of the applied power is radiated as heat and not as visible light.
There has been much recent work in an attempt to improve the efficiency of household and
commercial lighting. Compact fluorescent lamps (CFLs), the curled bulbs, improve efficiency
slightly, but have issues with slow turn on time, higher cost, degradation of performance over
CFL lifetime, and most significantly, these bulbs contain mercury and pose an environmental

hazard if broken or disposed in a landfill. The most efficient lighting commercially available
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is the light-emitting diode (LED) which possesses efficiencies between 25 and 35 percent.
LEDs, however, are extremely expensive (due to fabrication costs) which puts them out of
reach of users in emergent countries. Hence, incandescent bulbs still account for the vast
majority of home lighting in developing countries; while, in the United States, the ILB has
been phased out to be replaced with CFL or LED lighting.

In this chapter, we propose one-dimensional multilayer aperiodic structures for use as
incandescent lightbulb filaments. It has been shown that multilayer structures can tailor
the emittance spectra of bulk materials and may provide properties similar to that of more
complex and harder-to-fabricate two- or three-dimensional structures [40, 19, 21, 42, 23, 25,
26, 45, 46, 48, 49, 57, 58, 59, 60]. Here, we optimize the layer thicknesses using a hybrid
optimization algorithm coupled to a transfer matrix code to maximize the power emitted
in the visible wavelength range in the normal direction. First, we consider a tungsten-air
structure above a tungsten substrate as a proof of concept. We next consider a tungsten and

silicon-carbide structure for possible use as a filament in an incandescent lightbulb.

4.2 Theory

We model a structure composed of infinite slabs of material of varying aperiodic thicknesses
as depicted in Figure 4.1. Utilizing the transfer matrix method, [34] we calculate the trans-
mittance, reflectance, and absorptance of the structure for both TE and TM polarized light.
Light is incident from air at an angle 6 to the structure. We make use of experimental data
for the wavelength-dependent indexes of refraction, both real and imaginary parts, for silicon
carbide and tungsten [35] in all calculations done in this chapter. We choose silicon carbide
and tungsten due to their high melting point, which is necessary for use in a lightbulb fila-
ment application. Since the tungsten substrate is taken to be semi-infinite, the transmittance

is identically zero, so that:

Arg/rm(A,0) = 1 — Rrgyra(A, 0), (4.1)

where Arg v is the TE/TM absorptance, Ryg/myv is the TE/TM reflectance, and A is the
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FIGURE 4.1: Schematic of the structure optimized. It consists of alternating layers of tungsten
and air or tungsten and silicon carbide above a semi-infinite tungsten substrate.
wavelength. While we only calculate absorptance, reflectance, and, in principle, transmit-
tance, we make use of Kirchhoff’s second law and conservation of energy to equate absorp-
tance (Arg/rv) and emittance (epg ) under thermal equilibrium [36] .

More specifically, the power radiated per unit area and wavelength is given by the Planck

hc
blackbody spectrum (in units of Watt per square meter per nanometer): B(\, 7)) = 2§§2 (eX* 5T —

1)~1, where h is Planck’s constant, c is the speed of light, A is the wavelength, T is the tem-

perature, and kg is the Boltzmann constant. We define the normalized power radiated per

unit area and unit wavelength by a given structure, fi(A, 0) as the ratio of the power emitted
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per unit area and wavelength by the structure to the maximum emitted by a blackbody

exora (N, 0) B, T = 2700K)
m/{cLX[B()\, T =2700K)]

(A, 0) = (4.2)

Here, erota1( A, 0) = [err(A, 0) + erm(A, 0)] /2. We choose an operating temperature of 2700 K,
below the melting point of silicon carbide and tungsten and near the operating temperature
of modern incandescent lightbulbs [75].

Conventional incandescent lightbulbs are made by drawing tungsten into a thin wire and
running a current through the wire. This process, via the resistance of the wire, heats the
wire to a temperature between 2500 K and 3000 K and produces light over broad wavelength
range. Due to the operating temperature of the filament as well as the emittance spectra of
bulk tungsten, this process is inefficient and produces both a large amount of waste heat and
light which is not in the visible wavelength range.

In a traditional incandescent lightbulb, in excess of 90% of the power which enters the bulb
is released as heat. Additionally, of the approximately 10% of the power which is released
as radiation, only a small percentage of the light is emitted in the visible wavelength range
(Figure 4.2). We define the efficiency of a given structure as the ratio of the normalized
power emitted in the visible wavelength range (A; = 400 nm to Ay = 700 nm) to the total

power emitted

n="= . (4.3)

Using Equation (4.3), we find that for a bulk tungsten filament operating at T = 2700K,
only ~ 11.55% of the power radiated lies in the visible wavelength range and is therefore
useful for indoor lighting. The combination of these effects leads to an extremely low efficiency
for conventional incandescent tungsten filament lightbulbs.

Another factor which contributes to the overall low efficiency of conventional tungsten

filaments is the fact that tungsten is highly reflective over the visible wavelength range.
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FIGURE 4.2: Normalized power emitted per unit area and unit wavelength, at normal inci-
dence, fi(), ), as a function of wavelength for the optimized structures compared to both
a perfect blackbody at the same temperature as well as a conventional bulk-tungsten fila-
ment. The solid black line depicts a perfect blackbody at 2700 K. The solid green line shows
the performance of an ideal filament operating at 2700 K. The dashed gray line shows the
performance of a bulk tungsten lightbulb filament. The solid orange and dashed blue lines
show the performance of the optimized TSiC and TA structures, respectively. The layer
thicknesses of the optimized structures, in units of nanometers, beginning with the tungsten
layer bordering air are: {3.4, 90, 163, 500} for the TA structure and {0, 39, 66, 319} for the
TSiC structure.

Tungsten is a relatively poor emitter, with an average emittance over the visible spectrum of
approximately 50%. We define the enhancement factor @) of a given structure as the ratio of
the total power emitted in the visible by the structure at T = 2700 K to the power emitted

by a bulk tungsten filament heated to the same temperature:

A2
TH(N 6 = 0°) dA
A1

Q=+ . (4.4)
[ fga(A, 0 = 0°) dA

A1
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We are interested in finding structures which exhibit a plateau-like emittance over the
visible wavelength range. That is, we seek a structure which possesses e = 1.0 in the visible
wavelength range (A < A < Ag) and € = 0.0 elsewhere (corresponding to the solid green
line in Figure 4.2) in an effort to maximize the power emitted by the structure in the visible
while maximizing its efficiency.

We use a hybrid optimization method consisting of a micro-genetic global optimization al-
gorithm [14, 13, 15, 17, 18, 76] coupled to a local optimization algorithm [12, 16] to determine
the best dimensions for four-layer structures. The genetic algorithm is an iterative optimiza-
tion procedure which starts with a randomly selected population of potential solutions and
evolves toward improved solutions; once the population converges, the local optimization
algorithm finds the local optimum. The process retains the best structure found and is iter-
atively repeated.

Specifically, we first maximize the fitness function F; where

A2

Fo= [ g\ 60 =0°)dx (4.5)
/

This process is carried out to enhance the emittance in the visible when compared to that
of bulk tungsten.

We then seek to maximize the efficiency of the structure [Equation (4.3)] without signif-
icantly decreasing the enhancement of the power emitted in the visible compared to bulk
tungsten [Equation (4.4)]. Due to the operating temperature of the structure, T = 2700 K,
any radiation occurring at A < 400nm can be treated as negligible. Thus, we minimize the

normalized power emitted by the structure for A > 700 nm, F5,

o

Py = /,u()\,é? — 0°)d), (4.6)
A2

subject to the constraint that the fitness function F; for the structure is at least 98 % of the

previously calculated maximum F3.
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4.3 Results

We consider structures of four layers composed of alternating layers of tungsten and air
(henceforth referred to as the TA structures) or alternating layers of tungsten and silicon
carbide (henceforth referred to as the TSiC structures). We optimize the emittance of the
structures using the process outlined above [Equations (4.5) and (4.6)]. Both of the opti-
mized structures show drastically improved emittance (by nearly a factor of two) over the
visible wavelength range when compared to bulk tungsten (Figure 4.2). Thus, these struc-
tures could lead to a decrease in incandescent lightbulb power consumption by nearly 50
%. More specifically, a lightbulb consuming 30 W of power using our design would radiate
approximately the same energy in the visible as a conventional incandescent bulb which
consumed 60 W of power. A detailed comparison of the optimized structures presented here
and current lightbulb technology can be found in Figure 4.2. The emittance of the optimized
structures approaches the one of a perfect blackbody. By comparing the bulk tungsten’s
(Figures 4.3(a) & 4.3(b) and 4.6(a) & 4.6(b)) emittance and normalized power emitted per
unit area and unit wavelength g to that of both TA (Figures 4.4(a) & 4.4(b) and 4.6(c) &
4.6(d)) and TSiC structures (Figures 4.5(a) & 4.5(b) and 4.6(e) & 4.6(f)), we observe that
the optimized structures provide greatly enhanced emittance over the visible wavelength
range when compared to bulk tungsten. As a result, the optimized structures also greatly
enhance the power emitted by the structures in the visible. A detailed comparison of the
enhancement factor () and the efficiency 7 of the different structures can be found in Table

4.1.

TABLE 4.1: Comparison of the enhancement, (), and the efficiency, n, using bulk tungsten
as a reference point, of the optimized structures described in Figure 4.2..

Structure | ) n

Tungsten | 1.0 11.55%
W-Air 1.927 | 13.62%
W-SiC 1.854 | 13.77%
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FIGURE 4.3: (a, b) Emittance and normalized power emitted per unit area and unit wave-
length (A, 0) of bulk tungsten as a function of wavelength and angle.The layer thicknesses
of the optimized structures are given in Figure 4.2.
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FIGURE 4.4: (a, b) Emittance and normalized power emitted per unit area and unit wave-
length fi(A, 0) for the optimized TA structure as a function of wavelength and angle. The
layer thicknesses of the optimized structures are given in Figure 4.2.
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FIGURE 4.5: (a, b) Emittance and normalized power emitted per unit area and unit wave-

length (A, #) for the optimized TSiC structure as a function of wavelength and angle. The
layer thicknesses of the optimized structures are given in Figure 4.2.

In Figures 4.7 & 4.8, we show the profile of the electric field amplitude normalized with

respect to the field amplitude of the incident plane wave for the optimized TA and TSiC
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FIGURE 4.6: (a, b) Emittance and normalized power emitted per unit area and unit wave-
length fi(A, 0) of bulk tungsten as a function of wavelength and angle. (¢, d) Emittance and
normalized power emitted per unit area and unit wavelength fi(A,6) for the optimized TA
structure as a function of wavelength and angle. (e, f) Emittance and normalized power emit-
ted per unit area and unit wavelength fi(\, ) for the optimized TSiC structure as a function

of wavelength and angle. The layer thicknesses of the optimized structures are given in Figure
4.2.

structures, respectively. Each structure is excited by a normally incident plane wave at the
center of the visible spectrum, A = 550 nm. We observe that both structures are nearly
perfectly impedance-matched to air, as only ~ 10% of the incident power is reflected. In
addition, there is no field enhancement in the structures. We therefore conclude that the
high emittance is not associated with any strong resonances. This is consistent with the
broad-angle and wideband emittance of the structures (Figure 4.6).

We found that in the optimized TA structure the 500 nm thick air layer [Figure 4.7 is
not critical, since in a structure without this layer the emittance in the normal direction is
smaller by no more than ~ 0.5%. Thus, the optimized TA structure consists essentially of a
3.4 nm thick tungsten layer separated from the tungsten substrate by a 90 nm thick air gap.

One can think of such a structure as a Fabry-Perot [77, 78] resonator as evidenced by the
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FIGURE 4.7: Profile of the electric field amplitude, normalized with respect to the field
amplitude of the incident plane wave for the TA abd TSiC optimized structures described in
Figure 4.2. The structures are excited by a normally incident plane wave at the wavelength
of A\g = 550 nm, near the center of the visible wavelength range. For the TA structure, the
ratio of the power absorbed inside each layer to the total power absorbed in the structure
was calculated and from left to right, beginning with tungsten, is: {0.79, 0, 0.21, 0, 0}. That
is, ~79% of the power is absorbed in the first tungsten layer adjacent to air.

response of the structure’s emittance to changing the width of the first two layers [Figure
4.9(a) & 4.9(b)]. Even though, as expected, the optimum air gap thickness to maximize
the absorption in the 3.4 nm thick tungsten layer is wavelength dependent, we found that
a structure with a 90 nm thick air gap leads to at least 73.5% absorption in the tungsten
layer in the whole visible wavelength range. The mechanism which leads to broadband high
emittance in the optimized TSiC structure is similar. In this case the optimized three layer
structure above the tungsten substrate [Figure 4.7] leads to greatly enhanced absorption in

the 66 nm thick tungsten layer in the whole visible wavelength range.
84



-
]

Air

Normalized Electric Field Amplitude

0
~500

z (nm)

500

FIGURE 4.8: Profile of the electric field amplitude, normalized with respect to the field
amplitude of the incident plane wave for the TA abd TSiC optimized structures described in
Figure 4.2. The structures are excited by a normally incident plane wave at the wavelength
of A\g = 550 nm, near the center of the visible wavelength range. For the TSiC aperiodic
structure, the thickness of the first tungsten layer is zero; thus, the layer adjacent to air is
silicon carbide. The ratio of the power absorbed inside each layer to the total power absorbed
in the structure from left to right, beginning with SiC, is: {0, .99, 0, 0.01}. That is, ~99%
of the power is absorbed in the first tungsten layer

TABLE 4.2: Comparison of the wattage required to produce the same lumens as a bulk
tungsten incandescent bulb as well as several common commercial bulbs [79].

Bulb Type Watts Required % Lumens
W Incandescent | 60 15 900
Halogen 43 17.4 750
CFL Halogen 15 53 800
CFL 13 63.5 825
Smart LED 13 61.5 800
W-Air 31.1 28.9 900
W-SiC 324 27.8 900
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FIGURE 4.9: Here, we plot the emittance at normal incidence for A = 550 nm of the overall
optimized Tungsten-Air structure while altering individual layer thicknesses of the first and
second layer. (a) Emittance of the Tungsten-Air structure as a function of thickness of the
first Tungsten layer bordering air on the left hand side of the structure as shown in Figure
4.7. (b) Emittance of the Tungsten-Air structure as a function of thickness of the first Air
layer inside the structure shown in Figure 4.7.
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To implement our proposed lighting scheme we propose manufacturing sheets of the ma-
terial inside of a transparent chamber filled with an inert gas (or evacuated) with current
running through the tungsten substrate to provide the heating needed for thermal emission.
To replace an incandescent light bulb we propose simply taking the usual solid tungsten
filament, which is a cylinder with a ~ 5 pm diameter and coating it with the multi-layered
structure proposed here. This can be done by vapor deposition or molecular beam epitaxy.
Given that the layers are on the scale of nanometers, the curvature of the filament is negli-
gible; therefore, the planar 1D calculation still holds quantitatively. To reduce evaporation
effects, one might wish to reduce the surface area to volume ratio and go to 2D or 3D struc-
tures (where an air-tungsten structure is feasible to fabricate via, for example, ion etching or
a modified silicon layering process) [41]. More work needs to be done to model and optimize
such structures, but our results in this work indicate qualitatively, via the John-Wang model,
that similar emissivity (or better) is possible. In the John-Wang model, one assumes a 3D
structure that has a perfectly spherical Brillouin zone that is the same for both the TE and
TM modes. In such a model the structure is effectively 1D and our results here should hold
qualitatively [80, 81] .
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Army Research Office.

87



Chapter 5

Conclusions

In Chapter 1 of this dissertation, we began with a brief introduction to nanophotonics. We
provided a discussion of the theory of computational electricity and magnetism, and, specif-
ically, calculating the absorptance and transmittance of a multilayer structure using the
transfer-matrix method. We discussed the principles which motivated the design and anal-
ysis of multilayer structures. Specifically, we reviewed thermal emission, thermodynamics,
Planck’s blackbody distribution, Kirchoff’s law, and resulting applications in solar ther-
mophotovoltaics. In particular, a detailed discussion of the efficiency and possible implica-
tions of realizing a solar thermophotovolatic device were discussed. We also presented a brief
discussion of the computer-based optimization used. Specifically, we use an in-house genetic
algorithm which may be coupled to a local optimization algorithm for increased optimization
of structure parameters.

Chapter 2 discussed aperiodic multilayer structures which were optimized by a genetic
algorithm to provide both narrowband and narrow-angle thermal emission for selected wave-
lengths in the infrared wavelength range. This chapter provided a detailed comparison of
the performance of aperiodic multilayer structures with the more widely researched periodic
multilayer structures and analyzed the physical mechanisms which helped to achieve this
emission profile via an investigation of the electromagnetic field profile. Chapter 2 also in-
vestigated the use of aperiodic multilayer structures optimized for narrow-angle and narrow
band emission at the Wein Wavelength for a near-maximum operating temperature for sili-
con and silica. Finally, Chapter 2 discussed the application of an aperiodic genetic algorithm

optimized emitter for use as a carbon monoxide detector in an absorption spectroscopy de-
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vice. The work presented in this chapter could have implications in creating inexpensive,
easy-to-fabricate, tunable infrared thermal emitters.

In Chapter 3, we focused on the development of aperiodic multilayer structures for use as
narrow-angle absorbers utilizing a genetic optimization algorithm in the visible wavelength
range. First, we examined the properties of two tungsten based emitters, one which paired
tungsten with silicon and another which paired tungsten with silica. We found that struc-
tures did not provide narrow-angle absorptance profiles due to the fact that non-resonant
impedance matching was the cause of these structure’s high absorptance around A = 550nm.
We then examined the properties of aperiodic multilayer structures containing alternating
layers of silicon and silica and found that these structures provided both a narrow angle and
narrow band absorptance profile. We also investigated the properties of structures found
when the genetic algorithm was allowed to choose the layer composition and found no siz-
able improvement over the silicon-silica structured when compared on an equal-layer basis.
Finally, we showed that structures with near-perfect absorptance at two wavelengths for
normally incident light can be achieved using these methods.

Chapter 4 presented optimized aperiodic structures which could be used as broadband
and broad-angle thermal emitters. By using a hybrid optimization algorithm coupled to a
transfer-matrix code, we maximized the power emitted in the visible wavelength range in the
normal direction and then, while holding that constant, maximized the efficiency of these
structures as thermal emitters in the visible wavelength range. We investigated structures
consisting of alternating layers of tungsten and air and tungsten and silicon carbide, re-
spectively. We found that both optimized structures could increase emittance in the visible
wavelength range by nearly a factor of two when compared to bulk tungsten. By investigat-
ing the electromagnetic field profiles, we present the mechanisms present in these optimized
structures which allow them to possess properties which could lead to a decrease in incan-

descent lightbulb power consumption by nearly 50%.
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