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Abstract

Disorder engineering and localization

control in planar multilayer film

OH SEUNGHWA

DEPARTMENT OF ELECTRICAL AND
COMPUTER ENGINEERING
COLLEGE OF ENGINEERING

SEOUL NATIONAL UNIVERSITY

The wave phenomena in a disordered material have been of great interest
since Anderson discovered the absence of diffusion in disordered crystals. In
disordered photonics, recent research focuses on wave localization and diffu-
sion in subwavelength structures and the controlled correlation length for the
wave transport in disordered media. Corresponding results of wave-disorder
interactions in perturbed periodic systems and targeting controllable subwave-

length interactions and unconventional optical properties have been made in



engineered disorder. Therefore, the need for disorder engineering is under-
standable as proper structural correlation manipulation enables handling mul-
tiple physical quantities such as spectral responses, transport and localization,
angular responses, and topological properties.

In the matter of the disorder scale, intriguing recent achievements show the
emergence of strong localization induced by the accumulated Goos—Hénchen
phase shifts, which leads to the breakdown of the Effective Medium Theory,
and the appearance of abnormal transmission over the critical angle. However,
a deeper understanding of the connection between underlying physical phe-
nomena of Goos—Hénchen phase accumulation, spatial order metric, and wave
phenomena is still absent, hindering a higher-level abstraction or application
such as the inverse design deep-subwavelength disorder structure with the tar-
get designer interactions.

In this dissertation, I demonstrate deep-subwavelength disorder planar mul-
tilayer films engineered with target order metric 7. Then, I provide the correla-
tion between the order metric 7 and the abnormal behavior of disorder-induced
transmission and localization length, proving the possible applications of the
disorder engineering in the control of localization and optical properties - in-

cluding localization, transport, and spectral-/angular- responses. The correla-

il



tion between the thickness disorder of the films and the locations of localization
hubs is also discussed. These localization hubs create an additional wave prop-
agation path for an enhanced lateral displacement, auxiliary Goos—Hénchen
shift, on the reflecting side. Additionally, by applying symmetry to disorder,
laterally shifted wave transmission is found for the first time.

This dissertation is expected to provide a deeper understanding of wave-
disorder interaction and promising disorder engineering applications to control
abnormal optical characteristics around the critical angle by controlling local-
ization hubs. Significantly, the emergence and enhancement of the auxiliary
Goos—Hinchen shift and transmission shift enlighten a new perspective on the

potential application in angular filter and sensing.

keywords: Disorder engineering, Deep-subwavelength disorder, Disorder-
induced localization control, Localization hub, Auxiliary Goos—Hénchen shift,
Transmission shift

student number: 2018-37775
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Chapter 1

INTRODUCTION

In this chapter, I overview the previous studies and challenges in disordered
media. I introduce disorder-induced transport, localization, and abnormal opti-
cal responses related to the subwavelength disorder. The fundamental challenge
underlying understanding the connection between wave phenomena and disor-

der is discussed. In the last section, the outline of this dissertation is described.

1.1 Previous studies and challenges in disordered

media

Disorder can describe every kind of irregularity in spatial distributions. Mostly,
disorder is used for describing fully random systems. However, considering the
grey area between two extremes, disorder can be defined over a large area to

1]
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be explored, thus having high potential. Research in disorder photonics started
with the localization of light in disordered crystals, uncorrelated disorder, by
Anderson [1]. Since then, the research on disordered photonics has focused
on studying wave localization and diffusion in subwavelength structures [2][3]
and investigating the controlled correlation length for wave transport in disor-
dered media [4]. These efforts have produced unconventional wave behaviors
distinct from diffusive transport [5] and weak [6] or strong [1] localization -
such as the branched flow of light [4], supporting longer correlation lengths
than the wavelength of light. Though currently incomplete, the quest to reveal
the hidden relations between the disorder metrics, characteristic lengths, and
various wave properties constitutes the essential core in the understanding and
application of disordered systems.

Wave in disordered media experiences complex interactions inherited by
disorder, and the same degree of disorder does not always elicit the same wave
response. In order to obtain desirable wave phenomena, the engineered disorder
should be considered. As summarized in a recent review article [7], the proper
manipulation of structural correlation enables the handling of multiple phys-
ical quantities, such as spectral responses, transport and localization, angular
responses, and topological properties. The developments in hyperuniformity

[8][9][10][11][12] have clarified the role of structural correlation in reciprocal



space, achieving isotropic photonic bandgaps [13][14][15] and almost perfect
transparency [16].

On the other hand, with recent achievements in deep subwavelength disor-
der (DSD) [2][3], it has become sensible to consider the inverse engineering
of DSD. For this purpose, considering the peculiarities in the extreme regime
of DSD, such as the breakdown of effective medium theory (EMT) and the
associated emergence of the strong localization induced by the accumulated
Goos—Hinchen phase shifts [4], there exists a need to reveal the unconven-
tional phenomena of modal localization around the critical angle in relation
to the spatial disorder. For example, the abnormal optical responses above the
critical angle for noncrystalline “order” with their specific long-range corre-
lations have been studied [17][18] concerning applications in angle-selective

filtering and stronger energy concentration.

1.2 OQOutline of the dissertation

This dissertation focuses on the abnormal wave phenomena induced by dis-
order, such as the localization length, transmission, and Goos—Hénchen shift
(GHS), caused by the disorder design oriented to the order metric. In chapter

2, I briefly introduce the structure of planar dichromic multilayer films. Then



I provide the definition of the order metric 7 and the target-oriented inverse
engineering method. In chapter 3, the simulation result of disordered films is
discussed. The abnormal optical responses in the localization length and trans-
mission are presented, and the emergence and the enhancement of the auxil-
iary GHS are addressed. The presented auxiliary GHS gives a new perspective
on GHS engineering using deep-subwavelength disorder within the multilayer
films. The simulation setup in this work is also mentioned here. Chapter 4
presents the newly proposed transmission shift using symmetric disorder. The
mirror-folding symmetry is applied to the disordered film, and the laterally

shifted transmission is found for the first time.



Chapter 2

ENGINEERED DEEP-SUBWAVELENGTH DISORDER

This chapter introduces the design method of disordered multilayer films of the
deep-subwavelength scale. First, I briefly provide common structural character-
istics of multilayer films. Finally, the 7 order metric-based design of disordered
films is described, including the definition of the order metric 7. The advantage

of using 7 order metric engineering is also discussed.

2.1 Planar dichromic multilayer film

We consider a planar dichromic multilayer film sandwiched between a pair of
homogeneous dielectrics with the relative permittivity €., = 4 as in Fig. 2.1
(The transition of the spatial distribution to the structural factor, the bottom

side of Fig. 2.1 will be discussed in Section 2.2.1). The multilayer film consists



of N = 200 pairs of alternating layers of low (¢, = 1) and high (e = 5)
relative permittivity with thicknesses of d; , and dp 4, respectively, where ¢
is the index of the layer (1 < ¢ < N)and dr, = du, = 20 nm for the
periodic multilayer film. The perturbed thickness distribution ranges between
0 ~ 40 nm, and the number of alternative layers is kept the same, and the
spatial fill factor f, which is the same as the volume fraction of € and ey
for the whole film, is set to be identical (f = 0.5), leading to fixed effective

permittivity €.;s = (€1, + €7)/2 = 3 for both periodic and disordered films.

2.2 Engineered disorder

2.2.1 Order metric 7

To address the degree of order of the suggested platform, I apply the trans-
lational order metric 7 originally introduced by Torquato [19]. Specifically,
I employ the discrete-space version of the 7 metric because our structure is
pixelized to two-phase heterogeneous media, similar to [20]. The order met-
ric 7 defined in [20] measures the statistical deviation of a given disordered
film compared to the uncorrelated disorder with a Poisson distribution. For the
derivation of the order metric 7 in planar dichromic multilayer films, I calcu-

late the static structure factor S(k) in reciprocal space [21] by introducing the
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Figure 2.1: A schematic of a planar deep-subwavelength disordered multilayer
film and the process of converting the thicknesses {dy, 4, dp 4} to the indicator
function o(p). The disordered film consists of layers of varying thicknesses
of two alternating materials. d;, ,, and d, denote the thicknesses of the €,
layer and ey layer at g, respectively (1 < g < N). We analyze the effect
of disordered profiles on the optical responses (transmittance, characteristic
length, and reflection coefficient) to oblique incidence (incidence angle 6,,).
E;, represents the direction of the input electric polarization.
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discretized spatial coordinate z, (integer p € [1, P]) with the uniform grid size
Az. The total thickness of the heterogeneous film is fixed at L (L. = PAz, in
the current case, L = 8 pm with P = 80,000 and Az = 0.1 nm), and at each
2, (Az/2 < 2z, < L —Az/2),1define the indicator function o (p) with a binary
output o(p) = 0 for the ¢, layer and o(p) = 1 for the ey layer (see Fig. 2.1
Bottom). The ey layer is considered a particle in the point process of S(k). The

static structure factor S(k) is then given by:

2.1

where oy = Yo(p) = P/2 is the number of € sites. The 7 order metric then

becomes

=Y [S(k) = Sy(k)2 =Y [S(h) — (1 - )P (2.2)

k70 k#0
where S, (k) = 1 — f = 0.5 is the structure factor of the uncorrelated structure
obtained from the Poisson point process [9]. As 7 denotes the deviation from
the uncorrelated structure (7 = 0 with S(k) = 0.5 for all k£ # 0), the maximum
value of 7 = 1 is that of the periodic film 7,. Normalizing the calculated 7 of
the disordered film to the 7, of the periodic film, thus 7 € [0, 1], which I use

hereafter.



2.2.2 T-oriented inverse engineering

To prepare an ensemble of multilayer films achieving the same target order
metric 7 with distinct disordered spatial configurations, I employ the Metropo-
lis algorithm, which is known to provide an inversely designed canonical en-
semble in a stable and straightforward manner [22]. The flowchart for the in-
verse design process is shown in Fig. 2.2. The initial multilayer film is a peri-
odic film (7jnii = 1) consisting of N (200) pairs (1, €x), with dp, , = dp g =
20 nm. To achieve a multilayer film with a targeted order metric, Tyarget, 1
introduce disorder to the thicknesses of the multilayer film. For the ease of
thickness control, I define a thickness matrix D (and perturbation matrix AD)
of size N x 2 with dy, , and d 4 as the matrix components at each column rep-
resenting €;, and €y (see Fig. 2.2). Each column of AD, i.e., AD.({AdL,})
or ADy({Ady ,}), having normal distribution is then generated while keeping
|XADp| and [XAD/| < 0.001 nm and the number of (e, €5 ) pairs N = 200
to maintain the total film thickness as well the spatial fill factor f = 0.5. It
is noted that while the continuous perturbation of the thickness could affect
the domain size of the simulation space, we suppress its effect on the 7 order
metric by imposing the restriction of |XADy 5| < 0.001 nm in the inverse
design process. Therefore, our work can be considered the inclusion of € par-

ticles inside the ¢;, domain (or vice versa), preserving the simulation space, or



equivalently the total film thickness.

After o(p) and 7 are updated with D' = D + AD, the deviation of 7
t0 Tigrget (AT = T — Tiarger) is calculated, and the process is repeated until
AT < 0.17p4e- In Fig. 2.3, the example of the iterative 7 evaluation is de-
picted in time wise domain. The final output of the Metropolis algorithm then
becomes D ;g for the disordered multilayer film of 7;4,ge, With 200 pairs of
layer thicknesses d, 4, and df 4. Care must be taken to optimize the distribution
of AD because a variation that is too large leads to a penalty in precision. The
standard deviation of AD, or ADy is set to be A7 dependent, 0.25 nm when
|AT| < 0.05 and 0.5 nm otherwise, to optimize both the computation time and
precision.

The success rate of multilayer film generation for a given 7yq,4¢; 1S Over
83% out of 3,000 realizations, confirming the stability of the inverse design
process. The obtained relationship between 74,4 and the distribution of the
multilayer film thicknesses is shown in Fig. 2.4. As Ty,,¢c: decreases (Tiqrger =
0.5,0.1,0.02, and 0.01), the thickness distribution disperses as expected. If the
normal distribution, which only varies in standard deviation, is applied instead
of the algorithm above, obtaining 7 in a certain range is impossible, thus sup-
porting the fairness of using 7-based engineered disorder. The variation in the

critical angle using the effective permittivity 6. = sin™((ecrr/ edad)%), where

10



€err = (er+€m)/2 = 3, is within 3 x 10~* degrees for all realizations, confirm-
ing that all realizations are equal in the EMT sense. It is worth to note that our
design approach of applying the normal-distribution perturbation to the layer
thickness corresponds to the systematic perturbation of lattice structures, lead-
ing to Gaussian-perturbed lattices. In view of a much larger space of material
phases offered by disorder, our method thus covers a specific subspace in the
material phase: including both short-range and long-range density fluctuations
while preserving a significant amount of long-range periodic order [23]. While
the variety of material phases is assured in our implementation guaranteed by
the target order metric 7 between 0 (Random) and 1 (Periodic), the extension
of the study for different material phase spaces would be possible, for exam-
ple, by varying the probability density function in the perturbation which is
currently the normal distribution, or utilizing other models that provide highly

correlated yet disordered landscape without Bragg peaks.

11
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Chapter 3

DISORDER-INDUCED ABNORMAL OPTICAL RE-

SPONSES

This chapter discusses the abnormal optical responses caused by disorder, in
disordered films, considering transverse electric (TE) polarized plane wave
incidences with the incidence angle #;, and the free-space wavelength \qg =
1 pum. First, I provide the disorder-induced abnormal phenomena of the local-
ization length and the transmission around the critical angle. The matching with
the previously studied analytic solution assists the understanding of the abnor-
mal phenomena. I also present the scale dependency of disorder in the manner
of the disorder-induced optical responses, which supports the importance of
applying deep-subwavelength scale disorder. Finally, the emergence and en-

hancement of an auxiliary GHS are introduced with the concept of localization

15



hubs. The conventional GHS and its tuning are achieved by using the resonance
at a dielectric/dielectric or metal/dielectric interface [24][25][26][27][28] or by
introducing defect states within the structure [29]. The newly found auxiliary
GHS has an important difference from the conventional GHS in the enhance-
ment of lateral shift length and the basic formation principle. I also discuss the
example of the auxiliary GHS tuning compared to the previous perspective on

GHS engineering.

3.1 Localization length and Transmission

For planar DSD films near the critical angle 6., there exists an abnormality
[30] deviating from the EMT due to the differences in a phase accumulation
arising from DSD. When the thickness variation of the layers is on a deep
subwavelength scale, in addition to the phase accumulation from the propaga-
tion delay, the phase accumulation through Fresnel reflection, a.k.a. the Goos—
Hénchen phase shift, starts to contribute. Sheinfux [2] studied the case of a
planar film with uncorrelated disorder focusing on the abnormal transmission
around 6., identifying two different regimes of TE incident angle according to
the wave behavior inside the layers. The two characteristic critical angles are

) and 0, = sin"'((eess/€ciaq)?) for the per-

N

given by 0, = Sinil((EL/eclad)
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mittivity of the cladding material €.,4. The regime of 6, < 6 < 6. is called
the Goos—Hinchen localization (GHL) regime, as the translation phase accu-
mulation achieved by Fresnel reflection induces localization in this regime.
The regime of 6. < 6 is defined as the effective medium evanescence (EME)
regime, as the overall transmittance decays exponentially. In this interesting
regime, a narrower-bandwidth localization with a higher quality factor Q also
appears, which is the main reason for the “abnormal” narrowband transmission
enhancement in the EME regime, where the exponential decay of the transmis-
sion is natural.

Considering that this abnormal transmission in the EME regime is attributed
to the overwhelming localization in the subwavelength disordered structure [2],
improving the abnormal transmission in the EME regime should be possible by
proactively engineering the degree of disorder. For the inversely designed DSD
film ensembles, 3,000 realizations of each 7,4 using the Metropolis algo-
rithm and the optical responses (transmission and reflection at incident angles
between 0° and 66°) are analyzed using the transfer matrix method (TMM).
Most importantly, I numerically calculated the wave-localization length at each
Tiarget With €1 = —(InT') /L [31] by taking the ensemble average over the
group of realizations at a given Ti,qer, Where 7' is the transmission of each re-

alization and L is the thickness of the multilayer film. For comparison with the
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numerical result, the analytical calculation of the localization length ¢ is car-
ried out assuming the same permittivity realization following the procedures in
[32]. This has not been tested for DSD structures or the Goos—Hinchen trans-
lational phase shift for its validity.

In detail, the disordered multilayer films in [32] are assumed to be an inho-
mogeneous slab of €(z) = €.;7 + de(z), where €.;¢ = (e(z)) and (de(z)) = 0
(0 £ 2z < L). With a cladding of €.,4 and an obliquely impinging s-polarized
plane wave where k* = egpk?, the complex amplitude of the electric field E

inside the media becomes

0*E :

92 + [kie(z) — K?sin6;,] E =

O2F Ceff 14 de(z) 3.1
X 2 €clad €clad —

el + (kcosbi,)” |1+ o520, E=0

For the random distribution of the present permittivity profile, I adopt a short-

range correlation model in [33] with the correlation length [,

(06(2)0e(2")) = pPexp(~|z — Z|/l.), (6¢(2)) =0 (32

where a random variable 0é(z) = d€(2)/€qqq, Which is further reduced to

(0€(2)0€(2")) = 2g00(2 — 2'), (dé(2)) =0 (3.3)

18



in the case of p — oo, [, — 0 and p?l, — go, Where g is the strength of dis-
order. On the other hand, the Schrédinger equation for a quantum-mechanical
particle in a random potential V/(z) in one dimension can be written as,

0*w

57 T K> [1 — —} U =0 (3.4)

where E is the energy of the incoming particle and the potential V' (z) is V; +
0V (z) for0 < z < Land 0 for z < 0 and z > L. The average potential is V;

and is a random function 0V (2) satisfies (§V'(z)) = 0.
(0V(2)0V (")) =2Dd(z — 2), (0V(2)) =0 (3.5)

These two equations have a duality relation between electric field in the random
permittivity profile and the quantum-mechanical particle in a random potential.
In the case of the transmission of a quantum particle through the random po-
tential, the Lyapunov exponent v is defined as

. (InT)
|
ioe 2L

=7 (3.6)
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As 7y can be related to the localization length £ by v = 1/2¢, v is [34]

(B ) e

where F(X) is expressed in the Airy functions and their derivatives

F(X) =

Ai(X)Ai'(X) + Bi(X)Bi'(X) (3.8)
2 [ .

[Ai(X))” + [Bi(X))”

Finally, the analytic expression of the localization length £ can be written.

1 ) s1n20;y, — %
F= 2k(kgo)3 F (—(m)g ) (3.9)

The localization length ¢ and the ensemble-averaged transmission (In7") of
Various Tiarger Values of realizations (7yqrger = 0.5,0.1,0.02,0.01, and 7 = 1,
periodic multilayer film or EMT homogeneous film) are plotted as a function
of the incident angle #;, (Fig. 3.1 and Fig. 3.2). The conventional abrupt tran-
sition of localization length £(6) and average transmission across the 6. of the
homogeneous film (thick solid black line) is clear, as the wave transmission
through the film across . changes from Fabry—Pérot resonance to total internal
reflection and the accompanying evanescent decay. In contrast, when disorder

increases (Tyqrger Changes from 1 to 0), the transition of the localization length
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£(0) (Fig. 3.1) and average transmission (In7'(#)) (Fig. 3.2) across 0. tend to
depart from those of the EMT case. The transition across 6. becomes smoother
due to the disorder-induced high-Q localization and higher transmission in the
i, > 0. regime (see Fig. 3.3). It is noted that the analytically obtained £(0)
and (InT(9)) from Eq. 3.9 (square markers) present good agreement with the
numerically obtained results, with the fitting parameter of the disorder strength
go (0.029 nm for 7 = 0.5, 0.035 nm for 7 = 0.1, 0.102 nm for 7 = 0.02, and
0.213 nm for 7 = 0.01). For even lower 74,4 < 0.01, abnormal transmission
at even larger 6,, is possible.

The result in Fig. 3.1 and Fig. 3.2 thus reveals the correlations between
the degree of disorder and the abnormal transmission, as well as the charac-
teristic length. Most importantly, this result also demonstrates the localization
control across 6. based on the target order metric 7;4,4.+. Considering that the
disorder-induced abnormal transmission has narrowband peaks above 6. (see
Fig. 3.3), a proper choice of 7,4 realization can be used to derive unique

optical applications such as a sensitive angular filter.
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Figure 3.1: The localization length for the 74,4¢¢ DSD film ensembles. The
localization length ¢ is calculated from the transmission obtained with TMM.
The thick solid black line indicates the localization length of the bulk EMT
film. The localization length is in units of A, the wavelength in the surrounding

medium.
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Figure 3.2: The average transmission for the 7344 DSD film ensembles. The

colored lines are the ensemble-averaged transmission (In7"), and the square

markers represent the analytically obtained localization length with fitting pa-

rameter gy from 0.03 to 0.2 nm.
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Figure 3.3: The examples of the abnormal optical responses around the critical

angle, .. Three disordered realizations, with 74,4 = 0.01, exhibit abnormal

transmission peaks above 6...

3.2 Disorder scale dependency

Revealing the effect of the order metric 7 on the optical properties around 6.,
I further examine the effect of the scale of disorder to determine whether it is
desirable to increase the number of disordered deep-subwavelength layers at
the same multilayer film thickness. For this, I start from the films used in the
previous section and then generate a new set of films composed of disordered
layers of average permittivity within the effective layer thickness A. In Fig. 3.4,
I plot the average transmission (InT'(0)) across 6, for the new sets of films; the
realizations originally have 7 = 0.5 and 0.01, with A = 40nm to 1000 nm.

As A increases, the average transmission (In7'(#)) approaches that of the EMT
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result, as expected. Most interestingly, the deviation from the EMT scenario,
or the emergence of abnormal transmission, is more pronounced for the films
derived from highly disordered films (7 = 0.01) and for smaller A. This re-
sult implies and confirms the role and the need for DSD structures to achieve

abnormal optical properties around ..

3.3 Auxiliary Goos—Hinchen shift

Considering the above result, DSD modulates localization within the film; its
effect on the GHS around the critical angle is worth investigating. The GHS is
a lateral displacement of the reflected finite-cross-section beam relative to the
ideal plane wave reflection at the point of incidence. In Fig. 3.5, the amount of
shift on the surface D and the corresponding parallel movement of the beam
D, caused by the wave nature of the field and the propagation of the evanescent
field are depicted (Dy = D;cosb;,). This section deals with the lateral shift on
the surface D; as the GHS. The GHS has been mainly discussed in the total
internal reflection condition 6;,, > 6., focusing on its shift length or frequency
tunability. Unlike the conventional perspective of GHS tuning, where only res-
onance control is used [25][26][27][28], the DSD multilayer film in this paper

can be considered as a generalized defect system that could provide an addi-
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Figure 3.4: Calculated average transmission (In7'(f)) with various effective

layer thicknesses, A. The new sets of films, generated using the average per-

mittivity with A, are used for the calculation. The original set of realiza-

tions has 7 = 0.01. The colored lines represent the average transmission of

A = 20 nm, 200 nm, and 1000 nm. The disorder-induced abnormal transmis-

sion across 6, varies in response to A. (InT'(0)) approaches EMT (thick solid

black line) as A increases. For smaller A, the emergence of abnormal transmis-

sion (deviation from the EMT) is more pronounced, implying the role of DSD

structures in inducing abnormal optical properties around 6.,.
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tional platform for GHS engineering. To quantitatively study the correlation
between the GHS and disorder metric 7, I introduce the metric of the GHS,
Dy, which is calculated by using the phase of the reflection coefficient; first

derived by Artmann using the stationary phase method [35],

D, =—— ' (3.10)

where ¢(0;,,) is the phase of the reflection coefficient at 6,,. The calculated
wavelength-normalized average GHS, (D), is plotted for various 7 values in
Fig. 3.6, taking the average from each group of Ti,¢.; realizations. The ob-
tained (D;) ranges from 0 ~ 10 um (0 ~ 20 \) at 6, ~ 61° (> 6,), as the
wavelength in the cladding medium is 500 nm. It is noted that near or below 6.,
(Dy) gets large for larger 7. However, above 6., where the disorder-induced ab-
normal transmission prevails, (D) dramatically increases for lower 7, i.e., for
highly disordered realizations. This result demonstrates that the localization in-
duced by DSD can be used for GHS engineering by tailoring 7,4, in addition

to the existing conventional resonance control methods [25][26][27][28].
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3.3.1 Emergence of auxiliary Goos—Hinchen shift

To provide better insight into the effect of DSD on the GHS, I use the finite
element method (COMSOL Multiphysics) to determine the intensity of the
electric field reflected from multilayer films with different DSD landscapes.
An incident beam at 60.16°, above 6., with a spatial Gaussian profile width of
4 )\ is considered using plane wave expansion. The periodic multilayer film of
7 = 1 and the DSD multilayer film of 7 = 0.01 (A in Fig. 3.3) are compared.
For both cases, the confinement of the field at the film boundary and the con-
ventional GHS are observed (blue arrows in Fig. 3.7(a) and Fig. 3.7(b)) to have
a lateral shift of 7.6 A\, which is in good agreement with Fig. 3.6. I note that
both films exhibiting the same magnitude of GHS at different 7 values implies
the signature of EMT approximation on the wavelength scale. However, in con-
trast to Fig. 3.7(a), an auxiliary GHS is observed for the highly disordered film
(Fig. 3.7(b)). With the strong localization within the DSD structure, the trapped
field propagates along the x-direction and creates an auxiliary GHS of 86.4 A,
coupling with the cladding material (red arrow in Fig. 3.7(b)). The intensity
of the auxiliary GHS in Fig. 3.7(b) is ~ 1/100 of the conventional GHS. Al-
though the efficiency of the auxiliary GHS low, the emergence of the abnormal
phenomenon and its correlation to the disorder of the system is focused on in

this study.
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& —' D, X

Figure 3.5: The incident beam (blue beam) and reflected beam (red beam) with
a finite cross-section are the interfaces between two media with permittivity
€1 and eo, respectively. The lateral movement along the surface (D;) and the

lateral movement of the beam (D);) are shown.

The auxiliary GHS in a disordered structure is also observable in trans-
verse magnetic (TM) polarized incident waves. The calculated (D;) in TM
polarization is plotted for various 7 values in Fig. 3.8, taking the average
from each group of Ti,,4c; realizations. In Fig. 3.9(a) and Fig. 3.9(b), the in-
tensity of the magnetic field of the incidence at 40.68° (above 6. 75;, where
Ocras = sin™((ecrr—rar/€ctaa)?) and eopp oy = 2L = 1.67) with a
spatial Gaussian profile width of 4 ) is depicted. The disordered film used in
Fig. 3.9(b) is the same realization as that in Fig. 3.7(b). As in Fig. 3.7(a) and

Fig. 3.7(b), both cases have the conventional GHS of 5.3 A (blue arrows in Fig.

3.9(a) and 3.9(b)), which is in good agreement with Fig. 3.8, while an auxil-
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iary GHS of 83.9 A is also observable in the disordered case (red arrow in Fig.

3.9(b)).
100 T T T
— 71 (EMT)
80F — 705 -
70.1
| — 70.02 i
~ 60 — 70.01
~
S sof 1
201 .
o 1 1 —f
60 60.5 61 61.5 62

0, )

Figure 3.6: The ensemble-averaged GHS for each group of 7y4,4¢; realizations
(TE polarization). The GHS calculation is based on Eq. 3.9. Above 6., the GHS

becomes larger at low 7 realizations.

3.3.2 Disorder-induced localization hubs

Since the auxiliary GHS is caused by disorder and the trapped field within the
film is visible in Section 3.3.1, the abnormal field profile should be explained
in a simple manner. In Fig. 3.7(b) and Fig. 3.9(b), there are the overlapping

yellow lines that depict the effective permittivity variations through the thick-
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Figure 3.7: The calculated electric field distribution in the (a) periodic and (b)

disordered (A in Fig. 3.3) films. The conventional GHS (blue arrow) is ob-

served in both cases. In (b), the trapped field and an auxiliary lateral shift (red

arrow) are depicted. The emergence of the auxiliary shift originates from the

localized field, which is trapped and propagated along the positive x-direction

and results in an 11-fold enhancement from the conventional shift. The total

thicknesses L of the films are the same, 8 um.
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Figure 3.8: The ensemble-averaged GHS for each group of 74,4+ realizations

(TM polarization).The GHS calculation is based on Eq. 3.9. Above 0., the GHS

becomes larger at low 7 realizations.

32 e

|

I

1L



0 10 20 30 40 50
X (pm)

Figure 3.9: The calculated magnetic field distribution of the TM polarized in-

cidence on (a) periodic and (b) disordered (A in Fig. 3.3) films. The conven-

tional GHS (blue arrow) is observed in both cases. In (b), the trapped field and

an auxiliary lateral shift (red arrow) are depicted. As in TE polarization, the

emergence of the auxiliary shift originates from the localized field and results

in a 15-fold enhancement from the conventional shift. The total thicknesses L

of the films are the same, 8 pum.
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ness domain z on the wavelength scale. The detailed calculation of the effective
permittivity calculation is demonstrated in Fig. A.1. Here, the average window
of 1 )\ is used from now on.

Fig. 3.10 shows the matching between the localized field intensity and the
effective permittivity fluctuation along with the z domain. As the localized field
locations within the film match the high permittivity peaks, thus it is proved that
the auxiliary GHS beam in the DSD film has an additional degree of freedom
for GHS engineering utilizing disorder, unlike conventional GHS tuning based
on surface resonance control. The localized positions within the film are now

named “localization hubs”.

3.3.3 Disorder-induced localization control

Previously, the importance of the localization hubs in creating the abnormal
wave propagation within the film is emphasized. Thus, controlling the local-
ization hubs will lead to the tuning of the auxiliary GHS. The question is how
sensitively the localization hubs will respond to the mere perturbation. In Fig.
3.11, the auxiliary GHS control using only a single-layer thickness variation
in a deep-subwavelength scale (0.005 \) is shown. The single-layer thickness
fluctuation changes the effective permittivity profile, Fig. 3.11(a), and causes

the wavelength scale lateral shift variation (2 \) in Fig. 3.11(b). Considering
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Figure 3.10: The overlapping lines depict the effective permittivity variations
through the thickness domain z on the wavelength scale (Red) and the averaged
electric field intensity within the disordered film over x domain (Blue). The

localized field locations within the film match the high permittivity peaks.
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the thickness fluctuation is ignorable in the view of EMT and the order metric
7, the result provides the auxiliary GHS is tunable using the localization hubs
“within” the film, and the localization hubs are extremely sensitive. It should
be noted that not all localization hubs are effective. One or a few major hubs
exist that are the most effective for the wave propagation path and are defined
as the main localization hubs. In Section A.3, the single-layer thickness varia-
tion is applied to nearby peaks and dips of the effective permittivity profile and

verified the concept of the main localization hub shown in Fig. A.2 is valid.

3.4 Conclusion

In this chapter, I demonstrate the abnormal optical responses of the localization
length and the transmission above 6. The abnormal transmission peaks caused
by the disorder-induced strong localization result in the smooth transition at 6...
The conditions for abnormal transmission peaks are strongly correlated with
the disorder strength. Thus, the smoother transition for low 7 films is observed.

I also introduce the auxiliary GHS, which is different in the fundamental
principle compared to the conventional GHS. The incident wave at . evanes-
cently transmits through the disordered film. It interacts with the localization

hubs, creating the lateral propagation of the trapped field and leaking out to the
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Figure 3.11: (a) The variation of the effective permittivity profile with only a

single-layer thickness variation in a deep-subwavelength scale (0.005 \) (b)

The calculated electric field distribution of the TE polarized incidence of the

original disordered film (Top) The field intensity variation on the dotted line

(Bottom) depicts the wavelength scale lateral shift variation (2 \) due to +10%

perturbation of the single-layer thickness variation.
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reflecting side, which has an 11-fold enhancement from the conventional shift.
The existence and the importance of the localization hubs are defined, and the
correlation with the thickness disorder of the film is studied.

The concept of the localization hubs is similar to the subregion defined by
the localization landscape in [36]. In [36], the subregions are surrounded by
the connecting landscape valley. It is confirmed that the localization is limited
to a single subregion or neighboring subregions in the case of a high-energy
mode. Both methods have an advantage in that the localization boundaries can
be pre-defined only with structural features. The localization hub analysis has
the advantage of identifying the main localization hub.

Finally, the control of the correlated lateral shift length of the auxiliary
GHS with the perturbation of the localization hubs is achieved using deep-

subwavelength disorder in a single-layer thickness.
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Chapter 4

SYMMETRIC DISORDER DESIGN

This chapter proposes the symmetric design method of disordered media, which
is not limited to optical domain but including general wave systems. The ab-
normal phenomena of shifted transmission is discussed in the manner of the

localization hubs as well.

4.1 Symmetry on disorder

As concluded in Section 3.4, the auxiliary GHS in the disordered film is closely
related to the wave propagation through the localization hubs. In the case of the
auxiliary GHS, the trapped field propagates in the lateral direction and reflects
back to the reflecting side of the film. The localized field only reflects back to

the reflecting side because the leakage path caused by the interaction between
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the localization hubs is only valid to the reflecting direction.

Therefore, in order to realize a lateral shift on the transmitting side, sym-
metry to the disordered multilayer film is applied. Placing the mirrored set of
disorder from the reflecting side to the localization hub toward the transmitting
side would create a leakage path. The transmission through the path will be via

the localization hubs, which are controllable using disorder engineering.

4.2 Symmetry-induced transmission shift

The definition of the symmetric disorder in the following is a mirrored plac-
ing of the disorder that controls the localization hubs and creates a propagation
path of the localized field toward the transmission side. Fig. 4.1(b) details the
electric field intensity in such a symmetry-fold disordered film, where thick-
ness distribution is symmetrical in the middle of the film. Fig. 4.1(b) shows
two types of transmission; enhanced transmission (blue arrow) compared to
that of Fig. 4.1(a) and the emergence of auxiliary transmission (red arrow)
through the propagation via mirror-folded localization hubs. It is noted that the
laterally-shifted transmission only exists in Fig. 4.1(b) (red arrow), and an ad-
ditional translational shift of 80 A compared to the auxiliary GHS in Fig. 4.1(a)

is evident.
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The difference between Fig. 4.1(a) and Fig. 4.1(b) can be explained by the
differences in their profile of effective permittivity fluctuation (Fig. 4.2(a) and
Fig. 4.2(b)). In the original disordered film (Fig. 4.1(a)), there exists a high per-
mittivity optical potential gap (strong localization hub) between —3 to —4 um
in the film depth direction. When the evanescent tunneling wave experiences
such a large gap, the possibility of tunneling diminishes, resulting in strong
localization. In contrast, for the symmetric disordered film (Fig. 4.1(b)), the
regularly distributed localization hubs balance the wave localization and tun-

neling.

4.3 Conclusion

In this chapter, I suggest the symmetric disorder to create the wave propagation
path through the localization hubs for the shifted transmission. The main idea
is to provide the leakage path for the trapped field, which is realized in the
mirrored placing of the disorder. As a result, 80 A of enhancement in the lateral
shift of transmission compared to the auxiliary GHS in the engineered disorder
film.

The difference in the avarage permittivity profile provides a better under-

standing of the phenomenon and opens the possibility of the inverse design
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Figure 4.1: The calculated electric field distribution (TE polarization) of the

engineered disorder film and the symmetric disorder film. In (a), the trapped

field and an auxiliary lateral shift (red arrow) in the engineered disorder film

are depicted. The emergence of the auxiliary shift originates from the localized

field, which is trapped and propagated along the positive x-direction and results

in an 11-fold enhancement from the conventional shift. In (b), the extended

path of the propagating field and the enhanced transmission shift (red arrow) in

the symmetric disorder film are depicted. The lateral transmission shift comes

from the balance between wave localization and tunneling and is 80 A longer

than the auxiliary GHS in (a).
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Figure 4.2: The effective permittivity profile of the engineered disorder film

and the symmetric disorder film. (a) and (b) are the effective permittivity profile

of Fig. 4.1(a) and 4.1(b), respectively. The thickness and EMT of both films are

the same.
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with the designed permittivity profile. Our proposal and result reveal a new and
interesting phenomenon of transmission shift in a thin multilayer film through

the application of symmetry toward disorder-induced localization.
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Chapter 5

CONCLUSION

This dissertation demonstrates the 7-oriented disorder engineering in the pla-
nar multilayer films, followed by the abnormal optical responses of the lo-
calization length, transmission, and the auxiliary GHS, which are induced by
deep-subwavelength disorder. By applying the order metric 7 as a target to the
inverse engineering of disorder, the iterative disorder engineering has gener-
ated normally distributed disorder films with the thickness variation in units
of A/5,000. It is worth to note that a similar approach with different material
phase spaces would also be possible by modifying and engineering the prob-
ability density function in the perturbation. The disorder-induced localization
causes the abnormal transmission and the smooth localization length transition
around the critical angle. The result is in excellent agreement with the theoret-

ical analysis developed for randomly stratified dielectric media. Considering
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that the disorder-induced abnormal transmission has narrowband peaks above
0., the localization control using the order metric-based disorder engineering
shows potential for unique optical applications, such as a sensitive angular fil-
ter. I also emphasize the emergence of the auxiliary GHS, as its fundamen-
tal principle is different from the conventional GHS. I define the localization
hubs and clarify their importance and role in understanding the abnormal phe-
nomenon. It is concluded that the incident wave at . evanescently transmits
through the disordered film and interacts with the localization hubs. This cre-
ates the lateral propagation of the trapped field and leaks out to the reflecting
side. In the demonstrated realization of the disordered film, the auxiliary GHS
achieves an 11-fold enhancement from the conventional GHS. Demonstrating
the auxiliary GHS tuning using deep-subwavelength disorder in a single-layer
thickness provides promising applications in the engineered disorder based on
localization hubs. Finally, the laterally shifted wave transmission is found for
the first time by applying symmetry to disorder. The main idea is to provide
the wave propagation path for the trapped field, which is realized in the mirror-
folding of the disorder. The adoption of symmetry balances the wave localiza-
tion and tunneling through the localization hubs. It results in the 80 A enhanced
transmission shift compared to the auxiliary GHS in the engineered disorder

film. The newly suggested disorder symmetry and the transmission shift in a
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multilayer film allow designing localization hub distribution and open the po-
tential application in angular filtering and sensing, not limited to the optical
domain but including general wave systems.

Demonstrating valid disorder engineering schemes and wave phenomena
interact with disorder, this work would achieve the full potential of the disor-
dered media in designing the abnormal optical responses and their applications

and will expand the range of disorder application to the conventional photonics.
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Chapter A

Supplements for Chapter 3

A.1 Effective permittivity profile

The effective permittivity profile defined in Section 3.3.2 represents the disor-
dered film seen on the wavelength scale. As the layer thicknesses of the dis-
ordered films and their variations in this dissertation are deep-subwavelength
scales, the effect of each layer should be ignorable. However, they can affect
their surroundings and intervene in the wave-disorder interaction as an indirect
effect.

To represent this indirect effect, I used Gaussian summation over the aver-
age window of the wavelength scale. The window is different from the effective
layer thickness, A, in Section 3.2, where the former is weighted in Gaussian

profile, and the latter is a simple average.
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Fig. A.1 shows the variation of the permittivity profile over the film. Here,
the film is A in Fig. 3.3 and the permittivity profiles for different average win-
dows are depicted. As the average window increases from the original profile
(black line in Fig. A.1) to 1 A\ average (red line in Fig. A.1), the fluctuation
smoothens, and the locations of high permittivity groups become clear. The

average window is five times the standard deviation of the Gaussian weight

profile.

6 T T T

— Org.— 02 A— 0.6 A— 121

Effective permittivity

z (pm)

Figure A.1: The overlapping lines depict the effective permittivity variations
through the thickness domain z on different average windows. The black line

is the original variation, green for the average window of 0.2 A, blue for 0.6 A,

and red for 1 \.
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A.2 Localization hubs in disorder systems

In Section 3.3.2, I defined the localization hubs for only one realization, but
generalization is needed for universal adoption of the concept and pioneering
field of application. Fig. A.2 shows the correspondence between the localized
field intensity and the effective permittivity fluctuation along with the z domain
in A, B, and C in Fig. 3.3. It can be seen that the effective permittivity profile
and the localization hubs are substantially consistent in all three realizations.

The variation in the effective permittivity profile can also be referred to as
the fluctuation in optical potential, and not all potential peaks are indeed lo-
calization hubs. Considering the tunneling probability of the propagating wave
passing through the optical potential, the locations of extreme potential differ-
ences, as in —4 pum in Fig. A.2(a), —2 pm in Fig. A.2(b), and —1 pm in Fig.
A.2(c), are considered the most important localization hubs (red arrows in Fig.
A.2 and Fig. A.3. The localization hub analysis based on the optical potential is
proven effective in Fig. A.3, demonstrating the field intensity within the films
and their auxiliary GHS.

As the leakage wave propagation to the reflecting side is caused by mul-
tiple interactions with the disordered system, the multiple auxiliary GHS can

be observed with the numerous wave propagation paths (Fig. A.3(b)). In Fig.
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A.3(c), the auxiliary GHS is not visible, unlike Fig. A.3(a) and Fig. A.3(b). The
main localization point is located too close to the reflecting side of the film, at

—1 pm, resulting the minor effect of the disorder-induced localization.

A.3 Localization hub control

The control of the auxiliary GHS using a single-layer thickness modification
that the variation is in deep-subwavelength scale is discussed in Section 3.3.3.
The controllability and importance of the main localization hub can be recon-
firmed by confirming that the main localization hub responds sensitively with-
out affecting the EMT and the order metric of the film.

In this section, I further look into the effect of the surrounding localization
hubs in addition to the result in Section 3.3.3. Fig. A.4(a) to (d) shows the vari-
ation at the major inflection points of the effective permittivity profile using the
single-layer thickness change. The corresponding effect on the auxiliary GHS
is depicted in Fig. A.4(e) to (h). In Fig. A.4(a) to (d), the blue area represents
the 10% variation of a single-layer thickness. Fig. A.4(c) and A.4(g) is the same
for Fig. 3.11(a) and Fig. 3.11(b), and the reflection intensity profile due to the
variations in the peak Fig. A.4(f) and the dip Fig. A.4(h) are ignorable. As the

peaks and the dips define the potential well of the main localization hub, small
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Figure A.2: The overlapping lines depict the effective permittivity variations

through the thickness domain z on the wavelength scale (Red) and the averaged

electric field intensity within the disordered film over = domain (Blue) in A,

B, and C'in Fig. 3.3. The red arrows indicate the main localization hubs.
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The red arrows indicate the main localization hubs.

53 e



variations are ineffective to the wave response. Fig. A.4(e) shows a difference
in the second auxiliary GHS. Multiple reflections between localization hubs
cause multiple auxiliary GHS, and the shallow localization hubs govern the
follow-up auxiliary GHS.

Conclusively, although the localization hubs are sensitive, to control the
auxiliary GHS, the perturbation should be applied to the main localization hub.
Although the amount of change is not large compared to the enhancement of
the auxiliary GHS, it is meaningful in confirming the role and importance of

the main localization hub.
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Chapter B

Supplements for Chapter 4

B.1 Symmetric design and localization hubs

The disorder-induced transmission shift at the arbitrary angle is introduced for
the first time in this dissertation. In Section 4.2, the mirrored system causes
the transmission shift is suggested. In this section, the same system is folded
at various positions and shows important characteristics in localization hub
designing. The mirror symmetry can enhance peaks or dips in the view of the
effective permittivity profile. Following case studies provide insight into the
wave-disorder interaction in the permittivity profile perspective and the design
ideas for desired wave phenomena.

Fig. B.1 and Fig. B.3 show the effect of symmetry on the permittivity pro-
file. The black lines are the original permittivity profile of A in Fig. 3.3, and

1]

—
|

56



the red lines are the permittivity profile of the mirrored films folded at various
layers. In the discussion of the localization hubs, the permittivity peaks are in
good correlation to the trapped field intensity (Section 3.3.2).

As the basic idea of the transmission shift is to guide the trapped field to
leak toward the transmitting side, the peak modulations are the first to discuss.
Fig. B.1 and Fig. B.2 depict the effective permittivity profiles at the symmet-
ric films and the corresponding electric field intensity calculation, respectively.
Fig. B.2(a) and (b) display different amount of the transmission shift. Other
than the auxiliary GHS, transmission and the auxiliary GHS positions are the
same. Between Fig. B.1(a) and Fig. B.1(b), the folded layers locate within the
localization hub and between the hubs. As the peak in Fig. B.1(a) at —2.5um
enhances, the localized field intensity at —2um increases, accelerating the aux-
iliary GHS with a smaller lateral shift. In Fig. B.2(a), it can be seen that the
transmission shift appears relatively short as the lateral propagation of the lo-
calized field decreases. On the other hand, in Fig. B.1(b), the main localization
hub works properly because the back and forth of the folded location has a
similar peak size and thus creates the balance between tunneling and localiza-
tion of the field. Additionally, lateral propagation of the tunneling wave follows
the shifted transmission path as intended (Fig. B.2(b)). The importance of the

folded layer position can be seen from Fig. B.2(a) and Fig. B.2(b). The change
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from Fig. B.2(b) to Fig. B.2(e) is about the effect of the peak size of the per-
mittivity profile. The increased peak blocks the tunneling field in Fig. B.2(d)
and Fig. B.2(e), where the shifted transmission disappears and the multiple
auxiliary GHS due to the reflection at the folded layer can be seen.

Secondly, the modulations on dips are to be discussed. Fig. B.3 and Fig.
B.4 depict the effective permittivity profiles at the symmetric films and the cor-
responding electric field intensity calculation, respectively. The folded system
in Fig. B.3(a) has an enhanced dip with the folded layer close to the previ-
ous peak modulation in Fig. B.1(a). The wave within the film of Fig. B.4(a)
is rather similar to that of Fig. B.2(c), except for the shifted transmission. The
laterally propagating wave is blocked as there is a large optical potential gap
between the transmitting side of the film and the lowest dip at the folded layer.
As in the peak enhancement, the dip strengthening is not always constructive in
achieving the shifted transmission. Fig. B.3(b) to (e) show the change in wave
propagation according to the dip profile variation at similar positions. Although
the transmission shift appears in Fig. B.4(b) since the main localization point
is located at —2um, the lateral shift length is much shorter than Fig. B.2(c). As
the dip at the folded layer increases from Fig. B.4(b) to (d), the enhanced opti-
cal potential results in the multiple auxiliary GHS as in Fig. B.2(e). When the

potential wall is high enough, transmitting wave is blocked, and transmission
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is not observed in Fig. B.4(c) and (d). The un-shifted transmission reappears
in Fig. B.4(e) with the effect of the small peak replacing the high dip. There-
fore, it can be concluded that the control of the dip height could not lead to the
implementation of the transmission shift.

In this section, we looked at the increment of peaks and dips due to the
folded layer location of the mirror symmetry film. In summary, the locations
of peaks and dips in the permittivity profile play an important role in con-
trolling the main localization hubs when their heights are close to or slightly
larger than the nearby variations. The deeper the main localization hub is, the
longer the lateral propagation and the higher the expected value of the aux-
iliary GHS or the transmission shift. It is possible to induce the leakage of
the confined wave propagating on the lateral axis by adjusting the permittivity
profile peak size. The effect is the greatest when the surrounding peak values
have a gradual distribution. This dissertation opens the possibility of the de-
signed effective permittivity profile, which has an arbitrarily adjustable auxil-
iary GHS or transmission shift. Further study on the inverse engineering of the
deep-subwavelength film, based on the designed effective permittivity profile,

is required for expanded application areas.
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(a)

(b)

(©

(d)

Figure B.1: The overlapping lines depict the effective permittivity profiles of

the folded films (Red) and the original film (Black). The red dotted lines indi-

cate the folded layer locations, and highlighted areas imply localization hubs.
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Figure B.2: The calculated electric field distribution in the symmetric disor-

dered films. The transmission shift is visible in (a), (b), and (c), while (d) and

(e) have enhanced reflection due to the increased permittivity peak.
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(b)

Figure B.3: The overlapping lines depict the effective permittivity profiles of

the folded films (Red) and the original film (Black). The red dotted lines indi-

cate the folded layer locations, and highlighted areas imply localization hubs.
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B.2 Asymmetric case study

So far, I have looked at the trends of wavelength propagation, auxiliary GHS,
and transmission shift according to the effective permittivity profile variations.
The mirror symmetry is only considered for transmission shifting. Still, taking
the advice that transmission shifting can be implemented even if it is not per-
fectly symmetrical, in this section, I demonstrate the transmission shift can be
generated even in an asymmetrical structure.

Fig. B.5(a) and Fig. B.5(b) show the effective permittivity profile and the
field intensity response of the combined realization using different portions
of A in Fig. 3.3 at different z domains. The non-mirror symmetric effective
permittivity profile, Fig. B.5(a) right, is similar to Fig. 4.2(b) and the trans-
mission shift is observed as well. The combination of the portions of different
realizations can also achieve the transmission shift as an asymmetric design of
disorder. In Fig. B.5(c) and Fig. B.5(d) show the effective permittivity profile
and the field intensity response using A and B in Fig. 3.3. With a proper weav-
ing of the effective permittivity profiles, the transmission shift is emerged in
Fig. B.5(d).

As aresult of the case study, it is found that mirror symmetry is not the only

way to generate the transmission shift, and the localization hub distribution is
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important, as previously discussed. Although the mirror-folding symmetry has
advantages in terms of design complexity, it is meaningful that the inverse en-
gineering scheme for the transmission shift can be extended to the asymmetric

system.
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Figure B.5: The asymmetric effective permittivity profile and the calculated
electric field distribution using different portions of A in Fig. 3.3 ((a) and (b)).
The same results using portions of different realizations of A and B in Fig.

3.3 ((c) and (d)). The transmission shift is achieved in asymmetric disordered

systems.
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